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ABSTRACT

Copper molybdate (CusMo20g9) has been synthesized through different routes, namely coprecipitation, the sol-
vothermal method and solid-state methods using different kinds of ball-milled precursors. The effects of each
synthesis route on the morphological, structural and compositional characteristics of the samples were assessed,
as well as their influence on the electrochemical performance as anodes for lithium-ion batteries (LIBs). X-ray
diffractometry and micro-Raman spectroscopy measurements confirmed the formation of single-phase, highly
crystalline orthorhombic CuzMoy0Oyq irrespective of the synthesis conditions, which in turn strongly influence
particle size and shape, as revealed by scanning electron microscopy and transmission electron microscopy.
Electrochemical tests, including cyclic voltammetry and galvanostatic charge-discharge measurements,
demonstrated that CusMoOg-based anodes show a good specific capacity and excellent cycling stability.
Notably, samples obtained by mechanical milling of Cu and Mo powders followed by oxygen annealing showed a
capacity of 200 mA h g~! for more than 2000 cycles at a high current density of 1 A g~ with coulombic effi-
ciencies above 97 %. Such an outstanding long-term cycling performance is attributed to the high structural
stability and compositional homogeneity achieved at macroscopic and local scales through the mechanical

milling process, making this material a promising candidate for long-life, high-rate LIB applications.

1. Introduction

Resource depletion and the increasing energy demand are two sig-
nificant global challenges that can be mitigated to a certain extent by
developing advanced energy storage devices [1]. In the current energy
landscape, batteries play a key role in the ways we transform, generate
and utilize energy. As the world moves towards decarbonization, energy
efficiency and digitalization, batteries have established themselves as
fundamental elements for these processes. Historically, batteries have
played a crucial role in energy portability, enabling the operation of
electronic devices and vehicles in remote locations or without access to
conventional energy sources. In particular, lithium-ion batteries (LIBs) -
known for their high energy density, long lifespan, lack of memory ef-
fect, and environmental friendliness-have become indispensable in a
broad range of applications, including portable electronic devices,
electric vehicles, and large-scale energy storage systems. Over the past
few decades, numerous materials, such as carbon materials, transition
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metal oxides, sulfides, phosphides, and lithium titanate, have been
extensively studied as anode materials for LIBs. Most of these materials
exhibit a specific capacity significantly higher than the theoretical one of
graphite (372 mA h g~!) [2]. Besides, other high-performance anode
materials have also been explored for the next generation of LIBs,
including alloyed materials, conversion-type transition metal compos-
ites, silicon-based composites, and carbon-based composites [3,4].
Among the different types of anodes, conversion-type anode mate-
rials (CTAMs) based on transition metals have gained prominence for
LIBs [5]. These materials offer numerous attractive compositions along
with a high theoretical specific capacity. Additionally, due to their lower
lithium intercalation potential, CTAMs do not experience dendrite for-
mation like graphite anodes, which may contribute to better operational
safety for lithium-ion batteries. However, challenges such as poor elec-
tronic and ionic conductivity, continuous electrolyte decomposition,
and relatively large volume expansion persist, limiting their practical
application. Therefore, the search for more structurally stable anodes is
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of paramount importance. In this context, molybdenum-based com-
pounds have received considerable attention as anode materials due to
their rich redox chemistry involving different oxidation states (Mo®* to
Mo?), enabling high specific capacities [6]. Specifically, molybdates
exhibit good cycle stability related to their stable three-dimensional
framework structure, making them promising candidates for long-term
electrochemical performance [7,8]. Metal molybdates also offer many
advantages, such as direct current pathways, short ion diffusion dis-
tances, low charge-discharge times, increased electrolyte-electrode
contact areas, limited mechanical degradation and volume expansion
accommodation [9]. Among these systems, copper molybdate
(CusMo30y), stands out due to its high theoretical capacity (916 mA h
g1, more than twice the capacity of commercial graphite anodes of
LIBs), superior electron conductivity and environmental friendliness.

Various strategies have been explored to enhance the electro-
chemical response of molybdates [7,10]. These include the preparation
of nano-morphologies through alternative synthesis routes, the forma-
tion of composites with diverse carbon-based materials, and the modi-
fication of the slurry’s composition, such as the use of alternative
binders and/or the tuning of the active material versus additives ratio
[11]. Previous studies have further advanced the electrochemical per-
formance of copper molybdates through the design of novel morphol-
ogies and synthesis approaches. For instance, CuzMo209
three-dimensional hierarchical flower-like structures assembled by
two-dimensional nanoflakes deliver 632 mA h g! after 200 cycles at
100 mA g’1 with a high Coulombic efficiency [12]. Furthermore,
CugMo,09 anodes prepared by a microwave-assisted rheological phase
reaction route delivered 555 mA h g™! after 350 cycles at 100 mA g~*
[13], whereas CugMo20g¢ nanoplates prepared by a pH-dependent
dimensional transformation of ammonium copper molybdate attained
746 mA h g~ ! after 120 cycles at 100 mA g~! [14]. Besides, Swain et al.
[15] synthesized flower-like Cuz [M0oO4]20 via a precursor route and
demonstrated how morphological features significantly influence
lithium storage behavior. Similarly, the formation of nanostructured or
hierarchical morphologies in molybdates, as reported by Xiaolong et al.
[16], has been shown to enhance ion diffusion and mechanical resilience
during cycling, emphasizing the importance of controlled material ar-
chitecture. Despite these advancements, ensuring long-term cyclability
at high current densities remains a critical bottleneck for copper
molybdate-based anodes. To address this issue, the present study ex-
plores various synthesis strategies for the obtaining of structurally and
compositionally homogeneous CuzMo,09 with optimized performance.
The influence of different preparation methods on electrochemical
properties is thoroughly assessed. Notably, samples synthesized via a
solid-state route using ball-milled metal powders as precursor materials
demonstrated superior cycling stability and long-term performance
across a range of current rates. This work provides new insights into the
structure-performance relationships of copper molybdate anodes and
highlights the potential of scalable synthesis methods for
next-generation LIBs.

2. Materials and methods
2.1. Synthesis of materials

Various synthesis methods were employed to prepare the CugsMo20g
phases, as detailed below:

a) Ball milling of binary oxides and further annealing in air. The sam-
ples were synthesized via high-energy mechanical milling. Both bi-
nary oxides (CuO, Panreac 100 %, and MoQOs, Merck 99.5 %) were
used in 3:2 stoichiometry. The milling process was carried out for 5 h
at 300 rpm by using a Retsch 100 centrifugal ball mill with agate
balls and vial. Subsequently, pellets of the samples (diameter ¢ = 1.0
cm, pressure of 5 t) underwent thermal treatments under air in a
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tubular furnace, first at 600 °C for 4 h, followed by 8 h at 675 °C.
These samples will be termed BMO-32 hereinafter.

Ball milling of constituent metal powders plus subsequent annealing
in oxygen atmosphere (BMM-32 samples). Cu (Panreac, 99.5 %) and
Mo (Merck, 99.7 %) powders in 3:2 stoichiometry were mixed and
milled by using the same system and conditions specified for the
previous samples. After this stage, the synthesis procedure was
similar to the one described above, but in this case thermal treat-
ments were carried out under a continuous oxygen flow.
Solvothermal synthesis (ST-32 samples). The solvothermal synthesis
was conducted by dissolving 0.682 g of Cu(NO3)3-4H0 (Merck,
99.5 %) and 0.387 g of NagM004-2H,0 (Sigma Aldrich, 98 %) in a
50:50 mixture of deionized water and ethanol (ChemLab, 98 %). The
mixture was transferred into a sealed autoclave and heated at 180 °C
for 15 h. After natural cooling, the product was filtered, dried at
50 °C, and finally calcined at 500 °C for 6 h in an air atmosphere.
Coprecipitation synthesis (Copre-32 samples). In this case, 5 mmol of
copper acetate (CuAcy, Sigma Aldrich, 98 %) were dissolved in 20 mL
of deionized water, and 10 mL of a 5 mmol sodium molybdate so-
lution were added dropwise under continuous stirring. Then, 5 mL of
ethylene glycol (Scharlau, 100 %) were added. After 20 min of stir-
ring, the precipitate was filtered, washed with deionized water and
acetone, and dried at 110 °C for 16 h. Finally, the product was
calcined at 500 °C for 6 h in air.

b

-

C

—

d
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Table 1 summarizes the synthesis methodologies and thermal treat-
ments applied for the preparation of the investigated materials, together
with sample naming. Each of the four growth methods involves specific
synthesis conditions designed to optimize the structural and chemical
properties of the samples.

2.2. Preparation of the electrodes

For the electrochemical measurements, the anode materials were
prepared by mixing 55 wt% of the active material (0.5-3 mg) with 25 wt
% of carbon super P (Imerys Graphite & Carbon, Bironico, Switzerland)
and 20 wt% of sodium alginate (Sigma Aldrich) with a small amount of
distilled water and then coated directly on the copper foil support of a
Swagelok cell and dried for 2 h. This proportion was carefully selected
after testing other proportions of active material, carbon and binder.
Pristine carbon additive was also electrochemically tested separately,
confirming that its contribution to the total capacity could be neglected,
within the experimental error. Sodium alginate is a cost-effective,
environmentally friendly binder. Electrodes made of a-MoO3 compos-
ites and Na alginate were reported to exhibit much better electro-
chemical performance than those composed of conventional
polyvinylidene fluoride (PVDF) [11,17]. The suitability of Na alginates
as a binder has been demonstrated in the case of Al-ion batteries as well
[18,19]. Such improved electrochemical performance was attributed to
its unique structural features, which facilitate the formation of a ho-
mogeneous 3D networking between the conductive agent and active
material particles. This results in a tightened electrode architecture
which contributes to stabilizing storage capability [17-19]. Besides, the
use of sodium alginate has been shown to enhance the homogeneity of

Table 1
Sample naming and synthesis conditions of the investigated materials.

Name Preparation Thermal treatment
BMM- Ball-milling from metals 600 °C/4h +675°C/
32 8 h under O,
BMO- Ball-milling from MoO3 and CuO oxides 650 °C/24 h +
32 675 °C/8 h in air
ST-32 Solvothermal synthesis from Na,MoO,4 and Cu 180°C/15h +

500 °C/6 h in air
110°C/16 h +
500 °C/6 h in air

(NO3), in 50 % ethanol/50 % H,0)
Copre- Coprecipitation from CuAc, and Na;MoO, in
32 ethyleneglycol
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the slurry, also avoiding the use of nonaqueous solvents in the composite
preparation process. The electrodes were prepared with slurry loadings
of approximately 2 mg (~1.7 mg cm™2). All the components of the
Swagelok cell were assembled inside an argon-filled dry box in
sequence, starting with the as-prepared coated electrode, followed by a
Whatman borosilicate glass fiber sheet (grade GF/D) soaked with drops
of 1 M LiPF in ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1 by weight) as the electrolyte, and finally, a lithium metal counter
electrode.

2.3. Characterization methods

Long-range and short-range structural characterization of the sam-
ples was respectively carried out by X-ray diffractometry (XRD) and
micro-Raman spectroscopy. XRD measurements were performed by
using a PHILIPS X’pert-MPD diffractometer with Cu-Ko radiation (A Koy
=1.5418 A). The XRD patterns were acquired with 0.05° scanning steps
and a 1-s dwell time. Data analysis was carried out by using the PC-APD
software and compared with reference patterns from the Inorganic
Crystal Structure Database (ICSD). Raman measurements were per-
formed with a Horiba Jobin-Yvon LabRam HR 800 system on an
Olympus BX 41 confocal microscope at room temperature. The samples
were excited by a HeNe laser at 633 nm, carefully adjusting power
density in order to maximize signal to noise ratio while avoiding laser-
induced structural and compositional changes.

The morphology and composition of the samples were analyzed by
scanning electron microscopy (SEM) with a Hitachi TM3000 microscope
operating at 15 kV and equipped with a backscattered electron (BSE)
detector. Energy dispersive X-ray microanalysis (EDS) measurements
were performed by using a Bruker QUANTAX 70 EDS detector attached
to the mentioned SEM. Data was processed with the ESPRIT QUANTAX
70 software. High-resolution transmission electron microscopy
(HRTEM) and electron diffraction (ED) patterns were obtained using a
JEOL JEM 3000 operating at an accelerating voltage of 300 kV. Samples
were prepared by crushing the powders under n-butanol and dispersing
them over copper grids covered with a porous carbon film. Semi-
quantitative chemical analyses and compositional mappings were car-
ried out using EDS in STEM mode.

Electrochemical studies were conducted using cyclic voltammetry
(CV) and charge-discharge cycles, utilizing a Swagelok-type assembly
with a copper current collector. The tests were carried out by using
either an Arbin® BT-2143 or a Biologic® BCS-815 battery tester. Spe-
cific capacity and coulombic efficiency were calculated at different
current densities. Electrochemical Impedance Spectroscopy (EIS) data
were acquired with the Biologic BCS-815 battery tester by applying an
AC voltage of 5 mV over a frequency range of 0.01-100 kHz. The ac-
quired data were subsequently analyzed using the BT-Lab software.

— 8T-32

a b
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3. Results and discussion

As explained above, CugMo309 samples were obtained following
different synthesis routes. Although the structure and composition of
these samples were found to match those of the title compound (vide
infra), only BMM-32 material exhibits a remarkable electrochemical
behavior. Fig. 1 gathers the corresponding XRD profiles and represen-
tative micro-Raman spectra of all the samples investigated. XRD
patterns.

(Fig. 1a) shows rather narrow and well-defined diffraction maxima,
which is indicative of the good crystallinity of the samples and their
homogeneous crystal structure. All the Bragg peaks could be readily
indexed to the orthorhombic structure of CusMo20g9 with Pnma space
group (PDF 70-2493). The structure (Fig. 1b) can be described based on
the assembly of [MoO4] and [CuOg]/[CuOs] polyhedra, resulting in a
well-organized framework. In order to get further insight into the
structure of the samples at local level and to detect the possible existence
of minority phases and/or phases with low crystallinity, micro-Raman
spectroscopy measurements were also carried out. Fig. 1c¢ shows repre-
sentative spectra of all the prepared materials. Main peaks appear
centered at about 99, 140, 264, 326, 362, 498, 810, 837, 861, 892, 933
and 957 cm ™. The strongest peaks in the (800-1000) cm ™ range can be
attributed to the stretching vibrations of the [MoOj4] tetrahedra. The
number of maxima in this spectral range and the corresponding peak
positions allow to clearly distinguish CusMo209 from other Cu molyb-
dates, such as CuMoQy4, and Mo oxides. In the (200-500) em ! range,
less intense peaks, associated to deformation modes involving [CuOg]
and [CuOs] octahedra, can also be observed. The number and position of
the observed vibrational modes are consistent with the Pnma crystal
structure of CusMo20Og [20,21], while the absence of additional unas-
signed peaks and the small width of the observed Raman bands are
indicative of single-phase materials with a low defect concentration, in
agreement with XRD measurements. It should be mentioned that this is
the case for all CusMo309 samples grown in the present work, irre-
spective of the synthesis route (hydrothermal, co-precipitation, solid
state) followed, as revealed by XRD and Raman results shown in Fig. 1.
Nevertheless, SEM images reveal that both the synthesis route and the
starting reagents or precursor materials strongly influence the final
morphology of the samples (Figs. 2 and 3). Well-sintered grains with
sizes in the (2—10) pm range are shown in SEM images of the BMM-32
material (Fig. 2a). Besides, Cu, Mo and O, EDS spectra (Fig. 2b) only
reveal minute amounts (note the logarithmic scale) of Si and Al, which
might be incorporated from the alumina boat used to anneal the sam-
ples. Semi-quantitative analyses reveal a Cu:Mo ratio of 1.5, which is
nominally equal to the expected stoichiometric value, while corre-
sponding EDS mappings (Fig. 2c and d) show a homogeneous Cu and Mo
spatial distribution. Similar EDS results were obtained in the different
samples.

T T T T
400 600 800 1000 1200
Raman shift (cm")

Fig. 1. a) XRD profiles of BMM-32, BMO-32, Copre-32 and ST-32 samples and reference CuzMo,Og PDF file (70-2493), b) crystal structure of CuzMo,0g, space group

Pnma, and c) representative Raman spectra of the grown samples.
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Mo

Fig. 2. a) Representative BSE image of a BMM-32 sample; b) EDS spectrum represented in log scale to clearly visualize elements present in very low concentrations,
¢) d) corresponding Cu and Mo compositional maps.

Fig. 3. Representative BSE images of samples ST-32 (a-c), BMO-32 (d) and Copre-32 (e).

Fig. 3 shows representative SEM images of the ST-32, Copre-32 and needle-like submicron particles. Meanwhile, Copre-32 features similar
BMO samples. The BMO-32 sample exhibits a granular morphology needle-like structures, but more uniformly dispersed across a highly
similar to that of BMM-32, although with slightly larger grains and a less porous and less cohesive matrix. These morphological differences are
compact structure. However, ST-32 sample displays a microstructure relevant for the understanding of the electrochemical behavior, since

composed of dandelion-like formations, assembled from aggregated surface porosity, grain connectivity, and compactness can greatly
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influence lithium-ion transport, structural stability, and long-term
cycling performance.

As stated before, SEM images show a homogeneous distribution of
the constituent elements. However, it is important to note that the
inherent resolution of the SEM-EDS analysis can make it difficult to
identify minor phases or structural defects at the sub-micrometric scale.
For this reason, additional structural and compositional analysis was
carried out by TEM, which allows observation at the nanometer scale of
morphological features, particle size, phase distribution and structural
defects, which are key to unveiling the relationship between the
microstructure of the material and its electrochemical performance.
Fig. 4 and Fig. S1 show selected TEM results for the BMM-32 material.
The images, along with the corresponding electron diffraction (ED)
patterns, are consistent with the orthorhombic symmetry and cell pa-
rameters previously described for CusMoy0g. A representative high-
resolution TEM (HRTEM) image and its associated ED pattern are
shown in Fig. 4a. Measured distances of 0.73 nm and 0.39 nm respec-
tively correspond to the (020) and (200) interplanar spacings, which are
characteristic of the orthorhombic CugsMo20g structure. Additionally, it
is worth highlighting the sample’s high crystallinity, which is free from
extended defects. On the other hand, EDS STEM mappings (Fig. 4b)
reveal a high compositional homogeneity at the nanometer scale, indi-
cating a uniform distribution of the constituent elements along the
structure. These results confirm the effectiveness of the BMM-32 syn-
thesis process in producing highly crystalline and compositionally uni-
form CusMo,Og material.

To evaluate the electrochemical behavior of the materials obtained
through different synthesis methods, an initial set of four CV measure-
ments at a sweep rate of 0.1 mV s~ ! was performed. Fig. 5a shows four
consecutive cycles for the BMM-32 anode in the potential range of
0.01-3.00 V.

Two cathodic peaks appear in the first cycle at about 2.5 and 1.5V,
but they are no longer observed in subsequent cycles. As previously
suggested by Liu et al. [12,13], these peaks can be related to the for-
mation of the Solid Electrolyte Interface (SEI) and to irreversible pro-
cesses that give rise to the formation of a Li-Cu-O phase and an
electrochemically active phase, LiyCugMo020g or LiyCuMoOy. In subse-
quent cycles, a cathodic peak at about 0.5-0.6 V and an anodic peak at

Ceramics International 51 (2025) 36573-36584

about 1.5-1.7 V are observed, which correspond to different redox
processes associated with the presence of Mo and Cu. A conversion
mechanism according to the following sequence of reactions is hence
proposed to be responsible for the observed behavior, which is similar to
those proposed for other mixed metal oxides in LIBs [12,14]:

CuzMo,09 +xLi* +xe” — LixCuzMo0,0q

LixCuzMo0,09 + (18 —x)Li" + (18 —x)e~ — 3Cu+2Mo + 9Li,O
Mo + 3Li;0 < MoO, + 6Li" 4 6e”

MoO, + Li;0 < MoOs + 2Li" + 2e~

Cu+Li,O < CuO + 2Lit 4 2e~

Therefore, once the first cycle is finished, the initial conversion re-
action gives rise to the stabilization of a Cu-Mo-O phase in which lithium
ions can be intercalated and deintercalated. This process can take place
mostly at the surface or also within the bulk anode material, potentially
leading to diffusive/capacitive characteristics. The redox peaks
observed in the curves shown in Fig. 5a are not very sharp or well-
defined, pointing towards pseudocapacitive behavior dominated by
surface storage mechanisms and diffusive redox processes. To make a
preliminary kinetic assessment, additional CV measurements were car-
ried out at different sweep rates (Fig. 5b). The CV profiles show the same
features for all the scan rates tested, suggesting a good electrochemical
stability of the cell [22]. The relationship between the current and the
sweeping rate can be expressed in terms of the following law [23,24]:

i=a *V

where i is the peak current, v refers to the sweep voltage rate and a and b
are adjustable parameters. This equation can be rewritten as follows:

log(i) =log(a) +b * log(v)

In this way, by linear fitting of log(i) vs. log(v), the values of a and b
can be obtained from the corresponding ordinate and slope. The
parameter a depends on the nature of the electrochemical system, while
b is a constant which can be related to the predominant mechanism of

Fig. 4. a) HRTEM image of BMM-32 sample. The inset shows the corresponding ED pattern. b) STEM image of a particle of the same material and the related

compositional Cu and Mo EDS mappings.
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Fig. 5. a) Consecutive CVs of sample BMM-32 32 at 0.1 mV s~1, b) CV curves at different sweep rates, c) linear fits and b parameter values for BMM-32.

the process. Thus, b is equal to 1 for a capacitance-controlled process, i.e.
a capacitor, whereas it is equal to 0.5 for a process dominated by a
diffusive mechanism, i.e., a process in which ions diffuse into the ma-
terial, such as an electrode consisting of an insertion material. Therefore,
the value of b indicates the predominant mechanism of charge storage.
Fig. 5c¢ shows the corresponding fittings for the main anodic and
cathodic processes in BMM-32 electrode. The b values obtained were
0.68 and 0.67, respectively. These values agree with those previously

—i(t)
=3 —— capacitive| |
0.0 0.5 1.0 1.5 2.0 2.5
E (V)

3.0

reported for related systems [13], suggesting that the current response of
the electrode is mainly due to the contribution of the capacitive
behavior. Moreover, the current response under a given voltage can be
attributed to two components: capacitive and diffusion-controlled, as
described by the following equation [25]:

i= k]l/ + ’(21./0'5

here, k; and k; are adjustable parameters that can be determined from

106 I % diffusive 1] % capacitive|

80 1 4
c
Ke]
3 60+ -
c
5]
3
2 40+ b

20 A E

0 |
0.1 0.2 0.5 0.8 1 2
v(mVs™)

Fig. 6. a) BMM-32 electrode CV curve measured at a scan rate of 0.5 mV s ', showing capacitive-controlled contribution. b) Capacitive and diffusion-controlled

contribution fractions versus scan rate.
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the slope and y-intercept of the fitted i v % vs. v plots, respectively.
The term kyv represents the capacitive contribution whereas k; T
corresponds to the capacity component governed by diffusion-
controlled processes. Using this method, the capacitive contribution to
the capacity of the BMM-32 electrode at various scan rates was calcu-
lated. The corresponding results are shown in Fig. 6 and Fig. S2. The
BMM-32 anode exhibits predominantly capacitive behavior, consistent
with the shape of the CV curves and the obtained b values, as explained
above.

Aiming to analyze the electrochemical performance of the different
anode materials prepared, galvanostatic charge-discharge experiments
at different current rates were carried out. In order to compare the
electrochemical response of the synthesized materials, the following
sequence was applied in all cases: 10 cycles at 0.1 A g_l followed by 10
cycles at 0.2 A g1, then 10 cycles at 0.5 A g ! and, finally, 100 cycles at
1 A gL Fig. 7 shows the corresponding curves for the mentioned cur-
rent densities of 0.1, 0.2, 0.5,and 1 A g_l, while Table 2 summarizes the
obtained capacity values for selected cycle numbers corresponding to
the different anode materials. As expected, the specific capacitance
values gradually decrease as the current density increases. At low cur-
rent rates, where electrochemical processes are controlled and ion

BMM-32
3.0
a

25
— [ gt
32-0 01A g_1
o = 02Ag
[@)] - .a
815 ?'i_/;_?
2
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transport is more efficient, the highest specific capacity of the material is
reached, showing an adequate performance under optimal ionic diffu-
sion conditions. However, when the current rate progressively increases,
the specific capacity decreases, since the insertion and extraction of ions
is not efficiently completed for shorter times. Regarding capacity
retention, calculated as the ratio between capacity values at a selected
cycle number and at the first cycle (Table 2), the obtained values at
moderate and low current rates are comparable for all samples. How-
ever, at higher rates (such as 1 A g’l), Copre-32 anode demonstrates
better capacity retention, despite exhibiting lower absolute capacity
values, as compared to the BMM-32 anode. Considering both capacity
and retention characteristics, the BMM-32 anode exhibits the best
overall electrochemical performance among the synthesized CuzMo,09
materials.

Several relevant figures for previously reported Cu-Mo-O and Mo-
based anodes are summarized in Table 3 and compared with the elec-
trodes which in our case show the best response at both moderate (0.1 A
g1 and high (1 A g™!) current rates, namely BMM-32 and Copre-32.
Results obtained in the present work can be considered as highly
promising, especially at high rates, as compared with those previously
obtained for similar Cu-Mo mixed oxides [7].

BMO-32
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Fig. 7. First, second and last (10th or 100th, depending on rate) charge and discharge cycles at different current densities for a) BMM-32, b) BMO-32, ¢) ST-32 and d)

Copre-32 samples.
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Table 2

Discharge capacity values (Qq) at selected cycles numbers [N], and capacity
retention values {Q}, for the prepared CusMo,0O9 anodes.

Sample Qg 0.1Ag™! Q402Ag?! Qq0.5A ¢! Ql1Ag?
(mAh-g™) (mAh-g ™) (mAhg™ (mAhg ™)
[Cycle] {% [Cycle] {% [Cycle] {% [Cycle] {%
Qi0}” Qio} Qio} Q1003
BMM- 1776 [11-1159 858 [1] - 775 574 [1] - 502 374 [1] - 327
32 [2] [2] [2] [2]
864 [10] 710 [10] 461 [10] 206 [100]
{49} {83} {80} {55}
BMO- 1031 [1]-519 382 [1] - 325 197 [1] - 162 97 [1] - 77 [2]
32 [2] [2] [2] 33 [100]
456 [10] 285 [10] 140 [10] {34}
{44} {75} {71}
ST 762 [1] - 361 348 [1] - 319 207 [1] - 173 110 [1] - 91
[2] [2] [2] [2]
383 [5] 299 [10] 151 [10] 52 [100]
{50} {86} {73} {47}
Copre-  1771[1]1-1049 832 [1] - 750 399 [1] - 377 134 [1] - 133
32 [2] [2] [2] [2]
912 [10] 735 [10] 321 [10] 105 [73]
{51} {88} {80} {78}

@ Maximum capacity obtained during the discharge process.
b Capacity retention after 10 cycles.
¢ Capacity retention after 100 cycles.

Indeed, at a current rate of 0.1 A g1, both BMM-32 and Copre-32
anodes deliver specific capacity values close to 1770 and 900 mA h
g~ ! after the first and the tenth cycle, respectively. Besides, at a high
current rate of 1 A g~*, BMM-32 delivers a capacity of ca. 200 mA h g~*
even after 100 cycles, whereas the Copre-32 anode shows a lower first
capacity value of about 130 mA h g~!. Considering the cycling behavior
of the different anodes, i. e the capacity fading through cycling at each
current rate and the coulombic efficiency obtained (which remained
close to 100 % throughout cycling), BMM-32 anode was selected for
exploring long-term performance, particularly at high current rates.
Fig. 8 shows the obtained charge and discharge capacities together with
the coulombic efficiency values through more than 2300 cycles ac-
cording to the following sequence: 10 cycles at 0.1 A g}, followed by 10
cycles at 0.2 A g%, then 10 cycles at 0.5 A g1, followed by 2070 cycles
at1Ag 1, then 100 cyclesat2 A g 1,100 cyclesat 1 Ag~! and 15 cycles
at 0.1 A g~! to finish the experiment. As can be appreciated, after 2000
cycles at different current rates, the recovery of capacity values when
returning to 0.1 A g~ ! is excellent, i.e. 650 mA h g™}, with coulombic
efficiencies ranging between 97 % and 99 % throughout the whole
cycling sequence.

Results shown in Fig. 8 evidence the high cyclability of the BMM-32
samples, with stable capacity values of about 200 mA h g~! for more

Table 3
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than 2000 charge/discharge cycles. We are not aware of previous works
reporting such an extended cyclability at any current rate in any Cu-Mo
mixed metal oxide. Actually, only Zhang. et al. [12] tested CugMo20g
samples up to 350 cycles and at a maximum, limited current rate of 0.2
A g7l i e, a seven times lower number of cycles and an order of
magnitude lower current density than those used in the present work. In
fact, this is a remarkable performance which corresponds to what is
frequently termed “ultra-long cycling” in the literature, referring to
electrodes that retain stable capacities over thousands of cycles [27,28].
Outstanding electrochemical performances of that kind have previously
been observed mainly for niobium-based materials, such as NbyOs,
where ultra-long cycling at high current densities has been attributed to
pseudocapacitive behavior and enhanced ionic/electronic transport [29,
30]. However, niobium is classified as a critical raw material, with
limited availability and high cost. Our results suggest that comparable
cycling performance can be achieved without relying on critical ele-
ments, using more sustainable and abundant metals like Cu and Mo. In
particular, the BMM-32 sample here reported was prepared using a
ball-milled stoichiometric mixture of Cu and Mo metal powders, which
was subsequently annealed in oxygen flow. Mechanochemical synthesis
is a well-stablished approach to achieve safer, cleaner and more efficient
transformations, avoiding the necessity of reactants or bulk dissolutions.
Due to its efficiency and unique reactivity, mechanochemical processing
of bulk solids has developed into a scalable, powerful tool for the syn-
thesis and transformation of various types of materials, including
metals. In particular, ball milling frequently offers an enclosed
solvent-free reaction environment with well-defined parameters for
optimizing reactivity (balls to sample weight ratio, milling time, rota-
tion speed, etc.) [31]. One of the novelties here reported is the appli-
cation of ball milling to the preparation of the precursor material used to
obtain the mixed oxide. Such precursor is usually a mixture of un-milled
binary oxides when the solid-state route is followed, while in our case
metal powders are mixed and milled to obtain the starting material.
Although solid-state synthesis of mixed Cu-Mo oxides has previously
been reported in the literature, the synthesis strategy followed so far was
based on the annealing at high temperature of binary oxide powders,
either previously ball-milled or not [6,32]. The material here prepared
follows a different approach: for almost immiscible alloy systems with
high heats of mixing, such as Cu-Mo, the solubilities are extremely low.
Actually, it has been observed in Cu-10 at.% Mo alloys, that Mo atoms do
not show any tendency of diffusion along Cu dislocation lines and, in
consequence, Cu-Mo alloys show no sign of a formation of a solid so-
lution, even after long milling times [33]. However, previous works on
powder ball milling in alloys indicate that this treatment increases the
distortion energy, influencing the sintering densification. Precisely, in
Mo-W-Cu alloys a moderate ball milling time (~10 h) is able to

Synthesis method, morphology and electrochemical performance as LIBs electrodes of Cu/Mo-based oxides reported in the literature and in the present work.

Electrode Preparation Method Morphology Rate (A-g™1)* Q (mA-h-g™1) [Cycle number] Ref.
CuzMo209 HT + 700 °C 3D hierarchical flowers 0.1 630 [10] [12]
1 519 [35]
CuzMo,09 Microwave + 500 °C Granular (100-400) nm 0.2 555 [350] [13]
1 200 [10]
CuzMo,09 HT Nanoplates 0.1 720 [50] [14]
0.5 455 [10]
CuzMo,09 Calcination + PANI” Coating Cuboids 0.1 800 [200] [21]
1.6 290 [10]
CaMoO4 Hydrothermal + Ni foam Nanorods, sheet-like microstructures 0.5 450 [10] [16]
MoO,/CNFs Electrospinning with carbon nanofibers + annealing Nanofibers 0.1 636 [100] [26]
BMM-32 Ball milling of metals + annealing in oxygen @650 °C Rounded grains (2—10) pm 0.1 854 [10] This work
0.5 461 [10]
1 206 [100]
Copre-32 Coprecipitation + annealing @500 °C Nano pseudospheres 0.1 912 [10] This work
1 100 [70]

@ Current density.
Y PANI: polyaniline polymer.
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effectively refine the particle size and improve the uniform distribution
of the alloy powder elements, largely contributing to the obtaining of a
dense and homogeneous microstructure [34]. Moreover, mechanical
activation caused by ball-milling is attributed to macro- and micro-scale
changes, such as particle size, specific surface area, crystallographic
structure, etc. The active mechanical energy is partially transferred to
the particles, either by the impact of solid particles or by induction of
tensile and compressive stresses in powder mass. The mechanical energy
might lead to the occurrence of structural defects such as changes of the
surface, lattice distortion and conversion of long range order to short
range order. Therefore, the free energy or chemical potential gained can
change during the mechanical activation. In this way, the solid systems
reach an activated state, which could accelerate the reaction in subse-
quent processes, especially oxidation and recrystallization behaviors
[35]. For instance, previous reports have demonstrated that ball-milling
treatment enhances the oxidation rate of Ag-Zn alloy powders due to the
increase of dislocation density and the decrease of the diffusion distance
of oxygen during internal oxidation [36]. As can be deduced from the
XRD, Raman spectroscopy and SEM results, this sample has a high
compositional and structural homogeneity at macroscopic and local
scales, probably due to the intimate grinding process before oxidation.
The electrochemical response could therefore be related to the high
homogeneity of the material, allowing the preparation of a composite
with high structural stability.

In order to get insight into kinetics of the electrochemical processes,
EIS measurements were performed in all the prepared anodes. As re-
ported in the literature [11], lithium diffusion coefficients (D) can be
estimated from EIS data by using the following equation:

R?T?
T 2AZnAFIC22

where R is the gas constant (8.314 J K -1 mol’l), T is the absolute
temperature (293 K), A is the surface area of the electrode (1.32 cmz), n
corresponds to the number of electrons transferred in the redox reaction
(18), F is the Faraday constant (96.486 C mol’l), C is the lithium ion
concentration in the electrode and ¢ is the Warburg factor, which is

related to Z’ (real part of impedance). ¢ can be obtained from the slope
of the linear fit of Z' at low frequencies plotted as a function of o~ 1/2

Z=Ry+Ry+oc0 °°

where R1 and R2 refer to high and medium-frequency components,
respectively, that will be addressed later. Fig. 9a shows the corre-
sponding Nyquist plots for the prepared composite electrodes after five
discharge-charge cycles, while the corresponding fittings are shown in
Fig. 9b. Based on the obtained ¢ values, the calculated Li-ion diffusion
coefficients are 4.5 x 10712, 4.4 x 10714, 2.3 x 107*and 6.2 x 1071°
em? s7! for the BMM-32, Copre-32, BMO-32 and ST-32 electrodes,
respectively. The obtained values are in good agreement with those
previously reported for similar materials [11,37] and are also coherent
with the observed electrochemical response (Fig. 7). Accordingly, the
BMM-32 electrode, which exhibits the best electrochemical perfor-
mance, also shows the highest Li-ion diffusion coefficient. This indicates
that the structural and compositional characteristics of this sample favor
enhanced lithium transport, thereby contributing to its superior elec-
trochemical behavior. Nevertheless, we would like to remark that this
approach should be applied with caution in the case of conversion and
alloying materials, as these systems usually involve multiple phases with
varying molar volumes. Consequently, the obtained coefficients should
be regarded as rough estimations.

To investigate the phase evolution throughout the electrochemical
process, a preliminary ex-situ XRD analysis was performed on the BMM-
32 electrode composite before and after cycling. Fig. S3 shows the cor-
responding XRD patterns. As previously noted for this kind of materials
[12], the conversion-type reactions involved in the electrochemical
response of the anodes typically result in poorly crystalline phases that
are challenging to detect by XRD. Indeed, the post-cycled electrode
exhibited only weak diffraction signals. Nevertheless, Bragg peaks
observed around 32° and 39° may correspond to LisO (PDF
01-074-0115), thereby supporting a conversion mechanism for the
process.

To identify possible structural changes and the appearance of
different phases after cycling more clearly, an ex-situ micro-Raman study
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of the BMM-32 electrodes was carried out. The spatially resolved ca-
pabilities of the system used allowed us to probe different particles in
different electrodes, ensuring the reproducibility of the obtained results.
A Raman spectrum of the uncycled electrode and two spectra recorded
in cycled electrodes are shown in Fig. 10a. The latter can be considered
representative of those Raman data recorded in the mentioned elec-
trodes after cycling. Peaks appearing in the (150-1000) cm ™! spectral
range correspond to vibration modes involving different oxides, while
those observed in the (1000-2000) cm ™! range mainly correspond to
vibrations involving carbon atoms from carbon black or carbonates
formed upon cycling. This is the case of peaks centered at 1341 cm ™' and
1602 cm™!, respectively corresponding to the well-known D and G
bands of carbon black [38], and those centered at 1080 cm ! and 1430
em™!, which can be tentatively attributed to symmetric and asymmetric
stretching vibrations of (C03)2’ anions in LipCO3 [39]. The appearance
of this compound is usually explained by carbonation of Li»O in air [40].
Structural changes induced by extended cycling are more noticeable in
the (700-1000) cm™! range, corresponding to stretching vibrations of
[MoOy4] tetrahedra. The Raman spectrum of the uncycled electrode
shows sharp and well-defined peaks, mostly corresponding to stretching
vibrations of [MoO4] tetrahedra [20], evidencing the high crystallinity
of the CugMo,09 material. Deconvolution of this spectrum to a sum of
Voigt profiles is shown in Fig. S4. Changes in the Mo-O sublattice can be

Cycled pos. #2

Cycled pos. #1

Not cycled
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05 in the low frequency range.

clearly observed in Raman spectra of the cycled anode (charged state),
revealing a loss of crystallinity of the electrode material after cycling, as
evidenced by peak broadening that sometimes precludes observation of
resolved bands. In addition, new peaks, not observed in spectra recorded
in the uncycled electrode, are found in Raman spectra of the cycled
material. These peaks rarely appear as resolved bands and can be more
often observed as shoulders of bands with higher relative intensity or
found by deconvolution (Fig. S4 and Table S1). One of such bands is
centered at 742 cm ™! (marked with asterisks in Fig. 10a) and is often
reported as the Raman fingerprint of MoO; [41], while another band at
290 em ! (marked with ex letters in Fig. 10a) can be assigned to CuO
[42]. This is coherent with the proposed electrochemical mechanism in
which an initial conversion reaction is followed by a diffusive process.
In addition, an in-situ impedance study of the pre- and post-cycled
anode was carried out. Fig. 10b shows the Nyquist plots of a BMM-32
composite electrode before and after cycling (a total of 130 cycles at
different current rates, following the sequence shown in Fig. 8b). These
plots are composed of a depressed semicircle in the medium-high fre-
quency range and a straight sloping line in the low frequency range. The
data could be fitted considering the equivalent circuit shown in the inset
of Fig. 10b. The high frequency resistance (R1 in the scheme) is related
to the contribution from the electrolyte and electrode, the medium
frequency resistance (R2 in the equivalent circuit) corresponds to the
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Fig. 10. a) Raman spectra recorded in a BMM-32 electrode before cycling and after 130 cycles. Signals attributed to MoO, (*), CuO (x) and Li,CO3 (+) have been
marked in spectra recorded after cycling. b) Impedance Nyquist plots of the same electrode before and after cycling. The inset shows the equivalent circuit employed

for fitting the experimental data.
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charge transfer resistance at the electrode/electrolyte interface, and the
sloped line (Warburg component) can be assigned to the solid diffusion
process of lithium ions in the active material [43]. The charge-transfer
resistance values obtained for the pre- and post-cycled electrode are
5.7 Q and 28.4 Q, respectively. This increase evidence a degradation of
the ionic transport process through components and across interfaces
and can be associated with the kinetic hindering caused by the enriching
in insulating constituents. In summary, the cycling process causes a
long-term decrease in crystallinity and an increase in the charge-transfer
resistance. However, this degradation proceeds rather slowly, allowing
the anode to maintain a good electrochemical performance for over
2000 cycles.

4. Conclusions

1. CugMo309 has been synthesized through different routes, namely
coprecipitation, the solvothermal method and the solid-state
method, using in this latter case either ball-milled pure metal pow-
ders or ball-milled oxide powders as precursors. The effects of each
synthesis route on the morphology, structure and compositional
homogeneity of the different samples were assessed, as well as their
influence on the electrochemical performance as anodes for LIBs.

2. Irrespective of the synthesis conditions, long-range and short-range
structural characterization - respectively carried out by XRD and
micro-Raman spectroscopy - reveal the formation of single-phase,
highly crystalline orthorhombic CuzMo209, while SEM-EDS and
TEM-EDS measurements indicate a homogeneous spatial distribution
of the constituent elements. However, SEM and HRTEM measure-
ments show that the growth method strongly influences particle size
and morphology of the samples, ranging from flower-like or porous
structures (ST-32 and Copre-32) to more compact granular textures
(BMO-32 and BMM-32).

3. Regarding the electrochemical behavior, cyclic voltammetry and
galvanostatic charge-discharge measurements demonstrate that
CusMo209-based anodes show a good specific capacity and excellent
cycling stability. However, clear differences in long-term perfor-
mance were observed. Notably, samples obtained by mechanical
milling of Cu and Mo powders followed by oxygen annealing showed
a capacity of 200 mA h g~! for more than 2000 cycles at a high
current density of 1 A g~! with coulombic efficiencies above 97 %.
Such an outstanding long-term cycling performance is attributed to
the high structural stability and compositional homogeneity ach-
ieved at macroscopic and local scales through the mechanical milling
process. In comparison, the Copre-32 sample exhibited excellent
initial capacity values but suffered from faster capacity fading,
especially at higher current densities. The BMO-32 sample, although
structurally similar to BMM-32, showed lower capacities and poorer
retention, suggesting a lower degree of homogeneity or conductivity.
Finally, the ST-32 sample presented the most porous and heteroge-
neous morphology, which likely facilitated electrolyte access but
compromised mechanical stability over cycling.

4. Post-cycling Raman spectroscopy studies of the BMM-32 sample
revealed a loss of crystallinity in the active material after prolonged
cycling and allowed the identification of some phases present
throughout the cycling process, thereby confirming the proposed
conversion mechanism. Besides, EIS measurements indicated an
increased charge transfer resistance. Despite these expected degra-
dation effects, the electrochemical stability of the mentioned samples
remained remarkably high over 2300 cycles, establishing the feasi-
bility of CusMo20g as an anode material for long-life, high-rate LIB,
especially when synthesized through mechanical milling of metals
followed by a fine-tuned thermal oxidation treatment. This approach
enables the synthesis of Cu-Mo mixed oxides with high structural
stability and unprecedented cyclability for LIBs.
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