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KURZFASSUNG

Der MicroJet-Reaktor stellt eine Weiterentwicklung der herkémmlichen T- und Prallstromreaktoren
dar und ist insbesondere fiir die Herstellung von nanoskaligen Prézipitaten geeignet. Ziel dieser Arbeit
ist es die Starken als auch die Restriktionen der Methode fiir die Synthese von anorganischen und
hybriden Partikeln zu evaluieren und die Eigenschaften der Partikel hinsichtlich ihrer vorgesehenen
Anwendung zu optimieren. Dazu werden im ersten Teil Zinn(IV)-oxid-Partikel aus Zinn(IV)-chlorid-
Pentahydrat oder Zinn(IV)-t-butoxid hergestellt. Die gleichen Reaktionen werden als
Becherglassynthesen, teils ultraschallunterstiitzt, durchgefithrt um die Ergebnisse mit denen des
kontinuierlichen Prozesses zu vergleichen. Im zweiten Teil wird der Einfluss der Mischeffizienz auf
die Synthese von Casiumdihydrogenphosphatpartikeln untersucht. Der dritte Teil befasst sich mit der
Synthese von organisch modifizierten Silica- (ORMOSIL-) Partikeln. Durch eine Vorhydrolyse der
Alkoxysilanedukte gelingt es, die Reaktionsgeschwindigkeit an den schnellen MicroJet-Reaktor-
Prozess anzupassen und ein breites Spektrum an sphérischen ORMOSILen, in grofler Menge,
kontinuierlich zu produzieren (bis 23 g/min). Die Partikel kénnen danach in Siliziumoxykarbide oder
karbidabgeleitete Kohlenstoffe iiberfithrt werden. Es stellt sich heraus, dass die Eigenschaften dieser
Energiespeichermaterialien mafigeblich von der Art und Menge der organischen Gruppen der
Vorstufenpartikel bestimmt werden.

ABSTRACT

The MicroJet reactor is an improvement of traditional T-shape and impinging jet reactors and is
particularly suitable for the production of nanoscale precipitates. The aim of this work is to evaluate
the strengths as well as the limitations of this method for the synthesis of inorganic and hybrid
particles and to optimize the properties of the particles regarding to their intended application. In the
first part tin(IV) oxide particles are produced continuously by applying tin(IV) chloride pentahydrate
or tin(IV) t-butoxide as precursors. The same reactions are accomplished as beaker syntheses, some of
them ultrasonic-assisted, to compare the results with those from the continuous process. In the second
part, the influence of the mixing efficiency on the synthesis of cesium dihydrogen phosphate particles
is investigated. The third part is about the synthesis of organically modified silica (ORMOSIL)
particles. A prehydrolyzation of the alkoxysilane precursors turns out as a solution to adjust their
reaction velocity to the fast MicroJet reactor process and to produce a broad variety of spherical
ORMOSIL particles continuously in large scale (23 g/min). The particles can then be converted into
silicon oxycarbides or carbide-derived carbons. It becomes apparent that the properties of these energy
storage materials highly depend on the kind and amount of the organic groups of the precursor
particles.
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1 INTRODUCTION

Continuous production means the synthesis of a material without an interruption whereby the starting
materials are constantly introduced and the product is constantly discharged during the process.
Whereas this proceeding is standard in industry for many liquid and organic molecules, for solids and
especially nanoparticle production only a few continuous methods are established.

The drawbacks of continuous reactors are that they are not this flexible usable for various products
as batch reactors are, the high initial costs for special reactor designs and the lack of experience with
these techniques. On the other hand, continuous reaction pathways offer high production rates
through low downtimes, the avoidance of a batch-to-batch reproducibility and an increased operating
flexibility and safety.l* The operating flexibility results from the opportunity to change the reaction
parameters during the running process: a change of the temperature allows a variation of the particle
size within a short time interval. Often an increased control over the reaction conditions is observed,
which is caused by the relatively lower volume of the reacting material per area and the resulting
faster response time. These specifications promote narrow size distributions in particle syntheses. The
locally lower volume and the local separation of reaction educts, intermediates and products can
prevent or reduce an accumulation of harmful products and waste. Also, thermal runaways can be
prevented, making the process safer.!* All these advantages speak for an enhanced integration of
continuous-working reactors in the area of nanoparticle production. The gap of knowledge, which
hinders this development, should be reduced by the results of this thesis.

1.1 Continuous synthesis processes for inorganic and hybrid particles

1.1.1 Overview

There are different possibilities to divide continuous synthesis methods for particles into categories.
In this thesis, the methods are classified based on the reaction media, the reactor principle and the
flow conditions (Figure 1).

Particles are mostly produced by gas or liquid phase syntheses. Gas phase syntheses can roughly be
divided into gas-to-particle and droplet-to-particle methods (Figure 1, left-hand side). The gas-to-
particle technique starts from atoms or molecules in a gas phase.’> The most widely used reactors for
the commercial and large-scale production of nanoparticles that work on this principle are (vapor-fed
aerosol) flame reactors®*®. Substances like carbon blacks, fumed silica, alumina or pigmentary titania
are prominent examples: Precursors like oils, SiCls, AICl3 or TiCls are vaporized and hydrolyzed in the
flame”8. The advantages of this pathway are a high product purity and crystallinity, a short process
chain and low costs®>® 89, The disadvantage is that due to the high temperatures, usually highly
agglomerated or aggregated particles are obtained!®. Other gas-to-particle reactors are furnace, hot
wall, plasma and laser reactors®. In a droplet-to-particle process, liquids are suspended in a gas and
after evaporating the solvent, solid particles remain. Continuous techniques that apply this principle
are flame spray pyrolysis and electro sprayings. This route benefits from its simplicity, less
aggregation and the option to form multicomponent or porous particles. However, the morphology
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and the distribution of the formed particles are always determined by the spread and the size of the
droplets.>”

Liquid phase chemical preparation methods offer advantages such as a low particle aggregation due
to low process temperatures and the possibility to attach surface modifying additives.1112
Furthermore, a high product variety is possible, such as noble metal'®, metal oxide!4, carbonate®s,
phosphate®17, semiconductor!®, polymer!?, or hybrid particles??. Continuous, liquid phase syntheses
of particles can be applied in conventional, continuous stirred-tank reactors (and cascades)?! or flow
tube reactors?? (Figure 1, right-hand side). A novel, promising technique in this field came up during
the recent decades: the application of micro- and microstructured reactors and mixers?326. Many of
these devices can be regarded as miniaturized versions of conventional flow reactors, but with
characteristic, internal structures in the range of micrometers. This difference gives rise to some
promising options, such as increased mass and heat transfer rates, which allow short mixing times
and an improved control about the experimental parameters.25-26

continuous methods for particle syntheses

gas phase liquid phase
syntheses syntheses
I I I I | I
gas-to- droplet-to- continuous stirred flow tube micro- and biological
particle 5 particle tank reactors reactors microstructured and other
¢ and cascades mixers and reactors methodes
oy i ;
— L— spray e
flame , o U —E
= . " - | -
HV:~ continuous flow segmented flow
furnace —= - 2 electro systems systems
and hot wall R sprays ;
\/ I I
active mixing passive mixing
= I%d
| | I I | |
— plasma — others low  intermeditate high low intermeditate high
Re Re Re ( Re Re Re,
N I
| laser ) ) o
reactors T-mixer Y-mixer parallel lamination hydrodynamic focusing
L others obstacles split and recombine serpentine impinging jets

Figure 1: Overview of the two main strategies for the continuous synthesis of (nano-) particles and
illustration of the most important reactor geometries.

The words microreactor and micromixer are often used synonymously whereby the word reactor is
preferred if a chemical reaction takes place (in addition to a mixing process). However, through the
similar setup and working principles of both devices, the transition is fluent and often not clear
definable. In addition, it is more correct to call a device microstructured reactor or mixer if just some
(characteristic) parts of the device are in the micrometer scale. However, for convenience, the entire
working system is often called microreactor, including other components like heat exchangers or
tubes.
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The following text reviews microstructured reactors and mixers for the particle production in liquid
phase (Figure 1, right-hand side). However, it is worth noting that these devices can also be applied
for the synthesis of organic molecules?®, polymers!® and for performing mixing processes such as
dispersing and emulsifying?’.

Micromixers or reactors for liquid phase syntheses can be grouped into two categories depending on
their flow operation mode: continuous flow and segmented flow systems. The latter one can be
categorized again in liquid-liquid (droplet based) and gas-liquid (bubble based) segmented microfluidic
reactors.?®> In both types, segments are generated, which act as small, confined reaction chambers.
Controlling and manipulating the properties of the bubbles or droplets enables the adjustment of the
product properties. This method is e.g. applied for the synthesis of colloidal dispersions of noble metal
core/shell and multishell nanoparticles?8. Continuous flow devices work with a single phase. Most of
them operate at low (< 10) Reynolds numbers (see also section 1.1.4) with laminar flow and mixing is
mainly achieved by molecular diffusion processes.?>2¢ This principle usually requires long mixing
channels, especially in the case of passive mixers. Passive means that the mixing is carried out without
an external energy input. Some of the simplest designs for this type are T- or Y-geometries. The mixing
occurs by parallel or serial lamination. The contact area between different fluids in passive mixers can
be further increased by hydrodynamic focusing, injection of sub-streams or other split and
recombining structures (box in Figure 1). Also some active mixers, in which the mixing efficiency is
intensified through an external energy input, such as pressure, electrical, magnetic, acoustic or
thermal fields, work at low Reynolds numbers.?9-32 These types of reactors and mixers are often
arranged with other microfluidic units on a small platform as lab-on-a-chip3?. A certain degree of
chaotic advection can be introduced in passive mixers by the channel design and by adding obstacles
into the channels. Popular examples are zigzag3* and twisted channels or 3-D serpentine® structures
with ribs or grooves3¢.31:37 However, several studies show that a generation of eddies or recirculation
at obstacles occurs mainly at higher Reynolds numbers.3® 34 38 For this reason, these reactor
geometries are preferentially applied for operating systems working at intermediate (> 10) and high
(> 100) Reynolds numbers.

Mixing at high Reynolds numbers usually relies on high pressure supplies and high streaming
velocities. Impinging, high-velocity jets generate vigorous turbulences when they collide and thus the
reactor systems can operate with short mixing lengths.3? The resulting fast mixing times make them
particularly suitable for the production of nanoparticles by precipitation: The mixing is in a similar
time scale as the nucleation rate and thereby a uniform particle formation is supported.3® Another
example of a reactor geometry that works with turbulent flow conditions is the MicroJet reactor
system, which can be considered as a modified impinging jets reactor. Both are described in detail in
the following sections.

Besides the described techniques, other processes like biological methods can be applied for the
continuous nanoparticles production??, which will not be discussed in this work.

1.1.2 T-mixers and confined impinging jets reactors

T-mixers and confined impinging jets reactors (CIJRs) have similar geometries: Both consist of a
mixing zone connected to two inlet and one outlet tubes. In T-mixers, however, the inlet and outlet
tubes are directly connected with each other (Figure 2 a). In CIJRs, the pipes lead to a mixing chamber,
which usually has a cylindrical geometry and a larger diameter than the inlet tubes (Figure 2 b).
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Figure 2: Reactor geometries of a) T-, b) confined impinging jets- and c¢) MicroJet reactors. In each
reactor type, the educt streams (red and blue arrow) enter from opposing sides and collide inside the
reactor. The product (purple arrow) leaves the reactors in vertical direction. The MicroJet reactor
offers a further inlet (orange arrow) through which a support gas can be introduced.

Marchisio et al*! compared the efficiency of CIJRs and T-mixers under similar conditions for the
production of polymer nanoparticles by solvent displacement. Further on, they developed a
mathematical model for the devices under different operating conditions.
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Figure 3: Contour plots of turbulent kinetic energy (m?/s?) and mixture fraction variance for CIJRs
and T-mixers with inlet jet diameters of d = 2 mm (top) and d = 1 mm (bottom) predicted by
computational fluid dynamics simulations. Reprinted from Ref.*1, Copyright 2011, with permission
from Elsevier.
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Their studies confirmed the importance of the mixing chamber of CIJRs in terms of the mixing
performance. The CIJR seemed to be more efficient in converting pressure drops into turbulent kinetic
energy and smaller particle sizes were obtained. They also observed that a reduction of the inlet jet
diameter leads to an increase of the jet velocity and a faster and more efficient mixing (Figure 3).

1.1.3 Microjet reactor

The MicroJet reactor is a further advancement of a CIJR and was invented and patented by Penth?*2.
The improvement consists of a third inlet (vertical to the fluid inlets) through which a supporting gas
is introduced into the reactor (Figure 2 c). This modification prevents clogging and qualifies the
reactor particularly for the synthesis of solid particles. At the inlets, the fluid is forced through narrow
nozzles (with diameters in the range of several hundred micrometers), which ensures high jet
velocities and turbulent conditions. With this design, the product does not come into contact with the
microstructured parts.

Through the varied reactor geometry and the additional gas stream new flow conditions and also new
options for nanoparticle syntheses arise. During the last 15 years the MicroJet reactor was tested in
academic research for different inorganic, pharmaceutical and hybrid particles (Table 1). Wille et al.*3
(Clariant GmbH) tested the MicroJet reactor 2004 as part of a screening study of several micro devices
with numbering-up options for the production of model azo-pigments. While the process turned out
as suitable in general for the pigment syntheses the authors criticized the restriction to only two
reactant streams and the limitation concerning the maximum flow rate ratio: If the ratio of the flow
rates exceeds a certain value, the collision point shifts in the close proximity of one of the nozzles and
leads to clogging. This is why the reactor was impracticable for the desired, special azo-coupling
reaction. Later on, Riifer et al.** demonstrated the suitability of the MicroJet reactor for a solid forming
process in general and studied the influence of different parameters (educt and stabilizer
concentration, volume flow rates, support gas pressure) on the particle size. As a model reaction, they
chose the precipitation of barium sulfate from barium chloride and potassium sulfate. It was possible
to vary the particle size between 60 and 150 nm. Comparable batch experiments produced particles
with a minimum size of 300 nm. The authors concluded that the fast and intense mixing in the MicroJet
reactor have a positive effect on the nucleation and that clogging was reduced or fully prevented
through the impinging jet principle. Dittert et al.*> succeeded in the continuous synthesis of titania
nanoparticles with different phase contents (anatase, brookite, rutile, amorphous). The strongest effect
on the phase content was observed for changes in the temperature of the educts solutions. Kickelbick
et al.%® found suitable salt precursors for the wet chemical, continuous precipitation of zinc oxide,
magnetite, and di-ammonium hydrogen phosphate (brushite) particles. They studied the influence of
the flow rate and the process temperature on the particle size whereby it was possible to vary the size
of zinc oxide (44-102 nm), magnetite (46—-132 nm) and brushite (100-500 nm). The synthesis of the
two, more complex ferric oxides ferrihydrite (FesO;0H:-4H;0) and schwertmannite
(FesOs(OH)4.5-6(SO4)1.75.4) was determined later from Bertau et al%”. They studied the influence of
different parameters like the pH value, the educt concentrations and the ageing behavior on the
chemical product properties. Further on, technical parameters such as the jet diameter and the
application of a gas stream were investigated. A reduction of the nozzle and the jet diameter resulted
in an increased jet velocity and an intensified mixing. However, reducing the jet diameter from 100 to
50 um led to an only marginally decreased agglomerate diameter and no changes in the primary
particle size. The authors concluded that the velocity with the larger nozzle diameter was already high
enough to complete the mixing process before the nucleation start, and that a further increase in the
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jet velocity only reduces the Brownian agglomeration. The application of a gas stream also enabled a
decrease in the agglomerate size and led to a better product homogeneity.

Table 1: Chronological overview of the studies on the MicroJet reactor published in academic

literature.
Year product reference | year product reference
2004 azo-pigments 3 2017  ciprofloxacin complex 48
loaded PLGA®
2009 barium sulfate 4 2017  carbide-derived carbon 9
2011 titania 45 2017  yttriumorthovanadate 50
2014 zinc oxide, magnetite, 46 2018 organically modified 51
calcium hydrogen silica
phosphate
2014 temoporfin loaded 52 2018 cesium dihydrogen 33
Eudragit® RS 100? phosphate
2015 ferrihydrite, 47 2018 silicon oxycarbide 54
schwertmannite
2015 danazol/ HPMCP?, 55 2018  nitrogen doped carbide- 36
gliclazide/ Eudragit® S100?, derived carbon
fenofibrate/ different
matrices
2016 drug loaded PLGA® 57 2019 tantalum-doped tin 38
(improved by counter ion dioxide and cadmium
concept) sulfide
2016 ciprofloxacin complex 59
loaded PLGA®

aEudragit® RS 100/ S 100 = copolymers of methyl methacrylate and ethyl acrylate/ methacrylic acid,
b HPMCP = hydroxypropyl methyl cellulose phthalate, ¢ PLGA = poly(lactic-co-glycolic) acid

In the period of 2015 to 2017, several articles have been published using the MicroJet reactor for the
production of nanoparticles with pharmaceutical applications, e.g. for drug delivery. A. E. Tureli®
(MJR PharmJet GmbH) proved the suitability of the MicroJet reactor technique for the continuous
preparation of pharmaceutical nanoparticles based on solvent/non-solvent precipitation. Different
drugs, matrix materials and the influence of several parameters (capillary and nozzle diameter, flow
rate (ratio), solvent type, temperature, pressure) were tested, which lead to an efficient control over
the particle properties (size, polydispersity index and drug loading). Hereby a novel oral drug delivery
system was developed with better in-vitro characteristics compared to conventional nanoparticles.
Schneider et al.’’ succeeded in the synthesis of nanocarriers with enhanced drug loading by the

formation of counter-ion complexes. These reactions benefitted from MicroJet reactor technique by
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the improved control over the process parameters. In a further systematic design of experiment
study®® they determined the influence of the process parameters flow rate, temperature and gas
pressure on the properties of ciprofloxacin loaded poly(lactic-co-glycolic) acid (PLGA) nanoparticles.
Contrary to the usual behavior of low viscosity systems, a decrease in the particle size was recorded
at lower flow rates. The authors cite the high viscosity of the solvent dimethyl sulfoxide (DMSO) and
the high interfacial tension as the reason for this observation. A low flow rate reduces the volumes of
solvent and non-solvent in the mixing chamber and a more efficient diffusion of DMSO into the water
phase can occur. Other inorganic materials produced with the MicroJet reactor are yttrium
orthovanadate particles® and metal chalcogenides®®. Stowe et al.”® tested the synthesis of doped metal
particles in a proof-of-principle study. They synthesized nanocrystalline Ta-doped tin dioxides and
cadmium sulfide particles from salt precursor solutions.

This work and the corresponding published articles extend this list by the continuous production of
cesium dihydrogen phosphate particles®?, functional organically modified silica (ORMOSIL)*? 51 54, 56
and tin(IV) oxide particles from sol-gel precursors.

1.1.4 Fluid conditions and mixing efficiency characterization in micromixers

1.1.4.1 Reynolds number

The flow conditions in microreactors/-mixers are characterized and compared with different
dimensionless numbers and the mixing time. The most common value is the Reynolds number3% 36,

which is defined by the ratio between momentum and viscous friction (eq. 1)

u-Dh_U'Dh-p (eq. 1)
v oo

Re =

With u = average flow velocity [m/s], Dy = hydraulic diameter [m], v = kinematic viscosity [m?/s], p = fluid
density [kg/m3] and n = dynamic viscosity [Pa-s].

Low Reynolds numbers represent laminar flows, while high Re numbers (above a critical value of
approx. 2300 on the macroscale) stand for turbulent flow conditions. Most microreactors operate at
Reynolds numbers < 100, whereas the MicroJet reactor technique supplies high pressures and
generates turbulent conditions3% 4% 44 In Table 2 the Reynolds numbers of the fluid jets in the reactor
were estimated for different parameters (eq. 1). It was assumed that the dynamic diameter is equal to
the nozzle diameter, that the pressure in the reactor chamber is about 1 bar and that the fluid is water
or ethanol. For a flow velocity of » 60 m/s, which is used in this thesis, Reynolds numbers between
1100 and 43000 at the reactor entrance were calculated. The Reynolds number at the mixing point or
that of the mixed solutions could not be calculated. For this reason, the given values are not directly
comparable with those from the literature. Due to the high Reynolds numbers calculated for the
reactor inlet, it is assumed that the conditions present at the mixing point are also in the turbulent
range and that the influences of the operating parameters (temperature, flow rate, solvents) on the
flow conditions follow the same trend as shown in Table 2.

Higher volume flows lead to an increase in the Reynolds number and a reduction in the micromixing
time. Various studies®®®® have investigated the relationship between Reynolds number or
micromixing time and particle size distribution.
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Table 2: Reynolds numbers of the microjets at the reactor entrance calculated for different parameters
with f = flow rate, u = flow velocity, Dy = hydraulic diameter, T = temperature, 1 = dynamic viscosity,
p = fluid density and Re = Reynolds number

f u Dn T fluid  n(p=1bar)®® pB4-65 Re
[ml/min] [m/s] [m] [°C] [MPa:-s] [kg/m?]

100 23.58 0.0003 20 H,0 1.00 998.2 7061

250 58.95 0.0003 20 H,0 1.00 998.2 17653

250 58.95 0.0003 50 H,0 0.55 988.0 31769

250 58.95 0.0003 70 H,0 0.40 977.8 43231

250 58.95 0.0003 20 EtOH 1.18 789 11825

The studies were carried out for the model system BaSO4 using different reactor types (T-mixer, Y-
mixer with connected tubular reactor, confined impinging jet reactor, conical ultrasound reactor).
They showed that a faster mixing generates higher supersaturations and thus faster nucleation and
growth rates. Consequently, with increasing Reynolds numbers, more and smaller particles are
initially formed. However, if the reactant solutions are completely mixed before particle formation
begins, a further increase in the Reynolds number has almost no influence on the (primary) particle
size distribution (Figure 4).63
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Figure 4: Effect of the jet Reynolds number Re on the number-averaged particle size of precipitated
BaSO.. Different concentrations of the aqueous educt solutions of barium chloride and sodium sulfate
were tested. (Reprinted with permission from Ref.6! Copyright 2006 American Institute of Chemical
Engineers (AIChE).
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1.1.4.2 Mixing time and mixing efficiency

The mixing times of micromixers are typically in the range of a second to a few milliseconds?®. The
simplest way to get information about the mixing time and the mixing efficiency is the flow
visualization by adding a suitable dye to at least one of the liquid streams and follow the color change
by photo, video or high-speed camera®® (Figure 5 a). Also fluorescent species can be observed by the
help of conventional fluorescent or confocal scanning microscopes®’. The second category involves
reaction-type experiments. Again colored species can be generated by simple reactions e.g. due to
acid-base reactions with a pH-sensitive dye®®%® (Figure 5 b). More complex experiments base on
competitive reactions like it is described by Roessler et al.”® or Fournier et al.”*7? The product ratio of
the two competitive reactions depends on the mixing parameters. After evaluating the obtained
product ratio, conclusions about the mixing efficiency can be drawn’? (Figure 5 c). A third possibility
is to monitor the concentration of a certain species by fluorescent, UV/VIS, IR or Raman’*
spectrometer.3 73

— [A ® Microreactor | 3
‘25'10,1 A A Y-shaped mixer| -
- E -
¢ &
A A

+ 10 ZE. A A 4
= e

S10°F % y

e
10-4 1 1 1 1

40 60 80 ‘ 100
Flow rate [mL/min]

Figure 5: a) Observation of the mixing process between a commercial blue color dye solution and de-
ionized water at applied pressures of (top to bottom) 1.12 bar, 1.88 bar, 2.11 bar; 2.48 bar 2.77 bar and
4.27 bar, reprinted from Ref.%6, Copyright 2004, with permission from Elsevier. b) Mixing experiment
between a sodium hydroxide and a phenolphthalein solution in a passive, chessboard micromixer.
Reproduced from Ref. 8, https://doi.org/10.1088/0960-1317/16/9/004, Copyright 2006, with permission
from IOP Publishing Ltd. All rights reserved c) Dependence of the characteristic mixing time (tm) on
the flow rate. Reprinted from Ref”¢, Copyright 2017, with permission from The Society of Powder
Technology Japan. http://dx.doi.org/10.1016/j.apt.2017.09.005, https://creativecommons.org/licenses/
by-nc-nd/4.0/. The mixing time was evaluated by employing the iodide/iodate test reaction also known
as Villermaux-Dushman method”*73.
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1.2 Nanoparticle production by precipitation and sol-gel methods

1.2.1 Precipitation method

Precipitation is a widespread technique for the production of nanoparticles. The simplest version is to
dissolve the desired substance in a suitable solvent and precipitate it again, in a controlled but fast
manner by the removal of the solvent or by adding an anti-solvent?”. This pathway is mainly applied
for polymers and drug-containing particles’®7%. For metal oxide particles, a reaction containing
precipitation (or reactive precipitation) is preferred due to the low solubility of the oxides in most
solvents: The precursors are separately dissolved in an aqueous or non-aqueous media, and by mixing
the solutions, the insoluble product is formed by a chemical reaction. For metal oxides the metal
species are usually applied as readily soluble salts (like chlorides, nitrates, acetates or oxychlorides
etc.)® and are precipitated by the addition of a base or an acid. Other possibilities to induce the process
are chemical or photo reduction, oxidation, temperature or concentration changes.?!

Precipitation processes are usually divided into a nucleation and a growing step, which may overlap
in their temporal progress. A new phase is formed by primary or secondary nucleation. Primary
nucleation, in turn, distinguishes between homogenous and heterogeneous nucleation. During a
homogenous nucleation the new phase is built in bulk without any influence of other crystals if the
supersaturation is sufficiently high. In heterogeneous procedures, the nucleus forms at a solid surface
(e.g. at a vessel wall or a solid impurity). A lower supersaturation is necessary. Secondary nucleation
can occur if a population of previously formed particles or seeds of the same material already exist.
After a nucleus is built it starts to grow. Ions diffuse to the surface of the precipitate and are
incorporated into its structure by surface reaction. Depending on the degree of supersaturation, the
growth rate is then determined by the diffusion rate (very high supersaturation) or the surface
reactions (lower supersaturation). Furthermore, individual particles can form larger constructs by
Ostwald ripening and aggregation. These secondary processes play a not negligible role for the
product properties.31-84

The classical nucleation theory is the most common model to describe the kinetic of nucleation
processes. The basic model®>38 was developed in the 1930s and was initially applied for the formation
of a condensed, liquid phase from a supersaturated vapor. Later it was also applied for liquid-solid
transformations, such as crystallizations from melts and solutions®*-°. During the homogeneous
nucleation, a system that is in a stable thermal equilibrium state becomes metastable due to ordinary
density or composition fluctuations3® 1. The formation of a spherical nucleus results in a changed
free energy AG, which is composed of a bulk and a surface term (eq. 2):

AG = AGy + AGs = — %m‘3Agb + 4nr?y eq. 2
— kT In(S) eq.3
Agp = -

With AGp = bulk free energy, AGs = surface free energy, r = radius, Agp = difference in bulk free energy
per unit volume, y = surface energy, ks = Boltzmann’s constant, S = supersaturation of the solution,
v = molar volume
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The first term describes the change of free energy per volume unit between the supersaturated phase
and the phase of the nucleus (see also eq. 3). This term is proportional to the volume of the nucleus
and negative (exergone). The second term describes the change in free energy, which is necessary to
form the new interface between the original phase and the nucleus phases and is always positive
(endergone).3? The function of AG is therefore the sum of an r* and an r* term. While for small radii
the surface term dominates and the value of AG(r) is > 0, for large radii the bulk term has a stronger
impact and AG(r) is < 0. Because of this correlation the curve of AG versus r (Figure 6) passes through
a maximum at r = r*, which is called the critical radius.??

Nuclei with r < r* are not able to overcome the nucleation barrier AG* and redissolve, whereas nuclei
with r > r* are stable and can undergo growing processes in the following.*3

critical limiting of supersaturation
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Figure 6: Schematic plot of free energy Figure 7: LaMer model of burst nucleation theory.?% %4
for nucleation of a sphere with radius r

according to the classical nucleation
theory 86-88,90

The nucleation rate can be expressed as Arrhenius based equation, demonstrating the strong influence

of the supersaturation (eq. 4 and eq. 5)°* 9. Below a certain critical supersaturation S* the nucleation
rate remains negligibled1.

]:Aexp[(l;_f)z] eq.4
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S = eq.5

With ] =nucleation rate, A and B = kinetic parameters, S = supersaturation ratio, C = solute
concentration at saturation, Ceq. = solute concentration at equilibrium

A further classical model that especially describes the precipitation of monodisperse particles was
developed by LaMer and Dinnegar®® 6. The amount of a solved species is continuously increased until
a minimal concentration for nucleation (cmin) is achieved (Figure 7). After exceeding this
concentration limit, an abrupt, homogenous nucleation occurs, followed by nucleus growth. These
processes decrease the supersaturation and if the concentration falls below the minimal value again,
no further nucleus can be formed. During the last period of the precipitation process only diffusion
controlled growth lead to a further reduction of monomers and the process comes to a standstill as

soon as the concentration has fallen to equilibrium (cs). Homogeneous particle sizes are the result.?*
93

Based on these classical theories numerous extensions and new models were developed during the
last 90 years®. They take into account that the nuclei are not always spherical®’-8, that the properties
of the surface of the nuclei differ from bulk values?3, and that the surface tensions of the particles
depend on their surface curvature®. Furthermore, it is doubted that — before particle formation
starts — the system is homogenous (molecular disperse). Rather it is assumed that the reagents form
long-lasting constructs with sizes smaller than the critical size!?. Further extensions are developed in
the field of multicomponent particles101.93

If a precipitation reaction is applied in the MicroJet reactor the following parameters are deduced as
preferential: The solid forming reaction has to be fast and the solubility product of the substance has
to be very low to generate a high supersaturation during a short time interval. Thereby a high amount
of nucleus is produced, which promote the building of small amorphous or nanocrystalline particles.??
Also the application of high concentrations is helpful for this aim and a precise adjustment of the
temperature. Narrow size distributions can be obtained by avoiding secondary nucleation. This can be
realized by a fast reduction of supersaturation through fast surface reaction kinetics. Moreover, a
uniform supersaturation without large local differences is beneficial for homogenous particles.
Minimizing local concentration gradients requires an extremely fast mixing, ideally faster than the
nucleation time.

1.2.2 Sol-gel method

The sol-gel process is a further low temperature synthesis method of which the most industrially
relevant products are ceramics, glasses and metal oxides in form of powders, fibers or coatings.192
Although sol-gel is also a wet-chemical pathway for the nanoparticle preparation, there are clear
differences in the process mechanisms compared to traditional precipitations (see below). The reasons
why sol-gel reactions are promising candidates to be applied in the MicroJet reactor are that they give

access to further product groups, like inorganic-organic hybrids and that they avoid salt byproducts.
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Broadly defined, precursors for sol-gel syntheses consist of a central atom that is surrounded by
various ligands. For (transition) metal oxide nanoparticles most popular are alkoxides or hydrolysable
metal salts, such as Ti(O'Pr)s, Sn(O'Bu)s, Pb(OAc), - 3 H20 or Bi(NOs)s - 5 H,0193-1%4 The dissolved
educts are transformed into a sol, a dispersion of colloidal particles, which are stabilized by repulsion
of their charged double layers. Increasing the local concentration of the particles can lower the
distance between them under a critical value and lead to particle attraction. Agglomeration and
aggregation processes (normally undesired in nanoparticle synthesis) are the result. Another
possibility is that the sol particles form a 3-D network with fluid filled pores, the so-called gel.
Traditionally these proceedings are accompanied by hydrolysis and condensation reactions.10% 105-106

The most thoroughly described alkoxide is tetraethoxysilane (TEOS) and its sol-gel reaction with
water to SiO; (eq. 6).

Si(OEt)4 + 2 H,0 = SiO; + 4 EtOH (eq. 6)

The alkoxy groups are first hydrolyzed to hydroxyl moieties (eq. 7), which can then undergo
condensation reactions. Under the release of HoO or EtOH molecules a Si-O-Si bonding formation
takes place, which leads to a growing network structure ((eq. 8) and (eq. 9)).1°

X5Si-OEt + H-OH — X5Si-OH + EtOH (eq. 7)
X38i-OH + HO-SiX3 == X3Si-0-SiXs + H,0 (eq. 8)
X38i-OEt + HO-Si X3 == X;Si-O-SiXs + EtOH (eq. 9)

With X = —OEt, -OH or —-OSi

For TEOS and other alkoxysilanes these reactions are traditionally catalyzed by an acid or a base. In
general, the hydrolysis reactions for TEOS in both cases follow a bi-molecular nucleophilic
substitution mechanism (Sn2) with a pentacoordinated transition state (Figure 8):

In an acid medium the alkoxy group is first protonated whereby a nucleophilic attack of water at the
silicon atom is facilitated. The same mechanism is observed for the acid catalyzed condensation — The
hydroxyl group is again protonated and a good leaving group is formed (H20). The second step is the
release of HOR (hydrolysis) or H2O (condensation). If the reactions are base catalyzed the nucleophilic
attack occurs by a OH" or a SiO” molecule and the Si-OH (hydrolysis) or Si-O-Si (condensation)
bonding formation is enabled by the elimination of OR™ or OH".103

The full range of sol-gel chemistry is consequently based on hydrolysis and condensation reactions.
The tricky thing about controlling these reactions is that the kinetic depends on various parameters
and that the hydrolysis and condensations are simultaneous and competing. First of all, the kind of
precursor and its reactivity is an important factor, especially if several of them are applied in the same
mixture. In this case, their reaction velocities have to be coordinated with each other. Other

influencing parameters are the temperature, the kind of solvent, the concentration of the educts,
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possible additives or undesired contaminations, the mixing speed, the room moisture, the pH value
and some more. As implied above, also the reactivity of each intermediate is different and changes
constantly, depending on the actual electron donating or withdrawing substituents. The electron
density at the silicon atom is lowered by the red marked substituents in the following order!%:

X3Si-R > X3S5i-OR > X3Si-OH > X3S5i-O-SiX3, with X = -OEt, -OH or -OSi

The morphologies of the products depend on the reaction conditions too: As described earlier, in the
acid catalyzed case the protonation occurs at the silicon atom with the highest electronegativity
(Figure 8). As a consequence, the hydrolysis velocity decreases with progressing network formation.
Also, the protonation occurs preferentially at silicon atoms placed at the edge of an already formed
larger structure, since these less condensed silicon atoms have a higher electron density. For this
reason, the reaction in a weak acid medium (pH ca. 2-6) leads to chain-like, partially branched
macromolecules.3 19 Under alkaline conditions, the nucleophiles (OH or SiO") preferentially attack
the silicon atoms with high condensation degrees because of their lowered electron densities. As a
consequence, the reaction kinetic increases with an increasing condensation degree. Furthermore, the
attack of these high cross-linked atoms promotes particulate, spherical structures.1% Under these basic
conditions, the particles are negatively charged. The most popular synthesis method for SiO; particles

under ammoniac conditions is the Stober process?’.
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Figure 8: Acid and base catalyzed hydrolysis and condensation mechanisms for tetraethoxysilane.
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By the application of organotrialkoxysilanes (RSi(OR’)3), organotriaminosilanes (RSi(NR’z)3) or
organotrihalosilanes (RSiX3) organically modified silica (ORMOSIL) particles can be produced (see
section 1.5). In this case, further influencing parameters like the kind of the organic rest at the silicon
atom and the hydrolysable group influence the rate constants. Furthermore, cyclization reactions can
occur, which form soluble crystalline or amorphous oligomers or polymers%.

The hydrolysis and condensation kinetic of trialkoxysilanes are strongly influenced by the organic
substituent. The interaction of electronic and steric effects mainly determines the reactivity of the
precursor and the reaction rates.

Echeverria et al.1%° compared the kinetic characteristics of hydrolysis and condensation processes for
methyl-, ethyl-, propyl-, vinyl- and phenyltriethoxysilane in acidic media via 2Si NMR spectroscopy.
A high chemical shift (§) corresponds to a low electron density on the silicon atom and from the NMR
data, the following order was obtained (compare Table 3 for substance abbreviations and exact
chemical shift numbers):

S (methyl) < & (ethyl) < & (propyl) < & (vinyl) < § (phenyl) <  (ethoxy)

During the acidic hydrolysis (compare Figure 8) a positively charged transition state is formed, which
can be stabilized by a high electron density at the silicon atom. High electron densities therefore lead
to an accelerated first hydrolysis rate, which, as shown by Echeverria et al.1%, governs the total
hydrolysis rate. The time dependent concentration decreases of the precursors were recorded and are
given in Figure 9. The curves follow a second-order kinetic.
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Figure 9: Relative concentration of alkoxysilane precursors as a function of time at 283 K. Reprinted
with permission from Ref.1% Copyright 2019, American Chemical Society.

The experiments reveal the following sequence of the kinetic constants for the first hydrolysis (kn1),
which apparently differs from the trend given by the electron densities%:

kn1 (methyl) > ki (vinyl) > kni (ethyl) > kni (phenyl) > kn1 (propyl) > kni (ethoxy)
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Vinyl and phenyl precursors have higher kinetic constants (Table 3) than one might expect from their
chemical shifts, which could be explained through a better stabilization of the pentacoordinated
transition state by electrons from the -bonds. Compared to all organically modified precursors, TEOS
has the lowest hydrolysis constant due to the discussed electronic effects.1%?

For the acidic catalyzed condensation, there are further differences between TEOS and the organically
modified precursors with regard to the starting point of the condensation reaction. For hybrid
precursors, the condensation started at a precursor conversion of 0.95, while for TEOS the
condensation began at a conversion of 0.60. In addition, lower activation energies for the hydrolysis
and the condensation reaction were calculated for TEOS. The reasons for the lower condensation of
organically modified precursors are the increased electron density at the silicon atom, which reduces
the ability for a nucleophilic attack (see Figure 8), only three instead of four condensable groups, and
the higher steric hindrance. For both kinds of precursors, the condensation rate turned out as the

limiting step in terms of the overall reaction.1%?

Table 3: °Si NMR chemical shifts of different alkoxysilanes and kinetic constants for the first
hydrolysis of the substances (data from Ref. 1%%)

RSi(OC2Hs)s R S Kns

[ppm] [1/M-min]
MTES -CHs3 -42.7 1.85x 1073
ETES -CyHs -44.4 6.79 x 104
PTES -CsHy -45.3 2.90 x 10
VTES -CoH3 -58.0 1.41x 10*
PhTES -C¢Hs -58.6 4.07 x 10
TEOS -0OC,H;s -82.0 2.46 x 10

For basic catalysis, few studies have been published that investigate the influence of alkyl, vinyl and
phenyl substituents on the hydrolysis and condensation kinetics of organotrialkoxysilanes under
comparable conditions. In general, electron-donating substituents in basic media slow down
hydrolysis and accelerate condensation. Pohl et al.1? analyzed the base catalyzed hydrolysis of alkyl
tris-(2-methoxyethoxy)silanes. The rate constants for R’Si(OCH.CH,OCHs); with different
substituents R had the following order:

kn (R = vinyl) > kn (R = methyl) > ki (R = phenyl) > ki (R = ethyl) > kn (R = propyl)

These results also confirm that electronic and steric effects influence the reaction kinetics and that

unsaturated substituents cause fast kinetics.

If other metal alkoxides are used instead of those of silicon the reaction mechanisms and relationships
differ and are less precise investigated. The differences originate from the lower electronegativity and

the resulting higher Lewis acidity of the metals compared to the semi-metal Si. A nucleophilic attack
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is easier and also the property that the metals can exist in several coordination states increases the
reactivity. Tin, titanium or zirconium alkoxides are e.g. much more reactive than silicon alkoxides and
the addition of a catalyst is often not necessary. The higher reactivity, however, complicates the
handing of the precursors and the reaction control, which is why a decrease of the reaction kinetic is
often induced by modification of the precursors, e.g. by the addition of protic compounds like
carboxylic acids, B-diketone or amino alcohols, especially if gels are required.1% 111 In contrast to
silicon alkoxides, which exist only monomeric, other metal alkoxides can associate by the formation
of alkoxy bridges. The driving force for this behavior is the preference of higher coordination numbers.
If an association takes place depends on the bulkiness of the alkoxy groups, the size of the metal center
and the solvent. The degree of oligomerization increases with an increasing metal size and a decrease
in steric hindrance by the alkoxy groups. Another way to expand the coordination number is the
addition of (polar) solvent molecules.!1? Tin(IV) t-butoxide is monomeric in solution, whereas tin(IV)
i-propoxide or tin(IV) i-butoxide exist as dimeric complexes through the coordination of alcohol
ligands ([Sn(O'Pr)s- HOPr]; and [Sn(OBu)s - HO'Bu]z).113115 The degree of oligomerization and
solvent addition affect the solubility and the reactivity of the alkoxide species.

The most important advantages of this sol-gel method are the variety of the molecular composition of
the products, the great control over the size and morphology, the high purity and homogeneity as well
as the low reaction temperatures and times.

1.3 Tin(IV) oxide nanoparticles

1.3.1 Properties and applications

Tin (IV) oxide in its cassiterite structure is a n-type, wide band gap (~ 3.6 eV) semiconductor. The
combination of a high transparency and conductivity explains its application in many high-technology

116 117 118-119

areas like solar cells'’®, liquid crystal displays!”, or antistatic/ anticorrosive coatings

121" transistors!??, lithium-ion

Furthermore, SnO; is used as catalyst support!?®, in membranes
batteries!?3, or in (gas) sensors!?%. One reason for the outstanding qualities of SnO; lies in the dual
valency of Sn. Depending on the oxygen partial pressure, tin can reversible change its valence from
Sn** to Sn?*. The conductivity of tin oxide also depends on this phenomenon. Stoichiometric SnO;
without vacancies is an insulator. Only a certain amount of oxygen defects and the resulting Sn?* ions
in the material lead to the common conductivity. The electronic structure is content of many

theoretical'®® and experimentally126

studies. Doping of SnO; is a common procedure to influence the
conductivity and it opens a further wide research field'?’. While the doping with group III elements
generally decreases the conductivity, doping with group V elements lead to an increase. Frequently

used doping elements are antimony, molybdenum and fluorine.128

1.3.2 Crystallography

Tin oxide reveals various polymorphic solid state structures showing different properties. Besides the
most common rutile type (P42/mnm), SnO; can exist in the CaCl,- (Pnnm), the a-PbO.- (Pbcn), the
pyrite- (Pa-3), the ZrO.- (Pbca), the fluorite- (Fm-3m) and the cotunnite-type (Pnam) (Figure 10).12°

At room temperature, the rutile-type is the thermodynamically most stable phase. It has a tetragonal

symmetry with two tin and four oxygen atoms in each unit cell. The tin atoms are six coordinate and
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the oxygen atoms three coordinate whereby the octahedral share edges and form linear chains in the
130

direction of the c-axis.
During the last years nanostructured SnO, was more and more favored for many technologies due to
its increased surface area. It was found out that the nanoparticles can also consist of high pressure
phases, even if they do not originate from a high temperature and pressure synthesis. One explanation
is that a stabilization of the phase is possible through the high surface tension.!3! The most important
structures of SnO; nanoparticles produced under ambient conditions are the rutile-type, the CaCl,-
type and the PbO,-type.

The cell parameters of this first high pressure phase (CaCl:-structure) and those of rutile are very
similar so that a differentiation is sparsely documented. Even from synchrotron measurements only a
rough estimation is possible due to the large peak broadening through the nanoscale crystallites.13!
The XRD peaks from the rutile phase and the PbO; phase are better distinguishable. The orthorhombic
PbO2-type phase is metastable and forms in bulk under high temperature and pressure. Also a

transition from the rutile structure at ca. 13 GPa is possible.132-133

Because the orthorhombic phase bears different physical and chemical properties compared to the
tetragonal phase several methods were tested to increase the orthorhombic ratio in nanoparticles: The
application of certain synthesis or post-treatment techniques (thermal evaporation of tin powder!34,
heavy ion irradiation®), the use of special ligands or templates'®¢-137 and the doping of SnO; with
suitable elements (with Zn!38, Cul®, Ce!32 or Mg!%?) was studied. However, the building conditions
and the possible synthesis strategies are still not fully understood.'®? Also mixed phase SnO; could be

interesting for several technologies and is content of actual investigations.14!

a) P4,/mnm, Pnnm b) Pbcn ¢) Pa3

Figure 10: Crystal structures of the different SnO; phases: (a) rutile (P4;/mnm) and CaCl; type (Pnnm),
(b) a-PbO2-type (Pbcn), (c) pyrite-type (Pa-3), (d) ZrOz-type (Pbca), (e) fluorite-type (Fm-3m), and (f)
cotunnite-type (Pnam). Reprinted with permission from Ref.1?® Copyright 2007, American Chemical
Society.
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1.3.3 Precursors and synthesis routes

The mentioned importance of SnO; in many application fields causes the numerous opportunities that
were found for the batch nanoparticle preparation. Some examples are hydrothermal!? or

solvothermal'*® methods, microwave syntheses44 145

, sonochemical techniques!?®, polyol syntheses4¢,
ball mill reactions!¥’, molten salt methods!®, sol-gel*®, precipitation,’® and microemulsion!®!
proceedings. As precursors, mainly tin (II) or tin (IV) chloride salts or elemental tin are preferred
because they are easy to handle and inexpensive. If chloride contaminations should be prevented more
sophisticated precursors like tin alkoxides are favored.!*® For many other metal alkoxides solely
amorphous (precursor) particles can be produced by sol-gel reaction, which have to be calcined before
a crystalline product is formed. In contrast, from tin alkoxides crystalline SnO: particles are obtained

directly after the synthesis.1>?

Monomeric Sn(O'Bu)s, dimeric [(SnO'Pr)s - HO'Pr]; or polymeric [Sn(OEt)s], have been applied in the
past for the production of SnO; nanoparticles with sizes between 70 and 250 nm. Because of the fact
that the hydrolysis and condensation reactions of these compounds are often very fast and difficult to
control, the incorporation of chelate ligands was tested (e.g. in Sn(acac)2(O'Amyl);!%%). A further kind
of sol-gel precursors for SnO; syntheses are compounds that contain hydrolysable Sn-alkyne bonds
like in RSn(C=CR’)3!** or (RC=C)s;Sn(spacer)Sn(C=CR)3'%. The latter ones are suitable to produce
organic-inorganic hybrid materials [O1.5Sn(spacer)SnO1 5]y, similar to ORMOSILS (section 1.5).15¢

Continuous preparation methods for tin(IV) oxide are sparsely described by now. Summarizing the
literature about the continuous production of nanostructured SnO;, SnO; composites and doped SnO-
the applied techniques are hydrothermal’’-1® and solvothermal processes!®0-161
pyrolysis!16 162

electrochemical anodization®® or microwave flow syntheses¢¢167. There is also one article’® that

, flame/ spray

, or vapor phase deposition/ growth methods63-164, Less frequently used methods are

applies the MicroJet reactor technique for Ta-doped SnO; nanoparticles, which primarily determines

the changes in the lattice parameters for different doping levels.

1.4 Cesium dihydrogen phosphate particles

1.4.1 Structure and properties

Cesium dihydrogen phosphate is one of the best-known and well-studied representatives of solid
acids, substances that possess properties of both, normal acids and salts!68. The structure of solid acids
correspond to the formula M Hp(XO4)c, whereby M is a monovalent or divalent (metal) cation, such as
Li*, Na*, K*, Rb*, Cs*, TI* or NH4*, XOy4 is an oxyanion, such as SO4%, POs*, SeO4* or AsO4* and a, b,
c are integer values®. Solid acids are usually water soluble, brittle at room temperature and ductile
at elevated temperatures!®8. The special feature of the substance CsH2PO4 and some other solid acids
is that their proton conductivity, which is low at room temperature, increases abruptly by three to
four orders of magnitude (to about 2.2 - 102 S/cm at 240 °C) when a certain temperature (around

230 °C) is exceeded® 170 So far, there are two different explanations for this increasel7%:

The first one assumes that the increase in conductivity is caused by a loss of water through thermal

decomposition (eq. 10) and that the water enables the proton transfer in the material 16% 171-172
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n MH,XO, — M, H,X, 05, + (n-1) H,0, (n > 0) (eq. 10)

In the case of CsH;POy4, a two-stage decomposition, involving the release of water (eq. 11), is observed
at elevated temperatures, which could explain the increased proton mobility.16%-170: 173 When protons
are conducted via the vehicle mechanism, the protons are transported through the material as larger
assemblies (e.g. as H2O molecules)'’4.

2 CsH,PO, —= Cs,H,P,0, + H,0 — 2 CsPO, + 2 H,0 (eq. 11)

The second explanation states a phase change of the solid as the reason for the conductivity
increasel75-176, Thereby the substance changes into a superprotonic phase, in which the oxyanions get
more freedom of rotation. This creates more options for the formation of hydrogen bonds, allowing
proton transfer via a Grotthus mechanism, in which the protons move along the proton defects by
hopping 17+ 177,178

At room temperature, CsH2PO4 has a monoclinic structure, in which all PO4? tetrahedra are connected
by hydrogen bonds and form two-dimensional corrugated layers'’?. As a result, all oxygen atoms
participate in hydrogen bonds'’® and between the individual layers the cesium atoms are located”°.
At about 230 °C a phase transition to a cubic structure (CsCl-like) takes place, in which each PO4?* ion
can occupy one of six possible positions in the center of the cube, while the cesium atoms are
distributed on the corners.}”® Consequently, the oxyanions in this structure have several options to
form hydrogen bonds.

Besides single-salt solid acids, mixed and multiple-salt solid acids or composites can be produced by
combining several cations or oxyanions. Thereby certain properties of the material, such as the

mechanical and thermal stability can be improved.1%?

1.4.2 Synthesis

Solid acids in general and cesium dihydrogen phosphate in particular are usually produced
by wet chemical processes®® 173, 178-180 Eor CsH;POs, an aqueous solution of cesium
carbonate is mixed with an aqueous solution of phosphoric acid (eq. 12):

Cs,CO, + 2 H,PO, —= 2 CsH,PO, + CO, + H,0 (eq. 12)

The dissolved product can be isolated by two methods, while the first one involves the
addition of a solvent, such as methanol, ethanol or acetone, in which the solid acid is little or
not soluble. The fast solvent induced precipitation of a polycrystalline powder opens the
possibility of producing large quantities in a short time. As a variation Cs2CO3; and H3PO4 can
be dissolved directly in methanol before joining them to precipitate the product directly
during its formation181,16%
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For the second method the solid is isolated by slowly evaporating the solvent at room
temperature or slightly elevated temperatures whereby single crystals can be obtained.16?

Instead of Cs2COs3, an aqueous solution of CsOH can be reacted with phosphoric acid (eq. 13):

CsOH + H,PO, —= CsH,PO, + H,0 (eq. 13)

This reaction produces only water as a by-product and the solid can be precipitated as
described above. Since CsH2PO4 is hygroscopic, a subsequent rapid drying of the solid is
essential180,169

1.4.3 Applications

Since about the year 2000, solid acids have been considered as potential electrolytes and membranes
for fuel cells!®8. The best known membranes for these applications to date are perfluorosulfonic acid
polymers, such as Nafion®.132 However, these polymers have the disadvantage that they only allow
operating temperatures below 100 °C (50-80 °C), as they need liquid water for the proton transport!82.
The low temperatures, require high catalyst loads and pure gases.'%>17% In contrast, CsH2PO4 can
conduct protons without liquid water, and its melting point is comparatively high (about 345 °C)183,
resulting in an optimal operating temperature of approx. 240 °C17%. Solid acid fuel cells are therefore
intermediate temperature fuel cells!”3, offering accelerated electrode kinetics'® and thus enable a
reduced catalyst quantity!’?. Further advantages of SAFCs are their high fuel flexibility, their
resistance against catalyst poisoning by CO83 185 and a less complicated water management compared
to polymer electrolyte membrane fuel cells'. The solid state of the electrolyte avoids the risk of
leakage, which is easier to handle®”. Compared to phosphoric acid fuel cells, which operate at similar
temperatures (160-220 °C) and contain a highly corrosive liquid electrolyte!8% 187 SAFCs require less
complex and less expensive materials for cell design!”3.

A current challenge in the development of SAFCs is the water solubility of the solid acids. For this
reason, systems are required that prevent the accumulation of condensed water, especially during the
fuel cell shut-down!”. On the other hand, the substance decomposes continuously when operated
under dry atmosphere83, so that a specific humidification has to be performed!”> 188 In addition, an
improvement of the mechanical stability of the particles'® and a reduction of the production costs8>
is targeted. The latter can be achieved by reducing the amount of platinum catalyst. Approaches based
on a reduction of the particle size of catalyst and electrolyte particles have proven to be promising to
fulfill this goal, as the electrocatalytically active surface is increased?. Furthermore, thinner

membranes can be produced by using smaller particles.>?

Besides the use of CsHoPOy in fuel cells, the application in electrolyzers is tested in the literature!”.
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1.5 Organically modified silica (ORMOSIL) particles

1.5.1 Definitions, synthesis methods and properties

Organically modified silica (ORMOSIL) and polysilsesquioxane (PSQ) particles are constituted of
organic groups that are connected to an inorganic siloxane backbone. These hybrids combine the
properties of an organic and an inorganic system at the molecular level and can serve as a basic unit
to build up (nano)composite materials.190-192

The organic substituent can thereby act as a customized linker to a specific polymer matrix.192-193
Furthermore, dyes or other functional molecules can be covalently connected to silica and act as
sensors without leaching effects1419. The introduced organic moieties may have the ability to change
the original mechanical and chemical values of silica completely: for example, from polar to apolar,
from non-adhesive to adhesive or from brittle to rubbery!97-20, Even more interesting is the option to
combine the unique functions of glasses and organic polymers in one material, which characteristics
cannot be afforded by one of these classes alone. In this way, Bayindir et al.?°! synthesized flexible,
transparent and thermally stable superhydrophobic ORMOSIL thin films with a good mechanical
stability. Pagliaro et al.?°? adjusted the mechanical properties of their ORMOSIL thin films by varying
the degree of alkylation. They demonstrated that the challenging aspect to achieve tailor-made
properties is the fine tuning of the ORMOSIL constitution.

Commonly, ORMOSILs are synthesized applying the sol-gel process (see section 1.2.2). By mixing
silicon alkoxides, amines or halides with various organic groups, several functionalities can be
incorporated into the polymer network. Thus, amongst carbon, also other elements like nitrogen or
sulfur can be introduced into the structure with this technique.293-205

In literature several systems are called ORMOSIL particles that differ in their structural constitution
and their synthesis pathways (Figure 11):
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Figure 11: Different synthetic pathways for ORMOSIL particles: a) grafting of organic groups to
presynthesized silica particles, b) application of small silica seeds, c) cocondensation of tri- and
tetraalkoxysilanes, and d) synthesis solely from trialkoxysilanes.

One possibility is the grafting of organic groups to presynthesized silica particles?°®, which are formed
via the so-called Stober route!®” (Figure 11 a). This method has the advantage that homogenous,
monodisperse spheres with well adjustable sizes are obtained. However, the limited surface of the
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cores allows rather low organic contents and the particles do not have uniform properties in the
profile.

A similar method, which significantly increases the organic content, is the use of a sodium silicate
solution, which forms SiO; seeds?®? (Figure 11 b). Arkhireeva and Hay?%? synthesized ORMOSIL
particles (60-180 nm in size) with various organic groups by this route and described it as particularly
suitable for the preparation of particles in the intermediate size range. Due to the small size of the
seeds, the product particles consist mainly of the trialkoxysilane units.

The third method, which enables a homogenous network structure, is the cocondensation of
tetraalkoxides and organotrialkoxysilanes?%® 298 (Figure 11 c). This route is often favored because of
its robustness.

However, the highest organic content and homogeneity can be achieved if solely the
organotrialkoxysilanes are used for ORMOSIL/polysilsesquioxane’ particle syntheses (Figure 11 d).
This pathway has been successfully applied for particles based on one or more
organoalkoxysilanes.2%2211 Since this method is often emulsion based, the help of surfactants is
required, which can contaminate the final products.

Only a few examples have been published and just for a limited number of organic groups where
ORMOSIL particles have been produced solely from organotrialkoxysilanes and with an additive-free
routeZO, 204, 212-213‘

Besides the organic functionalities, also the degree of condensation has an effect on the chemical
nature of the product, like the solubility or the thermal behavior. Silsesquioxanes can exist as cage or
partial cage structured polyhedral oligomeric silsesquioxanes (POSS), ladder-like polysilsesquioxanes

and random silsesquioxane networks (Figure 12)1%.
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Figure 12: Different possible structures of (poly)silsesquioxanes.

$ The differentiation between the words ORMOSIL and polysilsesquioxane is not consistent in literature. Most,
polysilsesquioxane is used for oligomers and polymers that are solely build from trifunctional organo
alkoxysilanes, whereas ORMOSILs cover a broader spectrum of modified silica (e.g. including surface
functionalized SiOy).
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The particles from this work mainly correspond to the latter type. Furthermore, various mixtures of
these species and different molar masses can appear. Each of these structures has different chemical
properties and especially for phenyl polysilsesquioxane (PPSQ) the degree of crosslinking is an
intensely discussed topic:

PPSQs are mostly produced from trifunctional monomers like phenyltrichlor-, phenyltrimethoxy- or
phenyltriethoxysilane and exhibit the general repeat unit PhSiO1s. Minami?!4, Tatsumisago?®® and
Matsuda?1® et al. observed that phenylsilsesquioxane particles display a glass transition and a thermal
softening at about 150 °C. Using this knowledge, they succeeded in preparing continuous layers from
aggregates of spherical particles by thermal treatment (Figure 13). Later, they also determined the
thermal behavior of copolymerized particles. The temperature and the extent of softening depend on
the condensation level and the size and weight of the organic groups. The softening temperature as
well as the thermal stability can be modified by adding other organic groups to the PPSQ particles?16-
217 Macan et al.?” determined the influence of methyl, ethyl, pentyl and octyl groups on these material
properties: Copolymerization with methyl groups can increase the softening temperature, while
cocondensation with longer alkyl groups (e.g. pentyl or octyl) lead to a decrease. Tadanaga et al.21®
studied the structure of PPSQ particles and came to the conclusion that the materials, synthesized by
a two-step acid-base catalyzed sol-gel reaction, consist of a ‘core-shell structure’. The inner core
comprised PhSiO1 5 species with low molecular weights, which are soluble in ethanol, the outer shell
consists of high molecular, insoluble species.

c)

b

a)

Figure 13: SEM images of PhSiO1 s thick films a) as prepared, b) heat-treated at 200 °C for 2 h and
c) heat-treated at 400 °C for 2 h. Reprinted with permission from Ref.214, Copyright 2005, The
American Ceramic Society.

The data on the the thermal and the solubility behavior play a decisive role if the ORMOSIL particles
should serve as a kind of a template. Removing the organic content - fully or partly - enables the
production of hollow or porous ORMOSIL and SiO; particles:

Koo et al??® synthesized particles based on phenyltrimethoxysilane with a less condensed inner core
and a well condensed outer shell. Through washing the particles with ethanol the core was dissolved
and hollow spheres were obtained. Moreover, this concept can also be applied for the synthesis of
mesoporous??’, raspberry and rattle type??! particles: Thereby ORMOSIL spheres with different

organic groups are formed, followed by a selective dissolution of certain network units.

Another possibility is the removal of all organic moieties by chemical etching (e.g. with oleum-sulfuric
acid) or by a thermal treatment (above 650 °C). Thereby carbon free, mesoporous silica particles are
prepared.?22-223

24



Organically modified silica (ORMOSIL) particles

Finally, the reverse procedure is also possible: By removing the silica network (e.g. by chlorine etching
at 1200 °C), porous carbons can be synthesized under retaining the initial ORMOSIL morphology (see
next section). For all these transformations the kind and amount of organic content, the degree of
condensation and crosslinking of the network have a strong influence on the product structure.

1.5.2 ORMOSILs as precursors for silicon oxycarbides (SiOCs) and carbide-derived
carbons (CDCs)

Silicon oxycarbides (SiOCs) and carbide-derived carbons (CDCs) are highly attractive as electrode

224 or supercapacitors??®. The performance of

materials for energy storage devices like Li-ion batteries
these materials is decisively determined by their specific surface area, pore architecture and
microstructure.?26-228 [n order to optimize these parameters and recognize dependencies, it is essential

to be able to control and adjust them.

One possible way to synthesize SiOCs is to use ORMOSIL particles as precursors and to expose them
to a pyrolytic treatment (Figure 14, first step). During the heating process, further crosslinking and
redistribution reactions take place under Si-O-Si and Si-C bond formation and the release of small
molecules. A conversion to an amorphous, glasslike material proceeds (at temperatures < 1200 °C),
which can be described as carbon containing silicate with the formula SiOxCs.x.226 229

Pyrolysis High temperature chlorine

treatment
T=1200°C .
| D

. T=1200 °C, +Cl,
- small molecules .
rearrangements

@ >
.. -SiCl,, - CO, - CO,

ORMOSIL SioC cDC
particles particles particles

Figure 14: Synthesis strategy for silicon oxycarbides from ORMOSIL precursors by pyrolytic
treatment and further processing to carbide-derived carbons by etching at high temperatures. The
spherical morphology can be retained during the processes.

Through another network structure, the silicon oxycarbide glasses differ from normal silicate glass in
some of their attributes, e.g. in their higher hardness and Young’s modulus.?2? The phase composition
and the appearance of the microstructure of SiOC have been the subject of several studies and are still
not fully identified.23%-231 Silicon carbide and silicon oxide coexist as nanophases: these are built-up of
corner-shared tetrahedrons with silicon in the center. The connection of the tetrahedral can occur via
oxygen (can connect two tetrahedral) or via carbon atoms (can connect four tetrahedral), which
consequently results in a higher crosslinking and the increased hardness. Besides the oxygen and
carbon rich SiOC phase a segregated, disordered carbon phase exists. Pyrolysis treatments at higher
temperatures result in polycrystalline SiOCs.22% 232

Carbide-derived carbons can be obtained from silicon oxycarbides by the removal of the silicon atoms,
e.g. by subject them to a high temperature, gaseous chlorine treatment (Figure 14, second step). Under
these conditions silicon is extracted by forming gaseous SiCls.23? The resulting carbon structure, the
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porosity and the specific surface area depend on various parameters, such as the kind of the educt, the
228

pyrolysis and the halogenation characteristics.
Various precursor materials for the production of silicon oxycarbides and porous carbons have been
studied in the literature, but many of them are not suitable for the large-scale production of highly
tailor-made products. The application of ORMOSIL particles as precursors is attractive in many
regards: the size of the ORMOSIL spheres is well tunable and the morphology can be conserved during
the pyrolysis and halogenation process. The ORMOSIL composition can be controlled by the applied
alkoxysilane educts. This is useful because the final porosity and specific surface area are highly
influenced by the organic leaving groups. Furthermore, doping atoms like nitrogen can be introduced
into the product in this way?¢.

However not all ORMOSILs and polysilsesquioxanes are suitable for the described pathway. One
important qualification is that the precursor polymer network is highly cross-linked so that the
morphology can be retained during the pyrolysis step. Otherwise the aforementioned softening of the
material can occur. Secondly, high molecular weights are favorable in order to avoid a complete
evaporation and to minimize the yield loss during the conversion.

In this work, a spherical morphology of the SiOC and CDC materials was aimed for several reasons:
The production of spheres instead of large bodies or thick films has the advantage of reducing or
avoiding shrinkage cracks, which may occur during pyrolysis?*%. Furthermore, high packing densities
can be achieved by mixing spheres of different sizes. Compared to bulk materials, small particles offer
larger surface areas and, in combination with a distinct pore system, lead to electrode materials with
high specific surface areas. In CDCs, a spherical morphology can help to ensure that all diffusion paths
for the ions are of similar length. This could increase the performance of the supercapacitors at high
rates. For SiOCs, the spherical morphology should lead to a homogeneous volume expansion during
charge and discharge cycles, thus increasing the lifetime of the Li-ion battery.
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2 AIMS AND SCOPE

The aim of this thesis is to extend the existing knowledge about the continuous, wet chemical
production of nano- and microparticles.

The following work is submitted as a cumulative dissertation and comprises 5 articles, published in
peer-reviewed journals. Additionally, it contains one chapter with unpublished results.

The work focuses on two main topics:

1. The investigation of the strengths and qualities of the continuous MicroJet reactor method
with regard to:

- its suitability for different reaction types, such as precipitation or sol-gel reactions
- its suitability for particle syntheses compared to other wet chemical production methods

2. The continuous, wet-chemical production of ORMOSIL microspheres, which has been little or
not investigated in the literature so far, and their application. This task includes:

- the successful synthesis of the particles under control of their size and microstructure
- the application of the particles in energy storage systems, such as Li-ion batteries and

supercapacitors

Regarding the first research goal, continuous and batchwise wet chemical synthesis methods are

compared for the production of tin(IV) oxide and cesium dihydrogen phosphate nanoparticles:

For SnO;, a precipitation and a sol-gel pathway are accomplished in a MicroJet reactor, in a beaker,
and in a beaker with ultrasonic assistance. The chemical composition, crystallography, morphology,
and thermal behavior of the products are studied. Depending on the applied precursors, the resulting
particles may be contaminated with chloride. In the literature, it is reported that these contaminations
can lead to a changed agglomeration and stabilization behavior of the particles, higher sintering
temperatures and a degradation of the electrical properties of SnO,. Therefore, the influence of
chloride on the particle properties and different purification methods are tested with respect to their
efficiency and technical effort. The results of the investigations on SnO; have not yet been published
and are presented in chapter 3.1.

The precipitation of CsH2POs is also performed as MicroJet reactor and as beaker reaction. For the
synthesis, it is particularly important to avoid coalescence of the formed particles, as this leads to large
particle sizes and wide distributions. Especially the influence of the fast mixing speed of the
microreactor on these properties is investigated, as a more homogeneous reaction mixture could lead
to uniform and small particles. These studies (chapter 3.2) were performed and published together
with the group of Dr. Aron Varga from the Leibniz Institute of Surface Engineering (IOM) in Leipzig.
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The second research goal is the production of ORMOSIL particles from sol-gel precursors. On this
topic, four articles have been published (chapter 3.3).

The first article on this subject (chapter 3.3.1) focuses on the general feasibility of a continuous sol-
gel synthesis of ORMOSIL particles. The knowledge gained from the sol-gel synthesis of SnO; in
chapter 3.1 is transferred to the ORMOSIL system. An important initial difficulty is the low reaction
velocity of the alkoxysilane precursors in the sol-gel reaction, which is caused by the lowered
reactivity of the more stable Si-O bond. A two-step, acid-base catalyzed reaction pathway, which
involves a pre-hydrolysis of the precursors, is the key to solve this limitation. Moreover, the mixing
speed in the reactor for the given conditions is determined.

Based on these results, three cooperation projects are realized with the group of Prof. Volker Presser
from Leibniz Institute for New Materials (INM) and Saarland University. Thereby, the ORMOSIL
particles serve as a kind of a template for SiOC and CDC materials. By controlling the constitution
and the morphology of the ORMOSILs it is possible to adjust the characteristic values of the SiOC and
CDCs in respect to their application.

In the first cooperation project (chapter 3.3.2), phenyl-ORMOSIL particles should be applied as
precursors for the synthesis of carbide-derived carbons. Thus, it turns out that the high temperature
process, needed for the transformation of ORMOSIL to CDC beads, is only possible if the precursor
particles offer a high degree of crosslinking. This condition is not fulfilled for pure phenyl
silsesquioxane particles, which consequently lose their shape during the thermal process by
undergoing further condensation reactions. The incorporation of vinyl groups into the ORMOSIL
network ensures a higher condensation degree and the spherical shape can be conserved. ORMOSIL
particles containing different ratios of vinyl and phenyl functionalities are prepared and tested. The
studies reveal the correlation of the phenyl/vinyl ratio of the initial precursor particles with the pore
structure and the total yield of the CDCs.

In the second study (chapter 3.3.3), the described ORMOSIL and CDC materials are further developed
and the influence of a nitrogen doping on the supercapacitor performances is determined. Because of
the influence of the pore size distribution on the capacitance, it is important that the particles with
and without nitrogen doping have similar sizes and pore structures. Nitrogen is incorporated into the
ORMOSIL network by a cocondensation reaction between vinyltrimethoxysilane and
[3-(phenylamino)propyl]trimethoxysilane. The sizes and the pore architectures are adjusted by the
educt concentrations and the reaction conditions.

The basis for carrying out the third study (chapter 3.3.4) is the ability to produce a broad variety of
ORMOSIL particles in large scale. Methyl, vinyl, and phenyl/vinyl mixed precursor particles are
synthesized. After pyrolysis the resulting SiOC beads distinguish in their amount of silicon-carbon
bonds and the amount of free carbon. In further electrochemical experiments, the different materials
are applied in anodes for lithium-ion batteries and the impact of the microstructure on the capacity
and performance stability is determined.
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3 RESULTS AND DISCUSSION

3.1 Tin(IV) oxide particles

3.1.1 Continuous and batch synthesis of nanocrystalline tin oxide by
sol-gel method and precipitation

Tin(IV) oxide is a transparent semiconductor oxide, which is due to its excellent optical, electronic

124 solar cells16,

and chemical properties, used in many modern technologies, such as gas sensors
catalysts?3® and it is increasingly debated as anode material for Li-ion batteries?3¢ 237128 For the further
optimization of these technologies and the development of new systems, two parameters are crucial:
on the one hand, the availability of synthesis routes that provide a uniform, reproducible quality and
variable scalability, and on the other hand, comprehensive knowledge of the material properties of tin

oxide.
SnO; nanoparticles can be produced by various discontinuous and continuous synthesis routes:

Examples for batch syntheses are hydrothermal®38, solvothermal4® 239, sol-gell4%: 240241 mjcro-

4 ultrasound?*® and electrooxidation?*® methods.

emulsion® 242 precipitation?43-244, microwave4
Especially the ultrasonic assisted precipitation led, as described by Majumdar and Devi?®, to
interesting findings: They tested the influence of ultrasound on the precipitation of SnO;
nanoparticles. During the process, a formation of gas bubbles takes place in the reaction medium.
These bubbles grow in the further course of the process, implode and generate local hotspots
(cavitation)?¥”. Thereby the mixing conditions are enhanced and a faster and more uniform
crystallization can occur, resulting in smaller and homogenous particle sizes?*”. Majumdar and Devi?43
found that extending the sonication time leads to a reduction in particle size and an increase in the

particle surface area.

Continuous synthesis methods for nanostructured SnO;, SnO; composites or doped SnO; are:
hydrothermal'>7-158,160 and solvothermal processes®!, flame-248-24° / spray-1%2/ and pyrolysis reactions

or vapor growth methods!®*. Less commonly used methods are electrochemical anodization6,

166

microwave flow synthesis!¢® and the MicroJet reactor synthesis®3.

Wet chemical synthesis methods have the advantage that less aggregated particles with active surface
groups can be obtained!. The continuous MicroJet reactor method has already been used by
Kickelbick et al.%® for the synthesis of several other metal oxides, whereby large quantities of the
materials could be produced in constant quality. The reactor is similar in design to a T-reactor, but
with an additional, fourth inlet channel through which an auxiliary gas can be introduced. The two
precursor solutions are forced into the reactor from opposite sides and collide there as fine, impinging
jets. High shear forces occur in the collision area, which allow short mixing times and can influence
the nucleation of the particles.

In this thesis, both, the discontinuous ultrasonic assisted precipitation and the continuous MicroJet
reactor method are applied to produce SnO; nanoparticles. It is investigated whether the energy input
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by ultrasound or by the impinging jets in the MicroJet reactor has an influence on the particle
properties, especially the crystallite size and the phase composition. Furthermore, the samples are
compared with particles produced by a standard beaker glass synthesis without ultrasound.

For the synthesis two different reactions, a precipitation and sol-gel reaction, with different precursors
are used. Depending on the chemical precursors, different impurities are introduced into the products.
Precipitation reactions usually involve chloride, which can have a negative effect on the surface and

the electrical properties of SnO. In the literature, a changed agglomeration and stabilization behavior
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of the particles®?, a reduced performance of gas sensors
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, a negative impact of chloride on the
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sintering temperature?*® and an inhibition of catalytic processes?*? is described.

In order to remove chloride afterwards, the particles can be washed or subjected to a temperature
treatment. The washing medium is usually water, alcohol or a mixture of both1%7 253-255
Siciliano et al.2%¢ proved that a thermal treatment at 500 °C can successfully remove the chloride ions.
Yeh et al.257 describe that a chlorine elimination is also already possible at 350 °C if a Hz (10 %)/ Ar
atmosphere is applied.

In this thesis, the different methods for purification are evaluated under comparable conditions to
answer the question which influence they have on the resulting particle surfaces and which is the
most effective method in relation to its technical effort. IR, solid state NMR, TG-IR, CHN and EDX
analyses are applied to get information about the resulting surface groups, the type of bonding and
the temperature resistance.

The following results on tin oxide are therefore divided into two parts: The first part describes the
comparison of the different synthesis methods and the material characterization, while the second

part deals with the purification of the particles and their annealing behavior.

3.1.1.1 Experimental section

Materials

Tin(IV) chloride pentahydrate (98 %) and tin(IV) chloride, anhydrous (99 %) were purchased from
ChemPur, aqueous ammonia (25%) was obtained from VWR International GmbH.
Diethylamine (> 99 %) and t-butanol (> 99 %) were purchased from Merck and Griissing GmbH. All
chemicals were used as received.

Precursor preparation: synthesis of Sn(OBu),

The precursor synthesis was carried out according to the methods described by Thomas?’® and
Chandler et al?%®. The synthesis was performed under argon atmosphere applying Schlenk
techniques. In a three-necked, round bottom flask equipped with a reflux condenser, dropping funnel
and magnetic stir bar, 9 ml (76.1 mmol, 1.0 eq.) anhydrous SnCly were dissolved in 150 ml dry n-
heptane and cooled to 15 °C. A solution of 34 ml (330 mmol, 4.3 eq.) diethylamine in 30 ml n-heptane
were added dropwise and the mixture was stirred for 10 min at RT. After adding 26.56 g (358 mmol,
4.7 eq.) t-butanol, a white precipitate was formed. To retain an extensive mixing the solution was
diluted by adding 60 ml of n-heptane and was stirred overnight (» 17 h) at RT. The precipitate was
vacuum filtered and washed three times with 20 ml of cold n-heptane. The solvent of the filtrate was
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removed under reduced pressure and a pale yellow solid was obtained. The compound was purified
by distillation/ sublimation at 41-43 °C (0.03 mbar) and 20.3 g (65 %) of a colorless, crystalline solid
was obtained. 'H NMR (400 MHz, Ce¢Dg): & = 1.46 (s, 12 x CHs) ppm; °Sn NMR (149 MHz, C¢Ds):
8 =-372.2 ppm; BC['H] NMR (101 MHz, Ce¢Dg): & = 75.0 (®Jsn-c = 23 Hz, 4 x C(CH3)3), 34.1 (3Fsn-c =
14 Hz, 12 x CH3) ppm (Figure S 1 - Figure S 3).

Apparatus
MicroJet reactor

The MicroJet reactor setup (Figure 15 a) consists of two HPLC pumps (LaPrep P110 preparative HPLC
pumps, VWR), which transport the precursor solutions with high pressure (~ 30-40 bar). The reagent
solutions enter the mixing chamber (MicroJet reactor, Synthesechemie, Heusweiler, Germany) from
opposing sides through micro nozzles (300 pm) and collide there as impinging jets. After mixing, the
product suspension is directly removed from the reactor by a nitrogen gas stream (8 bar), which hits
the colliding jets at an angle of 90°. The outlet tube (stainless steel) is 1.5 mm in diameter and had a
length of circa 90 cm. The particle suspension was collected in a polyethylene or glass vessel. The
desired reaction temperature was adjusted by placing the MicroJet reactor in a tempered water bath.

Beaker synthesis and ultrasonic assisted beaker synthesis

The ultrasonic syntheses are applied by using a Vibra Cell Processor (VCX 500) with a 139 mm probe
and a replaceable tip (Sonics & Materials, Inc.). One of the precursor solutions was placed in a double
walled beaker (250 ml) and stirred magnetically, the second solution was subsequently added by a
dropping funnel (Figure 15 b). The temperature of the reacting solution can be adjusted and kept
constant by a cryostat whereby a sensor in the solution constantly measured the actual values. The
beaker synthesis was accomplished in a glass beaker (250 ml) placed on a hot plate stirrer with
temperature sensor and dropping funnel (Figure 15 c).

a) b) c)
B/D i educt solution B or D
HPLC pump i educt solution B or D NH,(aq) or H,O
Lig NH,(aq) or H,0
L
dropping
H— ultrasonic g/pl funnel
educt solution B or D probs =
NHs(aq) or H,O
AIC droppin — L
HPLC pump funnel
">
jacketed %
1 e beaker | cryostat
educt solution Aor C particle &= educt solutionAor C educt solution Aor C
aq. SnCl, or alkoxy- suspension O __O1) aq. SnCl, or alkoxy- aqg. SnCl, or alkoxy-
stannane in ROH stannane in ROH stannane in ROH

Figure 15: Set-up for SnO, nanoparticles preparation by a) MicroJet reactor technique, b) ultrasonic
assisted- and c) beaker synthesis.
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Preparation of nanoparticles
Synthesis

For the precipitation reactions an aqueous solution of tin(IV) chloride pentahydrate (0.1 M) (solution
A) and an aqueous solution of ammonia (2 M) (solution B) were prepared. For the sol-gel reaction a
solution of the tin(IV) t-butoxide (0.1 M) in t-butanol (solution C) and deionized water (solution D)
were used. All experiments were carried out at 70 °C.

In the MicroJet reactor process the reagent solutions A and B (for samples from tin chloride) or C and
D (for samples from tin alkoxide) were fed into the system with a flow rate of 250 ml/min. Precursor
solutions with #-butanol (T » 26 °C) as solvent were warmed to 30 °C prior the reaction to liquefy the
medium. The precursor solution C was stored under argon und was pumped in the system directly
from the Schlenk flask. For the beaker syntheses 80 ml of solution B or D was added dropwise to 80 ml
of solution A or C within a time interval of 15 min and stirred afterwards for another 5 minutes. For
the ultrasonic assisted version, the ultrasonic treatment was applied during the whole time (20 min)
with 150 W.

Post-treatment

The particles were isolated from suspension by centrifugation (8000 rpm, 7012 g, 10 min). A part of
these particles were a) separated, b) washed with water (ca. 5 x 25 ml) and c) washed alternating with
ethanol and water (ca. 5 x 25 ml). Separated from each other, all samples were dried at 100 °C. The

particles were obtained as white or pale yellow powders.

Characterization methods

Solution NMR spectra were recorded with an Avance III HD 400 spectrometer (Bruker) at 25 °C in
CsDs. The signals were referenced to solvent chemical shifts (for H and C) or to the device parameters

(for Sn).

The binding of ethanol to the particle surface was determined by solid-state NMR spectroscopy in
single pulse excitation or cross-polarization and magic-angle spinning mode (SPE-MAS- and CP-MAS-
NMR) on an AV400WB spectrometer (Bruker). The samples were packed in zirconia rotors, which
were spun at 13 kHz under nitrogen. The 1*C NMR spectra were recorded at a frequency of 100.7 MHz
and a recycle delay of 10 s (SPE-MAS-NMR) and 3 s (CP-MAS-NMR). The contact time in the CP-MAS
experiments was varied between 0.2 and 6 ms. Adamantane served as external standard.

Attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectra were obtained by a
Vertex 70 spectrometer (Bruker). Prior each sample measurement a reference spectrum was recorded.
Then, the dried powders were scanned under ambient air. Each spectrum contains 64 scans with a
resolution of 4 cm™! in a wave number range of 500-4200 cm'!. The spectra were normalized to provide
a better comparability.

Thermogravimetric analyses (TGA) were performed on a TG 209 F1 Iris (Netzsch). The dried samples
were filled in alumina crucibles and heated with 20 K/min from RT to 800 °C under synthetic air
(10 ml/min O3, 40 ml/min Ny).
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For TG-FT-IR analyses the TG device was connected with the Vertex 70 IR spectrometer. The dried
samples (~ 50 mg) were filled in alumina crucibles and heated with 20 K/min from RT to 800 °C under
synthetic air (10 ml/min O, 40 ml/min N3). The evolving gases were transferred through a heated line
(200 °C) to the IR spectrometer. The FT-IR spectra were recorded with 32 scans, a resolution of 4 cm'!
and in a range of 4500 to 600 cm™.

Powder X-ray diffraction was carried out with a Bruker D8 Advance A25 diffractometer in Bragg-
Brentano 0-6-geometry (goniometer radius 280 mm) with Cu-Kq-radiation (A; = 154.0596 pm) and a
192-channel LYNXEYE detector. XRD patterns were recorded in a 20 range of 7 up to 130° with a step
size 0of 0.013° and a total scan time of one or two hours. The program TOPAS V5 (Bruker) was applied
for the Rietveld refinements. For in-situ measurements at elevated temperatures the heating chamber
XRK 900 from Anton Paar was used. The sample was heated with 20 K/min and kept at constant
temperatures during the measurements. Prior each measurement the temperature was equilibrated for
at least 10 min. The background was fitted by a Chebychev polynomial function of 15% degree
(standard measurements) or 4" degree (measurements at elevated temperatures), the fluorescence
induced background was reduced by discriminating the detector. The structure and microstructure
refinements were accomplished by the help of crystal structure data from the inorganic crystal
structure database (ICSD)?%°. Instrumental line broadening was empirically determined by LaBs as a
reference material and taken into account for evaluation of the other scans using the fundamental
parameters approach?6l.

Transmission electron microscopy (TEM) was carried out using a JEM-2010 microscope (JEOL). The
samples were suspended in ethanol or water, supported by an ultrasound treatment (10 min). The
suspension (30 pL) was applied dropwise on Plano S160-3 copper grids. Unless otherwise stated, the
size distributions of the particles were determined by measure the diameter of at least 50 individual
particles with the image analysis software Image]?262.

The chemical composition and the content of chlorine of the particles was quantified with energy-
dispersive X-ray spectroscopy (EDX). Therefore, a Genesis 2000 spectrometer (EDAX) was attached
to the chamber of a SEM-7000 microscope. A voltage of 20 kV was applied.

Elemental analyses were performed with a 900 CHN analyzer (Leco).

3.1.1.2 Results and discussion

Comparison of different synthesis methods
Synthesis

Tin oxide nanoparticles were synthesized 1) by precipitation reaction from SnCls - 5 H2O and NHj3
and 2) by sol-gel reaction starting from Sn(O'Bu)s and H20. The reactions were performed a) in a
beaker b) in a beaker with ultrasound assistance and c) in the MicroJet reactor. The particles were
isolated by centrifugation, dried at 100 °C and characterized without further treatments. The samples
from precipitation reaction are labeled as: Prec:Bap, Prec:U,, and PrecMap, according to the applied
synthesis method (beaker, ultrasound, or microreactor). For sol-gel samples analogous abbreviations
(Sol:Bap, Sol:Uyp and Sol:Map) were chosen. The subscript indicates the post-treatment, whereby ap

stands for “as prepared”.

33



RESULTS AND DISCUSSION

Material characterization

All FT-IR spectra (Figure 16A) show a characteristic, broad vibration band at 500 cm™ from bulk
metal-oxygen vibration with a shoulder at 655 cm™. Absorption bands in the range of 830-1350 cm!
can be attributed to the bending modes of different types of surface OH-groups.2¢3-265 The vibration
band at 1042 cm! from sol-gel samples might also originate from #-butoxy groups?¢®. The absorption
peak at ca. 1635 cm'! is related to the deformation mode of water?% 265, whereas the peak at 1450 cm™
seems to originate from a derivate of ammonia because it is only present for precipitation samples. In
literature this peak is also assigned to N-H stretching vibration and disappears between 200 and
300 °C?3°. The broad vibration band at 2560 to 3660 cm™ can be related to stretching vibration of O-H
bonds due to hydroxide groups and adsorbed water.263 267

The XRD scans of the powders (Figure 16 B) were analyzed by Rietveld refinement to determine the
phase composition, as well as the crystallite size and lattice parameters. The main phase could be
identified as tetragonal SnO; (rutile type, P4z/mnm, ICSD collection code 647465%%8), whereas a
refinement with solely this phase resulted in an inadequate fit in some regions (e.g. at 20 = 29-31°). In
this area the fit is underrepresented. From literature also two orthorhombic high pressure phases HT1
and HT2 (CaClz-type, Pnnm and a-PbO;, Pbcn) are known for SnOz. The Pnnm structure is closely
related to the tetragonal phase and cannot be clearly distinguished in powder XRD1. The ratio of
this phase is therefore attributed to the tetragonal phase and is not separately documented.
Implementing the phase Pbcn (structure data adapted from Jensen et al’®!) into the Rietveld
refinement improves the overall fit. E.g. for the sample Prec:M,, the goodness of fit (GOF) value
decreases from 1.48 to 1.10 if a Pbcn phase is added and especially the area of 26 = 29-31° is better
described (Figure S 4). It is also likely that an amorphous phase is present, which cannot be fully
isolated from the Pbcn phase due to the large peak broadening, even if an internal standard (a-Al;O3)

is used.
A ATR-FT-IR B XRD
40I00 ' 35I00 ' 30|00 .25100 . 20I00 . 15I00. 1DIDO ' 560 2I0 . 4IO . GIO . 8I0 . 160
wavenumber [cm] 20[]
—— Prec:M,, — Prec:U,, —— Prec:B,,
—— Sol:M,, Sol:U,, Sol:B,, —fit

Figure 16: (A) ATR-FT-IR spectra and (B) XRD patterns of the samples prepared by different
precursors and synthesis methods arranged in a staggered manner.
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For the rutile-type phase, cell parameters of a = 4.742 (1) A, b =3.178 (1) A and for the CaCly-type
phase cell parameters of a = 4.632 (6) A, b =5.973 (10) A and c = 5.330 (6) A were obtained at room
temperature. The portions of the different phases for all samples were refined by keeping these cell
parameters constant. By doing so, crystallite sizes (main phase) between 1.7 and 2.3 nm were
calculated, whereby the crystallites from sol-gel samples are slightly larger than those from
precipitation (Table 4).

Table 4: Crystallite, particle sizes and ratios of the rutile (P42/mnm) and orthorhombic (Pbcn) phases
obtained by XRD and TEM measurements.

XRD TEM

crystallite size ratio P42/ mnm ratio Pbcn particle size
(P42/mnm) [nm] (%] (%] [nm]
Prec:Byp 1.82 (03) 83 17 2.7 (4)
Prec:Uyp 1.86 (03) 78 22 2.3 (4)
Prec:Map 1.67 (03) 72 28 ~ 1.7%
Sol:Bap 2.09 (03) 80 20 3.0 (8)
Sol:Uap 2.05 (03) 80 20 2.7 (4)
Sol:Map 2.25 (03) 86 14 2.9 (6)

2 The average size was determined by measuring only 40 individual particle diameters because the particles were very small
and therefore highly agglomerated.

Comparing the crystallite sizes from different preparation methods, almost no differences could be
observed and also no clear trends appear. The initial assumptions that the high energy input from
ultrasound or impinging jets would change the crystallite size could not be confirmed for SnO,. For
precipitation samples the highest orthorhombic fraction is observed for the particles from the
microreactor (28 %), the lowest from the beaker synthesis (17 %). For sol-gel samples, in contrast, the
values are the same for the beaker and the ultrasonic syntheses (20 %) and the lowest value was
calculated for the microreactor pathway (14 %). In addition to the signals of SnO; an extra peak at
20 = 32.7° is visible in some samples, which could be assigned to NH4CI?%%, the byproduct of the
precipitation reaction.

The values of the XRD analyses are comparable with those of similar experiments: Toledo-
Antonio et al.?** precipitated SnO; nanoparticles by mixing an aqueous tin(IV) chloride solution and
an ammonia solution. The diffraction peaks of the dried (110 °C) sample were indexed to the tetragonal
rutile structure (P4;/mnm) with lattice parameters of a = 4.726 (1) A and ¢ = 3.180 (1) A and an average
crystallite size of 2.6 nm was measured. They also found that the particles from the aqueous precursors
contain a large amount of hydroxyl groups in their lattice. This leads to a distortion of the tin-oxygen
octahedron symmetry. Sedghi et al.?’% performed an ultrasonic assisted precipitation. For this purpose,
ammonia was added to an aqueous tin(IV) chloride solution and treated with ultrasound at 70-80 °C
for 2 hours. XRD measurements of the dried (70 °C) powder confirmed that the tetragonal cassiterite
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structure was obtained with a crystallite size of 2.2 nm. SnO; powders produced from
Majumdar et al.?*® by a sol-gel reaction had the same crystal structure with crystallite sizes between
2-3 nm.

S
= 90 -
[
()
©
E 85-
80
75 1 T T 1 1 1 T 1
100 200 300 400 500 600 700 800
temperature [°C]
—— PrecM,, —PreciU,, ——PrecB,,
—— Sol:M,,, ——SollU,,  —— Sol:B,,

Figure 17: (A) TEM images and (C) TG curves of the SnO; samples prepared by different methods
and precursors. (B) HR-TEM image of the sample Prec:Usgp.

Pre:Map, Prec:U,p and Prec:B,p, are the samples obtained by precipitation reaction in the microreactor,
in a beaker with ultrasonic treatment and in a beaker without additional external energy input. The
samples Sol:Map, Sol:U,p and Sol:Ba, were obtained with the same technical methods but from sol-gel
precursors. All samples were used “as prepared”, which means without any further purification.

TEM images (Figure 17 A) confirm the formation of ultrafine particles with sizes of 2-3 nm for all
samples, independent of their preparation route (Table 4). The particle sizes are close to the measured
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crystallite sizes and are also comparable with the particle sizes obtained from other groups under

similar conditions?43 271,

The presence of an orthorhombic phase was additionally determined by HR-TEM (Figure 17 B and
Figure S 5). The images showed clearly the atomic planes of the nanocrystallites from the sample
prepared by the ultrasonic assisted precipitation. Most measured interplanar distances could be
assigned to the tetragonal rutile phase (d ~ 3.4 A and d ~ 2.7 A). However, no hints for the existence
of an orthorhombic phase (d ~ 2.9 A) could be detected. Due to the little amount and the small size of
the crystallites the Fourier transformed signals were not sharp enough to decide if there is a signal for
the orthorhombic (111) crystal plane between the signals from the (110) and (101) crystal plane from
the tetragonal phase (Figure S 5). Consequently, an existence of an orthorhombic phase in addition
to the rutile phase could not be confirmed or excluded by TEM analysis.

Thermal properties

TGA curves (Figure 17 C) display significant mass differences between precipitation and sol-gel
samples. The mass loss of precipitation samples is between 15 % (Prec:Map) and 18 % (Prec:Bap), for sol-
gel samples the values lie between 7 % (Sol:Map) and 8 % (Sol:Uap). The type of leaving groups causing
the different losses are determined in the second part of the article. Comparing the samples produced
by different methods (beaker, ultrasound, microreactor), no strong influences on the mass losses are
observed, leading to the conclusion that the particles have similar surface areas and groups.

Table 5: Chemical composition of the as prepared SnO; particles obtained from elemental analysis
and EDX. n. d.: not detectable

elemental analysis EDX atomic ratio
[wf.%] [wlg%] [WIE%] [\Str.l%] [w?%] [wct.l%] Oigm - (Clhein
Prec:Bap n. d. 2.0 2.7 74.3 17.6 6.2 1.8 0.3
Prec:Uyp n. d. 2.0 2.3 75.6 16.2 5.7 1.6 0.3
Prec:Map 0.2 1.8 2.0 74.7 19.4 4.6 1.9 0.2
Sol:Bap 0.4 1.3 n. d. 78.7 18.7 0.5 1.8 0.02
Sol:Uyp 0.5 1.3 n. d. 78.6 18.6 0.4 1.8 0.02
Sol:Map 0.4 1.5 n. d. 79.6 17.6 0.6 1.6 0.02

The chemical composition of the particles was studied with elemental analysis and EDX (Table 5).
The particles from precipitation involve 2.0-2.7 wt.% nitrogen and 4.6-6.2 wt.% chlorine, introduced
by the educts. In the sol-gel samples the nitrogen content was below the detection limit, and a slightly
increased amount of carbon was recorded. Surprisingly the sol-gel samples also contain a small
amount of chlorine (= 0.5 wt.%), which must be derived from the tin(IV) chloride used for the synthesis
of the sol-gel precursor tin(IV) t-butoxide. All samples display similar oxygen to tin ratios (1.6-1.9).
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According to the presented results, small SnO; nanoparticles (2-3 nm in size) could be produced by
different methods. It turned out that the type of the synthesis method has only a slight influence on
the resulting particle properties. However, important differences between precipitation and sol-gel
particles could be detected, especially with respect to their mass loss in TGA and the type and quantity
of contaminations.

Purification methods

Since these aspects could be relevant for certain applications, different purification methods were
studied regarding to their efficiency and technical effort to free the particles from chlorides and carbon
hydrogen species. Therefore the microreactor samples from the precipitation reaction were a) washed
with water (Prec:Mmu20) b) washed alternately with water and ethanol (Prec:Mgion), and c) tempered at
550 °C (Prec:Miemp).

Material characterization

ATR-FT-IR spectra (Figure 18 A) show a slight decreased N-H absorption band for samples washed
with H20 or EtOH. After tempering the particles, all vibration bands in the range of 4000-900 cm™
disappeared and new bands at 600 and 465 cm! for the antisymmetric and symmetric stretching
vibrations of Sn-O-Sn groups became visible.143

A ATR-FT-IR B TGA
100 A
95 +
X 90
—_— o
1]
E 851
80 -
75 1 T L 1 1 1 1 L}
4000 3000 2000 1000 100 200 300 400 500 600 700 800
wavenumber [ecm™] temperature [°C]
— Prec:M,, —— Prec:My;0 —— Prec:Mgion
— Sol:M,, —— Prec:Min,

Figure 18: (A) ATR-FT-IR spectra and (B) TGA curves of the SnO; powders with different post-
treatments.

The crystallite sizes obtained from XRD of the washed particles correspond with those of untreated
samples. The signal of NH4Cl at 260 = 32.7° is no longer observed, implying that the amount of the
chloride byproduct after washing is at least below the XRD detection limit (Figure S 6).

The purification of the particles with water had the problem of high yield losses. It is known that in
water, especially in ammoniac containing medium, soluble tin hydroxide and oxide hydrate complexes
are formed?72. The extent depends on numerous parameters, such as the washing volume, the amount
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of washing medium, the washing duration, the dispersion and segregation method, the pH, the
temperature etc. These disadvantages can be avoided by using ethanol as washing solvent.

Thermal properties

The thermal behavior of the samples was investigated with TGA under synthetic air (10 ml/min O,
40 ml/min N3) (Figure 18 B). The mass losses (Am) of all samples are listed in Table 6 and vary
between 8 and 15 %, whereas it is noticeable that Am of the as prepared sample and the sample that
was washed with H;O are almost identical and higher than the mass loss of the sample that was
washed with EtOH. For a better insight into the decomposition processes the emerging gases were
identified by FT-IR spectroscopy. Using a TG-IR coupling measuring system, temperature-dependent

3D-IR spectra were recorded (Figure 19) and give an overview which gases come up, reach maximums
and disappear during the temperature program (see also Table 6).
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Figure 19: 3D-FT-IR spectra of the SnO samples with different post-treatments. The spectra show
the gas emission of the samples during the TG measurements. The different microreactor samples
from the precipitation (Prec:M) and sol-gel reaction (Sol:M) were analyzed. In addition to the samples

without post-treatment (Prec:Map and Sol:M,p), the precipitation samples were tested that were
purified with water (Prec:Mmuz0) or with water and ethanol (Prec:Mgion).
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Up to high temperatures, gas evolutions were detected and it is obvious that the sample Prec:Mgion
and the Sol:Map show high CO; signals, contrary to Prec:Map and Prec:Mmzo.
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Figure 20: Selected 2D-spectra extracted from 3D-FT-IR plot of the SnO> samples with different post-
treatment.
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In Figure 20 isolated spectra for each sample are displayed in which several detected gas species
exhibit a maximum in absorption and the single vibration bands are clearly recognizable. The related
temperatures are also given. HO, CO;, NHs, HCl and N;O gases were identified for the sample
Prec:M,p (Figure 20 A). It is important to mention that the amount of different gas species cannot be
compared using their absolute absorption intensity due to the different binding energies.

Figure 21 shows their temperature dependent absorption profiles. Initially the evolution of H2O is
observed which reaches its maximum at 140 °C and is present up to 600 °C. The release of ammonia
starts at 110 °C and finds a maximum at 180 °C. The signal is present up to 500 °C. At 275 °C a slight
CO; evolution starts and from 490 °C characteristic vibration bands for HCI at 2570-3090 cm! are
visible (Figure 20 A, 530 °C). This observation agrees with the findings of Siciliano et al?% and
confirms that chlorides can be (partly) removed from the sample by heating it above 500 °C.

Table 6: Temperature ranges of TGA mass losses, released gases and total mass loss of the samples
obtained by TGA (25-800 °C, synthetic air)

Amioal [%]  AT1 and gases  AT2 and gases  AT2b and gases  AT3 and gases
Prec:M 5 25-190 °C 190-450 °C zﬁo(;sg)HC
. ap 2V, 3,
H,0, NH3 H,0, NH3 CO; CO., HCIL, N2O
Prec:M 15 25-185°C 185-370 °C 370-800 °C
SO H.0 H,0, NHs, CO; H,O,NHs, CO;
Prec:M 1 25-165°C 165-350 °C 350-800 °C
THIROR H,O,NH;  H.0, NH;, CO; H;0, NH;, CO,
25-130°C 130-240 °C 240-360 °C 360-800 °C
Sol:Map 8 H,0, CO., H,0, CO,, CH-1, H,0, CO., CO,, CH-1
CH-2 CH-2 CH-1, CH-2

The four mass loss steps of the TGA curve (Figure 18 B) can therefore be classified as follows: The
first steep mass loss between 25-190 °C is mainly attended by an evolution of NH3; and H>O gas. The
second step from 190-450 °C is generated by the release of H,O, NHj3 as well as CO,. In a third step
(450-800 °C) H20, CO2, HCl and N2O were detected. Probably N>O is formed due to the decomposition

of an ammonia derivate. The results for the other samples are listed in detail in Table 6 and Table 7.

The sample Prec:Mmuz0 shows a similar thermal behavior as the sample Pre:M,p, but the amount of
water released in the first TG step is higher and the amount of NH3 decreased. The temperature for
the NHj release is also higher, which can be explained by the assumption that Pre:Map contains a high
amount of unbound or weakly bound NH3 aq. (because it has been added in excess), so that it vaporizes
at lower temperatures. Further on, no signals from HCI or N2O were recorded, which leads to the
assumption that the washing was successful and most of the chloride was removed. The same behavior

is valid for the sample Prec:Mgon.

These results were verified by EDX measurements (Table 8): after washing the samples, the values
for chlorine are much lower than in the as prepared sample. The TG curve of the sample Prec:Mgion
differs from the other described samples by a low mass loss in the temperature range 25-200 °C and a
strong CO; release in the temperature range 230-470 °C. The COs-evolution up to these high
temperatures indicates chemisorbed EtOH. During the washing steps with EtOH, hydroxy groups
undergo an etherfication and form Sn-OEt groups. The exchange of the surface groups and the fact
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that high temperatures are necessary to remove these groups might change the surface reactivity and
could play a role for further surface modifications, catalyst activities or low temperature sensor

measurements.
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Figure 21: Temperature depending absorption profiles of the detected gases during TG-IR
measurement and magnifications. The different microreactor samples from the precipitation (Prec:M)
and sol-gel reaction (Sol:M) were analyzed. In addition to the samples without post-treatment
(Prec:Map and Sol:M,p), the precipitation samples were tested that were purified with water
(Prec:Mmz0) or with water and ethanol (Prec:Mgon).

The sol-gel sample displays a similar COs-evolution as the sample Prec:Mgion, also in the same
temperature range and with a comparable mass loss. Between 200 and 300 °C two additional gases
were detected at 2790-3000 cm™ and 3016 cm’!, which could not be clearly identified. The
corresponding wavenumber range is characteristic for C-H stretching vibrations of alkyl and alkenyl
groups, so that it is likely that the signals originate from decomposition products of #-butoxy groups
of the educt and the solvent. As expected, no chloride or ammonia signals were detected in this sample.

Elemental analyses (Table 8) confirm the results from TG-IR. For the washed samples a lower nitrogen
content was measured than for the as prepared sample. The carbon content of the sample Prec:Mgion
and the sample Sol:M,p are significantly increased.
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Table 7: List of detected gases (temperature range for their appearance and temperature for their
maximal intensity) measured by TGA-IR.

simple T(H:0) T(CO2) T(NHs) T(others)
Prec:M 60-360 °C 285-490 °C 130-480 °C HCI: 500-550 °C
T max.: 140 °C  max.:355°C  max.: 180 °C max.: 530 °C
Prec:Mino 50-450 °C 245-425 °C 165-485 )

max.: 330 °C max.: 330 °C max.: 340 °C
95-470 °C 230-470 °C 250-470 °C

Prec:Meon || 0v:280°C  max.335°C  max.: 290 °C i
SolM 150-390 °C 240-490 °C i CH-1: 195-360 °C, max.: 240 °C
TP max.: 290 °C max.: 335 °C CH-2: 155-290 °C, max.: 230 °C
Ethanol binding

If EtOH is chemisorbed on the particles, like the TG-IR studies indicate, can be proofed by solid-state
NMR measurements. As it was demonstrated by Raftery et al?”? a distinction between chemisorbed
and physisorbed molecules is possible by contact time variation in CP-MAS-NMR studies due to the
different mobility of the determined species. In Figure 22 A the spectra of the sample Prec:Mgion
measured in SPE-MAS mode and CP-MAS mode with different contact times are presented. In the
SPE-MAS spectrum, where the signal intensity is not enhanced by abundant hydrogen atoms, two
distinct peaks are visible at 15.6 ppm (methyl C) and at 56.6 ppm (methylene C). At a contact time of
6 ms and CP-MAS mode a broad, small signal appears beside each of the original peaks at 17.0 and
59.2 ppm. By further deceasing the contact time the broad signals get more and more dominant and
the sharp signals disappear. The mobility of chemisorbed, covalently bound ethanol is more limited
than the mobility of physisorbed ethanol, which is just attached by hydrogen bond. Depending on the
mobility, different contact times are necessary to detect certain species. With long contact times (e.g.
6 ms) it is possible to observe mainly signals from hydrogen bonded ethanol, which has a more flexible
conformation. The spectra confirm that both, physisorbed and chemisorbed ethanol are present in the
ethanol washed sample.

Table 8: Chemical composition from elemental analysis and EDX. n. d.: not detectable.

elemental analysis EDX atomic ratio
[wf%] [wlg%] [wI:%] [wst?%] [w?.%] [th.l%] Ot s
Prec:Map 0.2 1.8 2.0 74.7 19.4 4.6 1.9 0.2
Prec:Mmz0 0.1 1.9 0.6 78.4 19.7 0.2 1.9 0.01
Prec:MEgton 1.4 1.9 0.6 78.1 19.7 0.1 1.9 0.003
Prec:Mtemp n. d. 0.2 n. d. 83.3 15.1 0.4 1.4 0.003
Sol:Map 0.4 1.5 n. d. 79.6 17.6 0.6 1.6 0.02
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High temperature behavior

A comparison of the crystallite size growth and the phase composition at elevated temperatures for
SnO; samples with and without chloride contaminations (samples Pre:Ma, and Pre:Muz0) were
performed by in-situ XRD measurements. The sample Pre:Mpz0 was measured with an internal
standard (30 wt.% a-Al;03) in order to improve the height adjustment of the sample during the
measurement and to ensure an accurate determination of the SnO, reflection position.
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Figure 22: (A) SPE- and CP-MAS-NMR spectra of the sample Prec:Mgion with different contact times
(0.2-6.0 ms) and (B) in-situ XRD measurements of the water washed sample (Prec:Mm20) containing
an internal standard (Al>O3) and assignment of the reflections. (C) Phase portions and (D) crystallite
sizes of the as prepared (Prec:Map) and water washed (Prec:Mmz0) samples at different sintering
temperatures obtained from in-situ XRD.

The scans display broad reflection bands for SnO; at low temperatures, which are characteristic for
nanocrystalline materials, and with increasing temperatures the peaks get sharper and more defined,
caused by the crystallite growing (Figure 22 B). The reflection at 28 = 43.4° is generated by the steel
sample holder and is not specific for the samples. A possible amorphous content is low or stays
constant during the heat treatment because the refined o-Al:Os content keeps also unchanged. To be
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sure that a varying amorphous phase is not described by the background function it was only refined
by a 4™ order polynomial, so that an amorphous part should be mainly covered by the less defined,
orthorhombic phase. However, an exact quantification of the amorphous phase was not possible.

The analysis of the XRD-data revealed that the crystallite size for the rutile phase increases, while the
size for the orthorhombic crystallites remains constant or even decreases slightly (Figure 22). During
the heat treatment, a reduction of defects takes place, which produces a crystallite growth for the
particles in the tetragonal phase. Furthermore, it can be assumed that for the orthorhombic crystallites
the reduction of defects and growth also occurs, but is accompanied by a transformation into the
tetragonal structure.

In order to achieve a reliable and consistent monitoring of the changes in lattice parameters and phase
ratios, a reduction of the amount of variable parameters was necessary: The crystallite size of the
orthorhombic phase was set to a constant value of 1.6 nm and its lattice parameters were set to
literature values!31. With these simplifications the behavior of the phase composition was determined
exemplary for the sample Pre:Muz0. The initial orthorhombic phase portion of the sample, which was
dried at 100 °C, was ca. 27 %. When the sample was heated, the content of the PbO;-type structure
slightly increased up to 30 % at 300 °C. After exceeding this temperature, a proceeding decrease of this
phase was observed (Figure 22 C). Brito et al?’* described a similar trend. They determined the phase
processes of a monolithic SnO; xerogel during a thermal sintering by extended X-ray absorption fine
structure (EXAFS) experiments and XRD and found that due to dehydration and oxolation reactions
between 110 and 250 °C, an amorphization of the cassiterite structure takes place. Above 250 °C, the
condensation reactions of surface OH-groups of adjacent crystallites re-enforce the long-range
crystalline order and a progressive crystal growth is observed in the temperature range between 300
and 700 °C. In this study, no indications for amorphization processes could be found. Instead it is
proposed that an initial increase of the Pbcn phase in the tested material is the cause for the decrease

of the tetragonal structure in the relevant temperature range.

After the intense study of the changes in crystal structure for the sample Pre:Mmuzo, the gained
knowledge was used for the data analysis of the sample Pre:M,p. Figure 22 D describes the crystal
growing during heat treatment for the precipitation samples with and without water washing. At
temperatures below 200 °C only a slow crystallite growth occurs, whereas in the temperature range
from 200-600 °C the rate is increased. Both samples start from almost the same initial crystallite size
(1.6 nm). During the thermal treatment, a slightly increased growth is observed for the sample
Pre:Mm2o, resulting in a crystallite size of 10.2 nm, while the crystallites of sample Pre:Map end up with
an average size of 9.4 nm at 600 °C. Consequently, this study could not confirm a strong influence of
chloride contamination on the crystallite growth in terms of the crystallite size or the growth process.

3.1.1.3 Conclusions

This study gave a detailed overview on how the chemical and crystallographic properties of SnO,
nanoparticles are influenced by their synthesis and purification pathways. It has been demonstrated
that SnO; nanoparticles can be successfully produced by precipitation as well as by sol-gel reaction in
batch operation (beaker and ultrasonic assisted beaker reaction) and continuously. While the kind of
the processing method under the tested synthesis conditions did not seem to have a significant
influence on the particle properties (e.g. on the crystallite size), the kind of precursor had: Particles
from sol-gel precursors were slightly larger than particles from precipitation precursors, showed less

45



RESULTS AND DISCUSSION

chloride contamination and contained residual organic groups. The XRD results indicated that the
small particles consist of a mixture of the rutile phase and an orthorhombic high-pressure phase.
Different methods were tested to free the precipitated SnO; particles from chloride contaminations.
Purification with water achieved the lowest chloride quantities, but also resulted in high yield losses
due to dissolution processes. Ethanol as a washing medium resulted in low residual chloride contents
with only low yield losses. However, etherification was observed during washing with ethanol, which
led to an occupation of the particle surfaces with alkoxy groups. These groups are stable up to approx.
470 °C and could have negative effects in certain applications, such as gas sensors or catalysis. The
thermal removal of the chloride showed the advantage of a low technical effort, but crystallite growth
from 1.6 to 9.4 nm (from 100-600 °C) took place and the phase composition changed to pure tetragonal
SnO;. The study clearly showed that all tested methods are capable of reducing the chloride content.
However, each of the methods is associated with certain side effects, which should be considered
depending on the application project. The overview given in this work can therefore help to find the
perfect synthesis and purification method for SnO; particles for a given application. The MicroJet
reactor technique turned out as well suitable method for the continuous production of SnO;
nanoparticles and ensured a constant product quality. Further studies could aim on the production
and characterization of more complex systems like Zn-doped SnO; particles or the application of the
particles as sensitive coating on gas sensors.
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3.1.1.4 Supporting Information
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Figure S 3: 1Sn NMR spectrum of Sn(O'Bu)s.
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Figure S 4: Rietveld refinement of Prec:M,p with the tetragonal (P4,/mnm) and orthorhombic (Pbcn)
structure of SnOx.
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Figure S 5: (A) HRTEM image of the sample Prec:U,, and (B) fast Fourier transform.
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Figure S 6: (A) XRD scans of SnO; samples with different post-treatment and (B) in-situ XRD
measurements of sample Prec:M,, at different temperatures.
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Based on these results, the produced particles can now be tested in various applications. First studies
have already been carried out that test the performance of the SnO; particles as a sensitive layer on
gas sensors under different conditions. These results will be published soon, in a separate article and
are not part of this thesis.

The data presented above confirmed the general suitability of the MicroJet reactor for carrying out
sol-gel reactions, exemplified by the alkoxystannane precursors. In chapter 3.3 this reaction is
extended to the less reactive alkoxysilanes.

3.2 Cesium dihydrogen phosphate particles

3.2.1 Facile and scalable synthesis of sub-micrometer electrolyte
particles for solid acid fuel cells

In this chapter the MicroJet reactor process is transferred to the precipitation reaction of cesium
dihydrogen phosphate. The solid acid has a good thermal stability and forms a superprotonic phase at
elevated temperatures. Therefore, it is applied in electrodes and electrolyte membranes of fuel cells
operating at medium temperatures.

Small particles are of particular interest for solid acid fuel cells, as several studies have measured
significant performance improvements when the particle diameter is reduced to the submicron range.
However, the production of these small particle sizes is hindered by their tendency to coalesce and
sinter if they are not sufficiently stabilized. Various low throughput processes, such as spray drying
or electrospray deposition have been used to produce small particle sizes, but until now, there has
been a lack of a simple, robust process that allow high throughput rates. In the following article a new
synthesis protocol for the production of CsHzPO4 submicroparticles is developed.

In the standard synthesis procedure for CsH,POy, alcohol is added to an aqueous precursor solution
of Cs2CO3 and H3PO4 until the product precipitates. In the synthesis protocol presented here, alcoholic
precursor solutions of CsOH and H3PO4 are mixed, resulting in a low water content and reduced
agglomeration. Furthermore, a commercial dispersion additive (MelPers 0045) is supplied to one of the
precursors and its quantity is optimized. The additive leads to a significant improvement in the
stability of the suspensions and effects the particle sizes. The influence of the precursor concentration,
the batch size and the type of solvent is investigated for the precipitation. In order to determine the
influence of the mixing efficiency on the particle size, the optimized batch synthesis is subsequently
transferred to the continuous MicroJet reactor process and the properties of the products are
compared. The fast mixing times of the reactor produce homogeneous synthesis conditions leading to
uniform particle formation.

Contributions:

Christina Odenwald: Planning and conducting of continuous syntheses of CsH2POj4 particles, SEM
images of continuously produced particles, discussion and revision of the manuscript. Felix P.
Lohmann-Richters: Design, planning, CsH2PO4 beaker synthesis, particle analysis, writing the
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manuscript. Guido Kickelbick: Discussion and revision of the manuscript. Bernd Abel: Discussion
and revision of the manuscript. Aron Varga: Supervision, discussion, and revision of the manuscript.

Reprinted from: Lohmann-Richters, F. P.; Odenwald, C.; Kickelbick, G.; Abel, B.; Varga, A., Facile and
scalable synthesis of sub-micrometer electrolyte particles for solid acid fuel cells. RSC Adv. 2018, 8 (39),
21806-21815. http://dx.doi.org/10.1039/c8ra03293a — Published by The Royal Society of Chemistry.
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Nanostructuring fuel cell electrodes is a viable pathway to reach high performance with low catalyst
loadings. Thus, in solid acid fuel cells, small CsH,PO4 electrolyte particles are needed for the composite
powder electrodes as well as for thin electrolyte membranes. Previous efforts have resulted in significant

improvements in performance when using sub-micrometer CsH,PO, particles, but laborious methods
with low throughput were employed for their synthesis. In this work, we present a simple, robust, and

scalable method to synthesize CsH,PO, particles with diameters down to below 200 nm. The method

involves precipitating CsH,PO,4 by mixing precursor solutions in alcohol in the presence of a dispersing
additive. The influence of the concentrations, the batch size, the solvent, and the mixing process is
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investigated. The particle size decreases down to 119 nm with increasing amount of dispersing additive.

Mixing in a microreactor leads to a narrower particle size distribution. The particle shape can be tuned by
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1 Introduction

The design of electrodes with a large electrocatalytically active
surface area is crucial for most fuel cells. This is particularly
challenging for fuel cells with solid electrolytes. Here, not only
the electrocatalyst with its conductive support has to be opti-
mized, but also the mixing with the electrolyte particles.

Solid acid fuel cells (SAFC) are usually based on CsH,PO, as
electrolyte. At the operating temperature of ca. 240 °C the elec-
trolyte is in the superprotonic phase with high proton conduc-
tivity."” The solid-state electrolyte and the intermediate operating
temperature lead to a number of advantages, such as resistance
to catalyst poisoning, cost-effective engineering materials, ease of
handling, and simple water management.®* Nevertheless, the
loading of platinum as electrocatalyst in SAFCs still has to be
reduced to allow broad application. Small electrolyte particles
can improve the performance of both the membrane and the
electrodes in SAFCs.

SAFCs with electrolyte membranes as thin as 25 um and
a power density of 415 mW cm™ 2 have been reported in litera-
ture. However, the membranes were mechanically unstable and
the cells showed a rapid decrease of power output.* Composites
of CsH,PO, and inorganic oxides*>® or polymers’® revealed
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varying the solvent. The ionic conductivity under solid acid fuel cell conditions is 2.0 x 1072 S cm™
thus close to that of CsH,PO,4 without dispersing additive.

*and

improved mechanical stability and are promising for creating
stable, thin electrolyte membranes. In any case, the membrane
thickness is limited by the size of the electrolyte particles. To
form a dense, non gas-permeable layer, a thickness of at least
several particle diameters is necessary.

The electrode of state-of-the-art SAFCs consists of a mixture
of electrolyte particles and platinum as electrocatalyst.
The platinum utilization was significantly improved by
using carbon nanotubes (CNT) as catalyst support.’®*> For
electrodes in which the catalyst is deposited directly on the
electrolyte particles, the power output was significantly
increased by reducing the size of the electrolyte particles in the
range of 100 to 200 nm.* Here, the surface increase directly
translates to an increase of the electrocatalytically active surface
area (ECSA). Small electrolyte particles are therefore advanta-
geous for high-performance electrodes and electrolyte
membranes in SAFCs. The particle size is probably limited by
the particle stability toward sintering or coalescence."” It
appears that an optimal size has not yet been determined. Only
recently, a method to measure the ECSA in SAFCs in situ has
been put forward.™

The conventional method to prepare CsH,PO, is by precip-
itation from an aqueous solution through the addition of
methanol,” yielding particles in the range of several microme-
ters. The particle size can be reduced to about 1 um using ball
milling."* Particles down to 0.5 pm were obtained by injecting
an aqueous solution of CsH,PO, through a fine needle into
methanol under ultrasonication. Larger particles had to be
removed by centrifugation, resulting in low yields."

This journal is © The Royal Society of Chemistry 2018
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Even smaller particle diameters of 0.4 um and 0.1 pm were
achieved by spray drying'® and electrospray deposition,"”
respectively. Both techniques resulted in improved platinum
utilization (the inverse of the electrode impedance, divided by
the platinum loading) when the particles were stabilized by the
addition of polyvinylpyrrolidone (PVP) of high molecular
weight. Unfortunately, the throughput of these techniques is
insufficient for production-scale synthesis at this time.

The use of surfactants to synthesize nanoparticles of
controlled size is well known and established for a large variety
of materials. Hosseini et al. applied this approach for the
precipitation of CsH,PO,." The authors reported particle sizes
of approximately 10 nm in diameter. The amount of surfactant
necessary to achieve such a small size was very high, 62 wt% in
relation to CsH,PO,. Unfortunately, the stability and agglom-
eration of the particles under SAFC operating conditions was
not investigated. Even significantly larger particles from elec-
trospray deposition needed to be stabilized by the addition of
PVP, and the melting point of the surfactant employed here is
near the operating temperature of SAFCs. It is therefore unlikely
that a stable electrode performance can be obtained.

For SAFC electrodes, it can be beneficial to employ electrolyte
particles which are not only small, but also have a high aspect
ratio, such as rods or platelets. These shapes facilitate the
percolation of the electrolyte in a porous powder electrode. Ahn
et al. have shown that the shape and size of CsH,PO, particles
can be influenced by the addition of ethylene glycoles and
acetonitrile in the precipitation.*

The supersaturation of the solution is one of the most impor-
tant factors determining the size of precipitated particles.”® Apart
from the concentration of the involved solutions, it depends
heavily on the mixing process. An extremely fast and very well
controlled way to mix two liquids is the use of micromixers or
-reactors. Microreactors are generally three-dimensional devices
with inner dimensions in the range of 1-1000 pm.** Above all,
microreactors offer rapid mixing times, typically in the order of
milliseconds. This improves the mass transport and leads to
homogeneous conditions that are ideal for the particle formation
in fast precipitation reactions. The constant operating conditions
lead to better process control, higher reproducibility, and
improved yield, compared to batch methods.”** The suitability of
the microjet reactor method* for different precipitation reactions
was already demonstrated, e.g. for barium sulfate,” titanium
dioxide,* zinc oxide, brushite and magnetite particles,”” and for
the sol-gel synthesis of ORMOSIL microspheres.***

The precipitation of BaSO, is a common model reaction for
studying the formation and agglomeration of nano-
particles.>***3%3! Often, dispersing additives are employed in
order to stabilize the nanoparticle suspensions. To our knowl-
edge, for the precipitation of CsH,PO, neither the use of
microreactors or other continuous mixing devices, nor the
addition of dispersing additives have been reported in
literature.

In this work, we present the simple and scalable precipita-
tion process yielding sub-micrometer CsH,PO, particles for the
application in SAFCs. This is achieved by the addition of
a commercially available dispersing additive. The influence of
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the concentrations, the solvent, and the mixing procedure is
investigated.

2 Materials and methods

MelPers 0045, identified as a promising dispersing additive in
preliminary tests, was kindly provided by BASF Construction
Solutions. It is a ca. 45 wt% aqueous solution of polycarboxylate
ether comb copolymer with a charged backbone, providing
electrostatic as well as steric stabilization. MelPers 0045 is
usually employed to disperse inorganic pigments.*”> CsOH
hydrate (99.9% metal basis, abcr; est. water content 12.5%) was
used as Cs'-source instead of the widely used Cs,CO; to avoid
carbonate residues and gas formation, especially in the
microreactor.

2.1 Batch precipitation

The synthesis of CsH,PO, particles via batch precipitation was
typically performed as follows: H;PO, (0.13 g, 1.09 mmol; 85%,
Carl Roth) was mixed with EtOH (technical grade, Carl Roth)
and MelPers 0045 (0.05 g, 20 wt% of the expected dry product)
was added. The solution was diluted to 25 mL and a solution of
CsOH (0.17 g, 1.09 mmol) in EtOH (25 mL) was added under
intense stirring with a magnetic stir bar. The solution imme-
diately turned white, indicating the formation of the product.
This protocol with 20 wt% MelPers 0045, nominally 0.25 g of
CsH,PO, with a nominal concentration of 5 g L™ " served as
reference point for varying the parameters.

Different amounts of the dispersing additive, relative to the
expected product, were used (0, 2, 5, 20, 40 wt%). Note, that the
dispersing additive has a solid content of 45 wt%. The expected
fractions of polymer in the dried products are therefore 0, 0.9,
2.3, 9.0 and 18.0 wt%. For comparison, CsH,PO, was also
prepared by the conventional precipitation method"* by adding
EtOH to an aqueous solution, but with the addition of 20 wt%
dispersing additive.

The batch size was scaled from 0.25 g over 1 g to 4 g, with all
concentrations kept constant. From the latter, a part of the
product was collected for further analysis by centrifugation
(Sigma 3-18K) with a relative centrifugal force of 4248 for 30 min
and dried at 120 °C under reduced pressure.

The nominal product concentration was varied from 1 g L™
over 5,10 and 40 g ™" to 50 g L. For the latter, 35 mL of EtOH
had to be employed to dissolve the CsOH, due to its limited
solubility.

To investigate the influence of the solvent, the precipitation
was also performed using MeOH (99%, Carl Roth), isopropanol
(iPrOH, technical grade, Carl Roth), a 1 : 1 (vol) mixture of EtOH
and acetonitrile (Uvasol quality, Merck) (denoted EtOH-ACN),
and a 1:1 (vol) mixture of EtOH and ethylene glycol (99.8%,
Sigma-Aldrich) (denoted EtOH-EtGly).

2.2 Microreactor precipitation

The influence of the mixing process was investigated by
comparing the batch experiments with the precipitation in
a microreactor.
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A 125 mL solution of CsOH (1.02 g, 5.45 mmol; 99.9% metal
basis, 15-20% H,0, alfa aesar) in EtOH (99%) was prepared.
H;PO, (0.55 g, 5.45 mmol; 98% p.a., Merck) with 5 and 20 wt%
(0.06 g and 0.25 g) MelPers 0045 was diluted with 125 mL EtOH.
The nominal resulting CsH,PO, concentration was 5 g L™ .

The microreactor setup has been described in detail in
a previous publication.> In short, two HPLC pumps were used
to press the precursor solutions through opposing horizontal
nozzles of 300 um diameter. The solutions collide as fine
impinging jets in the middle of the chamber where a fast mixing
in the order of 10 ms takes place. A nitrogen gas flow (8 bar)
orthogonal to the feeding streams supports the transfer of the
mixture to the collecting vessel. The reaction was performed at
20 °C with a flow rate of 250 mL min~' for each precursor
solution.

2.3 Characterization

The particle size distributions were measured with dynamic
light scattering (DLS) using a Zetasizer Nano ZS (ZEN3600,
Malvern Instruments, 173° scattering angle) using the as-
precipitated suspensions. The measurements were performed
at 20 °C with an equilibration time of 2 min. No significant
particle concentration in EtOH or the solution of the dispersing
additive in EtOH was observed. The viscosity and the refractive
index of the pure solvents was employed for the data analysis.
The data is reported as intensity distributions as this is the
quantity directly obtained from DLS. A conversion to the
distribution by number or volume would be possible, but
involves additional assumptions and requires detailed data on
the particles' complex refractive index.

To confirm the particle size from DLS and to observe the
morphology, scanning electron microscopy (SEM) images were
recorded in a Carl Zeiss Ultra 55. For the microreactor samples,
SEM images were recorded with a JEOL JSM-7000F after depo-
sition of a gold layer to avoid charging effects.

The samples for SEM were prepared by drying a drop of the
product suspension on a Si-wafer at 80 °C, or on a glass slide
with subsequent transfer to a SEM sample holder. In order to
evaluate the particles’ agglomeration behavior, one SEM sample
was exposed to SAFC operating conditions (240 °C, H,, ca. 0.4
atm H,O0) for 13 h.

Using the product from the 4 g batch, X-ray diffraction (XRD)
patterns were recorded on a Rigaku Ultima VI with Cu Kal
radiation to confirm the phase. The crystallite size was calcu-
lated according to Scherrer from the full width at half maximum
of the reflex at 29° assuming a shape factor of K = 1. Ther-
mogravimetric analysis (TGA) (STA 449 C Jupiter, Netzsch) was
performed with a heating rate of 10 °C min~' under air to detect
the additive's decomposition and the dehydration of CsH,PO,.
Differential scanning calorimetry (DSC) (DSC 8500, Perki-
nElmer) was recorded with a heating rate of 10 °C min " to
observe the dispersing additive's glass transition and the
superprotonic phase transition of CsH,PO,.

For conductivity measurements under SAFC operating
conditions, a 0.5 mm thick dense pellet with a radius of 1 cm
was prepared by uniaxial pressing with 4 t for 1 min followed by
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8 t for 5 min (Atlas Auto 15T, Specac Ltd.). The pellet was
sandwiched between discs of carbon paper (TP-060, Toray) fol-
lowed by stainless steel gas diffusion layers (PACOPOR ST 60
AL3, Paul GmbH und Co. KG) and heated to 240 °C under argon
with 0.4 atm H,O. Impedance spectra (10 mV amplitude, 1 MHz
to 200 mHz) were recorded with a VSP-300 potentiostat (Bio-
Logic Science Instruments).

3 Results and discussion
3.1 Batch precipitation

The conventional synthesis of CsH,PO, for SAFCs is based on
the precipitation from an aqueous solution of the precursors by
the addition of a non-solvent, usually methanol."* The addition
of the methanol gradually decreases the solubility of CsH,POy,
leading to precipitation. While the precursors are soluble in
alcohols, the product is not. Thus, the precipitation can also be
induced by mixing separate solutions of the precursors in
alcohol, as in the new synthetic procedure presented in this
work. The lower water content can be expected to reduce the
agglomeration of the CsH,PO, particles. A dispersing additive
can be added to reduce the agglomeration further.

3.1.1 Dispersing additive quantity. The precipitation of
CsH,PO, was performed with different amounts of the
dispersing additive MelPers 0045. The obtained suspensions
varied in their stability. In the sample without dispersing
additive, complete sedimentation occurred within ca. 10 min.
The suspensions with 2 wt% to 20 wt% of dispersing additive
exhibited first indications of sedimentation between 10 min
and several hours, increasing with the amount of MelPers.
However, the sedimentation was not complete: even after
several days the supernatant remained turbid. With 40 wt% of
MelPers 0045, slight sedimentation was only observed after one
week. After the partial sedimentation, the particles in all
samples could be easily redispersed by vigorous shaking. This
was even the case several months after the synthesis.

The sedimentation behavior of the sample conventionally
precipitated from aqueous solution was similar to the above-
mentioned suspension with 2 wt% dispersing additive,
although it contained 20 wt% MelPers. However, the particles
could not be redispersed after sedimentation, even with pro-
longed ultrasonication. Most probably, the much higher water
content leads to coalescence of the sedimented particles. For
stable CsH,PO, nanoparticles it might thus be beneficial to
have a low water content in the suspension. The amount of
water in the samples precipitated from ethanol could be further
reduced by employing reactants and solvents with low water
content.

From the scattering intensity distribution in DLS (Fig. 1), it
can be seen, that the particle sizes decrease with increasing
content of MelPers 0045. As the scattering intensity depends on
the sixth power of the particle diameter, larger particles are
over-represented in these intensity distributions. However, this
distribution is the one directly obtained from the measurement,
and any conversion involves additional assumptions. From 0 to
2 wt% dispersing additive, the maximum of the scattering
intensity shifts from 998 nm to 278 nm. Between 2 wt% and

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The CsH,PO,4 particle size as measured with DLS decreases
with the dispersing additive content of O (blue) to 40 wt% (red). Even
with 20 wt%, the conventional precipitation from aqueous solution
yields large particles (dashed).

40 wt% the particle size decreases further and the distribution
gets narrower (Table 1). With 40 wt% the distribution extends
clearly to below 100 nm. The sample precipitated from aqueous
solution with 20 wt% yields a particle size distribution similar
to the 0 wt% sample, illustrating the benefit of the precipitation
protocol presented in this work.

The particle size distribution of the samples with 20 and
40 wt% MelPers 0045 was measured again after 1, 3, and 7 days
(Fig. 2). With 20 wt%, the size distribution stabilized at slightly
increased diameters. With 40 wt%, the size distribution devel-
oped a shoulder in the same diameter range in which the
20 wt% sample stabilized. The higher water content in the
sample with higher additive concentration can be expected to
play a role in the aging of the particles. However, both particle
size distributions are remarkably stable, leaving more than
enough time for further processing and analysis.

To validate the particle size measured by DLS, SEM images of
selected samples were recorded (Fig. 3). Due to severe drying
artifacts that can occur during the preparation of the SEM
samples, the images can only serve for qualitative analysis. In
accordance with DLS, many particles in the range of ca. 200 nm
are observed with 20 wt% dispersing additive. In addition to
small spherical particles, also rod-like particles and larger
particles in the micrometer range are present. Such particles
and large rods are also observed in the samples with lower
content of dispersing additive. The larger particles might not be
accounted for in the DLS measurements, as they sediment too

Table 1 Intensity maxima and standard deviations (SD) from DLS
depending on the amount of dispersing additive (DA)

DA (Wt%) Intensity maximum (nm) SD (nm)
0 998 121

2 278 117

5 178 64

20 150 37

40 119 27
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Fig.2 The CsH,PO, particle size distributions of (A) the 20 wt% and (B)
40 wt% additive samples show minor changes over time from the first
measurement (blue), after 1, 3, and 7 days (red).

fast. With 40 wt% of MelPers 0045, SEM reveals particles below
100 nm. This is in good agreement with the DLS data. Note, that
neither large nor rod-shaped particles are observed. We
presume that at this concentration the dispersing additive
covers the particles' surface fast and completely, suppressing
the growth of particles with increased size or aspect ratio. It is
not yet clear, whether the rod-shape of some particles observed
at lower additive concentrations is induced by the solvent, by
the dispersing additive, by impurities in either, or a combina-
tion of these factors.

Despite the different measurement principles and different
sources of error, the particle sizes observed in DLS and in SEM
show good agreement. The determined particle sizes are
therefore reliable. We note, that a dispersing additive content of
20 wt% is sufficient to yield particles of ca. 200 nm in diameter.
The particle size shows no drastic changes between 5 and
40 wt%. The precipitation with 20 wt% MelPers 0045 is there-
fore employed in all following experiments.

3.1.2 Batch size. The change of the CsH,PO, particle size
with the batch size of the experiment with constant
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20 wt% additive

Fig. 3 SEM images of CsH,PO, particles show a decrease of particles
size and changes in the shape with increasing amount of dispersing
additive.

concentrations is presented in Fig. 4A. A slight variation of the
particle size can be observed, but no trend is evident. Small
differences in the mixing process in the beaker when pouring
the precursor solutions together might be the origin of this
variation.

From the 4 g batch size, the product was separated by
centrifugation. Even after prolonged centrifugation not all
particles had sedimented. A DLS measurement of the super-
natant resulted in practically the same particle size distribution
as the sample with 40 wt%. The smallest particles formed in the
precipitation in the presence of the dispersing additive in
a beaker are thus of a similar size, independent of its concen-
tration. The reason might be that the microscopic mixing in the
precipitation in a beaker is not well controlled. However, due to
the strong size-dependence of the scattering intensity the
smaller particles are not always evident in DLS.

3.1.3 Nominal product concentration. The concentration
of the solutions in the precipitation reaction influences the
supersaturation and thus the particle size. Additionally, high
concentrations are desired for large-scale synthesis. Thus the
concentration dependence of the particle size was investigated.

We observe, that the samples with very low and very high
concentration show faster sedimentation. This correlates very
well with the particle size distribution observed in DLS (Fig. 4B).
The suspensions with 1, 40, and 50 g L™ show bimodal distri-
butions: one part of the particles is in the range of 200 nm and
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Fig. 4 The CsH,PO, particle size as measured with DLS shows (A) no
clear trend when scaling the synthesis (0.25 (blue), 1, and 4 g (red)) but
(B) changes with the nominal product concentration: 1 (blue), 5, 10, 40,
and 50 g L™ (red).

thus similar to the particle size with 5 and 10 g L™". A second
part of the particles has significantly larger diameters.

At 1 g L™ " the larger particles might form because the lower
concentration leads to a lower supersaturation and thus less
nucleation. The lower concentration of the dispersing additive
in the solvent could also lead to a less adsorption of the additive
onto the surface, reducing its stabilizing effect. At elevated
concentrations, the viscosity of the solutions probably
increases, leading to slower mixing and thus again less super-
saturation and fewer crystal nuclei. In addition, agglomeration
should be more severe at higher concentration as more particle
collisions occur. In the range of 5-10 g L™ " the size distribution
shows only one peak around 200 nm. Here, the above-
mentioned effects are not inhibiting the formation of stabi-
lized small particles.

3.1.4 Shape control. It has been reported, that the solvent
can influence the shape of the precipitated CsH,PO, particles."®
In Fig. 5 SEM images of particles precipitated from various
solvents are presented, with all concentrations as in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 SEM images of CsH,PO, particles precipitated in different solvents illustrate the influence of the solvent on the particle size and

morphology.

reference experiment with 5 g L™ and 20 wt% MelPers 0045.
The DLS particle size distributions of sufficiently stable
suspensions are given in the ESI (Fig. S17).

The particles from EtOH are mostly spherical, but with
a significant number of rod-shaped particles and some larger
ones, as observed in the experiments described above. Iso-
propanol yields spherical particles with a broader size distri-
bution and no rods are observed. In MeOH, we observe
a tendency for larger particles, although a significant number of
small particles below 200 nm is also present. The mixture of
EtOH with acetonitrile (EtOH-ACN) yielded mostly spherical
particles, as in EtOH. While acetonitrile has been reported to
lead to rod-shaped particles,*® we do not observe this effect with
our precipitation protocol.

With a mixture of EtOH and ethylene glycol (EtOH-EtGly), no
precipitation was observed when mixing the precursor solu-
tions. Only on the next day, fine needles could be recognized.
SEM revealed the presence of rod-shaped particles of slightly
larger dimensions than in the precipitation with pure EtOH.
This agrees with the finding of Ahn et al., who observed the
formation of rods in a mixture of MeOH and ethylene glycol.*
In addition, more than 3 pm long needles were observed.
However, these probably formed while drying the SEM sample.

These results show, that the particle morphology and size can
be influenced by the choice of the solvent, also in presence of the
dispersing additive. While small spherical particles are good for

This journal is © The Royal Society of Chemistry 2018

producing thin layers as electrolyte membranes for SAFCs,
particles with a large aspect ratio are beneficial for producing
porous electrodes. Further investigations with different solvents
and solvent mixtures, should allow the precipitation of such
particles. Our results with ethanol and ethylene glycol are already
very promising. Good control of the mixing process should be
essential for homogeneous particle shapes.

3.2 Microreactor precipitation

To determine, how the mixing process and its time scale
influence the particle size, we conducted the precipitation in
a microreactor with an extremely short mixing time (ca. 10 ms
(ref. 29)), compared to the conventional experiments in simple
glass beakers. In Fig. 6 SEM images of the particles obtained
with the same concentrations as the standard 5 g L " precipi-
tation with 5 and 20 wt% of dispersing additive are given.
Although the particles partly agglomerated during the drying
process, a decrease in size can be observed with increasing
concentration of dispersing additive. For both samples the
particles have similar sizes, below 200 nm, as those precipitated
by mixing in a beaker. However, in contrast to these, no
significantly larger particles are observed. This indicates that as
expected, the continuous, thorough mixing in the microreactor
yields a narrower particle size distribution than the rather
uncontrolled mixing in a beaker.

RSC Adv., 2018, 8, 21806-21815 | 21811
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Fig.6 SEMimages of CsH,PO, particles produced with the microjet mixer with (A) 5 wt% and (B) 20 wt% of dispersing additive show similar sizes
but narrower size distribution than precipitation in a beaker.
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Fig.7 TGA (A) shows the thermal stability of the CsH,PO, particles (black line) and its constituents, CsH,PO, (dotted blue line) and MelPers 0045
(dashed red line) under air, and (B) the weight change of MelPers 0045 at 240 °C after a short ramp to this temperature (grey line). In DSC (C), the
glass transition of MelPers 0045 as well as the superprotonic transition of CsH,PO,4 is observed for the CsH,PO,4 particles. The SAFC operating
temperature of ca. 240 °C is indicated by a vertical dashed line. (D) SEM image of CsH,PQO, particles after exposure to SAFC operating conditions
(240 °C, Hy, 0.4 atm H,0) for 13 h.
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For an otimized precipitation of BaSO, in a microreactor
particles down to 60 nm have been reported.”® The authors
mentioned that although the primary particles and the crys-
tallite size from XRD were in the order of 25 nm, increasing the
amount of dispersing additive did not yield smaller particles.
The particle size was mainly controlled by agglomeration and
not by crystal growth.

We analyzed the crystallite size of selected samples from the
batch precipitation by XRD: the crystallite size of the 4 g batch
product was 42 nm. XRD of the sample without dispersing
additive yielded 44 nm, the conventional precipitation from
aqueous solution without dispersing additive 41 nm. Keeping in
mind the limitations of the Scherrer equation, the differences
are not significant. The particle size is thus not determined by
the crystallite size but by the degree of agglomeration, as in the
precipitation of BaSO,. It can therefore be expected, that the
particle size can still be slightly reduced employing the micro-
reactor with a high concentration of dispersing additive.
However, the study on BaSO, indicates that the diameter will
probably remain above two times the crystallite size.

3.3 Application in SAFCs

For the application of the CsH,PO, particles in SAFCs, their
conductivity and stability under the operating conditions are
important. Therefore, further analysis was performed with the
product of the 4 g batch. The X-ray diffractogram (ESI Fig. S27)
shows the same pattern as pure CsH,PO,. Slight variations in
the intensity of the reflexes probably arise from different
preferred orientations of the crystallites.

In DSC the glass transition of the polymer as well as the
superprotonic transition of CsH,PO, are observed as in the pure
compounds (Fig. 7C). The content of the dispersing additive in
the dry product is nominally 9 wt% and the glass transition
probably changes due to the interaction with the CsH,PO,.
Therefore the glass transition peak in the product is very small.
The observed enthalpy of the superprotonic transition of the
particles is 10 k] mol . Given, that the nominal content of
CsH,PO, is 91%, this is in good agreement with the literature
value of 11.7 4 1.1 k] mol .3

TGA reveals, that the dispersing additive exhibits minor
weight loss starting at 170 °C and a very rapid decrease above
320 °C (Fig. 7A). Held at the SAFC operating temperature at
240 °C, a continuous weight loss is observed (Fig. 7B). The
additive can therefore be removed by thermal decomposition,
which should allow the use of high quantities of the dispersing
additive in the precipitation without diminishing the proton
conductivity under SAFC conditions.

The weight loss of CsH,PO, precipitated with MelPers 0045
is essentially a superposition of the degradation of the
dispersing additive and the well-known dehydration of the salt.*
Unfortunately, these two processes overlap and might slightly
differ from the pure compounds. As the dispersing additive is
decomposed to a large extent at high temperatures, calculating
its mass fraction in the product is prone to error. Nevertheless,
with the weight loss at the plateau at 550 °C we calculate
a fraction of 9.5 wt%. This is in good agreement with the
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amount of employed dispersing additive, which was 20 wt% of
the 45 wt% solution of the dispersing additive.

As the crystal structure of the CsH,PO, particles corresponds
to bulk CsH,PO, and the superprotonic transition is observed
in DSC, proton conduction can be expected. The conductivity of
a 0.5 mm thick pellet under SAFC operating conditions
increased to 2.0 10> S cm ™ * within 4 h. The impedance spec-
trum is given in Fig. S3.1 The observed conductivity is slightly
lower than the value of 2.2 x 107> S em ™' reported for pure
CsH,PO,." This difference can be assigned to the dispersing
additive or its decomposition products at the particle interfaces.
However, the conductivity kept increasing toward the literature
value with the slope depending on the gas flow at the electrodes.
The dependence on time and gas flow probably reflects the
continuous decomposition of the additive, which can be ex-
pected to proceed more slowly in the dense pellet than in the
loose powder in TGA under air.

The stability of the particles with respect to sintering was
evaluated by exposing SEM samples to SAFC operating condi-
tions, Fig. 7D. It can be seen that the particles sinter but do not
coalesce completely. So although the additive is not stable at
240 °C, the electrolyte particles are surprisingly stable. The long-
term stability of a porous electrode fabricated from these
particles needs further investigation. It might be necessary to
add a temperature-resistant polymer like PVP to stabilize the

. Lr—-‘.\)>-, A

mih il — Nk

Fig. 8 (A) SEMimages of CsH,PO, particles precipitated with 10 g L*
and drop coated on a wafer show good coverage of the surface. (B)
The side view of the sample broken in half reveals the thickness of the
layer.
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structure, see ref. 16 and 17. However, such polymers also have
a negative effect on the ion conductivity in the electrodes, which
will be discussed in a different publication. For preparing thin
electrolyte membranes, sintering is not an issue as a dense layer
is desired.

The next step is the development of fabrication processes for
SAFC electrolyte membranes and electrodes from the obtained
suspensions. As for thin electrolyte membranes, we observed
that drop coating the suspensions on silicon wafers at 80 °C
results in quite uniform thin layers with good surface coverage.
An example is given in Fig. 8, using the 10 g " suspension. The
side view of the layer reveals that it is only a few particles thick,
resulting in a total thickness below 1 um. Repeating the coating
several times resulted in correspondingly thicker layers.

4 Outlook and conclusion

In this work, we presented a simple, robust, and scalable
method to prepare CsH,PO, particles down to below 200 nm in
diameter for application in solid acid fuel cell electrodes and
electrolyte membranes. Stable suspensions of CsH,PO, parti-
cles were obtained by mixing solutions of CsOH and H;PO, in
alcohols in the presence of the commercially available
dispersing additive MelPers 0045. We investigated the influence
of the concentrations, the batch size, the solvents, and the
mixing process and found that the particle size and shape can
be tuned. Compared to electrospray deposition and spray
drying, which are the state-of-the art methods for synthesizing
sub-micrometer CsH,PO, particles, the presented precipitation
is much simpler and at the same time yields similar particle
sizes. The new method should be suitable for continuous
production of small electrolyte particles for the application in
SAFCs on a commercial scale.

The next step is to establish protocols for fabricating thin
electrolyte membranes and porous electrodes from the
suspensions. Our preliminary drop-coating results point out the
potential for obtaining dense CsH,PO, layers of only few
micrometers in thickness. For application to larger areas, the
stable suspensions could be applied with a spray gun as
commonly used in painting. Independent of the mode of
application, polymeric binders like PVDF or epoxi resin can be
added to improve the mechanical properties of the layer.””
Another promising candidate would be polyamide-imides as
these are thermally and mechanically stable, available in
soluble form, and can be cured at temperatures around the
operating temperature of SAFCs.

For the preparation of porous composite electrodes for
SAFCs, the particles could for example be transferred to toluene
and mixed with the supported electrocatalyst to form a slurry or
suspension, which can be applied by spraying or screen
printing. Here, the new sub-micrometer particles could be
combined with recently reported platinum nanoparticles on
CNTs to yield high-power SAFCs.'>™ First experiments adding
CNTs before and after the precipitation as described in this
work, indicate, that very intimate mixtures can be obtained,
potentially maximizing the amount of active sites.
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Figure S1: The CsHoP Oy particle size as measured with DLS depends on the choice of the solvent;
EtOH (black), iPrOH (dashed, red), MeOH (dotted, blue).
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Figure S2: The X-ray diffractogram of CsHoPQy4 prepared with 20 wt% dispersing additive
(black) shows good agreement with that of pure CsHoPOy (blue, dashed).
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Figure S3: The electrochemical impedance spectrum of a 1 cm radius and 0.5 mm thick pellet of
the material from the 4 g batch.



RESULTS AND DISCUSSION

The last two studies investigated how the operating parameters of the MicroJet reactor process affect
the properties of the products from precipitation reactions. In the following articles, the performance
of sol-gel reactions in the reactor is tested and mainly chemical parameters are varied.

3.3 ORMOSIL particles

3.3.1 Additive-free continuous synthesis of silica and ORMOSIL micro-
and nanoparticles applying a MicroJet reactor

This chapter describes the development of a procedure to transform trialkoxysilanes continuously into
ORMOSIL particles in the MicroJet reactor. The mixing rate of the reactor is investigated by a suitable
test reaction and, compared to other methods, a relatively short mixing time (of about 10 ms) is
determined, which is the basis for producing particles with narrow size distributions. However, since
the residence time in the reactor is also short, the alkoxysilane reagents have to be pre-treated in such
a way that they can react with each other within this short time interval. Small amounts of acid are
therefore added to the alkoxysilanes and the solutions are stirred for a certain time. In this way, the
alkoxysilanes are partially hydrolyzed, so that the condensation of these species in the reactor can
proceed more quickly afterwards. Additionally, a basic catalyst is added to the MicroJet reactor to
further accelerate the reaction.

In order to find a general synthesis method for a wide range of different ORMOSIL materials, the
describe procedure is tested for many different precursors. In this way, it is also possible to identify

superordinate relationships.

Besides the synthesis, the following article focuses on the detailed characterization of the products.
The results give an overview of how the different organic groups influence the structure and
properties of the ORMOSILs. This is particularly important for the further processing of the particles
and the selection of certain organic groups for specific applications.

Contributions:

Christina Odenwald: Design, planning, writing, synthesis of ORMOSIL particles, SEM, particle size
analysis, FT-IR, TGA, analysis of NMR spectra. Guido Kickelbick: Supervision, discussion and
revision of the manuscript.

The following paper is reprinted by permission from Springer Nature: Springer Nature, Journal of
Sol-Gel Science and Technology, Additive-free continuous synthesis of silica and ORMOSIL micro-
and nanoparticles applying a MicroJet reactor, Christina Odenwald, Guido Kickelbick, Copyright ©
Springer Science Business Media, LLC, part of Springer Nature, 2018, https://doi.org/10.1007/s10971-
018-4626-x
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Abstract

The continuous wet chemical preparation of micro- and nanoparticles is a major challenge for the large-scale production of
functional colloids. Here we present a general synthetic strategy for sol-gel-based materials via an additive free homogenous
approach avoiding emulsion-based systems. A variety of different silica and organically-modified silica (ORMOSIL)
spherical particles were prepared applying a condensation of prehydrolyzed alcoholic solution of organotrialkoxysilanes in a
microjet reactor. This method presents a unique wet chemical production method for nano- and microscale materials. Methyl-,
ethyl-, propyl-, vinyl-, phenyl-, and mixed ORMOSIL particles in the range of 75 nm-2 um were successfully synthesized
without the addition of stabilizing surfactants. The method was also investigated for the continuous preparation of pure silica
particles, and we succeeded to produce continuously up to 23 g particles per minute. The influence of different organic groups
on the crosslinking of the siloxane network was systematically studied applying various spectroscopic and thermoanalytical
methods. The degree of condensation of the obtained particles depends on the organic rests of the trialkoxysilanes, which was
studied with Si CP-MAS NMR. We were able to show that phenyl silsesquioxanes show less condensation in the particles
than smaller alkyl or vinyl groups. In addition, the silane concentration has a significant influence on the particle size.
Generally, smaller particle diameters are obtained after decreasing the silane concentration. The described process delivers a
fast and large scale wet chemical production of various silsesquioxane and silica particles without the use of additives and is
therefore suited for a variety of potential applications where high purity of the particles is necessary.
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Highlights

e The paper shows for the first time the continuous, wet chemical preparation of ORMOSIL micro-and nanoparticles

applying a microjet reactor.

e No additives for the stabilization of the particles are required.

e The particles can be prepared with yields up to 23 g min .

e Well-defined particle morphologies were obtained of methyl-, ethyl-, propyl-, vinyl-, and phenyl-ORMOSILs as well as

pure silica particles.

e The condensation degrees of the particles vary depending on the organic substitution pattern at the silicon atom.

1 Introduction

Various applications of micro- and nanoparticles were
investigated extensively during the last two decades in areas
such as catalysis [1], sensing [2], photovoltaic devices [3],
medicine [4], food industry [5], and textiles [6]. In literature
typical reaction conditions in the synthesis of these particles
vary depending on the composition and the size of the
targeted particles. However, most of the methods have in
common that they are based on batch processes, which
reveal disadvantages such as long mixing times and there-
fore heterogeneous distributions of reactant concentrations,
temperatures, and pH values. Uncontrolled particle growth,
broad size distributions, and a batch-to-batch reproducibility
are thus reported consequences depending on the used
precursors and the targeted particles [7].

Compared to batch processes, continuous preparation
methods offer in general a better controllability, reprodu-
cibility, and higher yields [8]. For the continuous nano-
particle production only a few methods can be used, but
many of them are based on precursor treatment under high
temperatures, such as the pyrogenic particle synthesis [9].
Continuous wet chemical methods for the synthesis of
micro- and nanoparticles are very rarely employed. Only
microfluidic methods especially microchannel devices were
studied in a broader range [10, 11].

Microreactors offer the advantage of short mixing times
that lead to a homogenous environment during the particle
formation process and narrow size distributions [12].
Upscaling is possible by a parallel reactor design. In a
previous work [13] we demonstrated the continuous
synthesis of various metal oxide as well as apatite particles
in a so called microjet reactor [14]. We showed that the
properties of these particles could be controlled by reg-
ulating process parameters such as the temperature or the
flow rate and thus the velocity in which the two precursor
streams collide in the focal point of the reactor. We proved
this mainly on the precipitation of metal oxide particles
under basic conditions, which is—due to the low solubility
—a quite fast process. Generally, other reactions such as
typical sol-gel reactions based on alkoxysilane precursors

@ Springer

are relatively slow and are usually not ideally suited for
micromixers. Only a few previous studies showed the
suitability of related methods for the synthesis of pure silica
particles [15, 16], or for the preparation of soluble poly-
silsesquioxanes under acid conditions [17]. While the pro-
duction of silica particles under basic conditions applying
the so-called Stober process [18] is a well-established robust
method, the production of organically-modified silicas
(ORMOSILs) is still a challenge. One reason for that is the
influence of the organic substituents at the silicon atom,
which change the hydrolysis and condensation rates dra-
matically in the sol-gel process. In addition, the reduced
surface-charge compared to Stober conditions leads to
particle agglomeration and non-stable suspensions. In lit-
erature several alternative routes to such types of particles
are described, which are: (i) the grafting of organic groups
to presynthesized Stober silica particles [19], (ii) the
cocondensation of a mixture of tetraalkoxides and organo-
trialkoxysilanes [19, 20], (iii) the usage of small SiO,
nanoparticles as a seed [21], or (iv) emulsion methods that
use solely the organotrialkoxysilane [22]. The latter repre-
sent often reactions in biphasic systems that require stabi-
lizing additives [23], i.e., surfactants, which contaminate the
final particles.

In our investigation, we show the preparation of
ORMOSIL micro- and nanoparticles without the addition of
stabilizing agents in a continuous sol—gel synthesis based on
a microjet reactor. Different reaction parameters such as
precursor composition and reaction temperature were Sys-
tematically varied. The resulting ORMOSIL particles pro-
vide a high organic group density and an enhanced porosity
compared to silica particles. Their organic—inorganic nature
enables access to various other applications, e.g., as catalyst
supports, as fillers in composites, as additives in polymers
to improve their mechanical properties or antireflective
coatings [24]. In a recently published paper we demon-
strated that such ORMOSIL particles can be used as pre-
cursors of highly porous carbon materials which can be
used as electrode materials for supercapacitors [25]. The
ORMOSIL approach offers here the advantage that the
porosity can be tailored by the precursor composition.
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2 Experimental
2.1 Materials

Tetraethyl orthosilicate was provided by the Wacker Sili-
cones (Burghausen, Germany), methyltriethoxysilane
(MTES) (98%), n-propyltriethoxysilane (PTES) (97%),
phenyltriethoxysilane (PhTES) (97%), ethyltrimethox-
ysilane (ETMS) (97%), phenyltrimethoxysilane (PTMS)
(97%), and vinyltrimethoxysilane (VIMS) (99%) were
obtained from ABCR (Karlsruhe, Germany). Ammonia
(25%, techn.) was purchased from the VWR International
GmbH. All chemicals were used as received.

2.2 Apparatus
Two HPLC pumps (LaPrep P110 preparative HPLC pumps

(VWR)) were used to transport the solutions A (containing
the hydrolyzed silane(s) in water (pH = 6) and alcohol) and

B (containing the aqueous solution of ammonia) through the
system. The reagent solutions were forced with high pres-
sure through narrow nozzles (with a nozzle diameter of 300
micrometers) in a reaction chamber (microjet reactor, Syn-
thesechemie, Heusweiler, Germany). The growing particles
were directly removed from the reactor by the use of a
nitrogen gas flow (8 bar). The diameter of the outlet tube
was 1.5 mm and the length was 85 cm. The particle solution
was collected in a polyethylene or glass vessel. The product
suspension collected during the first 10-15 s was discarded
to avoid impurities from previous runs.

2.3 Synthesis of nano- and microparticles

For each sample, two precursor solutions were prepared
(Table 1). The polarity and the reactivity of the alkoxysilane
and its condensation products have a strong influence on the
solubility and the reaction kinetics. The silane concentration
affects the particle size whereas the acid concentration has

Table 1 Compositions of the precursor solutions A and B that were used for the syntheses of the ORMOSIL and silica particles and hydrolysis

times ty in hours

Sample System n(R’Si(OR);) n(ROH) n(H,O) n(HCl) ty4 ¢(NH3)
Solution A?, solution B mmol mol mol mmol h mol/l
SiO, TEOS/EtOH/HCI, NH3/H,0 138.8 2.8 2.8 0.028 272 22
Methyl-SiO; 5 MTES/EtOH/HCI, NH3/H,0 138.8 2.8 2.8 0.028 264 22
Methyl-SiO; s-conc.2 MTES/EtOH/HCI, NH3/H,O 69.0 2.8 4.2 0.014 264 22
Methyl-SiO; s-conc.3 MTES/EtOH/HCI, NH3/H,0 35.0 2.8 4.9 0.007 264 22
Methyl-SiO; 5-5 min MTES/EtOH/HCI, NH3/H,O 138.8 2.8 2.8 0.028 0.08 22
Methyl-SiO, s-without HCI ~ MTES/EtOH/HCI, NH3/H,O 138.8 2.8 2.8 - 264 2.2
Ethyl-SiO; 5 ETMS/MeOH/HCI, NH3/H,0O 138.8 1.2 5.6 0.056 18.0 2.2
Ethyl-SiOj 5-5 min ETMS/MeOH/HCI, NH;3/H,O 138.8 1.2 5.6 0.056 0.08 22
Ethyl-SiO, s-without HCI1 ETMS/MeOH/HCI, NH3/H,0O 138.8 1.2 5.6 - 18.0 22
n-Propyl-SiO 5 PTES/EtOH/HCI, NH3/H,0O 138.8 2.8 2.8 0.056 293 22
n-Propyl-SiOj 5-5 min PTES/EtOH/HCI, NH3/H,0O 138.8 2.8 2.8 0.056 0.08 2.2
n-Propyl-SiO; s-without HCl PTES/EtOH/HCI, NH5/H,0 138.8 2.8 2.8 - 293 22
Vinyl-SiO; 5 VTMS/MeOH/HCI, NH5/H,0O 138.8 32 2.8 0.028 255 22
Vinyl-SiO 5 -5 min VTMS/MeOH/HCI, NH5/H,0O 138.8 32 2.8 0.028 0.08 2.2
Vinyl-SiO; s-without HCI VTMS/MeOH/HCI, NH5/H,O 138.8 32 2.8 - 255 22
Phenyl-SiO; 5 PhTES/EtOH/HCI, NH3/H,0 138.8 2.8 2.8 0.278 232 22
Phenyl-SiO, 5-conc.2 PhTES/EtOH/HCI, NH3/H,0O 69.0 2.8 4.2 0.139 232 22
Phenyl-SiO; 5-conc.3 PhTES/EtOH/HCI, NH3/H,0O 35.0 2.8 4.9 0.069 232 22
Phenyl-SiO; 5-5 min PhTES/EtOH/HCI, NH;3/H,O 138.8 2.8 2.8 0.278 0.08 2.2
Phenyl-SiO; s-without HCI ~ PhTES/EtOH/HCI, NH3/H,0 138.8 2.8 2.8 - 232 22
Me 4Phg 4-SiO 5 PhTMS(60%)/MTMS (40%)/MeOH/HCI, NHy/H,0 138.8 32 2.8 0.028 25.7 22
Mey 4Phg 4-SiO, s-conc.2 PhTMS(60%)/MTMS (40%)/MeOH/HCI, NH3/H,0 69.0 32 4.2 0.014 257 22
Mey 4Phg ¢-Si0O, 5-conc.3 PhTMS(60%)/MTMS (40%)/MeOH/HCI, NH3/H,0 35.0 32 4.9 0.007 257 22
Mey »5Phg 75-SiO) 5 PhTMS(75%)/MTMS (25%)/MeOH/HCI, NH5/H,0 138.8 2.8 2.8 0.028 20.1 2.2
Vig.o5Phg 75-SiO 5 PhTMS(75%)/NTMS (25%)/MeOH/HCI, NH3/H,0O 138.8 32 2.8 0.028 17.8 22

“Percentage given in mol%
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an important impact on the particle size distribution and the
hydrolysis conditions that differs for each precursor. The
alcohol is necessary to adjust the solvent polarity and ensure
that the alkoxysilanes and the condensation products are
both soluble and that homogenous particles are formed. The
ratio of the mentioned substances was optimized experi-
mentally to obtain well-defined particles. For solution A the
respective silanes were dissolved in alcohol. In some cases
an aqueous solution of HCI was added. The solution was
stirred for 5 min or overnight (hydrolysis time (#), Table 1).
For solution B, ammonia (25 wt% in water) was diluted
with deionized water. During the microjet reactor process
(Scheme 1) each reagent solution was fed into the system
by using a flow rate of 250 ml min~' and a temperature of
20 °C. The suspension was collected for 15-50 s (depending
on the needed amounts) and the formed solids were isolated
by centrifugation (8000 rpm, 7012 x G, 10 min) and dried in
vacuum at 30°C. The compounds were characterized
applying Fourier transform infrared (FTIR)- and NMR-
spectroscopy, TG- and elemental analysis, as well as
scanning electron microscopy (SEM).

For studying the influence of the alkoxysilane con-
centration on the Me-, Ph-, and Me4Ph(SiO; 5 particle
size 138.8, 69.4, and 34.7 mmol of alkoxysilane were used
(Table 1, samples with suffix conc.2/3). The amount of HCI
added was adapted to the silane concentration. That means
if the silane concentration was halve the HCI concentration
was halve as well. The total volume was kept constant. The
particles were produced in the way that is described above
(with the addition of HCI and stirring the alkoxysilane
solution overnight). The batch synthesis of ORMOSIL
microparticles is presented in the supplementary material
(Instruments and characterization section).

Alkoxysilane(s) + 25% NH; (aq)

H,O (+ HCI) + ROH +H,0
¥ Gas
Stirring at RT ¥
over Night =
) 0
Prehydrolyzed

Solution A= — — L=+ Solution B

3

¥
Particle Suspension
¥
Centrifugation
¥

Drying in Vacuo at 30°C
for >+24h

Particles

Scheme 1 Schematic preparation procedure for the synthesis of
ORMOSIL and silica particles using a microjet reactor
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2.4 Instruments and characterization

FTIR measurements of the dried powder samples were
performed under ambient air in attenuated total reflectance
(ATR) mode on a Bruker Vertex 70 spectrometer (Bruker
Optics, Germany). The spectra were recorded by averaging
32 scans at a spectral resolution of 4cm™! in the wave
number range of 500-4200cm'. The intensities of the
spectra were normalized. Thermogravimetric analyses
(TGA) of the samples were carried out on a Netzsch Iris TG
209 C (Netzsch Group, Germany). The samples (=15 mg)
were placed in an alumina crucible and were heated with a
rate of 10 Kmin’l, from room temperature to 1010 °C in a
mixture of 5mlmin~' O, and 95 mlmin~! N,. The extra-
polated degradation onset temperatures were determined by
using the tangents method. Elemental analyses were per-
formed with a Leco 900 CHN analyzer. SEM images were
obtained using a JEOL JSM-7000 F microscope operating
at 20kV with a working distance of 10 mm. The SEM
samples were prepared by placing a small amount of the dry
powder on a specimen stub covered with a carbon adhesive
foil followed by deposition of a gold layer (JEOL JFC-1300
auto fine coater, 30 mA, 40s) in order to avoid charging
effects. The size distributions of the particles were deter-
mined by measure the diameter of 200 individual spheres
with the image analysis software Image] [26]. Solid state
CP-MAS NMR spectra were measured with a Bruker
AV400WB spectrometer (*C 100.6 MHz, *’Si 79.5 MHz)
at 25 °C. The samples were measured with a spin rate of
13kHz and a delay time of 3-6s. As external standard
adamantane was used for '*C NMR and octakis(tri-
methylsiloxy)silsesquioxane for 2°Si NMR. All spectra
were normalized in the range of 0—1 except the '3C spec-
trum of the sample of pure SiO,. This spectrum was nor-
malized by the factor 10 because otherwise the baseline was
not comparable with the other samples due to its low signal
to noise ratio. Schematic diagrams (graphical abstract and
Scheme 1) were drawn with inkscape 0.92 [27].

3 Results and Discussion

3.1 Preparation of ORMOSIL microspheres with
different organic groups

The microjet reactor is a unique tool for mixing two dif-
ferent precursor solutions through nozzles of low diameters
(in our case 300 um) in a focal point and directly removing
the formed mixture from that location by an inert gas
stream, which is the difference to typical T-mixing micro-
reactors. Due to the special design of this tool, high colli-
sion energies are produced in the focal point. We currently
investigate in further studies how this energy influences the
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final material. In this current study the continuous synthesis
of methyl-, ethyl-, propyl-, vinyl-, and phenyl-modified
silsesquioxane particles as well as spheres with more than
one functional group and unmodified silica particles was
performed by using the microjet reactor. As precursors
ethoxy as well as methoxy silanes were used. The mixing
efficiency of the reactor was investigated by the
Villermaux—Dushman test reaction [28-30]. For our setup
(300 um nozzles and a flow rate of 250 ml min~") a mixing
time of 10 ms was detected (Tables S1 and S2 and Figs. S1
and S2). Our first approach was to induce the sol-gel
reaction directly in the reactor by mixing the alcoholic
trialkoxysilane solution with the second solution under
basic conditions applying ammonia (Table 1 “samplename-
without HCI”). These conditions replicate those of a typical
Stober [18] synthesis. But the conditions resulted in inho-
mogeneous particles with broad size distributions or no
solids at all (Fig. S3). We assume that the reaction kinetics
was too slow for the fast microjet reactor process and that
the particle formation started only after the reaction mixture
left the reactor. As a consequence we have chosen a two-
step acid-base-catalyzed reaction [31] instead of Stober
conditions. Under basic conditions it is well-known that the
alkyl substituted trialkoxylsilanes show slower hydrolysis
reactions than pure tetraalkoxysilanes due to inductive
effects that lower the stability of the transition state [32].
Hence prehydrolysis is a good tool to form a precursor
solution for the particle producing basic conditions in the
sol—gel process. Such reaction conditions are regularly used
for the preparation of sol-gel processes containing a high
amount of organic groups located at the silicon atom [33].
The prehydrolysis time was approximately 24 h per sample
in an alcohol-water mixture under addition of diluted HCI at
pH 6 in a stirred vessel. According to the literature [34, 35]
we used liquid state >’Si NMR to follow the kinetics of this
process and to prove if there are already highly condensed
species. The spectra showed that after the prehydrolysis
mainly T® and T! signals are present and also no solid phase
was visually observed. As an example the spectra of
ethyltrimethoxysilane during hydrolysis is shown in Figure
S4. At shorter prehydrolysis times the resulting products
after applying the microjet reactor either contained no solid
products or inhomogeneous particles with a broad size
distribution (Fig. S5). The prehydrolysis times were opti-
mized with regard to the homogeneity of the resulting
particles and vary between ~18 and 29 h depending on the
trialkoxysilane precursor (Table 1). Depending on the type
and concentration of the applied precursor solutions and the
molecular mass of the alkoxysilane, 9-23 g particles per
minute were obtained. The particles were collected in a 0.51
polyethylene flask. For reasons of comparison we also
prepared methyl-, ethyl-, propyl, vinyl-, and phenyl-SiO; 5
in batch reactions under the same conditions as applied in

the microjet approach (same precursor ratios, hydrolysis
times, and similar basic solution) (Table S3). Contrary to
the microjet reactions the particles produced under the batch
conditions were partially nonspherical (ethyl-SiO; s-batch)
and irregular with broad size distributions (methyl-, phenyl-
Si0Oy 5) (Fig. S6). For propyl-SiO; s-batch almost no sepa-
rated particles could be observed. Solely the sample vinyl-
Si0 s-batch formed particles that were comparable with the
samples from the continuous preparation.

3.2 Particle size and morphology

SEM images of the samples (Fig. 1) prove that the used
synthesis conditions led to spherical ORMOSIL micro-
particles with sizes in the range of 0.7-2.0 um. Pure SiO,
particles prepared under similar conditions exhibit sizes one
order of magnitude less than these values. Particle size
distributions (averaged over 200 or more particles), average
particle diameters (d,,), standard deviations (o), and
polydispersities (100*c/d,,,) of the samples were deter-
mined analyzing the SEM pictures. The narrowest size
distributions were obtained for methyl-SiO, 5, ethyl-SiO; s,
and SiO, particles whereas samples with large or mixed
organic groups tend to have broader distributions. The small
size of the silica particles (Fig. | (i) and magnified version
Fig. S7) is effected by a denser network structure. Unlike
trialkoxysilanes TEOS can connect to the network with four
bonds instead of three and no organic group is present that
takes space in the structure. As mentioned above a pre-
hydrolysis step under acid conditions is necessary to obtain
optimized particle morphologies and size distributions. To
investigate the influence of this step an experiment without
hydrolyzing the precursor solution overnight was carried
out in which the same precursor concentrations as in the
other experiments were used (Table 1, “samplename-
5 min”). The silane solution was just stirred for 5 min before
the reaction mixture was injected in the microjet reactor.
SEM images of the samples (Fig. S5) showed that only for
methyl-, ethyl-, and vinyl-SiO; 5 solids were formed but
most of the thus formed particles have a broad size dis-
tribution and also non-spherical structures were obtained.
The vinyl-SiO 5-5 min particles are slightly bigger (dqye. =
0.9 um) than those that were hydrolyzed for >12 h. Propyl-
and phenylalkoxysilanes showed no reaction and a phase
separation after centrifugation from the water/alcohol phase
was observed. This shows that prehydrolysis times of more
than 12 h are necessary for homogeneous particle formation.
The second experiment was performed without the addition
of HCl but stirring the alkoxysilane with water and alcohol
overnight. The results were similar to the just mentioned
study (Fig. S3). Only samples with ethyl- and vinyl groups
(ethyl-SiO; 5-without HCl and vinyl-SiO; s-without HCI)
formed solids and only the sample with vinyl groups
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Fig. 1 SEM images of a
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Vinyl-, e Phenyl-, f Mej 4Phg ¢-,
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standard deviations (o), and
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the prepared particles (250 ml
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resulted in spherical particles with a broad size distribution.
A phase separation was observed for methyl-, propyl- and
phenyl-SiO; s-without HCI. The observed behavior can be
explained by the fact that methyl-, propyl-, and phenyl-
modified samples are based on an ethoxysilane precursors
and need more time for hydrolysis reactions than those from
methoxysilanes. The studies also reveal that both methoxy-
and ethoxysilanes can be applied in the continuous synth-
esis of ORMOSIL particles if a prehydrolysis step is used.
Without the addition of acid or limiting the hydrolysis time
to less than 12 h no solids are formed or an inhomogeneous
particle growing occurs. Only vinyl-modified samples led to
acceptable particles also for smaller prehydrolysis times.

3.3 FTIR-spectroscopy

The presence of functional groups in the prepared samples
was analyzed applying ATR FTIR-spectroscopy. All sam-
ples show the expected signals based on the presence of
their organic moieties (Fig. 2, Table 2).

Pure silica particles without organic groups exhibit a
characteristic peak at 795 cmfl, which 1is related to
—Si—0-Si— symmetric stretching vibration and at 950 cm™!
resulting from Si—O-Si—OH vibration. The peak at 1050 cm
~! can be assigned to —Si-O-Si— stretching vibration and
the broad weak peak between 3100 and 3600cm ' is
related to vibrations from surface OH-groups [15].
ORMOSIL particles show in addition characteristic
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Fig. 2 FTIR spectra of the prepared ORMOSIL and silica particles

vibration bands for the organosilane functionalities. All
organo-modified samples exhibit C—H stretching vibrations
between 2800 and 3095 cm™~'. The samples modified with
alkyl chains show well-defined absorption peaks at ca.
1200-1280 cm ™" related to Si-R deformations and C-H
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Table 2 FTIR data of the particles and references that were used for the assignments

Sample R group R (C-H, C-C) [em™] Si-R [em™'] Si—O-Si [em™!] References
Si0, - - - 795, 990-1260 [15]
Methyl-SiO; 5 Methyl 1410, 2910, 2970 1270 960-1180 [21, 36]
Ethyl-SiOy 5 Ethyl 1415, 1460, 2860-3000 1250 940-1170 [28, 29]
Propyl-SiOy 5 n-propyl 1300-1460, 2855-2980 1220 950-1170 [21, 29]
Vinyl-SiOy 5 Vinyl 1410, 1600, 2925-3100 1275 980-1190 [37]
Phenyl-SiOy 5 Phenyl 690, 1590, 2990-3090 1130, 1430 955-1200 [21, 31]
Me, 4Ph 6-SiO; 5 Phenyl, methyl 690, 1410, 1595, 2900-3100 1130, 1270, 1430 950-1200 [21, 27, 31]
Me »5Phg 75-SiO; 5 Phenyl, methyl 695, 1410, 1594, 2825-3095 1130, 1270, 1430 950-1200 [21, 27, 31]
Vig25Phg 75-SiO 5 Phenyl, vinyl 690, 1408, 1594, 2820-3130 1130, 1275, 1430 950-1220 [31, 37]
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===
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Chemical shift [ppm]
Fig. 3 >C CP-MAS NMR spectra of the prepared particles

deformation vibrations at 1300-1480 cm™'. Samples with
phenyl groups show characteristic C=C vibration bands at
1590 cm ™! and Si—C vibrations at 1430 and 1130 cm™'. The
peaks at 690 and 735 cm ™! are assigned to C—H out of plane
vibrations of the aromatic groups. Samples with vinyl
groups also show well-defined absorptions at 1600 and
1275cm™! from C=C and Si-C vibrations. Signals at
1410 cm ™" are assigned to =CH, bending vibrations. In the
spectra of the samples MePh-SiO; 5 and ViPh-SiO, 5 the
above mentioned characteristic absorptions of both func-
tional groups are visible. Comparing the spectra of
Meo_4Pho_6—Si01.5 and Meo_25Ph0.75-Si01'5 shows that the
difference in their composition is also reflected in the ratio
of the intensities of the Si—-Me and Si—Ph absorptions. The
ratio decreases with decreasing MTMS content in the pre-
cursor solution [15, 21, 36—40].

3.4 CP-MAS-NMR spectroscopy

Solid-state '*C NMR spectroscopy was used to investigate
the chemical structure of the prepared powders and to
confirm the results obtained from FT-IR-spectroscopy.
Solid state 2°Si NMR spectroscopy was used to gain
quantitative information about the condensation degree of
the samples to enable a better understanding of the results
obtained from other methods (e.g., thermogravimetric ana-
lysis) and the chemical behavior of the products (e.g.,
solubility behavior).

13C NMR spectra (Fig. 3) show intensive peaks that are
characteristic for the corresponding organic groups. Only
very weak signals from residual alkoxy groups (at ca.
60 ppm) are visible in the spectra, meaning that almost all
alkoxy groups were hydrolyzed during the reaction and that
OH-groups are the additional functional groups among the
alkyl, alkenyl, and aryl groups in the T species.

2Si NMR spectra (Fig. 4) of the ORMOSIL particles that
were prepared from trialkoxysilanes show peaks in the range
of —48 to —90 ppm that can be assigned to T* and T> spe-
cies. The lack of T® and T' species suggest that no unreacted
precursor is present. Signals of fully condensed T° species
were found at —64.8, —65.7, —67.3, —82.7, and —77.2 ppm
for methyl-, ethyl-, propyl-, vinyl-, and phenyl-SiO; 5. The
peaks at —55.6, —55.9, —57.3, —73.9, and —68.8 ppm can be
assigned to T species of the abovementioned samples.

The spectrum of the unmodified SiO, particles shows the
expected peaks at —109 ppm (Q*), —101 ppm (Q?), and
—92 ppm (Q?).

To get further information about the networks of the
ORMOSIL particles the peak areas of the T> and T signals
were fitted by a Gaussian function, integrated and an
approximation of the degree of condensation (DC) was
received according to the following equation [41-43]:

T3[%] x 3+ T?[%] x 2

DC[%] = : (1)
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Fig. 4 2’Si CP-MAS NMR spectra of the prepared particles

Table 3 shows that generally high condensation degrees
(>80%) were obtained. Methyl-SiO; 5 and vinyl-SiO; s
particles reveal the highest degrees of condensation. Parti-
cles with only phenyl groups (phenyl-SiO s) exhibit mainly
T? species and the resulting condensation degree is the
lowest of the observed particles. This low degree of con-
densation leads to a more polymer-like behavior. As a
consequence the obtained particles dissolve in various
organic solvents, e.g., toluene, tetrahydrofuran, and
dichloromethane. In addition the particles typically melt, to
form a dense film during a thermal treatment. This is a
literature known phenomenon already described for phenyl-
based silsesquioxanes [38, 44]. The results (Table 3) indi-
cate that small substituents promote the building of dense
networks with high DCs (e.g., methyl-SiO;s) whereas
bulky groups lead to particles with lower DCs (ethyl-,
propyl-, and phenyl-SiO; 5).

The combination of phenyl and methyl or vinyl groups
(Me25Phg 75-S101 5, Meg 4Pho6-S101 5, Vig25Phg 75-Si0; 5)
led to an increased condensation. However, using a *’Si CP
MAS NMR experiment, the condensation degrees in the
mixed samples might not be reliable, because of the dif-
ferent proton concentrations in the proximity of the silicon
atoms and can only serve as indication.

3.5 Thermogravimetric and elemental analysis
Thermogavimetric analysis was applied to investigate the
thermal stability and the composition of the prepared par-

ticles (Fig. 5). TGA under inert gas atmosphere leads to an
incomplete degradation of the sample causing a residual
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Table 3 Ratio of condensation products T> and T* and degree of
condensation (DC)

T? [%] T [%] DC [%]
Methyl-SiO 5 32 68 89
Ethyl-SiO; 5 51 49 83
Propyl-SiO; s 42 58 86
Vinyl-SiO 5 27 73 91
Phenyl-SiO; 5 60 40 80
Mey.25Phg.75-SiOy 5 44 56 85
Meg 4Phy6-SiO; 5 40 60 87
Vig25Phg.75-Si0; 5 52 48 83
a)
100
90
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= 50 N
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Fig. 5 Thermogravimetric analysis of the prepared ORMOSIL parti-

cles with a (a) homogenous substitution pattern and (b) mixtures of
different organic rests and silica particles

mass, which still contains graphitic carbon from the organic
groups. Application of pure oxygen or air leads to strong
exothermic reactions and irreproducible TG curves. There-
fore, a gas flow of 5 ml min~"! for O, and 95 ml min~"! for N,
was used in the measurements. Most samples show a slight
mass loss in the temperature range of 100-300 °C from
desorbing solvent molecules and water that is built by the
condensation of hydroxyl groups. This first mass loss can
also overlap the following steps in the TGA curve from the
decomposition of the organic group that is bound to Si
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Table 4 Calculated and measured amounts of C and H in weight% obtained from elemental analysis and weight loss from thermogravimetric

analysis
Calculated Elemental analysis Thermogravimetric
wt.% C calcd. wt.% H calcd. wt.% C exp. wt.% H exp. Am (organic groups)

Si0, 0 0 1.2 1.6 -

Methyl-SiO; 5 17.9 4.5 15.5 4.8 15.2

Ethyl-SiO 5 29.6 6.2 29.0 6.4 32.6

Propyl-SiO; 5 379 7.4 36.2 7.4 43.6

Vinyl-SiO; 5 30.4 3.8 30.0 4.0 -

Phenyl-SiO; 5 55.8 39 53.6 42 55.2

Phy sMeg 4-SiO; 5 41.8 4.1 40.0 4.6 41.2

Ph 75sMe( 25-SiO; 5 50.2 4.5 49.7 4.5 52.7

Phy 75Vip25-SiO 5 515 39 50.0 4.1 50.6

atoms. ORMOSIL particles with alkyl chains as organic
substituents reveal that the decomposition temperature of
the organic group decreases with increasing chain length
(methyl 481 °C, ethyl 283 °C, and propyl 257 °C). The
vinyl-SiO; 5 sample shows a temperature behavior that
differs from the other samples. In the temperature range of
180-275 °C the mass increases is caused by the partial
oxidation of the vinyl groups. The increase is followed by a
mass loss that can be assigned to the degradation of organic
groups. This is a well-known behavior of vinyl silses-
quioxanes which was already described in literature [45]. If
the vinyl samples are measured under nitrogen atmosphere
the increase is not observed (Fig. S8). ORMOSIL particles
with aromatic groups show generally higher degradation
temperatures than those with alkyl chains (Phenyl-SiO 5
527 °C).

The samples with mixed phenyl and methyl groups show
onset degradation temperatures that are lower than the
values for the samples with only one of these groups.

The mass loss caused by the thermal degradation of the
organic groups (Am e groups)) Was determined by calculating
the mass difference at the onset temperature and the residual
mass at 1000 °C. Then the mass increase through the oxy-
gen absorption was subtracted (Eq. 2).

This procedure allows comparing the obtained data with
the results from the elemental analysis (Table 4).

#(4.0) ) o

A’/n(org,groups) = Am(l + M(org.group)

The results obtained by elemental analysis correlate well
with the calculated values. Generally, mass losses obtained
from TGA are slightly lower than the calculated values and
those from elemental analysis. A reason for this deviation
might be that for the elemental analysis also the mass loss
caused by the evaporation of residual solvent is registered.

Table 5 Particle sizes and standard deviations of Me-, Ph- and
Me 4Ph( -SiO; s/-conc.2/3  (identified from REM images by
measuring the size of 200 particles per sample) that were produced
with different silane concentrations

Sample name Particle size [um]

Methyl-SiO, 5 1.27+0.11
Methyl-SiO; 5-conc.2 0.84 +0.38
Methyl-SiO; 5-conc.3 0.69 +0.09
Phenyl-SiO, 5 1.29+0.24
Phenyl-SiO; 5-conc.2 0.70+£0.05
Phenyl-SiO; s-conc.3 0.64 +£0.07
Mey.4Phg 6-SiO; 5 1.10£0.20
Me 4Phg -SiO; s-conc.2 0.72 £0.06
Me 4Phg -SiO; s-conc.3 0.50+0.13

3.6 Influence of the alkoxysilane concentration on
the particle size

The effect of the alkoxysilane concentration on the particle
size was determined for methyl-, phenyl- and Me4Ph -
SiO; 5 under equal terms. The particle sizes and standard
deviations were identified from REM images by measuring
the size of 200 particles per sample (Table 5 and Fig. S9). A
decrease in the silane concentration results in a reduction of
the particle size (however not in a linear manner). The value
of the particle size distribution does not follow this trend and
shows no obvious dependency from the silane concentration.
The experiment demonstrates that varying the silane con-
centration is a possibility to adjust the particle size.

4 Conclusion

Micro- and nanoparticles, in detail ORMOSIL spheres,
were synthesized in a continuous process without applying
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additives to stabilize the spherical growth. Realizing the
sol—gel reaction in the reactor and use its advantages opti-
mally requires the tailoring of the reaction kinetics of the
sol-gel process. This was managed by the prehydrolysis of
the trialkoxysilane solutions. In order to synthesize a wide
range of ORMOSIL particles (with different organic
groups) the ratio of silane, alcohol and acid had to be
optimized for each precursor composition. After doing so
spherical ORMOSIL particles in a scale of 9-23 g min~"
were prepared. The detailed characterization of these sub-
stances gives an overview of the chemical and thermal
properties to estimate the suitability of the materials for
further applications. A dependency of the nature of the
organic group of the alkoxysilane precursor on the DC was
detected. Samples with less bulky groups (e.g., methyl) and
spheres with vinyl groups showed the highest condensation
degrees (89% and 91%). By incorporate these groups to
Phenyl-SiO; 5 particles the condensation degree was
increased (to 83%—87%) compared to pure phenyl particles
(80%). Particle size distributions were the smallest for
methyl-, ethyl-SiO 5, and pure SiO,. TGA of the samples
demonstrated that the thermal degradation temperature for
alkyl-SiO 5 decreases with increasing chain length. Phenyl-
SiO; 5 particles had the highest values (527 °C). Mixing
different groups led to a decreased thermal stability. Vary-
ing the alkoxysilane concentration allowed the formation of
smaller particles. The study shows the advantages of a
continuous synthesis method for the preparation of
ORMOSIL particles that can be used in various applica-
tions. Further on, we plan to expand the application of the
microjet approach to the sol-gel synthesis of metal oxide
particles from metal alkoxide precursors, which are defi-
nitely more suited for the fast mixing times in the reactor,
due to faster hydrolysis and condensation rates.
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1. Characterization of the mixing efficiency in the microjet reactor

The mixing efficiency of the used micro reactor was determined by applying the Villermaux-
Dushman method[1,2] (also known as iodide/iodate reaction). Therefore, the protocol from
Commenge and Falk[3] that describes the characterization procedure step-by step was followed.
The procedure is based on a parallel/competing reaction (Eq. S1 and S2)

H>BOs™ + H' < H3BO; (S1)
[0y +5T+6H < 3L +3H0 (S2)

The neutralization reaction is quasi-instantaneous whereas the time for the second reaction is in
the range of micromixing what means: still fast but slower than the first reaction. The time for
the redox reaction can be adjusted by the used concentrations. In the reactor an iodide/iodate
solution that is buffered with H2BO3/H3BOs3 collides with a sulfuric acid solution. In the case of
perfect mixing, all protons are consumed by the faster neutralization reaction and a transparent
product solution is obtained. In real mixing situations local over-concentrations of acid occur and
protons can react with surrounding iodide and iodate ions. The resulting iodine ions form a
quasi-stationary equilibrium with iodide and triiodide ions (Eq. S3) and the solution is colored
yellow.

L+l oI5 (S3)

The concentration of I3~ can be determined by UV-VIS spectroscopy by measuring the
absorption at 353 nm.

The mixing time ty can be estimated with the measured optical density (OD) by using a diagram
given from Falk and Commenge (if one of the suggested concentration sets is used).

1.1 Experimental

Two aqueous stock solutions were prepared with deionized water that was previously stripped
with nitrogen to eliminate dissolved oxygen. Solution 1 was prepared by solving the amounts
that were recommend for concentration set lc (Table S1) of boric acid (99.8%., Merck,
Germany), sodium hydroxide (99%, Griissing, Germany), potassium iodide (99.5%, Griissing,
Germany) and potassium iodate (> 98%, Riedel de Haen AG, Germany) in water. Therefore, the
amount of each substance that is recommend for concentrations set lc was first dissolved
individual in ca. 100 ml water. Then the solutions were united in a volumetric flask (1000 ml) in
the mentioned order whereas each beaker was rinsed two times with ca. 50 ml water before the
flask was brought to volume. The second solution was prepared by diluting a 0.5 M sulfuric acid
stock solution (1.09981 Titrisol, Merck, Germany). The solutions were prepared fresh for each
day.
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Table S1 Composition of the solutions for determining the mixing efficiency for concentration
set 1c adapted from Falk et al.[3]

substance mass [g] ¢ [mol/1]
solution 1 H* - 0.040
solution 2 H3BO3 5.565 0.090
NaOH 3.600 0.090
KI 5.312 0.032
KIO; 1.284 0.006

The microjet reactor system was flushed with deionized water for each run. The solutions (1
and 2) were put in dry polyethylene flasks and were fed into the reactor with the HPLC pumps.
The product solution was first collected in vessel A to ensure constant conditions. After a
consumption of approximately 50 ml of each educt solution, a three-way cock was used to
reroute the product solution in vessel B for ca. 10 seconds. The three-way cock was activated
again before the system was stopped. The absorption of the solution from vessel B was measured
prompt after each experiment. UV-VIS transmission measurements were performed on a
Lambda 25 instrument (Perkin Elmer Inc., USA) equipped with a 2 nm increment and 0.2 s
integration times.

T
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Fig. S1 Microjet reactor set-up in the laboratory and assignment of the most important
components. 1), 2) educt solutions, 3) HPLC-pumps, 4) microjet reactor, 5) gas (N2) inlet pipe 6)
three-way cock, 7) collecting vessel A, 8) collecting vessel B for product solution, water bath.

1.2 Results and discussion

The test was performed on three different days at 20°C. The absorptions of the product solutions
were directly measured off-line by UV-VIS spectroscopy in a 10 mm cell after the preparation
(Figure S2).

0,6 -
353 nm —1

I —_—2
0,5

w

0,41
0,34 \
0,24

0,14

optical density in a 10 mm cell [a.u.]

0,04
300 325 350 375 400 425 450 475 500
wavelength [nm]

Fig. S2 UV-VIS spectra of the solutions after performing the Villermaux-Dushman reaction.

The optical densities (OD) measured at 353 nm in the 10 mm cell were converted into values for
a 5 mm cell to enable a better comparability with the data provided by Commenge and Falk[3].
The mixing times were identified by the help of the authors’ diagram[3].

Table S2 Optical densities at 353 nm of the solutions after the Villermaux-Dushman experiment
in a 10 and a 5 mm cell and resulting mixing times

experiment ~ OD at 353 nm in a 10 mm ODat353nmina5Smm  mixing time (tm)

No. cell cell
[a.u.] [a.u.] [s]
1 0.37 0.18 0.009
0.38 0.20 0.010
3 0.44 0.22 0.012

An average mixing time of 10 ms was found for the microjet reactor at 20°C and a flow rate of
250 ml/min. It is also noteworthy that the obtained values only express an estimation of the
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mixing time and that the authors (Commenge and Falk) point out that they only give an order of
magnitude.
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2 Preparation of ORMOSIL and silica particles

2.1 Syntheses without the addition of HCI

Fig. S3 SEM images of samples Methyl-SiO1 s-without HCI and Vinyl-SiO1.s-without HCL.

2.2 ¥Si liquid state NMR study for the prehydrolysis of ethyltrimethoxysilane

The hydrolysis and condensation behavior of ethyltimethoxysilane was followed by NMR. 55.5
ul ethyltrimethoxysilane, 123.3 ul methanol and 251.1 pl of acidified D>O (containing 1.38*10
mmol HCI) were directly filled in a NMR tube. After shaking, the solution was measured several
times with a Bruker Avance 300 spectrometer at 25°C at 60 MHz.

To T1 TZ T3
t=335h ] l )
t=31.5h J J .
t=25h l |
t=125h J |
t=8.5h l

30 35 -40 45 50 55 60 65 70
chemical shift [ppm]

Fig. S4 2°Si NMR of a mixture of ethyltrimethoxysilane, methanol, D>O and HCl after different
hydrolysis times and assignments of the formed silicon species.
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2.3 Syntheses with a hydrolysis time of 5 minutes

Fig. S5 SEM images of samples Methyl-, Ethyl- and Vinyl-SiO15-5 min. The hydrolysis time
was 5 minutes.

2.4 Batch synthesis of ORMOSIL microparticles
2.4.1 Experimental

The two precursor solutions (alkoxysilane- and NH3 solution) were prepared for every sample
like it was described for the continuous syntheses (2.3.). E.g. for Methyl-SiO; s-batch 6.187 g
(34.7 mmol) methyltriethoxysilane (MTES) were dissolved in 31.97 g (0.69 mol) ethanol. Then
12.50 g of an aqueous HCl-stock solution were added and the solution was stirred at RT for 26.4
h. The ammonia solution (2.2 M) was prepared by diluting a 25% NH3 solution. 10 ml of each
solution were poured together simultaneously in a 100 ml beaker in which a magnetic stir bar
was already stirring. After a reaction time of 10 minutes the suspension was centrifuged (10 min,
8000 rpm, 7012 x G) and the solid was dried in vacuum.
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Table S3 Compositions of the precursor solutions A and B that were used for the batch

experiments for the syntheses of ORMOSIL particles.

sample system n(R’Si(OR);) n(ROH) n(H20) n(HCI) | ¢(NH3)
solution 1%, solution 2 mmol mol mol pmol mol/l
Methyl-
Si05-  MITES/EIORMHCL 34.7 069 069 75 | 22
NH3/H20
batch
Ethyl-
Sioys-  CTMS/MeOIVHCL, 34.7 0.30 139 15 2.2
NH3/H,O
batch
n-Propyl-
SiO1 5- PTES/EtOH/HCL, 34.7 0.69 0.69 15 2.2
NH3/H>O
batch
Vinyl-
Si0s- ¥ IMS/MeOH/HC, 34.7 0.80 0.69 75 22
NH3/H20
batch
Phenyl-
Sios- [ NTES/BOIHCL, 34.7 069 069 75 22
batch NH3/H>0

a) percentage given in mol%

2.4.2 Results

a) Methyl-SiO, s-batch

c) Propyl-SiO, g-batch

Figure S6 Compositions of the precursor solutions A and B that were used for the batch

syntheses of the ORMOSIL particles.
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2.5 Silica particles

Fig. S7 SEM image of the sample SiO> with higher magnification (30.000).

2.6 Thermogravimetric analysis
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Fig. S8 Thermogravimetric analysis of Vinyl-SiO; s particles measured under a) 100% N> and b)
with 5% Oz and 95% N.
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2.7 Syntheses with different alkoxysilanes concentrations

Methyl-SiO, ;-conc.2 _Pﬁéan-SiO1_5-ccnc.2 Me, ,Ph, 6-SiO, s-conc.2

Figure S9 SEM images of ORMOSIL particles synthesized with 0.069 mmol (conc.2) and
0.035 mmol (conc.3) alkoxysilane.
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RESULTS AND DISCUSSION

3.3.2 Carbide-derived carbon beads with tunable nanopores from
continuously produced polysilsesquioxanes for supercapacitor
electrodes

The experience gained in continuous ORMOSIL synthesis is used in the following three articles to
develop tailor-made materials for energy storage.

The following article describes how ORMOSILs are transformed into carbide-derived carbons, which
serve as electrode material in supercapacitors. A special challenge is to preserve the spherical
morphology of the particles during the high-temperature process of CDC conversion. Purely phenyl-
modified systems show a thermal softening due to their low cross-linking degree and lose their shape.
However, the solid state NMR investigations from the previous article already revealed that vinyl
groups lead to a significantly higher degree of crosslinking compared to phenyl groups. By
incorporating both rests (phenyl and vinyl), a stable material is obtained that allows the successful
conversion to spherical CDCs.

Based on this result, a study is conducted that varies the proportion of vinyl and phenyl groups and
investigates the effects on the (morphological) properties of the CDCs. It is shown that especially the
porosity of the materials is influenced by the choice of organic substituents. As a consequence, the
correlation between the porosity and the electrochemical parameters of the supercapacitor can be
examined.

Contributions:

Christina Odenwald; Design, planning, writing, synthesis of the polymer particles, NMR analysis,
discussion, and revision of the manuscript. Benjamin Kriiner: Design, planning, writing, pyrolysis,
chlorine gas treatment, SEM, particle size analysis, EDX analysis, TGA coupled with MS analysis, CO»
and N sorption analysis, Raman analysis, XRD, and electrochemical analysis for double-layer
capacitors. Aura Tolosa: TEM, FTIR analysis, discussion, and revision of the manuscript. Anna
Schreiber: Electrochemical measurements, discussion, and revision of the manuscript. Mesut Aslan:
Chlorine gas treatment, discussion, and revision of the manuscript. Guido Kickelbick: Discussion
and revision of the manuscript. Volker Presser: Supervision, discussion, and revision of the
manuscript.
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The MicroJet reactor technique is an excellent continuous method to produce spherical and homogeneous
organically modified silica (ORMOSIL) particles in a large scale (10-15 g min~). We applied this method to
manufacture polyorganosilsesquioxanes with different ratios of phenyl and vinyl functional groups, which
were later pyrolyzed to obtain silicon oxycarbides. Such polymer-derived ceramic (PDC) materials are

highly suited as precursor for carbide-derived carbon (CDC) synthesis. Chlorine etching of PDC at high

temperatures removed silicon and oxygen, yielding the formation of nanoporous carbon. Pure

poly(phenyl-silsesquioxane) spheres lost their shape during the thermal process by undergoing further
condensation reactions. Yet, the spherical shape was conserved during thermal processing after adding
vinyl functionalities. The ratio of vinyl and phenyl functionalities controlled the pore structure and the

total CDC yield, enabling an increase from 2 mass% to 22 mass%. The total pore volume varied between
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1.3-2.1 cm® g! and the specific surface area between 2014-2114 m? g~* The high surface area and

large pore volume makes these materials attractive for high power supercapacitor electrodes. The

DOI: 10.1039/c7se00265¢

rsc.li/sustainable-energy

1. Introduction

Highly porous carbon materials are attractive for many appli-
cations such as gas storage,"* catalysis,® or electrochemical
energy storage.* Electrical double-layer capacitors, also known
as supercapacitors, are particularly efficient energy storage
devices, capitalizing on rapid and reversible ion electro-
sorption.” Due to fast polarization, it is possible to achieve
a high specific power, but only a moderate specific energy.*
Beside high power ratings, supercapacitors exhibit a very long
lifetime and high Coulombic efficiency.®

Carbide-derived carbons (CDCs) are a broad family of carbon
materials,” which can be obtained from metal carbides,® car-
bonitrides,® or oxycarbides.'>'* Depending on the precursor and
the synthesis temperatures it is possible to produce CDC mate-
rials with different pore architectures' and carbon structures.”
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specific capacitance of the best sample at low rates in 1 M tetraethylammonium tetrafluoroborate in
acetonitrile was 116 F g~ (at 5 mA g™%) and still 80 F g~* at very high rates (at 100 A g™9).

Oxycarbides, like SiOC, are promising precursors to synthesize
highly porous CDCs with a high BET specific surface area (SSA) of
3089 m” g ' and a large pore volume of 1.8 cm® g~ *.** SiOC-CDC
micrometer-sized particles have been obtained from commercial
polymethyl- and polymethylphenylsilsesquioxanes by pyrolysis of
monoliths, followed by chlorine etching at 1200 °C of the grinded
monoliths.' Thereby, it was possible to obtain BET SSA up to
2600 m*> ¢ ' and a total pore volume up to 1.7 cm® g~ *. Poly-
methylsilsesquioxane can also be used in an emulsion process to
obtain spherical particles with a diameter of 50-600 nm, 1-10
um, and 10-100 pm, which were successfully converted to
polymer-derived ceramics (PDCs)."* Sub-micrometer CDCs with
a diameter of 20-200 nm and a SSA of ~2300 m’® g " were
successfully obtained by emulsion soft templating using
a commercial allylhydriopolycarbosilane precursor.” The specific
capacitance of this material in 1 M tetraethylammonium tetra-
fluoroborate (TEA-BF,) in acetonitrile (ACN) was 130 F g~ ' and
110 F g ' in aqueous 1 M Na,SO,.** The small size of the indi-
vidual particles is beneficial to achieve a high power within
supercapacitor applications. Yet, a disadvantage of the
mentioned methods to produce PDC precursors for CDC
synthesis is the need to add a hazardous metal crosslinking agent
like hydrogen hexachloroplatinate(wv),”® zirconium acteylaceto-
nate,’® or zinc acetylacetonate.”® The crosslinking agent is
necessary because the oligomers can melt before converted to
PDCs."
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Wet chemical preparation methods for the synthesis of
defined nano- and microparticles are commonly used as batch
processes which exhibit several disadvantages like a variation in
the product quality from batch-to-batch and a limited and
complex scale-up. Continuous preparation methods offer in
general a better controllability and reproducibility and are
attractive for industrial scale production.'”*® There are few
continuous pathways to obtain spherical particles from oxy-
carbides. For example, electrospraying yields spherical particles
and can be carried out with a commercial poly-
methylphenylsilsesquioxane.'® The diameter of these particles
was 1-6 um, which is significant larger than soft-templated
emulsion beads. The BET SSA of these micrometer spheres
was up to ~2230 m> g~ " and the specific capacitance was 112 F
g~ ' for 1 M TEA-BF, in ACN.

An advanced continuous method is the MicroJet reactor
technique.' Thereby, two reagent solutions are forced with high
pressure through micro-nozzles into the reactor which is
exposed to a constant gas flow. A fast and homogenous mixing
is obtained due to the high shear forces that are generated by
the impinging jets. The gas flow pushes the products out of the
reactor into a reservoir, which also effectively avoids clogging.
The MicroJet reactor technique was already used to synthesize
inorganic nanoparticles, such as TiO,,** BaSO,4,** ZnO, Fe;0,, or
CaHPO,.22

In this work, we synthesized for the first time poly-
organosilsesquioxane spheres with different ratios of phenyl
and vinyl groups from organotrialkoxysilanes by using a Micro-
Jet reactor. Poly(benzyl)silsesquioxane or poly(phenyl)silses-
quioxane beads obtained by a sol-gel process have a softening
point at ~50 °C and ~140 °C.**** This property makes them
unsuitable to produce PDCs that conserve the initial shape
during pyrolysis. By adding vinyl groups to the system, it was
possible to obtain a higher condensation degree and to
conserve the spherical shape of the particles after the pyrolysis
to obtain SiOC-PDCs. Afterwards the samples were treated in
chlorine gas to obtain highly porous SiOC-CDCs. The variation
of the organic groups of the silanes has a strong influence for
the yield and porosity of the CDCs, which relates directly to the
rate performance in the supercapacitor.

1. MicroJet reactor
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2. Experimental description
2.1. Materials

Phenyltrimethoxysilane (PTMS; 97%) and vinyltrimethoxysilane
(VIMS; 99%) were obtained from ABCR GmbH. Ammonia (25%)
was purchased from VWR International GmbH. All chemicals
were used as received.

2.1.1. Synthesis of siloxane beads. For the synthesis of the
polymer microparticles, two precursor solutions (A and B) were
used as schematically shown in Fig. 1. Solution A was prepared
by dissolving the respective amount of trialkoxysilane(s) in
methanol (MeOH) followed by the addition of an aqueous
solution of HCI (Table 1). A prehydrolization of the silane(s) was
performed by stirring the solution overnight at room tempera-
ture. For solution B, we used an aqueous solution of ammonia
(2.2 mol L™ ).

The particles were synthesized at room temperature in
a MicroJet reactor of stainless steel (Synthesechemie Dr. Penth
GmbH). The precursor solutions A and B were transported
through the system with two HPLC-pumps (LaPrep P110
preparative HPLC pumps, VWR International GmbH) with
a flow rate of 250 mL min~". The solutions were forced through
opposing nozzles (nozzle diameter 300 pm) into a reaction
chamber where they collide as impinging jets and a fast mixing
occurs effected by the high jet velocities. A nitrogen gas flow
helped to transport the product out of the reactor and avoided
clogging. The outlet tube was 1.5 mm in diameter and ca. 85 cm
in length. The product suspension was collected in a poly-
ethylene flask. The particles were isolated by centrifugation
(8000 rpm, 7012 G, 10 min) and dried in vacuum at 30 °C.

2.1.2. Pyrolysis and chlorine treatment. The polymer beads
were pyrolyzed in a graphite heated furnace (Thermal Tech-
nology) in an argon atmosphere (flow rate: 50 cm® min ') at
1200 °C for 2 h with a heating rate of 2 °C min~". The resulting
polymer-derived ceramic samples were labelled with the ending
SiOC in the following. The materials were then transferred to
a quartz tube furnace (Carbolite Gero) and heated to 1200 °C
with a rate of 15 °C min~". An argon flow (50 cm® min™") was
constantly supplied and the chlorine flow (10 ecm® min~ ") was
added when the target temperature (1200 °C) was reached

3. Chlorine furnace

2. Argon furnace

etching
Temp. = 1200 °C
Rate = 15 °C/min
Duration=3 h
+H,at600°C;3 h

RORCORCRN
1 .

pyrolysis
Temp. = 1200 °C
Rate = 2 °C/min
Duration=2h

oo e s P4
N M . 3
Carbide-derived carbon
(PDC) (€cDC)

Fig.1 Schematic overview of the synthesis method: (1) the production of the polymer beads with the MicroJet reactor, (2) the pyrolysis, and (3)
the chlorine treatment. VTMS: vinyltrimethoxysilane; PTMS: phenyltrimethoxysilane; MeOH: methyl alcohol; RT: room temperature; (A and B):
solution A or solution B; HPLC: high performance liquid chromatography.
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Table 1 Compositions of precursor solutions A and B that were used for the synthesis of polysilsesquioxane microparticles. VTMS: vinyl-

trimethoxysilane; PTMS: phenyltrimethoxysilane; MeOH: methyl alcohol

Solution A Solution B
nvrms) (Mmol) nprvs) (mmol) Nveon) (mMol) N0y (mol) ngucry (mmol) Cinm,) (mol L7
Vi-SiO; 5 138.8 — 3.2 2.8 0.03 2.2
Phy.,5Vip.75-Si0q 5 104.1 34.7 2.8 2.8 0.03 2.2
Phy 5Vig 5-SiO; 69.4 69.4 3.0 2.8 0.03 2.2
Phyg.75Vig.25-Si0q 5 34.7 104.1 3.2 2.8 0.03 2.2

(holding time: 3 h). Afterwards chlorine gas was switched off
and the furnace was cooled to 600 °C under argon flow and hold
at that temperature for 3 h under inlet of additional hydrogen
(10 em?® min ") to remove residual chlorine from the sample.
The cooling from 600 °C to room temperature was carried out in
argon atmosphere. The carbide-derived carbon materials are
referred to as CDC.

2.2. Material characterization

Solid-state CP-MAS NMR spectra were recorded at 25 °C using
a Bruker AV400WB spectrometer (**C 100.62 MHz, >°Si 79.50
MHz). A contact time of 2.0 ms and a variable power contact
time (ramp 10050) were used. The spin rate was 13 kHz and the
delay time 3-6 s. For >C NMR, adamantane, and for >°Si NMR,
octakis(trimethylsiloxy)silsesquioxane was used as external
standards. The intensity of all NMR spectra was normalized.

Fourier transform infrared (FT-IR) spectroscopy was applied
on the dried polysilsesquioxane samples in attenuated total
reflectance (ATR) mode on a Vertex 70 spectrometer (Bruker
Optics). The measurements were accomplished in the wave
number range of 500-4500 cm !
each spectrum, 32 scans were averaged with a spectral resolu-
tion of 4 cm ™",

The XRD patterns were measured with a D8 Advance
diffractometer (Bruker AXS) using Cu-K,, radiation (40 kv and 40
mA) and a Goebel mirror with point focus and a two-
dimensional X-ray detector (Vantec-500). The sample holder
was a sapphire single crystal.

Raman spectroscopy was carried out with a Renishaw inVia
Raman microscope with a wavelength of 532 nm and a grating
of 2400 lines mm . The spectral resolution was 1.2 cm ™', the
numeric aperture 0.9, and the incident power on the sample
~0.02 mW. A spectrum was recorded for 30 s and averaged over
10 accumulations. The D- and G-mode with the amorphous
contribution of carbon in the Raman spectra were fitted using
five Voigt functions for the SiOCs and four Voigt functions for
the CDCs.

The thermogravimetric measurements combined with
a mass spectrometer (TGA-MS) were carried out with
a STA449F3 Jupiter and QMS 403C Aéolos from Netzsch. The
heating rate for the measurement was 10 °C min~ ' to 1200 °C in
Argon (purity: 5.0).

Scanning electron microscopy (SEM) was performed in
a field emission scanning electron microscope JSM-7500F from
JEOL. The samples were sputtered with gold to increase the

and under ambient air. For
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surface conductivity. The size of 150 individual spheres was
measured to obtain an average diameter with the image analysis
software Image].”> A X-MAX silicon detector from Oxford
Instruments was used to perform the energy dispersive X-ray
spectroscopy (EDX) attached to the SEM chamber. The oper-
ating voltage for the SEM and EDX was 5 kV.

High-resolution transmission electron microscopy (TEM)
was executed with a JEM-2100F from JEOL at 200 kV. The
polymer samples were dispersed and sonicated in water to
deposit them on a lacey carbon film on a copper grid (Gatan).
Ethanol was used instead of water to perform this step for the
CDCs.

Nitrogen gas sorption analysis (N, GSA) was performed with
an Autosorb iQ system from Quantachrome. The samples were
degassed at 100 mbar at 200 °C for 1 h and at 300 °C for 20 h.
The temperature during the measurement was —196 °C and the
relative pressure was varied between 5 x 10~ to 1.0 in 76 steps.
A quenched-solid density functional theory (QSDFT) kernel
assuming slit-like pores (QSDFT) was applied to obtain the pore
size distribution from the adsorption isotherms.*® The Bru-
nauer-Emmett-Teller (BET) surface area was calculated with
the BET equation in the linear region of the isotherm between
0.02 and 0.3 partial pressure.”” The value of the total pore
volume was obtained by the adsorbed volume at a relative
pressure of 0.95 and the average pore size (ds,) represents the
pore size with a half of the total pore volume." The data analysis
of the nitrogen sorption isotherms was performed with ASiQwin
3.0 from Quantachrome.

Contact angle measurements of the CDC electrodes were
carried out with an OC 25 system from Data Physics with
demineralized water (volume per drop: 3 pL) in air.

2.3. Electrochemical measurements

Free-standing carbon electrodes were prepared by dispersing
the CDC powder in ethanol and adding 5 mass% of polytetra-
fluoroethylene binder (PTFE, 60 mass% in water, Sigma-
Aldrich). The slurry was crushed in a mortar until a doughy
carbon paste was formed, which was rolled with a rolling
machine from MTI Corporation to a thickness of ~110 pm. The
electrodes were dried for 48 h at 120 °C in a vacuum oven at 2 X
10° Pa. For electrochemical measurements, electrode discs with
a diameter of 8 mm were punched out (geometrical information
about the electrodes is given in ESI, Table S1}). Custom-built
symmetrical two-electrode cells were assembled with carbon-
coated aluminum current collectors (type Zflo 2653, Coveris
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Advanced Coatings) for the organic electrolyte (1 M TEA-BF, in
ACN; BASF, battery grade).>® Graphite foil current collectors
were used for the aqueous electrolyte (1 M Na,SO, prepared
with Milli-Q water; pH 5.2). A glass fiber separator (GF/A from
Whatman) with a diameter of 13 mm was used between the
electrodes. The cell for the organic electrolyte was placed in
a vacuum oven (2 x 10° Pa) at 120 °C for 16 h.

All electrochemical measurements were carried out in
a climate chamber (Binder) at 25 + 1 °C with a VMP300
potentiostat/galvanostat from BioLogic. Electrochemical
impedance spectra were recorded in a symmetrical full cell for
100 kHz to 100 mHz at 0 V with ten points per decade and
averaged over five measurements. The electrical serial resis-
tance (ESR) and the electrical distribution resistance (EDR) were
normalized to the geometrical area of the electrode. The
capacitance from cyclic voltammograms (CV) was calculated
with eqn (1) and from galvanostatic cycling with potential
limitation (GCPL) with eqn (2). The specific capacitance was
normalized to the active mass (95%) of one electrode. The IR-
drop of the GCPL measurements was obtained after a resting
time of 10 s. The electrochemical performance is benchmarked
against PTFE bonded film electrodes from YP-80F (Kuraray Co.),
which is referred to as AC (activated carbon).

e
&= Jotdeem =

Cs: specific capacitance per electrode, I(¢): current, dU(¢)/dt:
scan rate, and m: mass of carbon in the electrode.
_ 4Qdis

Cs = Um @)

Cs: specific capacitance per electrode, Qgjs: charge of the dis-
charging cycle, U: IR-drop corrected cell voltage, and m: mass of
carbon in the electrode.

Stability testing via voltage floating for 100 h was also con-
ducted in the climate chamber at 25 °C at 1.4 V for the aqueous
and 2.7 V for the organic electrolyte. Every 10 h, galvanostatic
cycling was performed at a cell voltage of 1.2 V (aqueous) or
2.5 V (organic). After voltage floating, the electrodes with the
aqueous electrolyte were washed with Milli-Q water for further
post mortem analysis.

3. Results and discussion
3.1. Particle characterization

FT-IR measurements of the polymer particles confirm the
presence of the desired organic groups (Fig. S11). All samples
exhibit peaks from the inorganic backbone in the range of 935-
1230 cm™ ' from -Si-O-Si- vibrations. In addition, the samples
show vibration bands from the organic groups. At 2800-3095
em ', in each spectrum C-H stretching vibrations are present
and at 1600 cm " peaks from C=C vibrations. Samples with
phenyl groups show characteristic signals from Si-C-vibrations
at 1430 cm ™' and 1130 cm ™. Samples that contain vinyl groups
also show well-defined modes at 1275 cm ™' from Si-C vibra-
tions and peaks at 1410 cm ' that can be assigned to =CH,
bending vibrations.>** The increasing vinyl content of the
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samples Phy 75Vig 25-SiO1 5, Ph 5Vig 5-Si01 5, Pho 25Vip.75-SiO1 50,
and Vinyl-SiO; ;5 is reflected by the increasing intensity of the Si-
vinyl vibration (1275 cm ') compared to the Si-phenyl vibration
(1430 cm ™).

3C NMR spectra (Fig. 2A) of the prepared polysilsesquioxane
particles show characteristic signals for the vinyl and phenyl
groups. For the samples with both organic groups overlapping
peaks were obtained. Samples exhibit no or only weak signals
from residual alkoxy groups (at ca. 60 ppm), which suggests that
almost all alkoxy groups were hydrolyzed during polymerization
and that in T> units OH-groups are present in addition to the
vinyl and phenyl groups. *°Si NMR spectra (Fig. 2B) give
important information about the network structure. The peaks
at =—73 ppm and = —82 ppm of the organically modified silica
(ORMOSIL) particles can be assigned to T> and T’ species,
meaning silicon atoms that are connected to the network with
two or three bonds. The spectra also show that the T to T* ratio
decrease with an increasing vinyl content. This behavior
confirms the incorporation of vinyl groups into the network,
which leads to an enhanced cross-linking that is desired to
obtain a better thermal stability.

The XRD pattern of the mixed polymers in Fig. 2C show
a shift of very broad peaks to higher 26 values with an increasing
amount of vinyl groups. Polyphenylsiloxanes can have a ladder
like structure and two peaks in the XRD pattern can be identi-
fied with the plane-to-plane peak at ~7.3° 26 and the chain-to-
chain peak of the Si-O-Si frame at ~18.8° 26.** Poly-
vinylsiloxanes with a ladder structure exhibit a plain-to-plain
peak at ~10° 26.** The corresponding chain-to-chain peak is
at around 23° 260 due to the lower required space of the vinyl
group compared to the phenyl group.** The measured peak
positions of the Vi-SiO, 5 is similar to the reported values in the
literature.* The three samples with mixtures synthesized with
different ratios of phenyl- and vinyltrimethoxysilane show peaks
in between the pure polyphenyl- and polyvinylsiloxanes, which
indicates a homogeneous mixture. From the peak width, it is
possible to estimate domain sizes by use of the Scherer equation
which were below 5 nm.** These small domain sizes point out
the mainly amorphous character of the synthesized polymers.
The absence of long-range order can also be seen in the trans-
mission electron micrographs in the ESI, Fig. S2.1

The pyrolysis of the polysiloxanes was monitored with TGA-
MS (Fig. 2D and E, ESI Fig. S1C and Df). All four polymers show
a degradation of the ladder structure around 560 °C (Fig 2D),
which would be an untypical degradation behavior for a cage
structure.* The mass loss of the vinyl-polymer is the lowest and
the mass loss increases constantly with the amount of added
phenyl-groups. The mass spectra of the most important
evolving groups are plotted in Fig. 2E, while all relevant leaving
groups of Phy 5Vi, 5-Si0; 5 are displayed in the ESI (Fig. S1C and
D). The mass spectra in Fig. 2E identify evolving groups during
heating. Water (m/z: 18) is removed from the samples in two
main temperature regimes: first, between 135 °C and 430 °C,
and second, at temperatures from 450 °C to 800 °C, where also
the other organic groups are being removed. Samples with more
phenyl groups (m/z: 78 at ~570 °C) or vinyl groups (m/z: 28 at
~550 °C) show a larger loss of these functional groups. The

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Solid-state *C NMR (A), 2°Si NMR (B), and XRD pattern (C) of the four polymer beads. TGA curve of the pyrolysis process (D) and the

corresponding mass spectra of selected leaving groups (E).

atomic mass of 28 can also be related to carbon monoxide,
which is formed at higher temperatures (>900 °C) with residual
oxygen. Another major leaving group is the methyl group
formed by the decomposition of organic chains from the vinyl
groups, which shows two peaks at 550 °C and 750 °C.

3.2. Properties of the polymer-derived ceramics and carbide-
derived carbons

The chemical composition of the SiOCs is denoted in Table 2.
Of our samples, the carbon content of the Vi-SiOC is the lowest
with 32.2 £+ 4.8 mass% and increases with an increasing
amount of phenyl groups to 50.8 £ 1.8 mass% for Ph, 5Vig s-
SiOC. Yet, the carbon content is not increasing when the
amount of phenyl groups is increased from 50% to 75%, which
can be explained with the higher mass loss of Ph,5Vi,5-SiOC.
As can be seen from our EDX results (Table 2), the removal of
silicon and oxygen by chlorine treatment at high temperatures
was successful and we only found a low amount of residual
silicon and oxygen. The mass losses after pyrolysis and chlorine
treatment of samples with different ratios of phenyl and vinyl
functional groups are quite different (Table 3). The sample Vi-
SiOC had the lowest mass loss after pyrolysis of only 11
mass% and shows the highest mass loss after the etching of

This journal is © The Royal Society of Chemistry 2017

97.6 mass%. The total yield of Vi-SiOC-CDCs synthesis amounts
to only 2.2 mass%. The addition of phenyl groups increases the
total yield to 21.9 mass%, which can be explained by the higher
carbon and aromatic content introduced by the phenyl groups.

The Raman spectra and XRD pattern of the SiOCs and CDCs
with different ratios of vinyl- and phenyltrimethoxysilanes are
very similar; therefore, Fig. 3 only depicts data for the Ph, 5Vig 5-
SiOC samples (and the remaining Raman spectra and XRD
patterns are found in ESI, Fig. S37). The SiOC Raman spectra
(Fig. 3A) show the presence of incompletely graphitic carbon,

Table 2 Chemical composition of all SiOCs and CDCs measured with
EDX

C (mass%) O (mass%) Si (mass%)

Vi-SioC 32.2 + 4.8 31.5 + 4.0 36.3 & 8.2
Phy,»5Vig 5-Si0C 41.9 + 2.4 26.2 + 1.6 31.9 + 4.0
Phy Vi 5-SiOC 50.8 + 1.8 25.2 + 0.8 24.0 + 2.5
Phy.,5Vig 25-S10C 50.2 + 1.5 25.9 + 1.0 23.9 + 2.4
Vi-SiOC-CDC 97.9 + 0.3 1.9+ 0.3 0.3 +0.1
Phy.»5Vi¢.5-Si0C-CDC 98.4 + 0.7 1.3 +04 0.4 +0.3
Phy 5Vig 5-SiOC-CDC 98.4 + 0.2 1.4 + 0.1 0.2 + 0.1
Phy.,5Vio.25-Si0C-CDC 97.1 + 0.4 2.9 4 0.4 n.d.
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Table 3 Mass loss by pyrolysis and chlorine treatment

Mass loss after

Mass loss after  chlorine gas Total mass
pyrolysis treatment loss
(mass%) (mass%) (mass%)
Vi-SiOC-CDC 11.0 97.6 97.8
Phy ,5Vip 75-SIOC-CDC ~ 13.0 85.1 87.1
Ph, sViy 5-SIOC-CDC ~ 15.0 76.1 79.6
Phy.,5Vig 25-Si0OC-CDC  20.7 72.4 78.1

due to the position of the D- and G-mode at 1331 cm ™' and 1603
em~'. The Vi-SiOC shows a higher amount of amorphous
carbon than the other SiOC samples, which can be recognized
by having a look to the broader full-width at half-maximum
(FWHM) of 181 cm ' and 111 ecm ™', compared to 159 cm '
and 62 cm ™' of Phg 5Vi, 5-SiOC (Table 4). The Ip/Ig ratios of the
SiOCs ranged between 4.27 and 4.67.

The Raman spectra of the CDCs (Fig. 3A) show nanocrystal-
line graphitic carbon nature. This can also be recognized by the
position of the D- and G-mode at 1337 cm ™" and 1596 cm ™ *.*
The FWHM decreased significantly to 84 cm ™" for the D-mode
and 68 cm ™! for the G-mode. The I,/I; ratios of the CDCs are
lower (2.40-2.80) compared to the SiOCs. It appears that the
amount of amorphous carbon is reduced by comparing the
SiOC with the CDC. Yet, it is reasonable to assume that amor-
phous carbon formed by the pyrolysis did not entirely disappear
after the chlorine gas treatment. Instead, additional nano-
crystalline carbon is formed by the chlorine treatment at
1200 °C by converting the SiOC to CDC; this leads to a relative
lower amount of the amorphous phase compared to the carbon
with more structural ordering.*”** Due to the high temperature
during the CDC formation, the carbon of all CDCs has a similar
(narrow) FWHM and positions of the D- and G-mode (Table 4).

The XRD pattern of the SiOC in Fig. 3B show mainly two
broad signals at 22° 26 and 44° 2. The broad peak at 22° 26 is
related to the short-range order of SiO, tetrahedra and the 44°
26 is related to (101)-graphite. The results from EDX, Raman
spectroscopy, and XRD show that all PDCs contain amorphous
silicon oxide and carbon, which is consistent with the

i
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Table 4 Fitted values of the D- and G-mode from the Raman spec-
troscopy of all SIOCs and CDCs

Mode Position (em™") FWHM (em™ ") Ip/lg

Vi-SioC D 1334 181 4.27
G 1587 111

Phy,»5Vio 75-S10C D 1331 162 4.67
¢] 1601 67

Phy.5Vi.5-SIOC D 1333 159 4.58
G 1603 62

Phy.,5Vig 25-S10C D 1324 167 4.40
¢] 1599 66

Vi-8i0C-CDC D 1333 85 2.80
G 1593 65

Phy.»5Vi¢.75-Si0C-CDC D 1337 89 2.40
¢] 1597 66

Phy 5Viy.5-SIOC-CDC D 1337 84 2.55
G 1596 68

Phy.,5Vig.25-Si0C-CDC D 1339 76 2.56
G 1601 67

literature.*** The XRD pattern of the CDCs in Fig. 3B show no
signal related to amorphous silicon oxide; only the peak at 44°
260 from (101)-graphite is visible. The results of Raman spec-
troscopy and the X-ray diffraction indicate only carbons are
present in the CDC.

Fig. 4 illustrates the morphology of the CDCs by SEM and
TEM images. The average diameters of the particles obtained by
the SEM images are given in Table 5. The Vi-SiOC-CDCs are the
smallest with the narrowest distribution wide (0.68 + 0.09 pm).
Particles with vinyl and phenyl groups are larger and have
a broader size distribution of 2.20 £ 0.48 pm (Phg »5Vig 75-SiOC-
CDC), 2.54 4+ 0.58 pm (Phy sViy 5-SiOC-CDC), and 1.81 + 0.28
pm (Phy ,5Vip 5-SiOC-CDC). The broad size distribution of the
particles favors effective packing in the electrode, which may
benefit the electrical conductivity. On the surface of the parti-
cles, small fractures are noticeable where the particles were
agglomerated. The TEM images of all CDC samples show
disordered carbon, which is consistent with the XRD pattern
(Fig. 3B).

Phy 75Vig 25-SI0C-CDC, Phy 5Viy 5-SiOC-CDC, and Phy 5Vig 75-
SiOC-CDC have a type I isotherm resulting from a high amount

—Phy Vi 5-Si0,-CDC

----- Phg sVio 5-SiO,-PDC

I Cristobalite (PDF 39-1425)
B Graphite (PDF 41-1487)

Intensity
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Raman shift (cm-)
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Fig. 3 Raman spectra (A) and XRD pattern (B) of the SIOC and CDC from Phq 5Vig 5-SiOC.
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Fig. 4 Scanning and transmission electron micrographs of Vi-SiOC-CDC (A), Phg»5Vig75-SiOC-CDC (B), PhgsVips-SiOC-CDC (C), and

Phg 75Vip 25-SIOC-CDC (D).

of micropores measured with N, GSA in Fig. 5A. Only Vi-SiOC-
CDC has a type IV isotherm because it has also a high
amount of mesopores, which increase the pore volume. There-
fore, Vi-SiOC-CDC shows the highest total pore volume with
2.06 cm® g~ ', The total pore volume is steadily reduced by
adding a higher amount of phenyl groups to the siloxane to 1.67
em® g7 for Phy ,5Vig 75-Si0C-CDC, 1.40 cm® g~ for Phg 5Vig 5-

SiOC-CDC, and 1.27 cm® g~ * for Phy 75 Vig ,5-SiOC-CDC. Also, the
average pore size was reduced from 2.9 nm to 1.4 nm. Yet, the
DFT SSA remains rather constant with values between 2014 m*
g ' and 2198 m? g ', In Table 5, we provide values obtained
from the N, GSA. We clearly see that the CDC porosity can be
modified in a controllable way by adjusting the functional
groups of the silanes which were used as precursor.

Table 5 Volume depended average particle size obtained by SEM images and porosity of the carbide-derived carbons measured with nitrogen

gas sorption

Average particle

Total pore Average pore

size (um) SSAppr (Mm* g 1) SSAger (m* g ) volume (cm® g ) size (nm)
Vi-SiOC-CDC 0.68 £ 0.09 2044 2473 2.06 2.9
Phy_,5Vig 75-SI0C-CDC 2.20 + 0.48 2198 2905 1.67 1.7
Phy,5Vig 5-SiI0C-CDC 2.54 + 0.58 2114 2729 1.40 1.5
Phy 75Vig 25-SI0C-CDC 1.81 + 0.28 2014 2554 1.27 1.4

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Nitrogen gas sorption isotherms recorded at —196 °C of the CDC samples (A) and the corresponding pore size distributions applying
a QSDFT model assuming slit-like pores (B).
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Fig. 6 Cyclic voltammograms (A), rate handling behavior with Nyquist plot as inset (B), and the stability test operating with voltage floating at
2.7 V including the GCPL curve to 2.5V at 0.05 A g ! as inset (C) of the CDCs in TEA-BF, in ACN. Cyclic voltammograms (D) of Vi-SiOC-CDC
before and after the voltage floating test at 1.4 V (F), and monitored potentials of the positive and negative electrode including the zero-charge
potential (E) in aqueous Na,SOg.
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3.3. Supercapacitor performance

The electrochemical performance of the SiOC-CDC electrodes
was tested in a symmetrical supercapacitor cell using the most
commonly used organic electrolyte (1 M in TEA-BF, in ACN).
The CVs with the organic electrolyte in Fig. 6A shows a typical
rectangular shape, typical for nanoporous carbon.”® A signifi-
cant difference of the mass-normalized CVs of the different
samples is not distinguishable. The specific capacitances
measured in GCPL mode are denoted in Table 6. Phg ,5Vig 75-
SiOC-CDC has a slightly higher specific capacitance in TEA-BF,
in ACN with 116 F g~ ' than the other materials (Vi-SiOC-CDC:
111 F g% PhgsVip5-SIOC-CDC: 106 F g '; Phg 75Vig,5-SiOC-
CDC: 112 F g '). Commercial microporous activated carbon
(AC; see ref. 41 for AC properties) has a similar specific capac-
itance of 110 F g~ " under the same measurement conditions.
The variable porosity of the SiOC-CDCs influences the rate
handling behavior much stronger than the total capacitance
plotted in Fig. 6B. While the AC has only a residual capacitance
of 15% at an ultrahigh specific current of 100 A g™, the sample
Phy 75Vip.25-SIOC-CDC retains twice as much capacitance under
the same conditions (31%). With an increasing mesoporous
fraction and an increasing pore volume, the capacitance
retention at 100 A g~ ' increases to 56% for Ph, sVig 5-SiOC-CDC
and Ph, ,5Vi, 75-SiOC-CDC and to up to 72% for Vi-SiOC-CDC.
We can explain the superior power handling ability of Vi-
SiOC-CDC also by the smaller particle size.*> In Table 6, we
see a comparison of the performance of the MicroJet SiOC-
CDCs with literature values. There is a clear advantage of the
MicroJet SiOC-CDCs of retaining a high specific capacitance at
high specific currents (10 A g~ or 100 A g~ '). Even materials
optimized for high power handling, such as electrospun CDC
fiber mats,** show a higher capacitance loss at 10 Ag ™" or 100 A
g~ ' than electrodes made from Vi-SiOC-CDC when using
a similar thickness and measurement conditions. The
Coulombic efficiencies are plotted in the ESI (Fig. S4AT) and we
see all values approaching 99% at around 1 A g~ .
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Table 7 ESR and EDR obtained from EIS in 1 M TEA-BF4 in ACN

ESR (Q cm?) EDR (Q cm?)
Vi-SiOC-CDC 0.59 0.35
Phy »5Vig 75-SiI0C-CDC 0.66 0.51
Phy 5Viy 5-Si0C-CDC 0.74 0.49
Phy 55Vig 25-SiI0C-CDC 0.98 0.44

The rate handling ability is influenced by the resistance of the
electrodes. Using electrochemical impedance spectroscopy (EIS),
we quantified the electrical serial resistance (ESR) and electrical
distribution resistance (EDR), as seen in Table 7. Vi-SiOC-CDC,
which shows the best rate behavior, has the lowest ESR with
0.59 Q cm?. Phy »5Viy 75-SIOC-CDC and Ph,, 5Vi, 5-SiOC-CDC have
a slightly higher ESR of 0.66 Q cm? and 0.74 Q cm?, respectively.
Phy ,5Vig »5-SiIOC-CDC, which was also the CDC with the lowest
performance at high rates has the highest ESR of 0.98 Q cm®. An
increasing ESR value correlates with a reduced performance at
high specific currents. The EDR value of Vi-SiOC-CDC is also the
lowest with 0.35 Q cm”. The other EDR values are very close and
vary in the range of 0.44-0.51 Q cm” without a systematic trend.

Also, the performance stability of the system is very high, as
can be seen in Fig. 6C. After voltage floating at 2.7 V for 100 h in
1 M TEA-BF, in ACN, all materials show a residual specific
capacitance between 84% and 95%. The commercial AC has
a similar residual capacitance of 89%.*" Yet, a comparison with
literature values is difficult because the electrochemical stability
is influenced by the carbon structure,*' presence and type of
functional groups,* the electrochemical operation window,*
measurement conditions,** and other cell components like the
current collector.*

In addition to a common organic electrolyte, we also
benchmarked the supercapacitor performance in an aqueous
medium. We see important differences of the supercapacitor
performance by using an aqueous electrolyte as compared to

Table 6 Overview of the supercapacitor performance of the SIOC-CDCs in 1 M TEA-BF,4 in ACN and aqueous 1 M Na,SO,4 and the comparison
with other carbon-based electrode materials for supercapacitors (n.r.: not reported)

1 M TEA-BF, in ACN

Aqueous 1 M Na,SO,

Capacitance Capacitance Initial specific After floating,

Low-rate loss at loss at capacitance specific SSApEr

capacitance (Fg') 10Ag ' (%) 100Ag ' (%) (Fg ") capacitance (Fg') (m®>g ") Ref.
Vi-8i0C-CDC 111 (at 0.05Ag™Y) 8 28 98 126 2044 This work
Phy ,5Vig 75-SiOC-CDC 116 (at 0.05A g™ 1) 8 44 113 135 2198 This work
Ph, 5Vi, 5-SiOC-CDC 106 (at 0.05Ag™Y) 5 44 116 135 2114 This work
Phy.,5Vig.25-SiOC-CDC 112 (at0.05Ag ") 8 69 104 123 2014 This work
AC 110 (at 0.05 A g™") 10 85 143 152 1756 This work
Emulsion CDC-NS-70-30 130 (at 0.05Ag ") 8 n.r. 103 n.r. 2298 Ref. 15
Electro-sprayed SiOC-CDC beads 117 (at0.1Ag™") 20 95 n.r. n.r. 2227 Ref. 13
Electrospun SiOC-CDC fiber mat 130 (at0.1Ag ') 14 37 n.r. n.r. 2394 Ref. 13
Activated carbon black (BP2000) 86 (at 0.1 A g ") 9 n.r. n.r. n.r. 1389 Ref. 55
Carbon onions 24 (at0.1Ag ") 10 n.r. n.r. n.r. 404 Ref. 59
N-doped activated 147 (at0.1Ag™") 19 n.r. n.r. n.r. 2353 Ref. 60

Lignin-derived carbon

This journal is © The Royal Society of Chemistry 2017
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the organic electrolyte. The initial CV of Vi-SiOC-CDC in Fig. 6D
shows a typical rectangular shape of a supercapacitor with
a relatively low specific capacitance of only 98 F g~ . All other
CVs are very similar (ESI, Fig. S47). The capacitance was not
reduced after voltage floating at 1.4 V for 100 h; yet, the specific
capacitance of Vi-SiOC-CDC increased to 126 F g~ " instead of an
assumed loss of capacitance (Fig. 6F). It was already shown that
aqueous supercapacitors with Na,SO, can have a very high
stability at high potentials which exceed the thermodynamic
stability window of water of 1.2 V.*® The improved performance
after floating can be related to (i) progressing wetting,* " and
(if) reversible faradaic redox-reactions of oxygen functional
groups,”* and reversible hydrogen reaction.”**

A three-electrode cell with an Ag/AgCl reference electrode
provides information about the potential development in the
symmetrical setup (Fig. 6E). The initial electrodes have a zero-
charge potential of +64 mV versus Ag/AgCl at a cell voltage of
1.4 V. The potential at the positive electrode is 0.70 V versus Ag/
AgCl, exceeding the thermodynamic water oxidation of 0.64 V
versus Ag/AgCl.*® Also, the potential at the negative electrode is
at —0.70 V versus Ag/AgCl below the limit of water reduction at
—0.59 V versus Ag/AgCl.*® The high potential at the positive
electrode leads to the assumption that an irreversible oxidation
of the carbon took place during the voltage holding at 1.4 V. The
zero-charge potential was reduced from +64 mV to —93 mV
versus Ag/AgCl after the longtime test which can be explained
with an increase of oxygen containing functional groups on the
carbon surface introduced by the oxidation at high cell voltages.

1400 .
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“g 1000+ e
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The aqueous Vi-SiOC-CDC cell was disassembled after the
stability test to perform a post mortem analysis via gas sorption
analysis, EDX, and contact angle measurements. By comparing
the nitrogen sorption isotherms of the powder (Fig. 5A) with the
isotherms of the electrodes (Fig. 7A) it is striking that the
porosity is reduced. The addition of PTFE-binder leads to
a smaller porosity due to an additional mass and pore block-
ing.* By comparing the isotherms of the initial electrode with
the electrodes after the voltage floating in Fig. 7A, a significant
pore volume loss is evident. Table S21 (ESI) supplies the
detailed values obtained from the isotherms. The DFT surface
area was reduced from 1756 m> g~ ' to 980 m* g " at the negative
and 897 m? ¢! at the positive electrode. The total pore volume
also decreased from 1.83 m® g~ ' to 1.23 m® g~ ' at the negative,
and 1.19 m> g~" at the positive side, which might also be
influenced by residual salt from the electrolyte. We see from the
normalized pore size distribution in Fig. 7B (i.e., normalized to
100%) that the pore volume is reduced mainly in the micropore
range. The reduction of the micropores explains the loss of
surface area of 49% compared to a relative low reduction of the
total pore volume of 35% of the positive electrode. This is an
indication for surface functionalities which block small
micropores for N, during the GSA measurement. The increase
of oxygen content further supports this assumption (Fig. 7D).

Post mortem EDX analysis was conducted, showing an
increase in the oxygen-to-carbon ratio from 0.055 of the initial
electrode to 0.075 on the negative, and 0.115 on the positive
electrode after the voltage floating (ESI, Table S3t). The increase
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Fig. 7 Post mortem analysis of the Vi-SiOC-CDC electrodes after the voltage floating in aqueous 1 M Na,SO4 at 1.4 V cell voltage compared to

the initial electrodes. N, gas sorption isotherms (A), normalized pore
measured via EDX (D).
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of oxygen-containing functional groups also influences the
wetting behavior of the electrodes (Fig. 7C). Initially, the Vi-
SiOC-CDC electrode exhibits a contact angle with water of
143° after 1 s. This is relatively high compared to other highly
porous carbon materials, like the AC with an initial contact
angle of 63° (ref. 56) or CO,-activated novolac-derived carbons
with 121° (ref. 57). The contact angle of the negative electrode
after the voltage floating is reduced to 114°. At the positive
electrode, oxidation mainly takes place during electrochemical
operation, leading to an even lower contact angle of 77° after 1 s
and faster water absorption. Besides functional surface groups
of the carbon, the contact angle is also influenced by the
hydrophobic character of the PTFE-binder,*® which allows only
a relative comparison of the samples. The oxidation of the
carbon surface and the permanent operation during the testing
led to an increase of the wettability of the carbon. Thereby, we
enabled enhanced access for the aqueous electrolyte to the
surface of the CDCs, which led to an increase of the capacitance
after the voltage floating of 16-29%.

4. Conclusions

In this study, phenyl- and vinyltrimethoxysilane mixtures with
four different ratios were used to synthesize polysiloxane poly-
mer beads. The MicroJet reactor technique allows continuous
manufacturing of polysiloxanes beads with a constant quality at
rates of 10-15 g min~ ', These beads were found as highly suited
for pyrolysis, to obtain SiOC, and chlorine gas treatment, to
obtain CDC by removal of non-carbon elements and still
conserving the spherical morphology. An increase of phenyl
groups increased the total yield after pyrolysis and etching from
2.2 mass% to 21.9 mass%, which is relevant for the economic
efficiency to produce highly porous carbon materials. A possible
way to increase the yield might be the use of organic functional
groups with a higher amount of carbon, like naphthyl or
anthracenyl groups. Also, the combination of the pyrolysis and
chlorine treatment should be considered to improve the
process.

By varying the ratio of phenyl and vinyl groups it was possible
to produce highly porous CDCs with DFT SSA ranging between

30

Specific energy (Wh-kg™)

0.01 0.1 1 o 100
Specific power (kW-kg™)

Fig. 8 Ragone chart of the four spherical CDC materials and the AC as
comparison, measured in 1 M TEA-BF, in ACN (electrode thickness:
110-130 pm).
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2014-2198 m* g~ with a total pore volume in the range of 1.27-
2.06 cm® g~ without any additional activation step. A higher
amount of vinyl groups leads to a higher total pore volume. The
increased mesoporosity influences mainly the rate handling
behavior of the supercapacitor, while the specific capacitance at
low ranges (5 mA g~ ') is in 1 M TEA-BF, in ACN very similar for
all synthesized CDCs (106-116 F g '). The highest residual
capacitance of 72% at high current rates (100 A g~ ') was also
obtained from the sample with the highest amount of
mesopores.

The Ragone chart (Fig. 8) illustrates the specific energy of the
CDC materials of 25 W h kg™ ' at low specific powers and the
excellent performance at high specific power. In the best case
(Vi-SiOC-CDC), the specific energy only decreases slightly to 12
W h kg " at high specific powers of 41 kW kg™ '. For compar-
ison: AC shows a very low rate handling ability with only 1 W h
kg " at 25 kW kg (which is lower than any of the samples
studied in this work). The low wettability of the relatively
graphitic carbons is unfavorable for aqueous electrolytes, but
a long-time testing shows an increase of the specific capacitance
of almost 30% when floated at 1.4 V for 100 h. Functional
groups are formed by the operation, which improves the
wettability as well as the specific capacitance.

In conclusion, the high porosity of the SiOC-CDCs is attrac-
tive for electrochemical energy storage with supercapacitors.
The excellent rate handling behavior and the high stability
in organic electrolyte documents suitability for common
supercapacitors.
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Table S1: Properties of the PTFE-bound electrodes.

Electrode Active mass of  Electrode disc  Electrode

density one electrode diameter thickness
(mg-cm?) (mg) (mm) (km)

1 M TEA-BF, in acetonitrile
Vi-SiOC-CDC 197 1.15 8 122
Phg.25Vig.75-SiOC-CDC 372 2.33 8 131
Pho.sVio.5-SiOC-CDC 452 2.51 8 116
Pho.75Vio.25-SiOC-CDC 438 2.41 8 115
AC 435 2.27 8 109
Aqueous 1 M Na;SO,

Vi-SiOC-CDC 206 1.47 8 150
Phg.25Vio.75-SiOC-CDC 377 2.24 8 124
Phg 5Vips-SiOC-CDC 450 2.51 8 117
Phg.75Vio.25-SiOC-CDC 432 2.44 8 118

Table S2: Porosity of the Vi-SiOC-CDC electrodes measured with nitrogen gas sorption.

Total pore
Aper | Total A
SSAper SSAorr Joss SSAger otal pore volume loss vera.ge
(mg) after voltage (m2-g?) volume after voltage pore size
H [ 3,01
floating (%) (cm?3-g?) floating (%) (nm)

YI.-S.IOC-CDC 1756 - 2287 1.83 - 2.5
initial electrode
Vi-Sioc-cbe 980 44 1515 1.23 34 2.6
negative electrode
Vi-Si0c-cbe 897 49 1403 1.19 35 2.8
positive electrode

Table S3: EDX element analysis of Vinyl-SiOC-CDC electrodes before the electrochemical testing and
after the voltage floating at 1.4 V for 100 h in aqueous 1 M Na,SO,. Values below the detection limit
are denoted n.d. (not detected).

C (0] Si F Na S cl
(mass%) (mass%) (mass%) (mass%) (mass%) (mass%) (mass%)

vi-sioc-cnc 89.5+0.6 4.1¢03 3.5+03 2.9+03  n.d. n.d. n.d.
initial electrode

VI_S.IC.)C_CDC 81.3x1.3 7.441.0 1.6+0.3 3.5+1.1 4.6+0.6 0.7+0.2 0.9+0.2
positive electrode

Vi-SiOC-CDC

. 81.310.5 4.4+0.8 2.2+0.1 6.6t1.6 4.4+0.4 0.5£0.1 0.710.1
negative electrode
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Figure S1: Overview of the FT-IR spectra of the four polymer beads (A) and detailed spectra in
the range of 1000-1600 cm™ (B). The corresponding mass spectra of PhosVios-SiO1s to the

thermogram shown in Fig. 2D of relevant evolving groups (C) and (D).
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200 nm

Figure S2: Scanning and transmission electron micrographs of the polymer beads Vi-SiO15 (A),

Pho.25Vio.75-SiO1.5 (B), PhosVio5-SiO1.5 (C), and Pho.75Vio.25-SiO1.5 (D).
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ORMOSIL particles

The study confirmed the good suitability of ORMOSIL spheres for the production of energy storage
materials. Especially the knowledge that the composition of ORMOSIL can influence the properties of
the final product is used for the following study in which a nitrogen doping of the CDC material is
aimed.

3.3.3 Influence of nitrogen-doping for carbide-derived carbons on the
supercapacitor performance in an organic electrolyte and an ionic

liquid

When the following study was carried out, there were different statements in the literature about the
effect of nitrogen doping on the performance of the supercapacitor. The use of various materials,
synthesis and measurement conditions made it difficult to compare the different studies. Therefore, a
possibility was sought to produce CDC materials with similar properties (with respect to particle size,
pore size distribution, surface area, etc.) that differ only in their nitrogen content.

The idea was to use a system with phenyl and vinyl groups again, however prepared from slightly
modified precursors. The starting molecules 3-(phenylamino)propyl]trimethoxysilane (for N-doping)
and 4-phenylbutyltrimethoxysilane (for CDCs without N-doping) turn out to be suitable for this
purpose and in the following study, each of them is cocondensed with vinyltrimethoxysilane in the
MicroJet reactor. The resulting ORMOSIL particles are converted into CDC beads whereby the
resulting nitrogen content also depends on the temperature of the treatment. The properties of the
CDC beads as electrode material are tested in different electrolytes.

Contributions:

Christina Odenwald: Planning, synthesis of the polymer particles, discussion, and revision of the
manuscript. Benjamin Kriiner: Design, planning, writing, pyrolysis, chlorine gas treatment, SEM,
particle size analysis, EDX analysis, TGA coupled with MS analysis, CO2 and N sorption analysis,
Raman analysis, XRD, and electrochemical analysis for double-layer capacitors. Antje Quade: XPS
analysis, discussion, and revision of the manuscript. Guido Kickelbick: Discussion and revision of
the manuscript. Volker Presser: Supervision, discussion, and revision of the manuscript.

Kriiner, B.; Odenwald, C.; Quade, A.; Kickelbick, G.; Presser, V.: Influence of nitrogen-doping for
carbide-derived carbons on the supercapacitor performance in an organic electrolyte and an ionic
liquid. Batteries &  Supercaps, 2018. 1. 135-148. https://doi.org/10.1002/batt.201800051
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Influence of Nitrogen-Doping for Carbide-Derived Carbons
on the Supercapacitor Performance in an Organic

Electrolyte and an lonic Liquid

Benjamin Kriiner,” Christina Odenwald,” Antje Quade,”” Guido Kickelbick,*™ and

Volker Presser*®

We investigated the influence of nitrogen groups on the
electrochemical performance of carbide-derived carbons by
comparing materials with a similar pore structure with and
without nitrogen-doping. These materials were tested in a half-
cell and full-cell supercapacitor setup with a conventional
organic electrolyte (1 M tetraethylammonium tetrafluoroborate
in acetonitrile) and an ionic liquid (1-ethyl-3-methylimidazolium
tetrafluoroborate). Varying the nitrogen content in the range of
1-7 mass % had no systematic influence on the energy storage

1. Introduction

Supercapacitors are electrochemical energy storage devices for
high power applications with long cycling stability."* The most
common type of supercapacitor is the electrical double-layer
capacitor (EDLC) where the charge is stored by electrosorption
of ions from an electrolyte on a high surface area electrode.™
Electrodes for EDLCs are usually carbon-based, and various
materials have been explored, including activated carbons,“*®
salt-templated carbons,” graphene,"” carbon-nanotubes,"
carbon onions, "> and carbide-derived carbons (CDC)."*'
Especially nanoporous carbons with a high surface area are well
suited to provide high specific energy and power.”'® One way
to further increase the energy storage capacity of a porous
carbon electrode is to choose an average pore size close to the
diameter of the bare ion."”"'¥ This effect can be explained by
the partial desolvation of the ions in aqueous or organic
electrolytes and the resulting more space-effective arrangement
of ions within nanopores.'**?
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capacity but a stronger impact on the rate handling ability. The
highest specific capacitance in a half-cell supercapacitor at a
negative potential was 215 F/g in EMIM-BF,. Using the best-
performing carbide-derived carbon with and without nitrogen-
doping (i.e., by applying a synthesis temperature of 800 °C), the
full-cell performance was 174 F/g, which results in a high
specific energy of 61Wh/kg in EMIM-BF,. For the same
materials, the corresponding specific energy was about 30 Wh/
kg when using the organic electrolyte.

Beyond the design of carbon materials with an optimized
porosity, there are other ways to enhance the energy storage
capacity of supercapacitors."'*** Examples include the use of
ionic liquids™” or redox electrolytes,**?" and the addition of a
redox-active material like metal oxides®?" or heteroatom
doping.®? Especially the use of ionic liquids as an electrolyte for
supercapacitors is promising because the significantly en-
hanced potential window leads to a large increase of the
specific energy (the latter scales with the square of the
voltage).l" Along with this line of research, Ewert et al. reported
that nitrogen-doping of CDC leads to an enhanced specific
capacitance for certain ionic liquids, such as EMIM-BF,, while
there was no enhancement for organic electrolytes based on
acetonitrile as the solvent.®” Also, other groups investigated
nitrogen-doped carbon materials made from different precur-
sors and reported high specific energy of up to 64 Wh/kg
(measured at a cell voltage of 3.2V)."”%33% Yan etal. used
EMIM-BF, as the electrolyte and different micro- and mesopo-
rous carbons as the electrodes in symmetric full-cells.” The
specific capacitance and rate capability of these porous carbon
materials with and without nitrogen-doping (up to 6 mass%)
were quite similar, but there was an improvement of the rate
capability for the nitrogen-containing electrodes.” Yet, the
comparison of half-cell and full-cell data complicates the
identification of underlying energy storage mechanisms during
ion electrosorption, and our understanding of the general role
of nitrogen in different forms (pyridinic, graphitic, etc.) remains
limited at present.

Due to the influence of the pore size distribution on the
double-layer capacitance,”” it is necessary to produce carbon
materials with a similar porosity to investigate the contribution
of the nitrogen groups. In a previous study, we applied the
MicroJet reactor technique to produce SiOC-CDC and varied
the ratio of silanes with different organic groups.®™ Thereby, it

135 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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was possible to adjust the porosity of the highly porous carbon
material. The continuous MicroJet technique ensures a constant
quality of polysilsesquioxane beads with homogeneous particle
size. In the present study, we used a similar approach but varied
the organic group to introduce nitrogen via silane to the
ceramic material. Nitrogen in the carbide can still be found in
the CDC material after chlorine gas treatment, as we know from
previous work.*? We produced CDCs also with another silane
to obtain porous carbon materials without nitrogen with a
similar pore size distribution (average pore size of 1.6-1.9 nm
and 94-99% of the pore volume relates to pores smaller than
5nm). Thereby, our materials cover the range of nitrogen
concentration of 0-7 mass%. The materials were tested as
electrodes for supercapacitors in half-cell and full-cell config-
uration in 1M TEA-BF, in acetonitrile (ACN) and neat ionic
liquid (EMIM-BF,).

Experimental

Materials and Material Synthesis

Vinyltrimethoxysilane (VTMS) and 4-phenylbutyltrimethoxysilane
(PBTMS) were obtained from ABCR. [3-(phenylamino)propyl]trime-
thoxysilane (PAPTMS) was purchased from Sigma-Aldrich. The
structural formulae of the silanes precursors are shown in the
Supporting Information, Figure S1. Ammonia was purchased from
VWR International. All chemicals were used as received.

The polymer spheres were produced by mixing the precursor
solutions A1/A2 and B in a microreactor. Solution A1 contained
VTMS (37.04 g, 250 mmol) and PAPTMS (12.81 g, 50 mmol) dis-
solved in methanol (307.58 g, 9.6 mol). For the A2 solution, PBTMS
(12.76 g, 50 mmol) was used instead of PAPTMS. The alkoxysilanes
were partly hydrolyzed by adding aqueous HCl (150 mL of a
0.55 mmol/L solution) and stirring at room temperature for 16 h.>®
The solution B was an aqueous solution of ammonia (2.2 mol/L).

The synthesis of similar particles with the same technical setup is
described in detail in previous work.*>*® In short: two HPLC pumps
(LaPrep P110 preparative HPLC pumps, VWR International) trans-
port solution A1 or A2 and solution B at a rate of 250 mL/min
(pressure of 3-4 MPa) to the MicroJet reactor (Synthesechemie Dr.
Penth GmbH). The solutions enter the reactor chamber through
narrow nozzles (300 pm in diameter) from opposing sites and
collide inside as fine impinging jets. A fast mixing takes place
before a support gas flow forces the suspension out of the
microreactor in vertical direction out to a collecting vessel. The
particles were separated by centrifugation (8000 rpm, 7012 G,
10 min) and dried in vacuum at room temperature. The reactor
system was flushed with methanol between the production of
different samples.

The pyrolysis of the polysilsesquioxane beads was carried out in a
graphite heated furnace (LHTG from Carbolite Gero) in a nitrogen
atmosphere with a gas flow of 150 L/h. The target temperature of
1000 °C was reached with a heating rate of 300°C/h, and we used a
holding time of 2h. A mass of 1.5g of the obtained polymer-
derived ceramic (PDC) was transferred to a graphite crucible and
placed in a quartz tube furnace from Carbolite Gero. The chlorine
gas treatment to produce carbide-derived carbon (CDC) spheres
was performed at 600°C, 800°C, or 1000°C for 5 h with a chlorine
gas flow of 10 cm’/min. The quartz tube furnace was constantly
supplied with argon (flow: 50 cm®/min) during the chlorine gas
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treatment including the heating and cooling step. A hydrogen
treatment at 600°C for 3 h was conducted after the chlorination
step to remove residual chlorine from the surface. We labeled the
three non-doped SiOC-CDC materials as CDC-600, CDC-800, and
CDC-1000, depending on the chlorination temperature. Accord-
ingly, we labeled the nitrogen-containing CDCs as N-CDC-600, N-
CDC-800, and N-CDC-1000.

Material Characterization

The carbon beads were analyzed with a field emission scanning
electron microscope (SEM) Jeol JSM-7500F at 3 kV and a high-
resolution transmission electron microscopy (TEM) Jeol JEM-2100F
at 200 kV. We quantified the bead diameter of 150 individual
particles with the image analysis software Imagel.®” For TEM
measurements, the samples were dispersed and sonicated in
ethanol to deposit them on a lacey carbon film on a copper grid
from Gatan.

The porosity of the mainly microporous materials was analyzed via
nitrogen gas sorption analysis (N, GSA) and carbon dioxide gas
sorption analysis (CO, GSA) with an Autosorb iQ system from
Quantachrome. The powder samples were outgassed before the
measurement at 10 kPa at 200°C for 1 h and at 300°C for 20 h. To
avoid any issue with the presence of the polymer binder
polytetrafluoroethylene (PTFE), the electrodes were pretreated at
10 kPa first at 100°C for 1 h and then at 150°C for 20 h. The N, GSA
measurements were carried out in a relative pressure range from 5-
107° to 1 at —196°C. The measurement temperature for the CO,
GSA was 0°C, and the relative pressure was in the range of 7-107°
to 1-1072 The specific surface area was calculated with the
Brunauer-Emmett-Teller equation in the linear regime of the N,
isotherm.”® We further analyzed the pore structure by applying a
quenched-solid density functional theory (QSDFT) kernel assuming
slit-like carbon nanopores.*” A non-local density functional theory
(NLDFT) assuming the same pore geometry was used to deconvo-
lute the CO, isotherm.*” The BET and DFT calculations were
performed with the software ASiQwin from Quantachrome. The
pore size distributions obtained from N, and CO, GSA measure-
ments were combined with a cross-over point at 0.9 nm to obtain a
pore size distribution in the range from 0.35 nm to 35 nm.”” The
total pore volume and the SSA,+ values were obtained by
combining the pore size distribution data of the CO, and N, GSA
measurements; the average pore size corresponds to the pore
diameter of the half of the total pore volume (ds,) of the
cumulative pore size distribution."” For all GSA measurements, a
sufficient time at each pressure increment was obtained so that a
near-equilibrium was obtained, which is important to obtain a
reliable combined pore size distribution pattern (as pointed out by
Lobato et al.*?).

The structure of the carbon materials was investigated via Raman
spectroscopy. We used a Renishaw inVia Raman microscope with a
wavelength of 532 nm and a grating of 2400 lines/mm. The spectral
resolution was 1.2cm™', the numeric aperture 0.75, and the
incident power on the sample ~0.2 mW. The recording time was
30s, and 10 accumulations were accomplished. Four Voigt
functions were chosen to fit the D- and G-mode of the Raman
spectra.

The chemical composition was quantified with a CHNS analyzer
Vario Micro Cube from Elementar. The temperature for the tube
was 850°C and for the combustion tube 1150°C. The equipment
was calibrated with sulfanilamide. The oxygen content was
obtained with a rapid OXY cube from Elementar. The analysis
temperature was 1450°C, and it was calibrated with benzoic acid.
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The chemical composition of the materials was also quantified by
use of X-ray photoelectron spectroscopy (XPS). We used an Axis
Ultra DLD from Kratos Analytical with Al K, radiation at a high
voltage 15 kV and current of 10 mA to acquire survey spectra at a
pass energy of 80 eV. The current was increased to 15 mA for the
highly resolved measurement of the C 1s and N 1s peaks at a pass
energy of 10 eV. The XPS spectra were analyzed with the software
CasaXPS and charged corrected by shifting all peaks to the aliphatic
C 1s spectral component set to a binding energy of 285 eV. The
Shirley background was subtracted before fitting the peaks with a
Gaussian-Lorentzian (GL(30)) profile function. The carbon peaks
were fitted with a constant full-width-at-half-maximum (FWHM). An
asymmetric line shape was used for the sp>hybridized carbon
component, which is well-described by the Doniach-Sunji¢ func-
tion.4

Electrochemical Measurements

The synthesized carbon powders were mixed with 5 mass% of
PTFE binder (60 mass% in water, Sigma-Aldrich) and crushed in a
mortar to form a doughy paste. The carbon paste was rolled to
free-standing films with a thickness of ~100 um and we dried the
electrodes at 120°C and 2 kPa for 48 h. Discs with a diameter of
10 mm and a mass of 2-4 mg were punched from the casted
electrodes for the electrochemical measurements. The electrodes
were tested in a half-cell figuration with YP-80F as a counter
electrode (>5 times heavier) and YP-50F from Kuraray as a
reference electrode in a custom-built cell.*’ For electrochemical
characterization, we used either an organic electrolyte (1M
tetraethylammonium tetrafluoroborate, TEA-BF,, in acetonitrile,
ACN) or a neat ionic liquid (1-ethyl-3-methylimidazolium tetrafluor-
oborate, EMIM-BF,). The cells were loaded with the electrolyte in an
argon-filled glove box (O,, H,O0<1 ppm) and placed in a vacuum
oven (2 kPa) at 120°C to remove adsorbed moisture for 16 h. A
carbon coated aluminum foil (Zflo 2653, Coveris Advanced Coat-
ings) was used as a current collector, and we employed a glass-
fiber mat (GF/A from Whatman, GE Healthcare Life Science) as a
separator for all measurements with a potentiostat/galvanostat
VMP300 from Bio-Logic. The cyclic voltammetry (CV) was con-
ducted at 10 mV/s and the galvanostatic cycling with potential
limitation (GCPL) with a 10 min holding step at each potential for
the half-cells. The specific capacitance was calculated following
Eq. (1):

tend

Idt
o 1)
P AU-m
with specific capacitance C, starting time of discharge t, end of
discharge time t.,4 applied potential difference AU, discharge
current / and active mass of the working electrode m.

The limits for the positive and negative potential window of the
samples CDC-800 and N-CDC-800 were investigated in the organic
electrolyte and ionic liquid via S-value analysis in a half-cell
configuration. The cyclic voltammetry was tested in a potential
range of +(0.2-2.5) V vs. carbon with intervals of 0.05 V and a scan
rate of T mV/s. The S-values were calculated with Eq. (2).

S — Qcharge 1 (2)

Qdischarge

with S for S-value, Quige aNd Qgischarge fOr the charge during charge
and discharge.

Was also measured the sample with the highest specific capaci-
tance with and without nitrogen in a symmetrical full-cell super-
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capacitor device with YP-50F from Kuraray as a quasi-reference.”

The capacitance from cyclic voltammograms was calculated with
Eq. (3) and from GCPL cycling with Eq. (4). The IR-drop of the GCPL
measurements was obtained after a resting time of 10 s.

4.

Co=m (3)
@ m

with C, as the specific capacitance per electrode, / as the current,
du/dt as the scan rate, and m as the mass of carbon in the
electrode (e.g., mass of the electrode without the polymer binder).

4- Qdischarge
= 4
Cp="71 (4)

with C;, as the specific capacitance per electrode, Qicharge as the
charge of the discharging half-cycle, U as the IR-drop corrected cell
voltage, and m as the mass of carbon in the electrode.

Stability testing via voltage floating™” for 100 h was also conducted
in a temperature-controlled environment at 25°C at 2.7 V for the
organic electrolyte and 3.2 V for the ionic liquid. These cell voltages
were chosen based on the results of the S-value analysis. Every
10 h, galvanostatic cycling was performed at a cell voltage of 2.5V
(organic solvent-based electrolyte) or 3.2 V (ionic liquid).

2. Results and Discussion
2.1. Characterization of the Carbide-Derived Carbon Beads

The spherical shape of the synthesized materials after chlorine
gas treatment is exemplified for CDC-800 and N-CDC-800 by
scanning and transmission electron micrographs (Figure 1). SEM
images of the other samples are shown in Figure S2. Trans-
mission electron micrographs (Figure 1C,D,G,H) document the
disordered nature of the carbon structure. Quantitative SEM
image analysis revealed no major influence of the chlorination
temperature on the volume dependent sphere diameter which
all are about 1-2 pm (Table S1). All samples showed a mass loss
of 24% after the pyrolysis, and 91-95% of the residual mass is
lost after the chlorine gas treatment (Table S1). Thereby, when
we compare the initial and final mass, there is a mass loss of
93-96 %, which aligns with the low amount of aromatic groups
in the precursor.®”

We used a combination of CO, and N, gas sorption to
characterize the micro- and mesopores of the samples (Fig-
ure 2, Table 1, Figure S3, 54).2°*"" All samples showed a well-
developed porosity after chlorine gas treatment with a
predominance of micropores, as inferred from the type |
nitrogen sorption isotherms (Figure 2A,B).*¥ Only the data of
sample CDC-1000 shows a type IV isotherm with a large
hysteresis caused by mesopores.”® In accordance with previous
works,**% we see the lowest SSApy for samples produced at
600°C with 1740 m?*/g for CDC-600 and 1416 m?/g for N-CDC-
600. By increasing the annealing temperature to 800°C during
the chlorine gas treatment, the SSAp; of the resulting CDC
material increased to 2163 m?/g for CDC-800 and 2133 m?/g for
N-CDC-800. A further increase of the synthesis temperature
increased the SSApg; to 2320 m?/g for CDC-1000 and 2206 m%/g
for N-CDC-1000. In addition to the surface area, also the total
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Figure 1. Scanning and transmission electron micrographs of A)-D) CDC-800 and E)-H) N-CDC-800.

Table 1. Porosity data of the powder and the electrode samples obtained by gas sorption analysis with CO, and N,.

powder electrode

SSAper SSAger Pore Average SSAper SSAger Pore Cation Anion Average

[m?%/g] [m?/g] volume pore size [m?%/g] [m?/g] volume accessible accessible pore size

[Cma/g] [nm] [Cma/g] SSAper SSApr [nm]
[m%/q] [m%/q]

CDC-600 1740 1965 117 1.69 1446 1796 1.02 1095 1401 1.74
CDC-800 2163 2955 1.54 1.66 1966 2512 1.34 1555 1938 1.69
CDC-1000 2320 2430 1.73 1.85 2066 2485 1.53 1614 2030 1.90
N-CDC-600 1416 1644 0.92 1.69 1441 1432 0.89 1058 1377 1.61
N-CDC-800 2133 2771 1.57 1.86 1915 2334 1.36 1498 1886 1.84
N-CDC-1000 2206 2530 1.57 1.85 1908 2293 1.39 1498 1893 1.88

pore volume increased with the synthesis temperature in the
range of 0.92-1.73 cm®/g (Table 1) which agrees to previous
works on CDC synthesis."*"

Albeit some differences in total pore volume and total
surface area, all samples showed a very similar pore size
distribution, which can be best seen when normalizing the
latter to the maximum pore volume. As seen from Figure S4,
the average pore sizes of all samples range within a narrow
range of 1.7-1.9 nm. When transforming the carbon powder
into composite film electrodes, the presence of polymer binder

reduces the overall porosity.?*** As seen from Table 1, about
11 % of the total pore volume and about 9% of the total surface
area are lost when comparing the dry carbon powder with the
composite film electrodes. Yet, as required for this study, the
average pore size is only marginally affected with values of 1.6—
1.9 nm, and the pore size distribution pattern of all CDC and N-
CDC samples remain highly similar.

The elemental analysis of the samples is summarized in
Table 2 and was measured via chemical analysis (CHNS/O) and
X-ray photoelectron spectroscopy (XPS). The carbon content of

Table 2. Chemical composition by CHNS/O analysis and XPS.

Chemical analysis (CHNS/O) XPS

C H N (o] C N (o]

[mass %] [mass %] [mass %] [mass %] [mass %] [mass %] [mass %]
CDC-600 946+1.3 1.1£1.0 04+£0.1 3.8+0.3 97.6 0.0 24
CDC-800 93.1£19 0.6+0.1 0.5+0.2 6.2+0.4 97.7 0.0 23
CDC-1000 93.1£0.2 n.d.® 0.6+0.1 44+09 98.3 0.0 1.7
N-CDC-600 85.0£0.6 1.1£01 7.0+0.1 50+0.2 88.5 4.5 7.0
N-CDC-800 89.9+1.0 0.7+£0.1 3.7+0.1 55+04 94.9 2.7 24
N-CDC-1000 92.1£0.2 0.5+0.1 1.2+£0.2 55+0.1 96.5 0.9 25
@ n.d.: not detectable.
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Figure 2. Pore analysis of carbide-derived carbon samples with nitrogen-doping (A,C) and without nitrogen-doping (B,D).
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plus 5 mass % polytetrafluoroethylene binder). The ionic diameter of the TEA* and BF,” is added to the pore size distributions in (C,D).

all CDC samples exceeds 93 mass %, and the hydrogen content
is lowered for increased synthesis temperature from around
1 mass% for 600°C to a not detectable value for 1000°C. The
oxygen content of all samples is in the range of 4-6 mass%. A
low amount of nitrogen (~0.5 mass %) is also detectable for the
CDC samples without nitrogen in the precursor. This nitrogen
could be introduced to the samples during the particle
synthesis were NH; served as a catalyst or during the pyrolysis
in a nitrogen atmosphere, as reported in earlier work.”” All N-
CDC samples show a nitrogen content ranging from 1-
7 mass% and both the nitrogen and hydrogen content are
reduced when using a higher synthesis temperature. The
sample N-CDC-600 has a nitrogen content of 7 mass %, which is
reduced to 4 mass % for N-CDC-800 and to 1 mass % for N-CDC-
1000.

Although chemical data and XPS analysis are intrinsically
different regarding the sampling depth and the overall
detection sensitivity,”> we also see a reduced nitrogen content

Batteries & Supercaps 2018, 1, 135-148 www.batteries-supercaps.org
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with an increasing synthesis temperature in the XPS data. The
N1s peak of the XPS spectra can be fitted to identify the
nitrogen groups, and we used 4 peaks (N1, N2, N3, and N4)
which can be related to different nitrogen groups (Figure 3).
The N1 species has a typical binding energy of around 398 eV
which indicates pyridinic nitrogen.”**” The binding energy of
N2 is 400.7 eV and relates to pyrrolic nitrogen, amide, amine, or
nitrile.®””” Nitrogen surface groups like amide, amine, or nitrile
are unlikely due to the origin of nitrogen in the precursor and
the absence of an additional post-synthesis treatment with
nitrogen. Therefore, we can assume that N2 peaks are mainly
obtained by pyrrolic nitrogen. Graphitic nitrogen (N3) shows a
characteristic binding energy of 402 eV.”*”! A fourth nitrogen
peak (N4) was identified for the samples N-CDC-800 and N-
CDC-1000 at approximately 404 eV, which relates to nitrogen
bonded to oxygen (pyridine oxide).*” Figure 3B displays the
relative bond content of the four identified nitrogen groups. An
increasing synthesis temperature reduces the amount of

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) XPS N 1s spectra and peak fitting of all nitrogen-doped samples and B) bond content of the nitrogen groups. XPS C 1s spectra and peak fitting of

C) CDC-800 and D) N-CDC-800. Raman spectra and peak fitting of E) CDC-800 and F) N-CDC-800.

pyridinic nitrogen from 51% to 0%, while the relative amount
of graphitic nitrogen and pyridine oxide increases from 15% to

Batteries & Supercaps 2018, 1, 135-148 www.batteries-supercaps.org

55% and from 0% to 17 %. The pyridinic groups are released at
lower temperatures and can be converted to graphitic nitrogen
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at higher temperatures, which explains the relative increase of
the groups with higher binding energy.” The relative amount
of pyrrolic nitrogen remained rather constant for all samples in
the range of 28-37 %.

The carbon bonding can be characterized by analysis of the
XPS Ci1s spectra (Figure 3C,D, and Figure S5, Table S2). Peak
fitting shows that most of the carbon is sp*>-hybridized and the
CDC samples have with 83-92% a slightly higher relative
amount of the latter bonding type than N-CDC samples with
78-85%. An increase in the synthesis temperature reduces the
sp’-hybridized carbon content, while the sp*-hybridized carbon
content increases up to 9-11%. The N-CDC samples show in
addition to C—C and C—O bonds also C—N bonds due to the
nitrogen-doping in the range of 1.6-2.5% and the sample with
the lowest nitrogen content N-CDC-1000 has the lowest
amount of C—N bonds as well.

We further characterized the carbon structure by use of
Raman spectroscopy (Figure 3E,F, and Figure S6). The D- and G-
modes were fitted with Voigt functions, and the obtained
values are listed in Table 3. The D-mode for the CDC is located
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FWHMs of the CDC and N-CDC samples produced at the same
temperature, there is an increased FWHM for the nitrogen-
containing samples in alignment with previous work.>*¢

2.2. Supercapacitor Performance in an Organic Electrolyte

We conducted half-cell measurements for all CDC materials
with carbon as a quasi-reference electrode. The cyclic voltam-
mograms in Figure 4A+B show the typical rectangular shape
of a supercapacitor with an increased capacitance at higher
potentials. This increased differential capacitance yields a
characteristic butterfly-like shape and can be explained by the
increased charge carrier density when the non-metallic carbon
is being charged.”**'*¥ Values of the specific capacitance
obtained at +1V vs. carbon are listed in Table 4, and we have
identified the lowest specific capacitance for CDC-600 at —1V
vs. carbon with 116 F/g and 146 F/g at + 1V vs. carbon. CDC-
800 and CDC-1000 have very similar specific capacitances of
143 F/g and 135 F/g, respectively, at —1 V vs. carbon and 144 F/
g and 150 F/g, respectively, at +1V vs. carbon. The specific
capacitance at negative polarization is lower compared to the

I?gllecsch :;Zd,\‘l’_acl‘seg:afn:g‘fez' and G- mode from the Raman spectroscopy |\ 3],es obtained from positive polarization due to the larger

- ionic diameter of the TEA" ion (0.67 nm non-solvated)

E‘:‘}'}:?’n [FCV:::'?;' compared to the BF,” (0.45 nm non-solvated).®” The nitrogen-

containing CDCs have in general a higher specific capacitance

CDC-600 2:2832 1238 ;;0 at the negative potential vs. carbon. N-CDC-600 has a very

CDC-800 D-mode 1338 122 similar specific capacitance at £1V vs. carbon (118 F/g and

G-mode 1602 62 120 F/g), and the largest specific capacitance in the organic

CDC-1000 2:2832 1233 ;30 electrolyte was obtained for N-CDC-800 with 151 F/g at —1V
N-CDC-600 D-mode 1342 159 vs. carbon and 143 F/g at + 1V vs. carbon (Table 4).

G-mode 1604 61 We determined the electrochemical stability window of N-

N-CDC-800 2:2232 133; ;36 CDC-800 and CDC-800 by using the S-value analysis (Fig-

N-CDC-1000 D-mode 1339 122 ure 4E+F). The S-value (stability value) is the ratio of invested

G-mode 1596 68 charge during charging and recovered charge during discharg-

ing [Eq. (2)].%" Weingarth etal. proposed that the electro-
chemical stability window limit is reached when the second

between 1330-1338 cm ™, while the G-mode is found between derivative of the S-value over the potential (d*S/dU? exceeds

1599-1602 cm™'. The nitrogen-doped CDCs have a similar
position of the D-mode (1339-1342 cm™") and G-mode (1596
1604 cm™"). The position of the D- and G-mode indicate that
the carbon of all samples is incompletely graphitic (nanocrystal-

5%.°" This definition is of particular use for a system that
shows an exponential increase in the non-reversible charge at a
certain potential limit. Using this criterion, we have identified a
potential limit of —1.754+0.05V vs. carbon for both CDC-800

line)."® Higher synthesis temperatures lead to a higher degree
of carbon ordering, as can be seen from a reduced full-width at
half-maximum (FWHM) for all samples. When comparing the

and N-CDC-800 in 1 M TEA-BF, in ACN. This value is close to the
literature value of —1.7+0.1V vs. carbon.”™ The more mono-
tonic shape of the S-curve for positive polarization shown in

Table 4. Half-cell capacitance of the CDC materials with and without nitrogen-doping in 1 M TEA-BF, in ACN at +1.0 V vs. carbon and in EMIM-BF, at +1.0 V
and £1.5 V vs. carbon.
Specific capacitance [F/g]
1 M TEA-BF, in ACN EMIM-BF,
at—1.0V at+1.0V at—1.0V at+1.0V at—15V at+15V
CDC-600 16 146 127 125 158 139
CDC-800 143 144 145 157 184 155
CDC-1000 135 150 135 159 176 162
N-CDC-600 118 120 146 124 171 134
N-CDC-800 151 143 169 174 215 173
N-CDC-1000 145 138 150 168 21 172
Batteries & Supercaps 2018, 1, 135-148 www.batteries-supercaps.org 141 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Electrochemical characterization of carbon materials without nitrogen-doping (A,C) and with nitrogen-doping (B,D,F) and S-value analysis of CDC-

800 and N-CDC-800 (E,F) in a half-cell configuration in 1 M TEA-BF, in ACN. A),

B) Cyclic voltammetry measured at a scan rate of 10 mV/s in the potential range

of +1.0 V vs. carbon. C)-D) Capacitance obtained by galvanostatic charge/discharge cycling at a specific current of 0.2 A/g. E) S-value analysis measured by
cyclic voltammetry at a scan rate of 1 mV/s and the stability windows after Weingarth et al. (Ref.®”). F) Selected cyclic voltammograms from the S-value

analysis of N-CDC-800.

Figure 4E makes the direct application of d*S/dU?>0.05 more
difficult; in fact, the 5% limit is reached already at around +1V
vs. carbon. An increased slope of the S-value can also be caused
by (incompletely) reversible Faradaic reactions without leading
immediately to escalating electrochemical degradation.® From
the literature, we would expect the upper limit of the electro-
chemical stability window at 4 1.3 V vs. carbon.”™ For CDC-800
and N-CDC-800, we observed the onset of an escalating
increase in non-reversible charge above +1.3V to +1.5V vs.

Batteries & Supercaps 2018, 1, 135-148 www.batteries-supercaps.org

carbon (Figure 4E). This range also coincides with the stability
criterion of S> 0.1 as defined by Xu et al. (where the S-value is
called the R-value; Ref.”””). In addition, N-CDC-800 shows a first
rapid increase of the S-value at around +0.95V vs. carbon
which may indicate an early onset of the electrolyte degrada-
tion aided by the presence of nitrogen, which can be observed
at large potentials. Figure 4F shows selected cyclic voltammo-
grams of N-CDC-800 recorded during the S-value analysis,
where the electrolyte decomposition can be observed at large
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potentials. It is also noticeable that the specific capacitance is
dramatically reduced at even higher potentials (+2.2V vs.
carbon).

In addition to the half-cell experiments, we conducted
symmetrical full-cell measurements with the samples CDC-800
and N-CDC-800. The cyclic voltammograms show the typical
rectangular shape of an electrical double-layer capacitor (Fig-
ure 5A). The specific capacitance of N-CDC-800 at a low specific
current (0.05 A/g) is 139 F/g, which is slightly lower than the
value obtained by the half-cell experiment. The sample CDC-
800 without nitrogen has a very similar specific capacitance of
135 F/g at the same specific current. The rate capability analysis
is seen in Figure 5B and reveals at a high specific current of
100 A/g a lower specific capacitance of N-CDC-800 (20 F/g)
compared to CDC-800 (86 F/g). This observation aligns with the
strong correlation between ion mobility and the resulting rate
capability of nanoporous carbons.” In the case of nitrogen-

(oo™

N-CDC-800 —

- -

(&) o n

o o o
1 1 1

o
1

Capacitance (F/g)

CDC-800

L
o ($)]
o o
1 1

fame e mm - a—.,

-150

Capacitance (F/g)

00 05 10 15 20 25

Cell voltage (V)

w
1
w

-----CDC-800
1 //\-— N-CDC-800 -
N
2 W Cell ~.“ 2 2
S y N ®
S =
o (=5
= , j B
S r I N <
o) y 25 Positive oo v
> L electrode - O
=0+ < 0o
8 v > =)
4 \\._\ r #® o
p L, Negative .~ 1 =)
W 2
-2 — -2
0.0 0.5 1.0

Normalized time

Normalized capacitance (%)

BATTERIES& SUPERCAPS

Articles

doping, there is an increased interaction strength between the
pore wall and ions, which reduces the ion mobility.”*5*"
Thereby, the relaxation time of the ions in the micropores
increases which leads to a lower rate capability of the nitrogen-
doped CDCs.

The performance stability of the nitrogen-containing sam-
ple is also reduced (Figure 5D): while CDC-800 retained 89% of
its initial capacitance after voltage floating at 2.7 V for 100 h,
the capacitance of N-CDC-800 decayed rapidly. The reduced
stability seems to align with the reduced electrochemical
stability window as seen from the increased slope of N-CDC-
800 in the S-value analysis at around + 1V vs. carbon. The full-
cell experiments show that the additional nitrogen-doping
does not improve the specific capacitance in organic electrolyte
TEA-BF, in ACN significantly and reduce the rate handling
capability and performance stability.
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Figure 5. Results of the full-cell supercapacitor measurements with 1 M TEA-BF, in ACN. A) Cyclic voltammetry at a scan rate of 10 mV/s, B) galvanostatic
charge/discharge rate handling measurement, C) cell voltage and electrode potential distribution during galvanostatic charge/discharge cycling at 0.1 A/g, D)

performance stability characterization by floating at a cell voltage of 2.7 V.
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2.3. Supercapacitor Performance in lonic Liquid

We further characterized the

CDC materials with and without

nitrogen-doping as electrodes using the ionic liquid EMIM-BF,.

The results of the half-cell

measurements vs. carbon are

capacitance at higher potentials.***" The specific capacitance in
the ionic liquid is in general for all CDCs higher at a negative
polarization with an almost linear increase with the potential.
During positive polarization, we see for CDC-600 and N-
CDC-600 a rectangular shape without any peaks and a linear
increase of the capacitance with the potential. All other samples

presented in Figure 6 and in Table 4. The electric response
depicted in the cyclic voltammograms in the negative potential
range retains the typical rectangular shape of an electrical
double-layer capacitor for all samples with an increased
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show to a different degree the emergence of a peak at around
+1V vs. carbon during charging and at +0.7V vs. carbon
during discharging. The area of these peaks is much larger for
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Figure 6. Electrochemical characterization of carbon materials without nitrogen-doping (A, C) and with nitrogen-doping (B,D,F) and S-value analysis of CDC-

800 and N-CDC-800 (E, F) in a half-cell configuration in the ionic liquid EMIM-BF,. A), B) Cyclic voltammetry measured at a scan rate of 10 mV/s in the potential
range of 4 1.5 V vs. carbon. C)-D) Capacitance obtained by galvanostatic charge/discharge cycling at a specific current of 0.2 A/g. E) S-value analysis measured
by cyclic voltammetry at a scan rate of 1 mV/s and the stability windows after Weingarth et al. (Ref.*”)). F) Selected cyclic voltammograms from S-value analysis

of N-CDC-800.
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the samples produced at 1000°C and very small for CDC-800
and N-CDC-800. Similar peaks have been reported for EMIM-BF,
in the literature before, but the origin of this electrochemical
signal is not often discussed.”®”" Intercalation of the BF,” as the
origin of these peaks is unlikely since it only occurs at much
higher potentials for graphitic carbon.”? A highly irreversible
decomposition of BF,” can also not cause the highly reversible
current peaks.”™ In less pure systems, peaks may also occur
because of parasitic side-reactions, as shown by the Kotz
group.®™ However, if our system were plagued by impurity-
related issues, we would see this redox peak for all samples.
The presence of nitrogen in the material also cannot explain
the peaks because the samples with the lowest amount of
nitrogen show the largest peaks.

A reasonable explanation for the peak was provided by Yan
et al. by assuming conformational changes of the ionic liquid
inside the micropores during electrochemical cycling.” Accord-
ingly, we can relate the higher current signal relates to a better
ion packing. This explanation is further supported by our
previous work on the use of electrochemical dilatometry (eD)
and quartz crystal microbalance measurements (EQCM) to
explain the electrosorption of EMIM-BF, in microporous
carbons.” The enhanced volume expansion found in the latter
study aligns with highly mobile BF,” anions being electro-
adsorbed during positive polarization while more of the less
mobile EMIM* cations remain inside the pores.” Possibly, the
larger EMIM™ leave the micropore confinement more easily at
high positive potential when the pore diameter is larger. The
free space can be filled by electro-adsorption of additional
anions, and the enhanced number of charge carriers induces
the peak seen in the CVs at potentials larger than 1V vs.
carbon. This explains why we see the peak very clearly for CDC-
1000 and N-CDC-1000 because these samples have a broader
pore size distribution with larger average pore size. Samples
synthesized at lower temperatures, however, show no visible
peak (CDC-600 and N-CDC-600) or only a small peak (CDC-800
and N-CDC-800).

The specific capacitance measured by galvanostatic charge/
discharge cycling shows a maximum at +1V vs. carbon for
CDC-800 (157 F/g) and at +1.5V vs. carbon for N-CDC-800
(180 F/g), which aligns with the data obtained by cyclic
voltammetry. During negative polarization, we see even higher
capacitance values in EMIM-BF, with 184 F/g for CDC-800 and
215 F/g for N-CDC-800 (both values at —1.5V vs. carbon). A
summary of all specific capacitances measured in the half-cell
with EMIM-BF, is provided in Table 4.

We also tested the electrochemical stability window of
CDC-800 and N-CDC-800 using the ionic liquid electrolyte
(Figure 6E+F). The S-value pattern for the non-doped and the
nitrogen-doped materials are quite similar for both negative
and positive polarization (Figure 6E). The electrochemical
stability window is characterized by an exponential current
increase.®™ We subtract the restored charge for the calculation
of S-value. Hence, if the reaction is reversible, we do not expect
the exponential S-value increase. The irreversible reaction will
cause the exponential S-value increase. The stability criterion
from Weingarth et al. (d°S/dU* < 0.05) is reached for CDC-800 at
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—2.004+0.05 V vs. carbon and for N-CDC-800 at —2.10+0.05 V
vs. carbon, which are close to the literature value of —1.9+
0.1V vs. carbon.® During positive polarization, the sample N-
CDC-800 exceeds a value of 0.05 for d?S/dU? already at +0.5V
vs. carbon. The S-values further show a significant increase at
+1.15£0.05 Vand + 1.60+0.05 V vs. carbon. The latter value is
also similar to the electrochemical stability window of + 1.6+
0.1V vs. carbon typically found in the literature.” The
increased S-value below +1.5V vs. carbon may align with
incompletely reversible Faradaic reactions, which were also
observed in the cyclic voltammograms (Figure 6A+B+F).
While the criterion of exceeding the stability window when
reaching a value of 0.05 for d’S/dU? is a highly useful tool, our
data also show that S-value analysis may be more complex, and
it is important to consider the general development of arising
incompletely recoverable charge at different potentials. This is
also why voltage floating experiments are important to further
investigate practical limitations for the performance stability.

The materials CDC-800 and N-CDC-800 were further tested
in a symmetrical full-cell setup with EMIM-BF, (Figure 7). We
chose these two samples because of the promising electro-
chemical performance in half-cell configuration and for com-
parability with the full-cell data using 1 M TEA-BF, (Figure 5).
The CV in Figure 7A shows at a low scan rate a higher specific
capacitance for the nitrogen-doped sample compared to the
non-doped sample. Galvanostatic charge/discharge cycling
measurements yield for CDC-800 a specific capacitance of
164 F/g at 0.05 A/g, while the nitrogen-doped N-CDC-800 has a
higher initial capacitance of 174F/g at the same specific
current. The capacitance of N-CDC-800 is being reduced more
pronouncedly compared to CDC-800 when increasing the
applied current. For example, at a high specific current of 10 A/
g, the electrode with N-CDC-800 retains only a specific
capacitance of 24 F/g (14%) while CDC-800 still provides 102 F/
g (62%) at the same current. As seen from these data, we
noticed the same trend of reduced high rate performance of
nitrogen-doped CDC for operation with the ionic liquid as we
did when using the organic electrolyte. Therefore, we also
suspect the reduced ion mobility to be caused by an increased
interaction strength between the pore walls and the ions since
the pore size distribution is highly comparable for all samples.

Stability testing was performed at a floating cell voltage of
3.2V (Figure 7D). In general, EMIM-BF, has a maximum
potential window of 3.5V but is limited to + 1.6 V vs. carbon
for the positive electrode.®™ Therefore, we chose a maximum
cell voltage of 3.2V for the full-cell measurements. Our data
show a slightly better electrochemical stability of the nitrogen-
doped sample: after 100 h at 3.2V, the nitrogen-doped sample
retains 78 % of the initial capacitance, while 70% is retained for
CDC-800.

3. Conclusions

The doping of SIOC-CDC beads with nitrogen can be obtained
by adding nitrogen groups to the precursor. The resulting
nitrogen content depends on the chlorine gas treatment
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Figure 7. Results of the full-cell supercapacitor measurements with the ionic liquid EMIM-BF,. A) Cyclic voltammetry at a scan rate of 10 mV/s, B) galvanostatic
charge/discharge rate handling measurement. C) Cell voltage and electrode potential distribution during galvanostatic charge/discharge cycling at 0.1 A/g. D)

Performance stability characterization by floating at a cell voltage of 3.2 V.

temperature: a low temperature of 600°C led to a nitrogen
content of 7 mass%, while the sample produced at a higher
temperature only had a nitrogen content from 1-4 mass %. The
nitrogen groups for the sample N-CDC-600 were mainly
pyridinic, which were removed at high temperatures.

We investigated the electrochemical performance of the
CDCs with a similar pore structure in an organic electrolyte
(TEA-BF, in ACN) and an ionic liquid (EMIM-BF,). Using a half-
cell setup, we observed that the nitrogen groups did not
systematically yield a higher capacitance; instead, the pore
structure seemed to have a larger influence on the electro-
chemical performance. The measurements in a symmetrical full-
cell showed that the nitrogen-doped samples have a slightly
higher specific capacitance in the organic electrolyte and the
ionic liquid at low specific currents. However, when increasing
the charge/discharge rate, the specific capacitance decreases
more pronouncedly for the nitrogen-doped samples compared
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to the non-doped samples. This effect may be caused by
stronger interaction between the in-pore ions with the pore
wall in the presence of nitrogen compared to nitrogen-free
CDC.

The different electrochemical full-cell performances of the
CDC and N-CDC materials produced by the MicroJet reactor
technique are compared in a Ragone plot depicted in Figure 8.
N-CDC-800 in EMIM-BF, has the highest specific energy of
62 Wh/kg, but the non-doped CDC-800 provides a higher
specific power. The organic electrolyte has a lower specific
energy of ~30Wh/kg which is mostly related to the lower
maximum cell voltage of 2.7 V. The lower viscosity of the
organic electrolyte combined with the non-doped CDC-800
shows the highest specific energy combined with high specific
powers (12 Wh/kg at 44 kW/kg).
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Table S1: Mass losses after the pyrolysis and the chlorine treatment together with the

average diameter of the CDC beads.

Number- Volume-

ostoss | MO gy | prdent dpender

after pyrolysis (%) treatment (%) loss (%) diameter diameter

(nm) (nm)

CDC-600 24 91 93 1025+445  1831+445
CDC-800 24 95 96 8841459 1625+459
CDC-1000 24 95 96 1001+458  1826+458
N-CDC-600 24 92 94 8394229 13794229
N-CDC-800 24 93 95 707+281 1261+281
N-CDC-1000 24 94 95 8324255 13054255

Table S2: Bonding content of the fitted C 1s peak measured with XPS.

sp?C  spC C-N C-OH C=O/N-C-O mn*
(%) (%) (%) (%) (%) (%)
CDC-600 924 23 - 1.9 0.5 2.8
CDC-800 82.7 86 - 2.0 0.8 5.8
CDC-1000 83.0 89 - 1.8 0.7 5.6
N-CDC-600 852 79 25 08 1.5 2.1
N-CDC-800 779 114 18 22 2.2 4.6
N-CDC-1000 | 77.7 102 16 29 1.9 5.8
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Figure S2: Scanning electron micrographs of (A) CDC-600, (B) CDC-1000, (C) N-CDC-600, and

(D) N-CDC-1000.
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RESULTS AND DISCUSSION

3.3.4 Silicon oxycarbide beads from continuously produced
polysilsesquioxane as stable anode material for lithium-ion
batteries

In the following last article, another energy storage material, namely silicon oxycarbide, is produced
from the ORMOSILs. This product is generated by pyrolysis of the precursor particles. By using
different organic groups in the ORMOSIL, SiOC spheres can be obtained, which differ in the amount
of their Si-C bonds and the amount of free carbon. The samples are used as anode material in a Li-ion
battery and it is investigated how the different microstructures affect the electrochemical properties.

Through the initial extensive development and optimization of the route for the continuous
production of ORMOSIL particles, described in chapter 3.3.1, a basic system was created that can now
be easily adapted to the given requirements. In the following article this concept is demonstrated:
Particles with methyl-, vinyl- and vinyl/phenyl mixed groups are produced, whereby the
concentrations of the precursor solutions are slightly modified to adjust the particle sizes between
0.5 and 1.5 dm.
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ABSTRACT: Silicon oxycarbides are promising anode materials for lithium-
ion batteries. In this study, we used the continuous MicroJet reactor
technique to produce organically modified silica (ORMOSIL) spheres which
were pyrolyzed to obtain silicon oxycarbides. The continuous technique
allows the production of large quantities with a constant quality. Different
alkoxysilanes were used to produce the silicon oxycarbides with different
compositions. Thereby, the amounts of silicon—carbon bonds, as well as the
free carbon content, were modified. Electrochemical testing was carried out
in 1 M LiPF; in ethylene carbonate/dimethyl carbonate. A mixture of vinyl-
and phenyltrimethoxysilane was identified as the best anode material with a
stable performance due to the increased carbon content. The first-cycle
delithiation capacity of the most stable material was 922 mA h/g, and the

capacity retention after 100 cycles was 83% (767 mA h/g).

KEYWORDS: polymer-derived ceramic, silicon oxycarbide, sol—gel, Li-ion battery, anode material, polysilsesquioxane

1. INTRODUCTION

Lithium-ion batteries (LIBs) are a key technology for today’s
mobile computing and for the transition of our fleet of internal
combustion vehicles to electric cars."”> The constantly growing
requirements for energy storage, power handling, safety, and
costs are at the core of research activities on next-generation
LIB electrode materials.”* Graphite is a common anode
material with a theoretical capacity of 372 mA h/g when fully
lithiated (LiC4).* A much higher theoretical capacity of 4200
mA h/g is known for silicon, which creates an alloy with
lithium.* However, the use of silicon remains limited because of
the large volume expansion during charging and discharging,
causing structural deterioration and poor performance stability
of the electrode material.*”” The use of nanoparticles and
composite or hybrid materials with carbon can reduce the fast
capacity fading of silicon-based Li-ion batteries,”*”"" but the
performance stability remains unsatisfactory.

An alternative to the direct use of silicon is the use of silicon
oxycarbides (SiOCs) for LIB anodes. This material can be
produced on a large scale by the pyrolysis of polysilsesquiox-
anes.'””™"* Such SiOC materials belong to the family of
polymer-derived ceramics (PDCs) and consist of nanodomains
of SiO,_,C, tetrahedra which are surrounded by free carbon.
The encapsulating of the silica domains by graphene cages
results in a viscoelastic behavior of the SiOCs, which is

i i © 2018 American Chemical Society
7 ACS Publications
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beneficial for the large expansion and contraction during the
lithiation and delithiation.'®"” The theoretical capacity of these
SiOC materials is between 372 and 1300 mA h/g depending on
the composition, which is lower than for SiO, (1784 mA h/
g).»”'*'¥ The alloying reaction forming Li,O is not completely
reversible; correspondingly, the Coulombic efficiency of the
first cycle is in the range from about 40% to 70% and depends
on the chemical composition and the structure, which is
influenced by the pyrolysis conditions."”'*'”*° For example,
Kaspar et al. investigated different pyrolysis temperatures of
900—2000 °C to produce SiOC for Li-ion batteries, and the
best Coulombic efficiency was obtained for the material
synthesized at 1100 °C."* The formation of larger graphitic
domains at this temperature leads to improved electrical
conductivity and is below the crystallization temperature of SiC
(>1200 °C).”" These domains of free carbon improve the
electrical conductivity of the ceramic and reduce the capacity
fading of the anode material.”” The SiOC ceramics with a low
amount of free carbon (~8 wt %) have a low conductivity of
about 10™° S/m which can increase to ~2 S/m for a high
content of free carbon (~54 wt %), measured at a high pressure
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of 1 MPa.*” These values are still low for use as electrodes, and
it is necessary to improve the conductivity further by adding a
conductive additive, such as carbon black.

The importance of silicon—carbon bonds for the electro-
chemical performance was shown, for example, by Graczyk-
Zajac et al. using polysiloxanes pyrolyzed in an argon
atmosphere or in an oxidizing CO, atmosphere.'” The *Si
NMR data of the oxidized sample documented the absence of
silicon—carbon bonds after the pyrolysis, while the content of
free carbon was about 37 wt %."” The sample pyrolyzed in
argon contained units of C,SiO,, CSiO3, and SiO,, along with
47 wt % free carbon. Both electrode materials had a similar
initial capacity of ~1500 mA h/g during the cathodic sweep,
but the reversible capacity was much higher for the sample
treated in argon (800 mA h/g) compared to the other material
(600 mA h/g). The long-time stability of the SiOC with
silicon—carbon bonds was higher compared to that of the
oxidized SiOC. Nevertheless, the reversible capacity after 100
cycles was only 55% of the initial capacity, and the largest
capacity fade occurs already after 20 cycles. In another study,
Pradeep et al. synthesized a SiOC aerogel which had a capacity
retention of almost 80% after 100 cycles, but the overall specific
capacity was rather low (450 mA h/g).”> Many other
publications of SiOCs as anode material for Li-ion batteries
report even less than 100 cycles at low rate, by which measure it
is difficult to assess the actual performance stability.'>*>**

In this study, we investigate three SiOC bead materials
obtained from methyltrimethoxysilane, vinyltrimethoxysilane,
and a mixture of vinyltrimethoxysilane with phenyltrimethox-
ysilane. Wilamowska-Zawlocka et al. used similar precursors for
the synthesis of SiOC as LIB anodes, but they used a batch
method which resulted in large particles which were ball-milled
to obtain particles of around 10 gm.”® In contrast to previous
work, we produced polysilsesquioxane with a spherical shape
and by use of the continuous Micro]et reactor.”>*® The voids
between the spherical particles may partially buffer the volume
expansion and improve the performance stability of the
LIB.'"" Our approach does not need any cross-linking agent
to maintain the sphere morphology, and the continuous
process allows the production of large amounts with constant
quality. The absence of a cross-linker is expected to enhance
the purity of the resulting SiOC material.'>*”

We analyzed the SiOC beads among others with electron
microscopy, X-ray diffraction, Raman spectroscopy, solid-state
NMR, and Fourier-transform infrared spectroscopy. This array
of analytical tools helped us to clarify the correlation between
structural properties and the resulting electrochemical perform-
ance when used as an anode for Li-ion batteries. The
electrochemical performance in 1 M LiPF4 in ethylene
carbonate/dimethyl carbonate was characterized with a focus
on the long-time stability.

2. EXPERIMENTAL DESCRIPTION

2.1. Synthesis of Siloxane Beads and Pyrolysis. Methyltrime-
thoxysilane (MTMS; 97%), vinyltrimethoxysilane (VTMS; 99%), and
phenyltrimethoxysilane (PTMS; 97%) were purchased from ABCR.
The diluted ammonia (25%) was obtained from VWR. All chemicals
were used as received.

The synthesis of the polysiloxane microparticles is described in
detail in our previous publications.”**® An overview of the synthesis
steps is provided in the Figure 1. In short, the silanes were dissolved in
methanol and aqueous HCI and prehydrolyzed at room temperature
overnight. The silane solution was mixed with an ammonia solution
with a concentration of 2.2 M in a microreactor (MicroJet reactor,
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Figure 1. Schematic synthesis using the MicroJet reactor to obtain
polysilsesquioxane beads which are transformed to silicon oxycarbide
beads via thermal treatment in argon. The scheme was modified and is
reproduced with permission.”® Copyright 2017 Royal Society of
Chemistry.

Synthesechemie Dr. Penth GmbH) at 20 °C. The composition of the
used silane solution is listed in Table 1. Two HPLC pumps (LaPrep
P110 preparative HPLC pumps, VWR; flow rate, 250 mL/min)
transport the precursor solutions through opposing horizontal nozzles
(300 ym in diameter) in the mixing chamber where they collide as fine
impinging jets, and a fast mixing occurs. A gas flow (N,, 0.8 MPa)
orthogonal to the feeding jets supports the transfer of the product
suspension out of the reactor. The suspension was collected, and the
particles were centrifuged (8000 rpm, 7012¢, 10 min) and dried in
vacuum at room temperature.

The three different types of polysiloxane particles were pyrolyzed in
a graphite furnace (LHTG, Carbolite Gero) in an argon atmosphere at
1100 °C for 3 h with a heating rate of 300 °C/h. The pyrolysis
temperature of 1100 °C was chosen to yield graphitic carbon which
improves the conductivity, but to stay below the temperature regime
of silicon carbide crystallization."

2.2. Electrode Preparation. The pyrolyzed SiOC beads were
mixed with $ wt % of carbon black (CB; C-Nergy Super C65 from
Imerys Graphite & Carbon). We chose S wt % sodium
carboxymethylcellulose (NaCMC) as the binder because it is superior
to polyvinylidene fluoride (PVdF) for silicon and silicon oxide
electrodes, and the use of water as solvent is less hazardous than N-
methyl-2-pyrrolidone (NMP).”*7*° A solution of NaCMC in water (1
wt %) was used to prepare a suspension of SiOC and CB which was
coated with a doctor blade (layer thickness: 200 ym) on a copper foil
as a current collector and dried at 80 °C for 24 h.

2.3. Material Characterization. Electron microscopy was
performed with a field emission scanning electron microscopy
(SEM) JSM-7S00F instrument from JEOL and a high-resolution
transmission electron microscopy (TEM) JEM-2100F instrument
from JEOL as well. A thin platinum layer was sputtered onto the SEM
samples to increase the surface conductivity, and 175 beads were
analyzed with the software Image] to obtain the average diameter.”’
For TEM, the samples were dispersed and sonicated in ethanol to
deposit them on a lacey carbon film on a copper grid from Gatan. The
TEM was operated using a voltage of 200 kV under vacuum.

The chemical composition of the silicon oxycarbides was quantified
with energy-dispersive X-ray spectroscopy (EDX). This X-MAX silicon
detector from Oxford Instruments was attached to the SEM chamber.
The electron beam for the EDX had a voltage of 5 kV, and the samples
were sputtered with a thin layer of gold. A total of 20 EDX spectra
were recorded, and the average composition was used to calculate the
theoretical formula for the SiOCs.

Nitrogen gas sorption analysis (GSA) was carried out to measure
the specific surface area (SSA) with an Autosorb iQ system from
Quantachrome. The samples were outgassed at 300 °C for up to 20 h,
and the measurements were performed at —196 °C in the relative
pressure range from 2 X 107* to 1.0. The linear regime of the isotherm
was analyzed with the Brunauer—Emmett—Teller equation to calculate
the specific surface area® The skeletal density of the silicon
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Table 1. Compositions of Precursor Silane Solutions and Ammonia Solution That Were Used for the Synthesis of

Polysilsesquioxane Microparticles

silane solution

sample nvrms) (mmol) — ypys) (mmol) — nprysy (mmol)
Me-SiOC 69.4
Vi-SiOC 277.6
Vi-Ph-SiOC 83.3 16.7

N(MeOH) (mol)

n(,0) (mol)  n(ycy (mmol)  ammonia solution ¢y, (mol/L)

2.8 2.8 0.01 22
6.4 5.6 0.06 22
6.4 11.1 0.01 22

oxycarbide beads was measured by helium pycnometry (AccuPyc 1330
pycnometer from Micromeritics; He purity, 5.0).

The solid-state NMR measurements were performed on a Bruker
AV400WB spectrometer. The samples were packed in zirconia rotors
that were spun at 13 kHz under nitrogen or compressed air flow. The
spectra were recorded with single pulse excitation under the following
conditions: *Si frequency, 79.5 MHz; /4 pulse length, 3.8 yis; recycle
delay, 10 s, >10°% scans. 1°C frequency, 100.7 MHz; 7/4 pulse length,
3.5 us; recycle delay, 10 s, >10° scans. Adamantane (for '*C) and
octakis(trimethylsiloxy)silsesquioxane (for *°Si) were used as the
external standards. The *Si NMR spectra were fitted with 4 Voigt
functions to quantify the SiO,, CSiO;, C,Si0,, and C;SiO units. The
Fourier-transform infrared spectroscopy (FT-IR) was measured with a
diamond total attenuated reflectance crystal (ATR; Tensor 27 system
from Bruker AXS). The spectra were integrated over 28 scans.

X-ray diffraction was carried out with a D8 Discover diffractometer
from Bruker AXS. Cu Ko radiation was chosen with a Lynxeye
detector in a Bragg—Brentano configuration. We carried out Raman
spectroscopy to investigate the structure of the SiOC beads with a
Renishaw inVia Raman microscope. The wavelength of the laser was
532 nm, and a grating of 2400 lines/mm was used. The spectral
resolution was 1.2 cm™, the numeric aperture 0.75, and the incident
power on the sample ~0.2 mW.

The conductivity of the powder was measured in a custom-built
device seen in the Supporting Information, Figure S1, and the two-
point-probe was operated with a Keithley 199 System DMM/scanner.
The diameter of the pressure cell was 13 mm, and a powder mass of 50
mg was filled in the cell. The powder was contacted with copper foil,
and a pressure of 1 MPa was applied during the measurement with a
Zwick Roell Xforce HP system.

2.4. Electrochemical Measurements. Electrode disks with a
diameter of 1.42 cm were punched out and placed in a CR2032 coin
cell. The electrodes had a thickness after drying of approximately 100
um while the mass loading (SiOC with carbon black and binder) was
1.9 mg/ cm? A glass fiber mat (GF/D from Whatman, GE Healthcare
Life Science) was used as a separator, and a lithium disk (diameter:
15.6 mm) served as the counter electrode in a two-electrode setup.
Lithium hexafluorophosphate (LiPF) in electrochemical grade
ethylene carbonate/dimethyl carbonate (EC/DMC 1:1 by volume;
LP30) with a concentration of 1 M from BASF served as the
electrolyte.

An Astrol BatSmall battery analyzer was used for the galvanostatic
measurements. The cell voltage was applied between +0.01 and +3.0 V
versus Li/Li*. For characterization of the rate handling, the first S
cycles were conducted with a specific current of 35 mA/g, which
corresponds to a C-rate of 0.05C when we assume a specific capacity
of 700 mA h/g. The specific current was increased to 70 mA/g (0.1C)
for 20 cycles, 140 mA/g (0.2C), 350 mA/g (0.5C), 700 mA/g (1C),
and 1400 mA/g (2C) for 10 cycles each. Afterward, the specific
current was reduced to 70 mA/g for the last cycles. The long-time
stability test was carried out using a specific current of 70 mA/g. The
specific capacity C,, was calculated with eq 1 with I for the current, dt
for the time per charging or discharging step, and mg; for the active
mass of the electrode (i.e,, 90 wt % of SiOC).

f
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The cyclic voltammograms were recorded with a Squidstat Prime
potentiostat from Admiral Instruments with a scan rate of 0.1 mV/s in
the same potential window as the galvanostatic measurements.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. The TEM images in
Figure 2 show the synthesized spherical particles after pyrolysis.

A

Me-SiOC

-7 ™.
et

B Vi-SiOC
a2

Figure 2. Scanning and transmission electron micrographs of the
pyrolyzed SiOC samples. (A) Me-SiOC, (B) Vi-SiOC, and (C) Vi-Ph-
SiOC.

The average volume-dependent diameter of the beads is 0.9—
2.4 pm, while Me-SiOC has the smallest and Vi-SiOC the
largest size within that range. The particle size distributions are
plotted in the Supporting Information, Figure S2A. These
values, together with the specific surface area, the skeletal
density, and the mass loss during pyrolysis, are listed in Table 2.
The skeletal density of the SiOCs is in the range 2.16—2.36 g/
cm?, which is similar to values for SiOC ceramics found in the
literature (1.9-2.3 g/ cm?). >33

The pyrolysis of the polysilsesquioxane particles leads to a
mass loss of 29 wt % for Me-SiOC, 12 wt % for Vi-Ph-SiOC,
and 10 wt % for Vi-SiOC. The small methyl groups tend to
decompose more easily which explains the higher mass loss.
The phenyl groups have a higher molar mass than the vinyl and
methyl groups, and we observed correspondin?y a larger mass
loss for Vi-Ph-SiOC compared to Vi-SiOC.”® The mass loss
also reflects the specific surface area because the decomposition
of organic components produces pores. Nitrogen gas sorption
was carried out to measure the specific surface area, and the
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Table 2. Mass Loss after the Pyrolysis, Average Diameter, Skeletal Density, Measured Specific Surface Area, and Calculated
External Surface Area of the SiOC Beads

mass loss

sample (wt %)
Me-SiOC 29
Vi-SiOC 10
Vi-Ph-SiOC 12

number-dependent average volume-dependent average skeletal den51ty SSAgpr SSA iernal
diameter (nm) diameter (nm) (em’/g) (m*/g) (m*/g)
576 + 77 903 + 77 2.36 6.0 2.8
1365 + 509 2366 + 509 2.20 3.1 1.2
776 + 156 1244 + 156 2.16 4.7 22

Table 3. Chemical Composition Measured with EDX and the Theoretical Formula of the SiOC Calculated by the EDX and the
Specific Conductivity of Powder of SiOC Beads and Carbon Black (C65) Compacted with 1 MPa Compression Force

sample Si (wt %)
Me-SiOC 379 + 5.1
Vi-SiOC 389 + 3.0

Vi-Ph-SiOC 30.6 + 2.2
carbon black

O (wt %) C (wt %)  Si(atom %) O

(atom %) C (atom %) formula via EDX  specific conductivity (S/m)

400+ 1.5 221 +44 239+41 440+16 321 +50  SiO;gCoes + Crag <3 %107

296+ 18 315+13 237+23 316+14 448+ 11  Si0,5,Cos + Crss (73 +0.1) X 1076

294 +08 400+ 15 175+ 15 294 +05  S32+12  Si0,5Cois + Cogo (12 +0.1) x 107
>98 >98 C 2264 + 22

E== Cristobalite (PDF 39-1425)
£ Graphite (PDF 41-1487)

Me-SiOC

2 2
7] [72]
=] (=
2 2
£ =
. A" Vi-Ph-SiOC J ¥
&N 4 \ Vi-Ph-Si {
288 g N - wensiog/ TN
R=} " Ly
L 1SIE I 1 e
10 30 50 70 90 110 500 1000 1500 2000 2500 3000
20 (°) Raman shift (cm-)
13C'NMR ENSi-NMR csio, | Si0, E +  Vi-Ph-SiOC
Me-SiOC c, SIO\ ——sio,
" c,sio ——csio,
Me-SiOC \ c.8i0,
> > > —cgsio
D ‘® ‘»| —-—-Fit
g Vi-Sioc g 5
£ . £ |vi-sioc £
|
/ \\Vi-Ph-SiOC M
o N vi-Ph-sioc  N'|
s ‘N“ T U ity
200 100 400 200 0  -200 100
Chemical shift (ppm) Chemical sh|ft (ppm) Chemlcal shift (ppm)
F B SO, mCSIO, Me-sioC
oo N %7 CSiO; i C;Si0

Vi-SioC

__Vi-Ph-SiOC

Transmission

1005

2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™')

Figure 3. Material characterization of the pyrolyzed SiOC samples. (A) X-ray diffractograms. (B) Raman spectra. (C) *C NMR. (D) **Si NMR. (E)
»Si NMR peak deconvolution for Vi-Ph-SiOC. (F) Contributions of the measured Si-bonds. (G) FT-IR spectra.

isotherms are plotted

in the Supporting Information (Figure

S2B). Me-SiOC and Vi-Ph-SiOC have an SSAgpy of 6 and §
m?/ g, respectively. The sample with the lowest mass loss was

Vi-SiOC which also shows the lowest surface area (3 m?/g).

While these values were obtained from gas sorption measure-
ments, we can also calculate the external specific surface area
using the volume-dependent average diameter (d) and the

skeletal density (p) of the ceramic particles with eq 2:

2964 DOI: 10.1021/acsaem.8b00716

ACS Appl. Energy Mater. 2018, 1, 2961—-2970



ACS Applied Energy Materials

B Vi-SiOC

Figure 4. Scanning electron micrographs of the electrodes coated on a nickel current collector with S wt % NaCMC (binder) and S wt % carbon
black (conductive additive). (A) Me-SiOC, (B) Vi-SiOC, and (C) Vi-Ph-SiOC.

nd? 6
SSAexternal = 31 -

@

As seen from Table 2, the external specific surface area of the
particles is approximately half of the measured SSAggr.
Accordingly, all beads have internal pores in addition to the
external surface. Overall, the specific surface area of our SiOC
beads is very small compared to those of mesoporous SiOC
aerogels with around 200 m*/g.'”*’

The chemical composition of the SiOC materials was
quantified via EDX. As can be seen from Table 3, the material
with the lowest carbon amount in the precursor had also the
lowest amount of carbon in the ceramic. This finding aligns
with previous reports.”*** Me-SiOC had a carbon content of 22
wt %, while Vi-SiOC and Vi-Ph-SiOC had 32 and 40 wt % of
carbon, respectively. The chemical composition also allows the
calculation of the theoretical formula SiO,_,,C, + nyree.Sé The
samples with a higher overall carbon content also have a higher
content of free carbon, which is known to surround the silica
domains. Me-SiOC has 1.26 parts of Cg,, corresponding to one
Si0,_,,C, unit, which increases for Vi-SiOC to 1.56 and for Vi-
Ph-SiOC to 2.89.

The TEM images in Figure 2 show the morphology and the
structure of the beads. At high magnifications, we see the
nonordered structure of the silicon oxycarbides which were
pyrolyzed at 1100 °C. This maximum temperature remains
below the temperature at which the formation of crystalline
carbides is expected.'”'” The domain size was estimated from
XRD data (Figure 3A) by applying the Scherrer equation and
assuming a SiO, and graphite phase.37 The domain size of the
SiO, and graphite phase for Me-SiOC, Vi-SiOC, and Vi-Ph-
SiOC is around 1 nm. Fewer than six unit cells of crystalline
SiO, with a volume of approximately 0.5 X 0.5 X 0.7 nm® can fit
into a volume of 1 nm® assuming a crystalline structure with
SiO, tetrahedrons and a Si—O distance of 0.16 nm.*® A
significant difference in the XRD pattern of Vi-SiOC and Vi-Ph-
SiOC is an increased peak intensity at 43° 26. These two
materials have a larger amount of carbon, and the observed
peaks align with the (101) plane of incompletely graphitic
carbon. The incompletely graphitic nature of carbon is also
confirmed with Raman spectroscopy where we observed a
characteristic D-mode at 1340 cm™' and a G-mode at 1600
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em™! (Figure 3B).***" In the case of the Raman spectrum of
Me-SiOC, the D-mode and the G-mode are overlaid by a large
fluorescence background.

The "C and *Si solid-state NMR spectra give further
insights into the chemical structure of the SiOC samples
(Figure 3C—F). Me-SiOC has only one very broad peak for the
chemical shift of '*C at +130 ppm, which indicates the
formation of aromatic carbon groups.**~* After the pyrolysis at
1100 °C, there is no signal from the methyl group at around -5
ppm.*** The data of Vi-SiOC and Vi-Ph-SiOC show a larger
signal for sp*-conjugated carbon, which is split into two peaks at
123 and 136 ppm. These signals relate to aromatic carbon.”>*

The carbon/silicon and silicon/oxide bonds were further
investigated with **Si NMR (Figure 3D). The presence of SiO,
groups is documented by a peak at a chemical shift of —103
ppm. This signal is reduced when the silicon atoms are bound
to carbon atoms as well. CSiO; units have a shift of —73 ppm,
C,Si0, units of —35 ppm, and C,;SiO units of —11 ppm.'**
We deconvoluted these contributions by fitting four Voigt
functions (Figure 3F). SiO, units are dominant in all samples,
and we see the largest contributions thereof for Me-SiOC
(63%), which has also the lowest amount of silicon—carbon
bonds. There are fewer SiO, units in Vi-SiOC (51%) and even
less for Vi-Ph-SiOC (39%). The number of silicon—carbon
bonds increases with the amount of carbon. Vi-Ph-SiOC has
the highest amount of CSiO;, C,Si0,, and C,SiO units (in total
61%). Vi-SiOC has a similar amount of silicon atoms only
bound to oxygen, as silicon atoms bound to oxygen and carbon
at the same time.

The FT-IR spectra provide further information about the
structure of the pyrolyzed SiOC materials. Peaks in the range
1000—1100 cm™ relate to an antisymmetric stretching mode
Si—O—Si network.*> A shift toward lower wavenumbers of the
latter occurs when carbon atoms are introduced to the structure
(Figure 3G)."”* This mode is at 1035 cm™ for Me-SiOC, and
the downshift becomes larger for a higher amount of carbon.
Accordingly, Vi-SiOC and Vi-Ph-SiOC exhibit a Si—O-Si
stretching mode at 995 and 1005 cm ™, respectively. Another
peak is observed at 810 cm™ for all samples, which indicates
Si—C or C—O bonds.*"*

The electrical conductivity of the SiOC powders was
measured at a pressure of 1 MPa and is listed in Table 3.
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voltammograms of the Sth cycle at 0.1 mV/s. (B) Galvanostatic charge/discharge profiles of the 1st and Sth cycle at 35 mA/g. (C) Rate capability at

35—1400 mA/g. (D) Performance stability at 70 mA/g.

The conductivity of Me-SiOC was below the limit of detection
of 3 X 107% S/m. Vi-SiOC had a low conductivity of (7.3 + 0.1)
X 1075 S/m, and Vi-Ph-SiOC had the value of (1.2 + 0.1) X
1072 S/m due to the higher amount of carbon in the sample.
An increase of the conductivity of SiOCs with an increasing
amount of free carbon was also observed by Kasper et al. and
was found beneficial for the use in LIBs.””*” Although the
electrical conductivity of Vi-Ph-SiOC beads was much larger
compared to those of the other materials, it is still low
compared to those of other electrode materials; accordingly, we
added carbon black (C65 with a conductivity of 2264 + 22 S/
m) to all electrodes.

3.2. Electrochemical Characterization of SiOC Beads
as Anodes for Li-lon Batteries. For electrochemical
measurements, the pyrolyzed SiOC beads were mixed with
NaCMC binder and carbon black. The resulting cast electrodes
show a homogeneous distribution for all three types of material
(Figure 4). The carbon black particles percolate well between
the SiOC beads to guarantee a sufficient electrical con-
ductivity.*® The specific capacity was normalized to the amount
of silicon oxycarbide.'>'****’

First, we determined the possible contribution of carbon
black to the measured specific capacity at 0.1 mV/s in the used
potential range (from +0.01 to +3.0 V versus Li/Li*). The
cyclic voltammograms and the voltage profile of an electrode
only composed of carbon black are provided in the Supporting
Information, Figure S3. The first lithiation cycle at 35 mA/g of
carbon black electrodes provides a specific capacity of 480 mA
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h/g, and the first delithiation capacity is about 250 mA h/g.
The latter value remains stable during four subsequent charge/
discharge cycles. In our SiOC electrodes, we admixed only S wt
% of carbon black. Therefore, the contribution of carbon black
to the measured specific capacity of our SiOC materials is
around 13 mA h/g. This contribution is minor compared to the
high specific capacity of the SIOC (>700 mA h/g).

The cyclic voltammograms for the fifth cycle were recorded
at 0.1 mV/s in a potential range from +0.01 to +3.0 V versus
Li/Li* and plotted in Figure SA. The data show a cathodic
lithiation peak below 1 V versus Li/Li". Vi-Ph-SiOC shows the
largest specific current response and, thereby, the largest
specific capacity. This is in agreement with the study of
Wilamowska-Zawlocka et al. showing that a mixture of vinyl
with phenyl groups with the ratio of 1:2 yielded the best
performance for SiOC materials.”® The extraction of the Li* out
of the SiOC occurs at around +0.6 V versus Li/Li*. Similar
potentials for the lithiation (discharging) and delithiation
(charging) are seen in the galvanostatic charge/discharge
profiles shown in Figure 5B. As common for LIB anodes, the
first-cycle lithiation capacity is much larger than the following,
which is partially attributed to the reduction of the electrolyte
below 1 V wversus Li/Li" forming the solid—electrolyte
interphase (SEI).” The first delithiation of the Vi-Ph-SiOC
yielded a specific capacity of 922 mA h/g, which slightly
reduced to 892 mA h/g for the fifth cycle. Me-SiOC and Vi-
SiOC have a higher specific capacity of 1440 mA h/g and 1269
mA h/g during the first lithiation cycle (Figure SC,D) because

DOI: 10.1021/acsaem.8b00716
ACS Appl. Energy Mater. 2018, 1, 2961—-2970



Article

ACS Applied Energy Materials

‘sarpnis

2aadsar oy ut 34> pajiodar jse] pue 3sIy Ay} USIMIDG ADUAIAPIP Y} WOl paje[noed st uonuajal Lyoeded sy, (poe onhnoe)djod ‘yyd puonpip susprdutadjod ‘IpAd fuonenpipp ‘q ‘uoneryy ,

€5

T

34

61

(4

(44

w

(44

1l

€1

S

0T
v10~$

sty
&HO\S

s
v—.—O\S

s

STom
s

Jor

8

8

8L

SS

06

14!

LS

L9

19

9

TT1

€8

8¢

(43

(%) uonuajax
Lyoedes

0€9~ 9¢9 0SL~ 0611
(s34 ot)

989 w8 SSTI
oSy~ 0Th~ 08S~ 0911~
0ch~ 099~ 084~ 00ST~

(s3p4> 05)
0SS~ 095~ 0LS~ 809 L98
(s34 09) 06 £89 8LIT
(sap4> 09)
+0¢ 9¢s L8
(sap4> 09)
8¢¢ +0S 16L
89S 868
(43 998
60S 108 08 0¥8 SLOT
(sep4d H€T)

8SS 006 [£4!

6LT  T8TC 1854 LT 15T 6Ly

LvL  T9L 768 9¢6 6 00¢T

66T  T0¢ €9§ 809 68L 69¢1

ve  8ST 059 6LL 19L [Ugd!
a T a T a T
3P4 10T AL s aPAd 35T

(8/y ywr) Lpedes syoads

£€—=5000
ST—=100
€—5000
€—5000
€0
£€—5000
£€=5000
£€=5000
€0
£€=5000
€=100
£€=5000
€-100
€=100
€=100
€—100

A) /11
sA Tenuajod

99
91I<

a4

L
6¢
15
65
SS

w

6€
86
ot
(43
(44

(% ™)
Jusjuod EOJMNU

DINDEN % ¥ 07
S[R[q UOqIed 9 M S 1D/IS % M SL

oe[q uoqIed 95 M QT
‘YVd % ¥ 0T ‘ILNO/DO'S % M 08

Jor[q UOQIEd 9 IM G

‘APAd % M 0T ‘DOTS % M S8
Jor[q UOQIEd % IM G

‘APAd % M 01 ‘DOTS % M S8
ATq UOGIEd 9% IM G/

fAPAd % M S°L ©DOTS 9% M S8
Prq uoqIed 9 M §

APAd % M 0T DOTS % M S8
Or[q UOqIed 96 IM S

“APAd % M 0T DOTS 9% M S8
YOr[q UOQIED 9 IM G

YAPAd % M 0T DOTS 9% M S8
vﬂuﬂn— EOn—uwu Hxv m W

YAPAd % M 0T DOTS 9% M S8

vﬁumﬁn— EOn—umU HX m w
YAPAd % M 0T DOTS % M S8

spoxafe Surpue)s-aa1y

Mum—ﬁ ﬁcﬁumu qu m W
‘APAd % M 0T DOIS % M S8

DINDEN % M § “[o’[q UOqIed 9% IM S6
Joe[q UoqIed 95 M S

DINDEN % M S *DOIS % M 06
JOe[q UoqIed 95 M S

“DINDEN % M S *DOIS % M 06
JPr[q UOGIEd 94 IM G

DINDEN % 3 S *DOIS % M 06

Spond3e

D/1S snoxod

aysodwod [ ND—-DO'S

sppdo1ae HOIS

sjpdoroe 1v-DOIS

mmﬁubummgu_ﬁ DOIS-dd

DOIS WI/AS

O01S dd

D0IS dAd/dd
sapnredomnru

(¢dd) D, 000T-DO'S

sapnredonrw O, 00T1-DOIS
(00T1-uSS0°0)

s19qy DOIS/ug undsordad

sopnred [P83—[os 1:7 STIA:SA.LUI

(590) e[q uoqres

O0IS-Ud-A

O0ISTA

OOIS=IN

s[dures

2INeIANIT 3y PIM paredwo) speag DOIS Y3 JO , IIULULIONDJ [EITWIYI0MIT “} d[qeL,

DOI: 10.1021/acsaem.8b00716

ACS Appl. Energy Mater. 2018, 1, 2961—-2970

2967



ACS Applied Energy Materials

of the hi%her amount of silicon oxide in the silicon
oxycarbide. ***** However, the higher initial lithiation capacity
cannot be maintained during delithiation. Me-SiOC and Vi-
SiOC have a specific capacity of only 761 and 789 mA h/g,
respectively, in the first delithiation cycle. Possibly more
significant Li,O formation occurs for Me-SiOC and Vi-
SiOC.”* Me-SiOC has a higher initial specific capacity than
Vi-SiOC, but the long-time performance stability is better for
Vi-SiOC (Figure SD). This is because of the higher amount of
free carbon in the structure and more silicon—carbon bonds.
The performance of Me-SiOC and Vi-SiOC in LiPF4 in EC/
DMC is relatively low at high rates. Both materials have a
specific capacity below 200 mA h/g at a specific current of 350
mA/g (corresponds to ~0.5C). The higher content of free
carbon in Vi-SiOC improves the specific capacity at high rates
(700 mA/g; ~1C) with around 75 mA h/g compared to 35 mA
h/g of Me-SiOC. >

Vi-Ph-SiOC shows a superior electrochemical performance at
high specific currents as well as very high performance stability
among all SiOC anode materials in LiPF¢ in EC/DMC. By
increasing the specific current to 70 mA/g, the specific capacity
reduces from 936 (Sth lithiation) to 885 (6th lithiation) mA h/
g. Vi-Ph-SiOC still provided a specific capacity of 610 mA h/g
measured at 350 mA/g (36th lithiation) and at the highest
measured rate of 1400 mA/g still 116 mA h/g (56th lithiation).
This performance is accomplished even with the low specific
surface area of only 5 m*/g. Thereby, there is a lack of a large
pore volume of intraparticle pores which would contribute
toward fast ion transport kinetics. For example, Pradeep et al.
synthesized a mesoporous SiOC aerogel with a specific surface
area of more than 200 m?/g.>’ They obtained a high rate
capability by a porous structure with a specific capacity of 600
mA h/g at 360 mA/g (0.5C), which is similar to our results.”>
At even higher C-rates (720 mA/g; 1C), the latter material
provided still a specific capacity of ~500 mA h/g; however, the
mesopores of the aerogel had a diameter of 24 nm which is
much smaller than the diameter (~1 um) of the SiOC beads
from this study. The reduction of the diffusion length for the Li
through the SiOC to a nanometer range is beneficial for very
high C-rates (>1C) when considering the low diffusion
coefficient of Li-ions in SiOCs in the range 107°=10"" cm?/
s; for comparison, the Li-ion diffusion coeflicients of
amorphous Si films is 1071°—107!! e¢m?/s, of Si nanowires is
107'° cm?/s, and of nano-Si is 1072—10"%cm?/s.*”*">* When
we returned for operation of the Vi-Ph-SiOC beads to a lower
specific current (70 mA/g) after SO cycles, a specific charge
capacity of about 800 mA h/g was re-established. The specific
capacity of Me-SiOC and Vi-SiOC was also reaching a similar
value for the specific capacity after the rate performance test.

The coin cells were disassembled after the rate capability test
to investigate the morphology of the beads with TEM (see the
Supporting Information, Figure S4). As can be seen from the
electron micrographs, the SiOC beads conserved their shape
after 100 cycles, and the spherical carbon black particles remain
well-distributed throughout the electrode. The absence of
visible structural changes of the electrode material encourages
further characterization of the long-time performance; accord-
ingly, we carried out performance stability tests at 0.1C (70
mA/g). After 100 cycles (Figure SD), Vi-Ph-SiOC still provides
a lithiation capacity of 764 mA h/g and a delithiation capacity
of 778 mA h/g, which corresponds to 84% compared to the
first lithiation. The specific capacitance remained stable from
the 100th onward until the end of the testing procedure (175th
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cycle) at a value of 773 mA h/g for the lithiation capacity and a
delithiation capacity of 789 mA h/g. We see a similar pattern
compared to the rate capability data where Me-SiOC and Vi-
SiOC have lower stability compared to Vi-Ph-SiOC. The
performance stability of the samples Me-SiOC and Vi-SiOC
measured only at low C-rates is lower after the same number of
cycles compared to the samples which were also cycled at high
C-rates. The performance stability of Vi-Ph-SiOC is similar for
both measurement methods because of its high reversibility.
Graczyk-Zajac et al. showed that the presence of silicon—
carbon bonds improves the stability of SiOC anode materials."”
Since all of our materials have silicon—carbon bonds in different
amounts we conclude that a high amount of silicon—carbon
bonds combined with a higher free carbon content is beneficial
for a high performance stability.

Our data on SiOC as the LIB anode in 1 M LiPF4 in EC/
DMC is compared to the literature data in Table 4. A direct
comparison is complicated by the influence of silicon
oxycarbide structure, type and amount of the binder and the
conductive additive, number of charge/discharge cycles,
charge/discharge rates, and the voltage window. Nevertheless,
Table 4 shows that Vi-Ph-SiOC has a higher specific capacity
after the long-time experiment than all other silicon oxycarbides
which we found in the literature. Our material also provides a
higher specific capacity than the sol—gel-produced particles
from Wilamowska-Zawlocka et al. using similar precursors for
their synthesis.”” The capacity retention of Vi-Ph-SiOC after
100 cycles is 83% higher than most other materials. The high
performance stability originates from the high amount of
carbon (especially free carbon) and possibly with carbon/
silicon bonds, which leads to a higher reversible capacity. The
spherical shape of the particles may also benefit the
compensation of volume expansion which occurs during the
alloying reaction.

4. CONCLUSIONS

Three types of spherical SIOC materials were synthesized with
a MicroJet reactor by use of methyltrimethoxysilane, vinyl-
trimethoxysilane, and a mixture of vinyltrimethoxysilane with
phenyltrimethoxysilane. Thereby, no additional cross-linking
agent, which could cause impurities, was needed to preserve the
morphology of the particles. The use of the MicroJet reactor to
produce beads is also beneficial because the particles have a
similar size, and the volumetric changes during lithiation and
delithiation are equally distributed.

By choice of the precursor, it was possible to influence the
amount of silicon—carbon bonds as well as the content of free
carbon. Both parameters are important for the synthesis of
SiOC anode materials for Li-ion batteries with high capacity
and performance stability. The mixture of vinyl and phenyl
groups provided the best electrochemical performance (922
mA h/g for first delithiation) and a high specific delithiation
capacity after 100 cycles of 677 mA h/g was obtained. A
mixture of phenyl and vinyl groups showed for the resulting
SiOC materials the best performance in our study. Future
optimization of the power-handling ability of the SiOC beads
may be further promoted by additional mesopores by adding a
template to the silane solution which decomposes during the

pyrolysis.
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4 SUMMARY AND OUTLOOK

This study investigated the strengths and limits of the MicroJet reactor for the continuous synthesis
of nano- and microparticles. Therefore, this technique was tested for different reaction- and product
groups and was also compared with other synthesis methods. A further research intent was the
detailed characterization of the products and the optimization of their properties to apply them to
different applications.

In the case of SnO; it turned out that particles with similar properties were produced by the batch as
well as the continuous microreactor pathway. Particle sizes between 1.7-3.0 nm and crystallite sizes
between 1.7-2.3 nm were obtained. The XRD data suggested that among the expected tetragonal phase
(P42/mnm) an orthorhombic high pressure phase (Pbcn) is present in the products. Furthermore,
different purification methods were studied to separate the particles from the formed salts. Washing
the particles with ethanol achieved the best results (lowest chloride content of 0.1 wt.%) but also led
to an occupation of the particles surfaces with ethoxy groups. By water washing (0.2 wt.% chloride
after washing) this problem was prevented but the method suffered from high yield losses through
the formation of soluble tin species. The fewest technical effort was to expose the particles to a thermal
treatment (550 °C for 2 h). Thereby a crystallite growing from 1.6 to 9.4 nm (100 to 600 °C) occurred
accompanied by a phase transition to a pure tetragonal structure. The results demonstrated how
efficient the individual processes for removing chloride residues are and which side effects can occur.
In this way, an information basis was provided to decide which purification method is most suitable

for a planned application project.

The second study, which also investigated a precipitation reaction in a MicroJet reactor, was the
production of CsH;PO4. Together with the cooperation partners, a new synthesis protocol was
developed that uses CsOH as a source of cesium instead of CsCO3 and therefore avoids gas evolution
during the reaction with H3PO,. In this manner, the batch reaction could be easily transferred to the
MicroJet reactor process. Furthermore, alcoholic precursor solutions were used instead of aqueous
ones and a commercial dispersion reagent was added. This allowed a better particle stabilization and
small particle sizes (below 200 nm). The new synthesis protocol was optimized by varying the amount
of additive, the concentration of the precursors, the batch size and the type of solvent. DLS
measurements showed that increasing the amount of additive (0, 2, 20, 40 wt.%), decreases the particle
size (maximum intensity: 998, 278, 150, 119 nm). Furthermore, larger additive quantities resulted in an
improved stability of the particle suspensions with extended sedimentation times (start of
sedimentation: 10 minutes to 1 week). XRD measurements revealed that the same crystallite sizes (42
and 44 nm) were obtained for the samples with and without dispersion additive. Therefore, it can be
assumed that the additive mainly influences the degree of agglomeration as already observed in the
literature for the precipitation of BaSO4*%. The variation of the batch size (0.25, 1 and 4 g) led to slight
differences in particle diameters, but no apparent trend. The nominal product concentration was
gradually increased from 1 g/l to 50 g/l. The particles with the lowest (1 g/l) and highest product
concentrations (40 and 50 g/l) sedimented faster than the other samples and showed bimodal size
distributions in DLS measurements with maxima at about 200 nm and > 400 nm). In contrast, samples
with medium product concentrations displayed distribution curves with only one peak at about
200 nm. The large particle diameters of the bimodal distributions could be explained on the one hand
by the reduced number of nuclei (low product concentration) and on the other hand by a slower
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mixing due to the increased viscosity (high product concentration). In addition, agglomeration at high
concentrations is favored by the reduced particle distances. The particle shape could be modified by
varying the solvent. While in ethanol mainly spherical particles were obtained, the use of an
ethanol/ethylene glycol mixture resulted in a slow formation of rods. The influence of the mixing
speed was investigated by performing the same reaction in a microreactor. Again, a higher amount of
dispersion additive caused a reduced particle size. Compared to beaker synthesis, similar particle sizes
but narrower particle size distributions were obtained. It can be concluded that the improved mixing
conditions in the reactor allow a more uniform particle growth and thus a more homogeneous product
quality.

The experiences from the tin oxide system from the first chapter were used to accomplish a sol-gel
synthesis of ORMOSIL particles in the MicroJet reactor. In order to yield high amounts of organic
groups in the products, solely trialkoxysilanes without the addition of further crosslinkers were used.
However, the overall kinetics of the sol-gel reaction of these trialkoxysilanes was too slow for the fast
MicroJet reactor process. This problem was solved by developing a new process route, which consisted
of an initial partial hydrolysis of the species and a subsequent base-catalyzed continuous
condensation. After optimizing the ratios and the amounts of the different reaction species a broad
variety of spherical ORMOSIL particles with different organic groups (methyl, ethyl, propyl, vinyl
phenyl) as well as pure SiO; nanoparticles could be produced on a large scale (23 g/min). Different
particles sizes were produced by varying the educt concentrations. Batch experiments that were
carried out under identical conditions showed broader size distributions and partially non-spherical
morphologies. In contrast, homogeneous, spherical particles were produced on the continuous path,
without the use of additives for growth and stabilization. A detailed overview of the samples’
properties was developed by applying different analytical methods. Solid-state NMR measurements
led to the result that less bulky groups (e.g. methyl) and vinyl groups form particles with a high degree
of condensation (89 and 91 %), while the incorporation of phenyl groups resulted in the lowest degree
of condensation (80 %). The narrowest size distributions were obtained for pure SiO2, methyl and ethyl
modified samples. Furthermore, the temperature of thermal degradation was measured, which
decreases for the alkyl-SiO1s samples with increasing chain length (methyl 481 °C, ethyl 283 °C and
propyl 257 °C). Phenyl-ORMOSILs showed the highest degradation temperatures (527 °C) of all
samples. Knowledge of the degree of crosslinking and the thermal behavior proved to be key factors
for the further application of the particles as energy storage material.

ORMOSIL particles containing a combination of phenyl and vinyl groups turned out to be excellent
precursor materials for the production of CDC beads: during the high-temperature transformation
process they retained their morphology and spherical CDC beads were obtained. In contrast, thermal
softening followed by a loss of shape was observed in purely phenyl-modified samples. Different
vinyl/phenyl ratios (phenyl content = 0.75, 0.50, 0.25, 0.00) were tested and it turned out that higher
phenyl contents led to higher total yields (» 22 % for Phg.75Vi.25-SiO1.5 compared to 2 % for Vi-SiOys),
whereas an increased vinyl content increased the total pore volume and the specific surface area
(1.3 cm®/g and 2014 m?/g for Phg.75Vio.25-SiO15 compared to 2.0 cm?/g and 2044 m?/g for Vinyl-SiO1 s).
In this way, a system was found that offered the possibility of a tunable pore size. In electrochemical
tests, the cooperation partners confirmed the suitability of the particles as electrode material for
supercapacitors and detected an improved rate handling behavior, especially for the samples with high
vinyl content (the specific energy of Vi-SiOC-CDC decreased only slightly from 25 to 12 Wh/kg at
high specific powers of 41 kW/kg).
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The phenyl/vinyl modified ORMOSIL particles were further developed by incorporate nitrogen into
the network. This was accomplished by performing a cocondensation reaction between
vinyltrimethoxysilane and [3-(phenylamino)propyl]trimethoxysilane in the reactor. Depending on the
later chlorine gas treatment temperatures (600, 800 and 1000 °C) different amounts of nitrogen (7, 4
and 1 mass%) could be transferred to the final CDC product. Furthermore, particles with similar sizes
and pore structures (average pore size between 1.7 and 1.9 nm for all samples) but without nitrogen
doping were prepared by applying 4-phenylbutyltrimethoxysilane. By comparing both materials, the
effect of a nitrogen doping on the electrochemical performance of a CDC material could be tested.
However, while the nitrogen-doped samples had slightly higher capacities at low specific currents
than the undoped samples, their specific capacity collapsed earlier when the charge/discharge rate
was increased. The results did not confirm any major advantages resulting from the introduction of
nitrogen into the CDC material. However, the study showed that further elements can easily be
introduced into the ORMOSIL particles via the applied production route.

The last article demonstrated that ORMOSIL particles cannot only be used for the production of
porous carbons. By pyrolysis SiOCs can be obtained, which are very well suited as anode material in
lithium ion batteries. For the experiments, spherical methyl, vinyl and phenyl/vinyl mixed ORMOSIL
particles were produced on a large scale in the MicroJet reactor. The incorporation of various organic
groups resulted in SiOC beads with different amounts of silicon-carbon bonds and free carbon. The
material with the highest carbon content (Vi-Ph-SiOC, 40 wt.% carbon) proved to be the best anode
material with a stable performance. Its first-cycle capacity was 922 mAh/g and the capacity retention
after 100 cycles was 83 %. Compared to state of the art anodes for lithium-ion batteries, consisting of
graphitic carbon (theoretical capacities of only 372 Ah/g, but no capacity decrease after 100 cycles),
Si-C bonds seem to increase the capacity significantly. Comparing different SiOCs with each other,
higher carbon contents are advantageous. The result that the samples produced in this work have
higher capacities than similar SiOCs from other publications could be explained by the fact that no
additional crosslinkers were needed during synthesis, which contaminate the product, that
homogeneous particles were used, and that the spherical shape of the particles has advantages in

compensating the volume expansion.

In an overall view, the MicroJet reactor technique proved to be a flexible and reliable method for the
continuous, wet chemical synthesis of different products. The reactor geometry and the support gas
stream showed a good suitability for the production of solid particles without clogging, up to high
concentration ranges and high throughputs. The syntheses profited from the continuous proceeding
and the resulting homogenous reaction conditions. In some cases, the high energy impinging jet
principle can have further effects on the particle properties like the crystallography or the particle
size. This behavior could not be observed for the tin oxide samples, but for CsH,PO4 and ORMOSIL
particles, for which narrower size distributions were obtained with this method.

Prospective research studies can focus on clarifying the specific mixing conditions inside the reactor.
A first attempt in this direction was the determination of the mixing time. Further investigations could
aim at monitoring certain characteristic values (e.g. the educt or product concentration) during the
process by means of in-situ analyses.

New preparative options arise through the arrangement of two or more reactors in series or parallel.
Hereby, surface modified particles or core-shell structures could be prepared and scale-up strategies
could be tested.
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Referring to the synthesis and characterization of SnO:; nanoparticles the formation of an
orthorhombic phase under ambient conditions can be further investigated, e.g. by applying higher
educt concentrations, increased flow rates, other bases or further preparation methods.

The preparation of SiOC and CDC materials from ORMOSIL particles was studied in detail in this
thesis. In future research projects, new oxycarbides and carbides can be developed by substituting
silicon with other metals that have hardly been investigated so far.
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The MicroJet reactor is an improvement of traditional T-shape and impinging jet
reactors and is particularly suitable for the production of nanoscale precipitates.
The aim of this work is to evaluate the strengths as well as the limitations of
this method for the synthesis of inorganic and hybrid particles and to optimize
the properties of the particles regarding to their intended application. In the
first part tin(IV) oxide particles are produced continuously by applying tin(IV)
chloride pentahydrate or tin(IV) t-butoxide as precursors. The same reactions
are accomplished as beaker syntheses, some of them ultrasonic-assisted, to
compare the results with those from the continuous process. In the second part,
the influence of the mixing efficiency on the synthesis of cesium dihydrogen
phosphate particles is investigated. The third part is about the synthesis of
~organically modified silica (ORMOSIL) particles. A prehydrolyzation of the

AS lution to adjust their reaction velocity
. and ce a br : 1ety of spherical
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