
Battery Energy 

RESEARCH ARTICLE

Multi‐Phase Synergy Enhances Lithium‐Ion Storage 
Performance of Transition Metal Oxalates 
Liying Xue1,2 | Stefanie Arnold2 | Jean Gustavo de Andrade Ruthes1,2 | Oliver Janka3 | Chaochao Dun4 | Volker Presser1,2,5

1INM ‐ Leibniz Institute for New Materials, Saarbrücken, Germany | 2Department of Materials Science & Engineering, Saarland University, Saarbrücken, 
Germany | 3Inorganic Solid State Chemistry, Saarland University, Saarbrücken, Germany | 4The Molecular Foundry, Lawrence Berkeley National 
Laboratory, Berkeley, USA | 5saarene ‐ Saarland Center for Energy Materials and Sustainability, Saarbrücken, Germany

Correspondence: Volker Presser (volker.presser@leibniz-inm.de)

Received: 30 November 2025 | Revised: 13 February 2026 | Accepted: 24 February 2026

Funding: State Chancellery Saarland, Grant/Award Number: EnFoSaar; China Scholarship Council, Grant/Award Number: 501100004543; Deutsche 
Forschungsgemeinschaft, Grant/Award Number: 501100001659; Office of Science, Grant/Award Number: 100006132

Keywords: anode materials | lithium‐ion batteries | multi‐phase structure | transition metal oxalates

ABSTRACT
Transition metal oxalates have been proven to be a promising electrode material for lithium‐ion batteries. Here, we have 
designed a series of multi‐phase transition metal oxalates with different structures and compositions by simply adjusting the 
proportions of five transition metal elements. Among them, the multi‐phase mixture (MC2O4·2H2O ‐ CuC2O4 ‐ MC2O4·2H2O, 
M = Mn, Fe, Co, Ni, Cu) provides a more stable framework for the material during lithiation and delithiation, effectively 
alleviating the structural collapse during the cycling process. In addition, the electron transport and fast charge compensation 
processes of multiple electrochemically active metal pairs also contribute to the improvement of performance. Therefore, the 
multi‐phase transition metal oxalate TMOx‐2 electrode with an additional CuC2O4 phase exhibits high reversible capacity and 
long‐term cycling stability. After 400 cycles at 100 and 500 mA/g, the specific discharge capacities are 827 mAh/g and 
498 mAh/g, respectively. Constructing multi‐metal, multi‐phase systems by combining different transition metals enables 
control over potential, reaction pathways, and stability of high‐performance electrodes.

1 | Introduction 

Lithium‐ion batteries (LIBs), as highly efficient and recharge
able energy storage devices, have important applications in 
fields such as portable electronic devices and electric vehicles, 
and are one of the key technologies for achieving clean energy 
utilization [1]. Compared to other energy storage systems, LIBs 
have the advantages of high energy density, long cycle life, and 
a relatively low self‐discharge rate [2–4]. Although cost and 
safety performance still need to be optimized, LIBs remain one 
of the best overall energy storage solutions [3].

Electrode materials limit (or enable) key performance metrics 
of LIBs, such as energy density, cycle life, and safety; therefore, 
optimizing the structure and composition of electrode mate
rials is a primary way to improve battery performance [5, 6]. 

Transition metal oxalates (TMOx) provide wide availability at 
low cost [7, 8]. Compared to the low theoretical capacity of 
graphite (372 mAh/g) [9] and the severe volume expansion of 
silicon‐based materials (~300%) [10], TMOx can achieve 
higher specific capacity through rapid redox reactions on or 
near the surface of up to 700–900 mAh/g [11]. Various tran
sition metal oxalates, such as FeC2O4 [12], MnC2O4 [13], and 
CoC2O4 [14], have been used as anode materials and exhibited 
high capacities. Nevertheless, their large‐scale application is 
still limited by the capacity decay caused by irreversible 
structural transitions, structural collapse [15], and electrode 
pulverization [16] during long‐term cycling, which results in a 
disconnection between the active materials and the conductive 
networks.
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One strategy to enhance the lithium‐ion storage capacity is 
the use of element substitution [17]. Due to the 
immobilization of M2+ (M stands for transition metal ele
ments) and C2O4

2− ions within the structure, MC2O4 gener
ally exhibits poor electrical conductivity and often behaves as 
an insulator or a semiconductor with very low electrical 
conductivity [18]. However, their electrochemical properties 
can be modulated by introducing defects, substitution of other 
metal ions, constructing nanostructures, and synergistic in
teractions between different metal species can provide more 
Faraday active sites and increase their electrical conductivity 
[19]. Wang et al. used the CoC2O4 structure as the basic 
framework. They made full use of the alternating arrange
ment of bimetallic ions (Ni and Co) in the material to prepare 
a Ni0.55Co0.45C2O4 solid solution, which showed a higher 
specific capacity than that of single‐metal oxalates [20]. León 
et al. prepared a series of two mixed transition metal oxalates 
(Co‐Mn and Fe‐Mn) using the reverse micellar method. The 
manganese cobalt oxalate with the best electrochemical per
formance still maintained a specific capacity of about 
600 mAh/g after 75 cycles at a rate of 2 C [21]. Wei et al. 
employed a simple one‐pot solvothermal method to prepare 
Co0.52Mn0.48C2O4, which demonstrated robust cycling per
formance with a specific discharge capacity of up to 
1000 mAh/g after 100 cycles at a rate of 1 C [22].

New strategies for forming composite structured electrode ma
terials by introducing structural units have emerged to improve 
electrochemical properties and endow the electrode materials 
with structural stability, attracting wide interest [23]. The use of 
bi‐phase or multi‐phase electrodes yields more active sites and 
concurrent good ionic conductivity [24]. For example, Wang 
et al. prepared a multi‐phase metal sulfide (Bi2S3@C@CoS2) 
with a hierarchical structure. Compared with the reported 
metal sulfides, the multi‐phase structure has comparable 
or even better rate performance [25]. Liu et al. constructed a 
triple‐conducting hybrid electrode consisting of the cubic 
phase Ba0.5Sr0.5Co0.8Fe0.2O3‐δ and the hexagonal phase 
Ba4Sr4(Co0.8Fe0.2)4O16‐δ by a stoichiometric tuning strategy, and 
the hybrid electrode with a two‐phase synergistic effect ex
hibited promising electrochemical performance [26]. Zhang 
et al. obtained FeC2O4 ∙ 2H2O with two different crystal struc
tures (monoclinic α‐FeC2O4 ∙ 2H2O and orthorhombic β‐ 
FeC2O4 ∙ 2H2O) by changing the solvothermal temperature. 
Compared to the single‐phase samples, the multi‐phase 
FeC2O4 ∙ 2H2O is more stable and has a shorter diffusion path 
[12]. The presence of two or more different components allows 
the properties of nanomaterials to be flexibly adjusted [27].

In this work, we report a series of novel TMOx‐based hybrid 
electrodes with different crystal structures and compositions 
by controlling the content ratios of five transition metal ele
ments in the raw materials. Electrochemical testing and 
characterization revealed that the TMOx‐2 sample, which 
contains a separate copper oxalate phase, exhibited the best 
lithium‐ion storage performance, with a discharge specific 
capacity of 827 mAh/g even after 400 cycles at a rate of 
100 mA/g. This is due to the synergistic effect between CuC2O4 

and two different polymorphs of MC2O4 ∙ 2H2O. Furthermore, 
the electron transport and fast charge compensation processes 
of multiple electrochemically active metal pairs jointly con
tribute to the performance improvement. This composite 

structure will open new research directions for high‐energy‐ 
density LIBs.

2 | Experiment 

2.1 | Materials Synthesis 

A series of multi‐transition metal oxalates was synthesized by a 
simple co‐precipitation method. Equimolar amounts of manga
nese chloride tetrahydrate (MnCl2 ∙ 4H2O, Sigma‐Aldrich, Re
agentPlus, 98.0%), ferrous chloride tetrahydrate (FeCl2 ∙ 4H2O, 
Sigma‐Aldrich, ReagentPlus ≥ 99%), cobalt chloride hexahydrate 
(CoCl2 ∙ 6H2O, Sigma‐Aldrich, ≥ 97%), nickel chloride hexa
hydrate (NiCl2 ∙ 6H2O, Sigma‐Aldrich, ReagentPlus, 99.0%), and 
copper chloride dihydrate (CuCl2 ∙ 2H2O, Sigma‐Aldrich, ACS 
reagent, ≥ 99.0%) were dissolved in Milli‐Q water (less than 
0.056 µS cm−1 at 25°C) to prepare a solution with a transition 
metal ion concentration of 0.05 M, which is subsequently called 
solution A. Then, oxalic acid dihydrate (H2C2O4 ∙ 2H2O, Sigma‐ 
Aldrich, ACS reagent, ≥ 99%) was dissolved in Milli‐Q water to 
prepare a 0.05 M equimolar oxalate solution, which is called 
solution B. Solution B was then slowly poured into solution A 
under magnetic stirring, and stirring was continued at room 
temperature for 4 h. After that, the mixture was filtered and 
washed several times, and the obtained products were dried at 
60°C overnight to obtain TMOx‐0. To obtain different composi
tions, the element ratio in solution A was adjusted, and the 
remaining steps followed a similar procedure. In other samples, 
the molar ratios of the elements in solution A are TMOx‐1 (Mn: 
Fe: Co: Ni: Cu = 2: 4: 1: 1: 1), TMOx‐2 (Mn: Fe: Co: Ni: Cu = 4: 2: 
1: 1: 2), and TMOx‐3 (Mn: Fe: Co: Ni: Cu = 4: 2: 1: 1: 4). Simi
larly, we prepared single transition metal oxalates under the 
same conditions for further comparison.

2.2 | Material Characterization 

The pulverized samples were investigated by X‐ray diffraction 
at room temperature on a Bruker D8‐A25‐Advance diffrac
tometer in Bragg‐Brentano θ‐θ‐geometry (goniometer radius 
280 mm) with non‐monochromatic Cu Kα1,2‐radiation 
(λ = 154.0596 pm and 154.4425 pm). The powder was filled 
into the groove of a silicon zero‐background sample holder, 
and the surface was flattened with a glass slide and flush with 
the edge of the sample holder for testing. Diffraction patterns 
were recorded between 7° and 120° 2θ with a step size of 
0.013° and a total scan time of 2 h. A 12 µm Ni foil working as 
a Kβ filter and a variable divergence slit were mounted at the 
primary beam side. On the secondary beam side, a LYNXEYE 
detector with 192 channels was used. The recorded data were 
evaluated using Bruker TOPAS 5.0 employing the fundamen
tal parameter approach and the Rietveld method [28, 29].

The D8 Discover diffractometer (Bruker AXS) was employed to 
analyze the electrode before and after cycling. The copper X‐ray 
source (Cu‐Kα, λ = 1.5406 Å, 40 kV, 40 mA) was employed, 
coupled with a Göbel lens to achieve 1 mm spot focusing. Signal 
acquisition was performed using an EIGER2 two‐dimensional 
detector, and data were collected over a 2θ range of 10°–80°. 
The measurements were carried out in continuous mode with 
an angular increment of 0.019° 2θ and a counting time of 1 s per 
step. Samples were placed on an optical glass sample holder 
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with a depth of 0.5 mm for testing. All collected diffraction 
patterns underwent intensity normalization within the 
range 0–1.

Scanning electron microscopy (SEM) was performed using a 
ZEISS GEMINI 500 equipped with an EDS detector from Oxford 
Instruments. The samples were mounted on aluminum stubs 
using conductive carbon tape and sputter‐coated with a thin 
platinum layer (~10 nm) to enhance conductivity and prevent 
charging during SEM observation. An accelerating voltage of 
2 kV was employed for imaging and 10 kV for spectroscopy.

X‐ray photoelectron spectroscopy (XPS) measurements were 
conducted using the K‐Alpha XPS System from Thermo Sci
entific [30]. The photon source employed was a mono
chromatized Al Kα line with an energy of hν = 1486.6 eV. 
Spectra were captured using a spot size of 400 µm and a con
sistent pass energy. For charge neutralization, we utilized a 
combined low‐energy electron/ion flood source. A dual 
monoatomic and gas cluster argon ion source is used for sample 
cleaning. The C 1 s peak was used for binding energy calibration 
and set to 284.8 eV for adventitious carbon.

Raman spectroscopy was performed using a Renishaw inVia 
Raman spectrometer [31]. The samples were pressed onto a 
glass slide for testing. The laser wavelength used was 532 nm, 
and the laser power at the sample's focal point was about 
0.5 mW. For each measurement, an exposure time of 10 s was 
used, with 3 accumulations to improve the signal‐to‐noise ratio. 
Cosmic ray removal algorithms were applied during post‐ 
processing to eliminate spurious spikes from high‐energy par
ticle interference. To ensure the accuracy of the measurements, 
the system was calibrated using a silicon wafer before and after 
the measurements. The obtained data were normalized (0‐1) to 
ensure consistency.

Thermogravimetric analysis (TGA) was performed using a 
Netzsch Libra TG 209 F1, with a heating rate of 10°C/min from 
30°C to 600°C in argon.

Inductively coupled plasma‐optical emission spectroscopy (ICP‐ 
OES) was performed on a Horiba Jobin Yvon Ultima2 instru
ment. For ICP‐OES analysis, the samples were dissolved in 
hydrochloric acid and diluted with deionized water before 
measurement. The pressure of the nebulizer was 258 kPa, and 
the flow rate was set to 138 L/min.

2.3 | Electrode Preparation and Electrochemical 
Characterization 

The TMOx‐based electrodes consisted of active materials 
(70 mass%), acetylene black (AB, Thermo Scientific, 20 mass%), 
and a 3 mass% fraction of sodium carboxymethylcellulose solu
tion in water as a binder (CMC 250 000, Sigma‐Aldrich, 10 mass 
%). For slurry preparation, the active materials and AB were first 
mixed in a mortar, and then the CMC binder was added, and the 
mixture was milled using a FRITSCH PULVERISETTE 7 plan
etary micro mill at 500 rpm for 30 min. Then, the electrode slurry 
was cast onto copper foil (25 μm, MTI) using a laboratory doctor 
blade (150 μm wet film thickness). After drying in a vacuum at 
80°C for 24 h, circular electrodes (12 mm in diameter) were 
punched out using a press‐punch (EL‐CELL). The active material 
loading ranged from 1.5 to 2.0 mg/cm2.

The electrochemical performance was evaluated in CR2032 coin 
cells, using lithium metal as both the counter and reference 
electrodes. All cells were assembled in an argon‐filled glovebox 
(MBraun LabMaster 130, [H2O] and [O2] < 0.1 ppm). The 
electrolyte consisted of a 1 M solution of LiPF6 in ethylene 
carbonate/dimethyl carbonate (EC: DMC, 1:1 by volume; 
Sigma‐Aldrich). For the cells, a glass fiber (GF/F, Whatman) 
separator was used. Galvanostatic cycling with potential limi
tation (GCPL), cyclic voltammetry (CV), and performance 
measurements were carried out using a VMP3 multi‐channel 
potentiostat/galvanostat and a BCS‐810 battery tester from Bio‐ 
Logic. Cyclic voltammetry was carried out in the voltage range 
of 0.01–3.0 V versus Li+/Li with a scan rate of 0.1–2 mV/s. The 
galvanostatic charge/discharge cycling with potential limitation 
data was collected at voltages in the range of 0.01–3.0 V versus 
Li+/Li. For all GCPLs in this work, a specific current of 
100 mA/g was used unless stated otherwise. Electrochemical 
impedance spectroscopy (EIS) was measured at the formal 
potential in the frequency range of 100 kHz to 10 mHz with an 
amplitude of 5 mV. All electrochemical measurements were 
performed in climatic chambers with a set temperature 
of (25 ± 1)°C.

3 | Results and Discussion 

3.1 | Material Characterization 

Figure 1 shows the preparation process of multi‐phase transi
tion metal oxalates. When five transition metal chlorides are 
dissolved in water, hydrated transition metal ions [M(H2O)6]2+ 

(M = Mn, Fe, Co, Ni, Cu) are formed, which usually present a 
regular six‐coordinated octahedral structure [32, 33]. However, 
the Cu2+ ion will have a structural distortion due to the Jahn‐ 
Teller effect, showing a deformed octahedron with four water 
molecules in the plane having shorter distances and two water 
molecules in the axial direction having longer distances to the 
central atom [34, 35]. When oxalic acid is dissolved in water, it 
can dissociate forming C2O4

2−. As a strong chelating ligand, it 
can form a stable five‐membered ring structure with transition 
metal ions through two oxygen atoms, gradually replacing the 
H2O molecules in the hydrated transition metal ions [34], 
forming two similar structures, MC2O4∙2H2O, with different 
elemental compositions. Cu2+ with a stronger affinity will 
precipitate in the form of water‐free CuC2O4 after reaching its 
maximum substitution amount [36].

The phase composition and cell parameters of the samples were 
obtained from Rietveld analysis of the X‐ray diffractograms 
(Figure 2A). The samples TMOx‐0, TMOx‐1, and TMOx‐2 can 
all be described by the monoclinic structure of Fe(C2O4)⋅2 H2O, 
which adopts the space group C2/c [37]. Rietveld fitting 
required the use of more than one phase. This is mainly due to a 
slight asymmetry in the line widths. This asymmetry becomes 
more pronounced at higher diffraction angles. Since a combi
nation of different transition metals was used in the synthesis, it 
can be assumed that the phase separates into a variety of solid 
solutions. Therefore, two fractions with the same structural type 
were used to fit the data. Still, differences in lattice parameters 
were allowed to be refined (Figure 2A). Considering that the 
electron numbers of the used transition metal elements are very 
close to each other, it is not possible to distinguish them by XRD 
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FIGURE 1 | Schematic illustration of the synthesis of multi‐phase transition metal oxalates. 

FIGURE 2 | Structure and thermal properties of the obtained multi‐phase transition metal oxalates. (A) X‐ray diffractograms, (B) Raman spectra, 
and (C) thermogravimetric and differential thermogravimetric data of TMOx‐0, TMOx‐1, and TMOx‐2. 
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under these conditions [38]. Therefore, performing elemental 
analysis can only determine the overall composition of the 
sample; however, it cannot determine the composition of the 
individual phases in the two‐phase region. The refined lattice 
parameters are presented in Supporting Information: Table S1, 
and differences in the cell parameters of the two phases, with a 
close percentage difference, can be observed in samples 
TMOx‐0 and TMOx‐1. This confirms our hypothesis that solid 
solutions with different elemental compositions are formed.

In addition, a third phase was found in the X‐ray diffractogram 
of the TMOx‐2 sample, which corresponds to the CdC2O4 type 
structure, again a monoclinic structure (space group P21/c) 
[39]. Ni and Cu have been reported to adopt this structure type 
[39, 40]. Combined with ICP‐OES data, the content of each 
transition metal element in the sample was further analyzed. 
The results indicate that sample TMOx‐2 contains an excess of 
copper compared to other samples (Supporting Information: 
Figure S2A). The existence of the third phase may be due to 
the maximum substitution of Cu being exceeded, which allows 
the remaining Cu atoms to precipitate as CuC2O4 (monoclinic 
P21/c structure) [36]. TMOx‐3 exhibits the monoclinic CdC2O4 

type (space group P21/c; Supporting Information: Figure S1A) 
[39]. Although there is a small reflection at 74° 2θ that is not 
well fitted, it still provides useful insights into the formation of 
oxalate. When combined with EDS data, it contains only 
copper, confirming it as anhydrous copper oxalate (Supporting 
Information: Table S2). This is also evidenced by the 
significant color difference from other samples (Supporting 
Information: Figure S2B).

To further understand the structures of multi‐phase transition 
metal oxalates, additional analysis was performed in conjunc
tion with Raman spectroscopy. Figure 2B shows the Raman 
spectra of the samples TMOx‐0, TMOx‐1, and TMOx‐2. The 
bands observed at 1470 and 1514 cm−1 are attributed to the C‐O 
stretching mode [41], while the Raman peak at around 
915 cm−1 is attributed to the C‐C stretching vibration [42, 43]. 
The bands from 520 to 590 cm−1 correspond to the bending 
vibration of the δ ring, and the bands below 300 cm−1 mainly 
correspond to the vibration of the M‐O bond [44]. These results 
are consistent with previously reported metal oxalates and 
confirm the formation of transition metal oxalates.

Figure 2C shows the thermal decomposition behavior of sam
ples TMOx‐0, TMOx‐1, and TMOx‐2 by TGA in the range of 
30°C to 600°C. For all three samples, we see three consecutive 
mass loss ranges. The first decrease (below 250°C) corresponds 
mainly to the removal of the crystal water of the hydrated 
oxalate [45]. The second and third steps correspond to the 
decomposition of the oxalates (between about 250°C–450°C) 
[46]. In this multicomponent (Mn, Fe, Co, Ni, Cu) oxalate 
system, differences exist in the thermal stability and decom
position routes of oxalates from different transition metals. 
These differences in decomposition temperatures result in two 
distinct weight losses [13, 47]. The whole decomposition pro
cess can be categorized as dehydration and decarboxylation 
processes, and the reactions occurring are as follows:

MC O H O MC O H O M·2 + 2 (
= Mn, Fe, Co, Ni, Cu)

2 4 2 2 4 2 (1) 

MC O MO CO CO M+ + ( = Mn, Fe, Co, Ni, Cu)2 4 2 (2) 

The morphology of the samples was analyzed by recording scan
ning electron micrographs (Figure 3A–F and Supporting Infor
mation: Figure S1D,E). TMOx‐2 shows secondary particles in the 
range of 5–10 µm, which are generally believed to be formed by 
the aggregation of transition metal ions during the precipitation 
process (Figure 3C,F) [48]. Similarly, the morphology of TMOx‐1 
presents irregular aggregates around 5–10 µm (Figure 3B,E). In 
contrast to TMOx‐1 and TMOx‐2, TMOx‐0 has a larger particle 
size, roughly 10–20 µm (Figure 3A,D). As for TMOx‐3, due to the 
presence of only one single structure, it shows a special 2–5 µm 
flake‐like morphology, which is also common for other copper 
oxalate particles (Supporting Information: Figure S1D,E) [49]. The 
elemental distribution of TMOx‐0, TMOx‐1, and TMOx‐2 was 
evaluated by energy dispersive X‐ray spectroscopy (EDS) ele
mental mapping. Figure 3G‐L and Supporting Information: 
Figure S3 confirm that the five transition metal elements, Mn, Fe, 
Co, Ni, and Cu, are well distributed within the TMOx particles.

The presence of five transition metal elements on the sample 
surface was further investigated by high‐resolution X‐ray pho
toelectron spectroscopy (XPS; Figure 4 and Supporting Infor
mation: Figures S4–S6). Figure 4 depicts the deconvoluted X‐ray 
photoelectron spectra of Mn 2p, Fe 2p, Co 2p, Ni 2p, Cu 2p, and 
O 1 s in their respective energy regions observed for the TMOx‐2 
sample. As shown in Figure 4B, the peaks at 642.9 and 654.1 eV 
in the Mn 2p spectrum can be attributed to Mn 2p3/2 and Mn 
2p1/2 in the divalent state [50, 51]. The characteristic Fe 2p 
peaks appeared at 710.8 eV (Fe 2p3/2) and 723.9 eV (Fe 2p1/2) in 
Figure 4C, with a spin energy separation of 13.1 eV, indicating 
the divalent oxidation state [52]. The spectrum of Fe 2p3/2 for 
the TMOx‐0 sample (Supporting Information: Figure S4C) 
consists of Fe3+ (714.6 eV) and Fe2+ (710.7 eV), and the spec
trum of Fe 2p1/2 also consists of Fe3+ (727.7 eV) and Fe2+ 

(723.8 eV), suggesting the coexistence of Fe3+ and Fe2+ [53]. In 
Figure 4E, the Ni 2p spectra show main peaks at 856.6 eV (Ni 
2p3/2) and 874.5 eV (Ni 2p1/2) and satellite peaks at higher 
binding energies, which are typical of Ni2+ [54, 55]. For TMOx‐ 
0, the Ni 2p spectra (Supporting Information: Figure S4E), in 
addition to the main peaks at 856.7 eV (Ni 2p3/2) and 874.4 eV 
(Ni 2p1/2), show a pair of weak peaks at 853.5 eV 
(Ni 2p3/2) and 870.8 eV (Ni 2p1/2), indicating the presence of a 
small amount of Ni0, which could have been produced by X‐ray 
irradiation during XPS [51]. Similarly, the Co 2p peaks at 782.3 
and 798.1 eV relate to Co 2p3/2 and Co 2p1/2, and the satellite 
peaks were also detected at 787.1 and 803.1 eV (Figure 4D), 
indicating the presence of Co2+ [55, 56]. For Cu 2p in Figure 4F, 
peaks at 933.2 and 952.9 eV were attributed to Cu 2p3/2 and Cu 
2p1/2, indicating the presence of Cu2+ [51, 56]. In addition, two 
other peaks at 933.0 and 952.9 eV appear in the Cu 2p spectrum 
of TMOx‐3 (Supporting Information: Figure S6C), correspond
ing to Cu1+ 2p3/2 and Cu1+ 2p1/2, respectively, which are Cu1+ 

chemical states due to the apparent degradation of copper 
oxalate by X‐rays [55].

3.2 | Electrochemistry 

To further explore the electrochemical performance, cyclic vol
tammetry measurements were performed on the oxalate‐based 
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electrodes. Figure 5A–D shows the cyclic voltammograms for 
the first five cycles obtained at a scan rate of 0.1 mV/s in the 
0.01‐3.00 V versus Li+/Li. For the TMOx‐0, TMOx‐1, and 
TMOx‐2 electrodes (Figure 5A–C), two reduction peaks 
(R1 and R2) are observed in the first cycle, located at 
approximately 0.90 V versus Li+/Li and 0.45 V versus Li+/Li. 
The R2 peak at about 0.90 V versus Li+/Li can be attributed 
to electrolyte reductive decomposition and polymeric solid 
electrolyte interphase (SEI) formation [57]. The R1 peak at 
about 0.45 V versus Li+/Li can be attributed to the conver
sion of M2+ to M0 and Li2C2O4 [15], which is also commonly 
found in other single‐phase transition metal oxalates, as 
shown in Equation (3) [11, 52, 58]:

MC O e M C O+ 2Li + 2 + Li2 4
+

2 2 4 (3) 

M( = Mn, Fe, Co, Ni, Cu)

In the subsequent anodic scan, an oxidation peak (O1) appears 
at 1.0 V versus Li+/Li, possibly corresponding to the partial 
SEI delithiation. In comparison, the subsequent broad oxida
tion peak (O2 and O3) at 1.3–1.7 V versus Li+/Li corresponds 
to the redox reaction of multiple electrode pairs (M0 is oxidized 
to M2+). After the initial scanning process, the R2 peak at 0.9 V 
versus Li+/Li disappears completely, indicating that the SEI 
gradually forms mainly in the first cycle. A new reduction 
peak appears between 1.0 V versus Li+/Li and 1.5 V versus 
Li+/Li, moving to lower voltages with increasing 
cycling number. This may be attributed to the activation and 
polarization of the electrode with repeated cycles [59]. The O1 
peak at 1.0 V versus Li+/Li is gradually getting weaker, while 
the subsequent broad oxidation peak position remains 
unchanged. These results indicate that the electrochemical 
lithium storage of MC2O4 electrodes involves multi‐step 
lithium reactions.

FIGURE 3 | Morphology of the obtained multi‐phase transition metal oxalates. (A, D) Scanning electron micrographs of TMOx‐0, (B, E) Scanning 
electron micrographs of TMOx‐1, (C, F) Scanning electron micrographs of TMOx‐2, and (G‐L) Elemental EDS mapping of TMOx‐2. 
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As for the TMOx‐0 and TMOx‐2 electrodes (Figure 5A,C), a 
weaker reduction peak (R3) at about 1.54 V versus Li+/Li was 
observed, which may be related to the presence of a large 
amount of copper ions. By comparing with the single‐phase 
copper oxalate electrode in Figure 5D, which also shows a 

reduction peak at the same potential, the typical conversion 
reaction is illustrated in Equations (4–5). Additionally, a distinct 
oxidation peak appeared at 2.65 V versus Li+/Li in the 3rd cycle. 
Its intensity gradually increased with further cycling, and its 
redox reaction could be attributed to the reversible reaction of 

FIGURE 4 | High‐resolution X‐ray photoelectron spectra of TMOx‐2. (A) O 1s, (B) Mn 2p, (C) Fe 2p, (D) Co 2p, (E) Ni 2p, and (F) Cu 2p. 

FIGURE 5 | Cyclic voltammograms of the prepared transition metal oxalates at a scan rate of 0.1 mV/s. (A) TMOx‐0, (B) TMOx‐1, (C) TMOx‐2, 
and (D) TMOx‐3. 
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Cu2O and Li2CuO2 according to the principle of electrode 
potential [52, 60], as shown in Equation (6):

x eCuC O · H O + Li + Cu O + Cu + Li CO
+ Li O + LiOH

2 4 2
+

2 2 3

2
(4) 

e2Cu + Li O Cu O + 2Li + 22 2
+ (5) 

eCu O + 3Li O 2Li CuO + 2Li + 22 2 2 2
+ (6) 

For multi‐phase transition metal oxalates, we observed signifi
cant changes in peak potentials relative to single‐phase transi
tion metal oxalates. After several cycles, the peak potentials of 
the redox pairs of different transition metal elements shifted 
significantly to closer intermediate potential values, thus pro
ducing a more continuous and smoother response than each 
redox pair alone. These changes may be caused by the inter
action of the nanocomposites formed during the first few cycles, 
resulting in a beneficial synergistic effect on the properties of 
these materials [61].

The electrochemical reaction mechanism was further studied by 
analyzing galvanostatic charge/discharge curves with potential 
limitation. Figure 6 shows the discharge‐charge curves of TMOx‐ 
0, TMOx‐1, TMOx‐2, and TMOx‐3 at a specific current of 
100 mA/g for different cycles in the potential range of 0.01–3 V 
versus Li+/Li. Among them, TMOx‐0, TMOx‐1, and TMOx‐2 
electrodes exhibit similar Li+ insertion/extraction trends. The 
first lithiation curves of all three samples feature mainly three 
pronounced plateaus at around 1.3 V versus Li+/Li, 0.9 V versus 
Li+/Li, and 0.6 V versus Li+/Li, characterizing the conversion 
reaction but also the irreversible contribution to the SEI 

formation. Compared to the TMOx‐3 electrode, which has a long 
plateau between 1.7 V versus Li+/Li and 1.3 V versus Li+/Li, the 
TMOx‐0 and TMOx‐2 electrodes in the same potential show 
much shorter plateaus, which can be related to the presence of a 
large amount of Cu2+ in the samples and therefore extended 
species to be reduced. The sharp drop in its electrode potential 
belongs to the electrochemical reaction of MC2O4 and lithium to 
form LixMC2O4 [62]. The flat plateau from 1.3 V versus Li+/Li to 
0.5 V versus Li+/Li can be attributed to the conversion reaction of 
multiple transition metal elements (from M2+ reduction to M0). 
In the following cycles, the material shows a slope instead of a 
plateau during lithiation, which is attributed to the varying 
charge/discharge potentials of different transition metals and the 
structural rearrangements that occur during the cycle [63]. The 
slope below 0.5 V versus Li+/Li corresponds to the pseudocapa
citive behavior of the polymer surface gel layer and the interfacial 
lithium storage behavior [13]. The de‐lithiation curves of the 
electrode show plateaus around 0.9 V versus Li+/Li and 2.4 V 
versus Li+/Li connected with a slope, characterizing the over
lapping of redox features of different transition metals at specific 
potentials. During the first de‐lithiation, the potential of all 
samples rose rapidly to about 1 V versus Li+/Li. Subsequently, a 
narrow plateau period occurs with capacities up to 900 mAh/g. 
Eventually, it rises rapidly to 3 V versus Li+/Li, suggesting a large 
irreversible loss of capacity during the first cycle, characterizing 
the process of SEI formation [11].

To systematically clarify the charge storage kinetics of oxalate 
electrode materials, quantitative analysis of current responses 
was conducted based on cyclic voltammetry at different scan 
rates (Figure S7). The peak current i exhibits the following 
relationship with scan rate , as below Equation 7 [64]:

FIGURE 6 | Galvanostatic charge and discharge profiles at 100 mA/g for (A) TMOx‐0, (B) TMOx‐1, (C) TMOx‐2, and (D) TMOx‐3. 
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i a= b (7) 

where the b value reflects the dominant charge storage 
mechanism. When b approaches 0.5, it indicates diffusion‐ 
controlled electrochemical reactions, as common for battery‐ 
like ion intercalation or conversion reactions. In contrast, a 
non‐diffusion‐limited charge transfer process would corre
spond with a b‐value close or equal to 1.0; such values are 
typical for capacitive energy storage dominated by surface 
limitations [57]. A series of b values were obtained by fitting 
the cyclic voltammograms of the oxalate electrode in the scan 
rate range of 0.2–2 mV/s. For the oxidation process, the b 
values obtained for the three multiphase transition metal 
oxalate electrodes TMOx‐0, TMOx‐1, and TMOx‐2 were 0.63, 
0.5, and 0.58, respectively. This value indicates that although 
ion extraction is primarily limited by diffusion within the 
oxalate framework, surface redox sites also contribute. Due to 
the broad cathodic response at high scan rates, reduction 
kinetic analysis was conducted at a fixed potential of 0.4 V, 
where the b values obtained were 0.78, 0.56, and 0.73. At this 
potential, the contribution from surface‐induced storage 
becomes more significant. The obtained b‐value range 
(0.5 < b < 1.0) confirms that the oxalate electrode operates via 
a mixed charge storage mechanism.

Based on these results, the current response was further 
quantitatively separated into capacitive and diffusion contri
butions. The total current can be expressed as the combination 
of surface capacitive behavior and diffusion‐controlled ion 
intercalation, described by the following Equations 8 and 9 [65]:

i V k k( ) = +1 2
1/2 (8) 

i V k k( )/ = +1/2
1

1/2
2 (9) 

where k1 and k2 represent the surface non‐diffusion‐limited 
contribution and diffusion‐controlled contribution constants at 
a fixed potential V, respectively. By performing a linear fit of 
i V( )/ 1/2 versus 1/2, the proportion of non‐diffusion‐limited 
contribution at different scan rates can be quantified. Our data 
show that the non‐diffusion‐limited contribution to the total 
capacity continuously increases with rising scan rates, for 
TMOx‐2 electrode, reaching approximately 83% at 2 mV/s.

The cycling stability and rate performance of several transi
tion metal oxalate electrodes are shown in Figure 7A–C. 
Figure 7A displays the cycling performance of the TMOx‐0, 
TMOx‐1, TMOx‐2, and TMOx‐3 anodes at 100 mA/g. The 
initial Coulombic efficiencies of the TMOx‐0, TMOx‐1, TMOx‐ 
2, and TMOx‐3 samples are 58%, 58%, 57%, and 51%, respec
tively. The lower initial Coulombic efficiencies can be attrib
uted to the electrolyte reduction/SEI formation [16, 66], 
formation and partial decomposition of Li2C2O4, trapped Li‐ 
ions in interphases/defects sites, and parasitic reactions with 
crystal water [67, 68]. During the following cycles, it reaches 
almost 100%, which is mainly due to the progressive wetting, 
increased electronic percolation via in‐situ generated metallic 
phases (e.g., Cu0), and growth/stabilization of a conductive 
polymeric/gel interphase [13]. At the same time, the presence 
of a small amount of crystal water and the inevitable volume 
expansion may also promote the structural instability during 

FIGURE 7 | (A) Galvanostatic charge/discharge cycling stability at 100 mA/g with corresponding Coulombic efficiency. (B) Rate handling ability 
during galvanostatic charge/discharge cycling at different rates. (C) Long‐term cycling performance of TMOx‐2 electrodes at rates of 100 mA/g and 
500 mA/g. 
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the Li+ insertion/extraction process [16]. With the progres
sion of the initial activation cycles, an increasing fraction of 
electrochemically addressable species, especially M⁰ nano
metals, is gradually activated. As a result, more electrons 
participate in the conversion reaction, giving rise to a pro
gressive increase in capacity that stabilizes after around 20 
cycles [57].

For the TMOx‐0 anode, the capacity has decayed after nearly 
20 cycles. This also happens in the TMOx‐1 sample, where 
the initial capacity is lower compared to the others. This can 
be explained by the different compositions of the samples 
with TMOx‐1 sample containing more iron, which compared 
with the presence of large amounts of copper in other sam
ples, often delivers lower initial capacity [11, 60]. The 
capacity decay of the two samples in the following cycles is 
mainly due to the instability of the composite of two 
monoclinic oxalate structures, which causes rupture, particle 
pulverization, or morphology collapse during Li+ insertion/ 
extraction, further weakening the conductive path and active 
interface, thereby reducing the capacity retention ability 
[43, 69]. TMOx‐3 exhibited good cycling stability after 
achieving the highest capacity of 870 mAh/g after 25 cycles, 
but significant capacity decay was observed after reaching 90 
cycles. TMOx‐2 exhibits good cycling stability, maintaining a 
high discharge capacity of 887 mAh/g after 120 cycles. These 
results clearly indicate that the synergistic effect of the three 
structures plays an important role in determining the elec
trochemical performance of transition metal oxalates [70].

Figure 7B shows the rate performance of TMOx‐0, TMOx‐1, 
TMOx‐2, and TMOx‐3 electrodes at different rates between 
0.01 V versus Li+/Li and 3 V versus Li+/Li. Considering the 
growth and stabilization of a conductive polymeric/gel inter
phase, the battery was first cycled at 100 mA/g for 30 cycles, 
then cycled at 200 mA/g, 500 mA/g, 1 A/g, and 2 A/g, and 
finally gradually recovered to 100 mA/g. The discharge specific 
capacity of the TMOx‐0 electrode decreased significantly with 
specific current, reaching only about 105 mAh/g at 2 A/g, while 
being unstable at the same rate. After high‐rate cycling, the 
specific capacity decreased significantly when the rate was 
restored to 100 mA/g, which may be due to SEI thickening 
under high overpotential, loss of electronic percolation 
(pulverization), and Li‐ion trapping [71, 72].

The discharge capacity of the TMOx‐1 electrode also 
decreases with the increase in the rate. Although there is 
no capacity decay after returning to a low current, its 
discharge capacity is always low. TMOx‐2 exhibits high 
discharge capacity at different rates, with discharge capaci
ties of 860 mAh/g, 736 mAh/g, 600 mAh/g, and 438 mAh/g at 
200 mA/g, 500 mA/g, 1 A/g, and 2 A/g, respectively. After the 
rate handling test, when the rate returned to 100 mA/g, the 
capacity also recovered to 900 mAh/g, and there was no decay 
in the following 10 cycles. This phenomenon reflects the 
beneficial structural flexibility and stability of the TMOx‐2 
electrode. Compared with the TMOx‐2 electrode, the TMOx‐3 
electrode showed very similar behavior but a slight capacity 
decay, which was primarily attributed to the instability of its 
single monoclinic structure. The improvement of the rate 
performance of the TMOx‐2 electrode was mainly attributed 
to the synergistic effect of the MC2O4∙2H2O‐CuC2O4‐ 
MC2O4∙2H2O multiphase structure, which provides a 

relatively stable framework, thereby effectively improved the 
transport of electrons and ions in the electrode [72].

In addition, the effect of multi‐phase synergy on structural sta
bility and ion transport in the TMOx‐2 sample was further con
firmed by the long‐term cycling performance of 400 cycles at 100 
and 500 mA/g, respectively (Figure 7C). At a low specific current 
of 100 mA/g, the TMOx‐2 electrode has good cycling perform
ance and still achieves a high capacity of 827 mAh/g after 400 
cycles. The lower current reduces polarization and allows diffu
sion to keep pace, enabling deeper, more complete conversion 
with less stress. Meanwhile, the smoothness of the path is the 
main factor determining electrochemical performance at high 
currents [12]. At a higher specific current of 500 mA/g, the 
capacity of TMOx‐2 exhibits a slow decline after approximately 
80 cycles, which may be attributed to irreversible defects in the 
crystal structure resulting from rapid Li+ transport [12]. After 400 
cycles, the discharge capacity remains at about 500 mA/g. This 
good rate capability and long‐term cycling performance can be 
attributed to the synergistic effect between the two MC2O4∙2H2O 
and CuC2O4 components. Specifically, the presence of Cu en
hances electronic conductivity, while the multiphase structure 
composed of different transition metal oxalates provides a stable 
framework for the transport of electrons and ions. Within this 
framework, Cu is embedded as a conductivity enhancer into a 
stable multiphase matrix, and the synergistic effect of the two 
results in good cycling stability during long‐term cycling.

Compared with other transition metal oxalate materials ex
hibiting high lithium storage performance, the TMOx‐2 elec
trodes deliver moderate reversible capacity and capacity 
retention (Table 1). Unlike strategies that rely on introducing 
highly conductive additives (such as reduced graphene oxide), 
this work demonstrates a simple and effective way to improve 
the electrochemical lithium storage performance of transition 
metal oxalates by constructing multiphase structures.

EIS was used to analyze the charge transfer kinetics of the 
TMOx‐0, TMOx‐1, TMOx‐2, and TMOx‐3 electrodes. For com
parison, EIS measurements were performed on the fresh cell at 
open‐circuit potential and on the cycled cell after 100 cycles at 
the discharged state. Figure 8A,B shows the corresponding 
Nyquist plots for all electrodes in the frequency range of 
100 kHz to 0.01 Hz, respectively. In the high‐frequency region, 
the real axis intercept of the Nyquist plot represents the 
equivalent series resistance (RESR) of the cell, representing the 
electrolyte ionic resistance, the substrate intrinsic resistance, 
and the contact resistance at the active material/current col
lector interface [47]. The high‐frequency region of the semi
circle reflects the resistance to charge transfer at the electrode– 
electrolyte interface, commonly described as the surface film 
resistance (RSEI). The mid‐frequency region corresponds to the 
charge transfer resistance (Rct) [59], while the low‐frequency 
linear response is attributed to the solid‐state diffusion of Li⁺ 
within the active material, here we use the modified diffusion 
element Mα to explain the anomalous behavior.

For comparison, these Nyquist plots were fitted according to the 
equivalent circuit shown in the insets of Figure 8A,B, and all 
relevant parameters RESR, RSEI, QSEI, Rct, Qct, Mα, and Q were 
annotated [59].

Based on the quantitative impedance parameters obtained from 
EIS fitting (Supporting Information: Table S3), the reasons for 
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the good electrochemical performance of the TMOx‐2 electrode 
are revealed from a kinetic perspective. The initial Rct of 
TMOx‐2 is only 30.3 Ω, significantly lower than that of the 
single‐metal reference sample TMOx‐3 (395.7 Ω), indicating 
that it has good interfacial charge transfer kinetics. This sig
nificantly reduced Rct may be due to the synergistic effect of the 
multi‐metal cations in TMOx‐2, which lowers the activation 
energy of electronic transitions between metal sites, thereby 
accelerating the interfacial reaction rate [77]. Although the RESR 

of all samples are at a low level (1.34–3.53 Ω), the higher initial 
RSEI of TMOx‐1 (253.8 Ω) indicates that it formed a relatively 
thicker or denser passivation film in the initial cycling stage.

Further comparison of the impedance evolution after 100 cycles 
reveals significant differences in interface stability and struc
tural integrity among the different electrodes. For TMOx‐2, its 
RSEI remained almost unchanged, only from 103.5 Ω to 106.6 Ω, 
indicating that this electrode formed a stable SEI film during 
repeated lithium insertion/extraction. In contrast, TMOx‐0 ex
hibited significant interfacial impedance accumulation after 
cycling, with its RSEI increasing from 57.76 Ω to 135.6 Ω, while 
Rct sharply rose from 140.2 Ω to 464.9 Ω. This reflects contin
uous thickening of the SEI film and severe suppression of 
charge transfer dynamics [14]. Furthermore, the RESR values of 
TMOx‐1 and TMOx‐3 increased significantly after cycling 
(reaching 16.85 Ω and 17.01 Ω, respectively), further suggesting 
that their overall electrode structure degraded. Due to its ability 
to simultaneously maintain low Rct and stable RSEI during long‐ 
term cycling, TMOx‐2 achieves conversion reactions with low 
polarization, enabling higher reaction reversibility and faster 
kinetic response [78]. These results demonstrate that the mul
tiphase structure design of TMOx‐2 significantly enhances the 
electronic transport capability of the material, enabling it to 
maintain good interface dynamics during long‐term cycling, 
thus exhibiting good cycling stability and rate performance.

To further explore the intrinsic relationship between the elec
trochemical performance and the structural and phase compo
sition of the electrode material, we performed X‐ray diffraction 
and SEM on the electrode material before and after cycling 
(Supporting Information: Figures S8 and S9).

As shown in Supporting Information Figure S8A,B, X‐ray dif
fractogram of the mixed transition metal oxalate anode material 
before cycling revealed distinct diffraction peaks corresponding 
to the Fe2C2O4 · 2H2O crystal structure, indicating a well‐ 
defined crystalline structure in the initial material. Scanning 
electron micrographs further demonstrated regular geometric 
morphology (Supporting Information: Figure S9A, C, E, and G). 
X‐ray diffractogram after cycling (including 3 cycles and 100 
cycles) is shown in Supporting Information: Figure S8C–F. We 
observed the vanishing of the original oxalate diffraction peaks, 
with the predominant appearance of characteristic diffraction 
peaks from Li2CO3 and metallic diffraction peaks from the 
copper current collector. Although the theoretical products 
should include metallic elements and lithium oxalate, under the 
complex electrolyte interface environment, nanoscale metal 
particles exhibit strong catalytic properties, inducing the prod
ucts to evolve into the more stable Li2CO3 [79]. The metal na
noparticles generated by the conversion reaction are highly 
dispersed in the amorphous matrix as extremely small clusters. 
Such minute grains cause the reflections to broaden to the 
background level [61]. This explains why the detected product T

A
B

L
E

1 
| 

A
 c

om
pa

ri
so

n 
of

 e
le

ct
ro

ch
em

ic
al

 p
er

fo
rm

an
ce

 d
at

a 
fo

r 
tr

an
si

tio
n 

m
et

al
 o

xa
la

te
s 

m
at

er
ia

ls
.

M
at

er
ia

l
E

le
ct

ro
de

 c
om

po
si

ti
on

C
ap

ac
it

y 
(m

A
h/

g)
C

yc
le

 n
um

be
r

Sp
ec

if
ic

 c
ur

re
nt

 (
m

A
/g

)
R

ef
.

Fe
C

2O
4

A
M

: S
up

er
 P

: P
V

D
F,

 6
0:

 3
0:

 1
0

13
26

10
0

37
3†

[7
3]

Fe
C

2O
4@

G
e

A
M

: S
up

er
 P

: P
V

D
F,

 
60

: 3
0:

 1
0

10
90

20
0

10
00

[7
4]

N
i 0.

5C
o 0

.5
C

2O
4·2

H
2O

/r
G

O
A

M
: c

ar
bo

n 
bl

ac
k:

 P
V

D
F,

 
80

: 1
0:

 1
0

11
80

30
0

50
0

[7
5]

Fe
C

uC
2O

4⋅2
H

2O
@

 
C

uC
2O

4⋅x
H

2O
A

M
: S

up
er

 P
: P

V
D

F,
 

60
: 3

0:
 1

0
55

0 
52

0
20

 
20

0
10

0 
50

0
[5

2]

Fe
C

2O
4⋅2

H
2O

A
M

: S
up

er
 P

: P
V

D
F,

 
60

: 3
0:

 1
0

45
0

50
0

50
0

[1
6]

C
uC

2O
4⋅x

H
2O

A
M

: a
ce

ty
le

ne
 b

la
ck

: s
od

iu
m

 a
lg

in
at

e,
 

70
: 2

0:
 1

0
97

0 
81

0
10

0
20

0 
50

0
[6

0]

C
oC

2O
4·2

H
2O

/r
G

O
A

M
: c

ar
bo

n 
bl

ac
k:

 P
V

D
F,

 
80

: 1
0:

 1
0

10
12

20
0

20
0

[4
6]

M
C

2O
4·2

H
2O

 ‐ 
C

uC
2O

4 
‐ M

C
2O

4·2
H

2O
A

M
: a

ce
ty

le
ne

 b
la

ck
: C

M
C

, 
70

: 2
0:

 1
0

82
7 

49
8

40
0

10
0 

50
0

Th
is

 w
or

k

†
=

 r
ec

al
cu

la
te

d 
fr

om
 a

 v
al

ue
 o

f 1
 C

, b
as

ed
 o

n 
th

e 
th

eo
re

tic
al

 s
pe

ci
fic

 c
ap

ac
ity

 o
f F

eC
2O

4, 
se

e 
R

ef
 [

76
]. 

fo
r 

th
e 

m
et

ho
do

lo
gy

.

11 of 15 Battery Energy, 2026

 27681696, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.70103 by Saarlã¤N

dische U
niversitã¤T

s-U
nd, W

iley O
nline L

ibrary on [01/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



only showed Li2CO3. Furthermore, the appearance of Li2CO3 

diffraction features can also be attributed to the formation of the 
solid electrolyte interface (SEI) during the initial cycling phase 
[80]. Meanwhile, scanning electron micrographs of the cycled 
electrode revealed its surface was uniformly coated with a thin 
film, (Supporting Information: Figure S9B, D, F, and H), which 
also confirms the formation of the SEI film after cycling.

Additionally, to further demonstrate the advantages of multi‐ 
phase transition metal oxalates, we also used the same prepa
ration method to synthesize several single transition metal 
oxalates under the same conditions for comparison and tested 
their electrochemical performance. Supporting Information: 
Figure S10 shows the galvanostatic charge and discharge pro
files and cycling performance of several single transition metal 
oxalates and the multi‐phase transition metal oxalate electrodes 
prepared in this work at a rate of 100 mA/g. As can be seen in 
Supporting Information: Figure S10D, all transition metal oxa
lates exhibit good cycling stability. For the MnC2O4 ∙ 2H2O and 
FeC2O4 ∙ 2H2O electrodes, their initial capacities are only 
approximately 200 and 500 mAh/g, respectively. Although these 
capacities increase with cycling, they are still only around 300 
mAh/g and 600 mAh/g after 100 cycles. As for CoC2O4·2H2O, it 
has high specific capacity and high cycle stability, maintaining a 
discharge specific capacity of 994 mAh/g after 100 cycles. 
However, due to the uneven distribution of cobalt reserves and 
its scarcity, cobalt prices have remained high and volatile, 
increasing battery costs and supply chain risks [81]. For our 
TMOx‐2 electrode, the amount of cobalt was reduced by 90% 
during the synthesis process, and it still achieved a specific 
capacity of 895 mAh/g after 100 cycles, with good cycle stability, 
while effectively reducing the cost of the synthesis process.

Our work investigates transition metal oxalates with multiphase 
structures, maintaining high specific capacity and good cycling 
stability while reducing costs. However, structural optimization 
alone cannot completely solve the inherent problem of 
irreversible capacity loss in the first cycle of transition metal 
oxalate materials, and therefore requires further attention. In this 
context, complementary strategies such as pre‐lithiation and 
surface modification can effectively compensate for irreversible 
lithium consumption and suppress parasitic interfacial reactions, 
thereby further improving initial coulombic efficiency [82, 83]. 
In conclusion, combining advanced structural design with 

pre‐lithiation or surface engineering is a promising direction for 
reducing first‐cycle capacity loss and accelerating the practical 
application of TMOx electrode materials in future LIBs.

4 | Conclusions 

In summary, this study successfully synthesized a multi‐phase 
transition metal oxalate material for lithium‐ion battery anodes 
using a simple co‐precipitation method. By adjusting the ratios 
of five transition metal elements, composite systems with dif
ferent structural compositions were obtained. The results indi
cate that the multi‐phase structure (MC2O4·2H2O‐CuC2O4‐ 
MC2O4·2H₂O) endows the material with a more stable frame
work, effectively alleviating structural collapse during cycling. 
Additionally, this framework facilitates the formation of con
tinuous ionic channels, significantly enhancing ionic transport 
capability. In electrochemical testing, the prepared material 
exhibited high‐rate performance and cycling stability, with 
remaining capacities of 827 mAh/g and 498 mAh/g after 400 
cycles at rates of 100 mA/g and 500 mA/g, respectively. The 
performance improvement stems from the synergistic effect 
between the improved conductivity caused by Cu derived from 
CuC2O4 and the stable framework from the multiphase struc
ture, as well as the collective promotion of electron transport 
and rapid charge compensation processes by multiple electro
chemically active metals.

This study provides insights into the application of multi‐phase 
metal oxalates in high‐performance energy storage materials. 
Future research will further explore their comprehensive per
formance and mechanisms within full battery systems.
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