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Synergistically enhanced electronic modulation in
trimetallic Cu—Co—Mo-based heterostructured
nanomaterials for green H, production via efficient
alkaline electrolysis¥

*
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Trimetallic Cu, Co, and Mo-based bifunctional electrocatalysts have been developed for H, production
through water electrolysis at a low synthesis cost of $0.051, $0.053 and $0.052 cm~2 for CuCoMo-LDH,
CuCoMo-P and CuCoMo-§, respectively. CuCoMo-LDH, CuCoMo-P and CuCoMo-S required 307, 331
and 311 mV overpotentials for oxygen evolution and 215, 117 and 265 mV for the hydrogen evolution

reaction at 50 mA cm™2

, respectively. Density functional theory calculations show that intermediate
species migrating to Cu atoms neighboring Co and Mo on the electrocatalyst surface enhance water
adsorption. Electronic modulations among the metals boost the density of electronic states near the
Fermi level, resulting in higher electrical conductivity. Among the alkaline electrolyzers, CuCoMo-P (&)
exhibited the highest overall water splitting performance, requiring the lowest recorded cell potential of
1.393 V at 10 mA cm~2 followed by CuCoMo-LDH (4) (1.427 V) and CuCoMo-S (+) (1.540 V), all
surpassing RuO, (+)||Pt/C (—) (1.554 V). To our knowledge, the use of CuCoMo-P in water electrolysis
has not been previously reported. CuCoMo-P (4) achieves 98.7% faradaic efficiency with an H
generation rate of 3.4 mL min~! costing $0.12255 per 1000 L H.(g). Consequently, the synthesized
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1. Introduction

Large-scale green hydrogen (GH,) production via electro-
chemical water splitting powered by renewable resources is
important for sustainable living, owing to the high energy
density (120-142 MJ kg '), renewability and carbon-zero prop-
erties of H,.™ Hence, the main focus of the research is to
synthesize economically viable and highly competent non-noble
transition metal-based electrocatalysts to accelerate the slug-
gish proton-coupled electron transfer steps of the oxygen
evolution reaction (OER) at the anode.'? The sluggish kinetics
of the OER eventually hinder the hydrogen evolution reaction
(HER) at the cathode, necessitating improved bifunctional
electrocatalysts for efficient overall water splitting (OWS).>*”
The use of platinum-based electrocatalysts for the HER and
RuO, and IrO, for the OER is discouraged due to the exorbitant
cost and scarcity of noble metals.>**** Instead, non-noble
transition metal-based materials are being explored to develop
highly efficient, cost-effective, and durable electrocatalysts for
water electrolysis. This approach aims to reduce electrolyzer
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electrocatalysts are anticipated to significantly advance water electrolysis for large-scale H, production.

fabrication costs and the overpotential (7),>***° considering

that the theoretical thermodynamic potential is 1.23 V at
normal temperature and pressure.*** Among these, trimetallic
electrocatalysts have garnered significant interest due to their
advantages of strong synergistic effects among the metals to
modulate the electronic structure favoring the OER and
HER."?** Besides metals, considering the importance of counter
ions in enhancing the water electrolysis activity of an electro-
catalyst,” numerous reports on mono- and multi-non-noble
transition metal-based hydroxides,">**** phosphides,****>*
sulfides,**® and oxides,**** are reported. From density func-
tional theory (DFT) studies on Ni,P, Liu et al. showed that the
presence of phosphorus (P) atoms in an electrocatalyst facili-
tates the adsorption/desorption of hydrogen atoms, unveiling
its potential applicability as an efficient HER electrocatalyst
following the Sabatier principle.*** Considering the advance-
ment with P atoms in electrocatalysts, Yu et al. in 2019 devel-
oped N-doped carbon shell-coated CoP(MoP)-CoMoO; as an
OER and HER electrocatalyst requiring overpotentials of 296
and 198 mV at 10 mA cm 2, respectively.®® Later, Viswanathan
et al. in 2023 developed a carbon cloth-supported Ni-doped
CoMo ternary phosphate for the OER (272 mV@10 mA ¢cm ?)
and the HER (96 mV@10 mA ¢cm™?).?? Similarly, Hou et al. re-
ported carbon fiber cloth-supported oxygenated-CoS,-MoS,
heteronanosheets requiring an overpotential of 272 and 97 mV
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for the OER and HER at 10 mA cm 2, respectively.* Considering
the bifunctionality of layered double hydroxides (LDHs) and the
advancement from P in an electrocatalyst, Mai et al. reported
a cell voltage of 1.68 V at 50 mA cm > for the symmetrical
electrolyzer constructed using Cos,Mo,P/NiFe-LDH/NF.** In
addition, Hu et al. reported a Cu*"-guided electrodeposition
strategy to synthesize trimetallic amorphous-CoMoO;/Cu for
water electrolysis, benefiting from synergistic effects among the
metals, achieving 10 mA cm ™2 at a cell voltage of 1.5 V with the
fabricated symmetrical electrolyzer.*® DFT studies reveal that Cu
facilitates water electrolysis by augmenting the adsorption of
H,0 molecules on the electrocatalyst surface.**

Despite extensive research on developing electrocatalysts for
water electrolysis, the technology is yet in the developmental
stage without widespread adoption. The demerits include a lack
of sufficiently efficient electrocatalysts that can withstand high
current densities, along with issues of short durability and poor
bifunctionality. In most cases, the cell voltages of the fabricated
electrolyzers exceed 1.5 V to achieve the benchmark current
density of 10 mA cm™ 2% The complex synthesis process
involved in producing electrode materials results in higher
production costs, hindering widespread adoption and reducing
overall efficiency. Additionally, reporting OER and HER data in
iR-corrected form prevents understanding the actual scenario of
an electrocatalyst efficiency in a real-world application.*>33%3*
During the fabrication of electrodes, the use of a binder also
reduces the efficiency of an electrocatalyst by covering the active
sites and reducing the conductivity. Therefore, it is essential to
develop a cost-effective binder-free bifunctional electrocatalyst
for water electrolysis that can withstand high current densities.
In addressing these concerns, the current article outlines the
design and in situ synthesis of trimetallic Cu, Co, and Mo-based
bifunctional electrocatalysts on Ni foam (NF) for water elec-
trolysis. This approach leverages the enhanced water adsorp-
tion ability and the excellent electronic conductivity of Cu along
with the presence of high-valence Mo metals. The simple
synthesis process of the electrocatalysts results in low material
costs of $0.051, $0.053, and $0.052 cm > for CuCoMo-LDH,
CuCoMo-P, and CuCoMo-S, respectively, as shown by the
calculations in the ESI.T Furthermore, the anticipated reduction
in electrocatalyst costs during bulk synthesis is expected to be
substantial, while the cost of electricity consumption is pro-
jected to remain constant. The evaluated water electrolysis
activities of Cu, Co, and Mo-based mono- and bimetallic
materials indicate that the presence of all three metals in the
electrocatalysts is crucial for achieving efficient water electrol-
ysis. DFT studies of CuCoMo-P reveal that the electronic struc-
ture of the electrocatalyst is modulated by the synergistic effects
among Cu, Co, and Mo metals. This modulation increases the
density of electronic states near the Fermi level, resulting in
enhanced electrical conductivity, resembling metallic-like
properties. CuCoMo-P exhibited an overpotential of merely
246 mV at 10 mA cm > for the OER and 46 mV at —15 mA cm >
for the HER without any iR-correction. The symmetrical alkaline
electrolyzer CuCoMo-P (£) demonstrated the highest OWS in
1 M KOH, achieving an ultra-low cell voltage of 1.393 V at 10 mA
cm 2 This performance surpasses that of CuCoMo-LDH ()

7216 | J Mater. Chem. A, 2025, 13, 7215-7227

View Article Online

Paper

(1.427 V), CuCoMo-S (£) (1.540 V), and RuO,(+)||Pt/C(—) (1.554
V). The high activity of CuCoMo-P for OWS shows its excellent
bifunctionality for both the OER and the HER. Furthermore, all
the electrocatalysts showed robust durability over 100 h at high
applied current density for the OER, HER, and OWS. To our
knowledge, the use of CuCoMo-P in water electrolysis repre-
sents a novel contribution to the field, as the fabricated
symmetrical electrolyzer has demonstrated the lowest recorded
cell potential at 10 mA cm™ > to date, surpassing previously re-
ported results in the literature. The faradaic efficiency (FE) of
the CuCoMo-P (&) electrolyzer is 98.7% for both the OER and
the HER with an H, generation rate of 3.4 mL min ' and an
estimated H, production cost of $0.12255 per 1000 L, as shown
by the calculation in the ESI.T This research work is expected to
significantly advance sustainable energy technology and pave
the way for further exploration of trimetallic phosphides in the
field of efficient water electrolysis.

2. Results and discussion

2.1. Physicochemical analysis

The detailed synthesis process of the electrocatalyst materials is
provided in the synthesis of electrocatalyst materials section in
the ESL{ For better comprehension, a schematic illustration of
the synthesis process is provided in Scheme 1. Urea is employed
in the synthesis process due to its slow and gradual hydrolysis
within a confined vessel at temperatures nearing 100 °C. This
controlled process enables the gradual release of OH™ ions (eqn
(1) and (2)). These ions react with metal ions to form a brucite-
like layered M(OH), structure, as depicted in eqn (3).* The use of
NH,F in the synthesis process has demonstrated effectiveness
in maintaining the structural integrity of the electrocatalyst,
advancing by the adhesive nature of F~ ions.* However, no
phase change of the materials was observed because of NH,F.

NHzCONHz - 1\1H4Jr + NCO™ (1)
NCO™ + 3H,0 — HCO;™ + NH," + OH™ (2)
M +20H  — M(OH), (M = metal ion) (3)

Initially, powder X-ray diffraction (PXRD) was performed on the
synthesized CuCoMo-LDH, CuCoMo-P, and CuCoMo-S materials
to examine their basic crystallographic structure and phase. The
PXRD patterns show that the materials consist of multiple phases
(Fig. S1a-c, ESIf). Specifically, CuCoMo-LDH is composed of
Cu(OH), (ICDD no. 01-80-0656), CoMo-LDH (ICDD no. 46-0605),
and MoO, 5(OH), 5 (ICDD no. 014-0041) (Fig. S1a, ESI}).*™*' For
CuCoMo-LDH, the sharp peaks at lower 26 values of 11.76°, 23.06°,
and 33.98° are ascribed to the characteristic (003), (006) and (009)
basal planes, respectively. Broad asymmetric peaks observed at
higher 26 values further confirm the formation of the LDH
structure.”” The PXRD pattern of CuCoMo-P (Fig. S1b, ESIT) shows
peaks indexed to CuP, (ICDD no. 01-076-1190),> MoP (ICDD no.
24-0771),"* CoMoP (ICDD no. 32-0300),*” and CoMoP, (ICDD no.
33-0428),"* evidencing the presence of multiple phases. Similarly,

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Schematic illustration of the synthesis process of CuCoMo-LDH, CuCoMo-P, and CuCoMo-S.

the PXRD pattern of CuCoMo-S (Fig. Sic, ESIt) comprises peaks
corresponding to CuS (ICDD no. 01-075-2235),** CoS, (ICDD no.
03-0772),% CoS (ICDD no. 19-0366),* and MoS, (ICDD no. 86-2308)
phases.** Additionally, the PXRD patterns of the mono- and
bimetallic electrocatalysts (Fig. S2, ESIT) confirm that the mono-
metallic electrocatalyst is Co(OH), (ICDD no. 30-0443).** The
bimetallic electrocatalyst containing Co and Mo metals, named
CoMo-OH, is confirmed to have CoMo-LDH and MoO, 5(OH), 5
phases.**** The Cu and Co-containing electrocatalyst, named
CuCo-OH, consists of Cu(OH), and Co(OH), phases.**** Fourier-
transform infrared (FT-IR) spectra of the electrocatalysts (Fig. S3,
ESIt) were recorded to provide basic information on the chemical
composition of the materials. The FT-IR spectrum of CuCoMo-
LDH (Fig. S3, ESIt) shows a peak at a wavenumber of 521 cm ™,
ascribed to the stretching vibration of the Co-O bond.* The two
peaks at 1280 and 1410 cm ™" are due to the carboxylate anion's
symmetric and asymmetric stretching vibrations, respectively.*
The broad band observed between 3000 and 3500 cm ™' is ascribed
to the stretching vibration of the O-H bond from the layered -OH
groups and adsorbed interlamellar H,O molecules, and the weak
peak at 1606 cm ' is attributed to the bending vibration.** The
band ranging from 600 to 930 cm ™" is ascribed to the M-M, M-O,
and M-OH bonds (where M = Cu, Co and Mo).** The peak at
709 cm ' in the FT-IR spectrum of CuCoMo-P (Fig. S3, ESI{) is
attributed to the stretching vibrational mode of P-O-P linkages in
PO,>".¥ The broad peak at 1038 cm ' is attributed to the
stretching vibration of the P=0 bond in PO,*~, while the band at
1307 cm ™! is attributed to the asymmetric stretching mode.***
The FT-IR spectrum of CuCoMo-S (Fig. S3, ESIt) shows a broad
peak at around 620 cm ™", arising from the overlap of the vibra-
tional modes of Cu-S, Co-S and Mo-S bonds.”*** The band
ranging from 1000 to 1200 cm " is attributed to the collective
vibrations of S-O, S=0, M=0 and Co-S bonds, where the oxides
result from partial surface oxidation.*** The band across 3000 to
3500 cm ™! arises from the stretching vibration of the O-H bond in

This journal is © The Royal Society of Chemistry 2025

adsorbed and hydrated H,O molecules during the synthesis
process, while the bending vibration of the O-H bond is observed
at 1630 cm 5% Interestingly, the stretching and bending
vibrations of the O-H bond are relatively less in the case of
CuCoMo-P, likely owing to the heat treatment involved in its
synthesis process.

Field emission scanning electron microscopy (FE-SEM)
images were recorded to comprehend the surface morphology
and microstructure of the nickel foam-supported synthesized
materials, as presented in Fig. 1. The surface morphology of
CuCoMo-LDH (Fig. 1a and b) has several trapezoidal prisms with
an average length of 1 pm and width of 259 nm, which are
assembled to form half spheres with a diameter of 2.98 um. The
elemental mapping shown in Fig. 1c reveals the existence and
distribution of Cu, Co, Mo, and O elements on the surface of
CuCoMo-LDH. During the conversion of CuCoMo-LDH to
CuCoMo-P at high temperatures, the trapezoidal prisms in
CuCoMo-LDH transformed into pyramidal shapes after phos-
phorization, as shown in Fig. 1d and e. This transformation
resulted in the creation of pores and increased surface rough-
ness. The edge lengths of the pyramids range from 740 nm to
2.29 pm (Fig. 1e). The elemental mapping of CuCoMo-P shows
the presence and distribution of Cu, Co, Mo and P elements on
its surface (Fig. 1f). Besides, during the conversion of CuCoMo-
LDH to CuCoMo-S under hydrothermal conditions, the surface
morphology transformed into two-dimensional (2D) inter-
connected nanosheets measuring 2.24 pm in length and 260 nm
in width, as shown in Fig. 1g and h. The elemental mapping of
CuCoMo-S shows the presence of Cu, Co, Mo and S elements and
their distribution on the surface in Fig. 1i. Additionally, high-
resolution transmission electron microscopy (HR-TEM) images
of the electrocatalysts were recorded to gain deep insight into
their microstructures (Fig. 2). The HR-TEM image of CuCoMo-
LDH (Fig. 2a) shows long-range lattice fringes corresponding to
the (110) plane of Cu(OH),, indicating a highly ordered structure.

J. Mater. Chem. A, 2025, 13, 7215-7227 | 7217
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Fig.1 FE-SEMimages of (a and b) CuCoMo-LDH, (d and e) CuCoMo-P and (g and h) CuCoMo-S; and elemental mapping of (c) CuCoMo-LDH, (f)
CuCoMo-P and (i) CuCoMo-S.

The selected area electron diffraction (SAED) pattern (Fig. 2b)  0.52 nm, respectively. The additional diffraction rings (200) and
also shows the diffraction rings corresponding to the (110) and (110) corresponding to the planes of MoO, 5(OH), s and CoMo-
(020) planes of Cu(OH), with interplanar spacings of 0.28 and LDH, respectively, demonstrate interplanar spacings of 0.19

Fig. 2 HR-TEM images of (a) CuCoMo-LDH, (d) CuCoMo-P and (g) CuCoMo-S; SAED patterns of (b) CuCoMo-LDH, (e) CuCoMo-P and (h)
CuCoMo-S; and EDX elemental mapping images of (c) CuCoMo-LDH, (f) CuCoMo-P and (i) CuCoMo-S.

7218 | J Mater. Chem. A, 2025, 13, 7215-7227 This journal is © The Royal Society of Chemistry 2025
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and 0.15 nm, respectively, consistent with the PXRD results.
Fig. 2c shows the presence and distribution of Cu, Co, Mo, and O
elements in CuCoMo-LDH material, and the comprehensive
quantitative analysis of the elements is furnished in the energy-
dispersive X-ray (EDX) spectroscopy spectrum (Fig. S4, ESIt).
The HR-TEM image of CuCoMo-P (Fig. 2d) reveals the presence of
the (004) plane related to the CoMoP, phase. The lattice fringes
appear relatively more disordered in CuCoMo-P, demonstrating
its partial amorphous nature, which is further supported by the
observed amorphous region in the HR-TEM image (Fig. 2d) and
broad humps present in the PXRD pattern (Fig. S1b, ESIt). The
SAED pattern of CuCoMo-P (Fig. 2e) shows diffraction rings
corresponding to the (011) and (120) planes, which relate to the
interplanar spacings of 0.44 and 0.22 nm for the CuP, phase,
whereas the rings indexed to (011) and (301) with an interplanar
spacing of 0.32 and 0.18 nm are ascribed to the CoMoP phase.
The ring indicated as (102) with an interplanar spacing of 0.25
nm is ascribed to the CoMoP, phase. The elemental mapping
images in Fig. 2f show the presence and distribution of Cu, Co,
Mo and P elements in CuCoMo-P, and the corresponding quan-
titative analysis data are provided in the EDX spectrum (Fig. S5,
ESIT). The HR-TEM image of CuCoMo-S (Fig. 2g) shows inter-
planar spacings of 0.32 and 0.28 nm, corresponding to the (101)
and (103) planes of the CuS phase. The SAED pattern of CuCoMo-
S (Fig. 2h) shows diffraction rings ascribed to the (204) and (330)
planes of the CoS phase, while (104) and (008) planes correspond

View Article Online
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to the MoS, and CuS phases, respectively. The elemental
mapping images in Fig. 2i show the distribution of Cu, Co, Mo,
and S elements on the electrocatalyst, with the corresponding
quantitative analysis data provided in the EDX spectrum (Fig. S6,
ESIt). To determine the specific surface area (SSA), all samples
underwent characterization using the Brunauer-Emmett-Teller
(BET) method. The results show that all samples exhibit type-IV
BET isotherms (Fig. S7a, ESIt), with notable mesoporosity
evident in the cumulative pore volume distribution curves
(Fig. S7b, ESIT). Among them, CuCoMo-P exhibited the highest
pore volume and the most favorable hysteresis loop, leading to
the largest SSA of 21.35 m? g~ *. This was followed by CuCoMo-
LDH with an SSA of 7.436 m*> ¢~ * and CuCoMo-S with 2.261 m?
g™, as depicted in the inset of Fig. S7a, ESL

To analyze the surface elemental composition and chemical
valence states of the electrocatalysts, X-ray photoelectron spec-
troscopy (XPS) was employed. The survey spectrum of CuCoMo-P
(Fig. S8a, ESIf) shows the presence of Cu, Co, Mo, P, and O
elements, whereas the survey spectrum of CuCoMo-LDH
(Fig. S8b, ESIt) shows the presence of Cu, Co, Mo, and O. The
presence of O in the CuCoMo-P material originates from the
physisorbed H,O molecules and partial oxidation of the surface.
The deconvoluted Co 2p spectra of CuCoMo-P (Fig. 3a) and
CuCoMo-LDH (Fig. S9a, ESIT) show a pair of spin-orbit doublets
belonging to Co 2p;, and Co 2p;,,.>*** The Co 2p peaks at
binding energies (BEs) of 781.2 and 797.6 eV for CuCoMo-P are

Co 2p|

(a)

Intensity (a.u.)

(b)

Cu 2p|

Intensity (a.u.)

810 805 800 795 7700 785 780 775 066 060 054 048 o4 036 930
Binding energy (eV) Binding energy (eV)
(d) [P 2p

Intensity (a.u.)

Intensity (a.u.)

232 230

234
Binding energy (eV)

238 236

228 138

136 134 132 130

Binding energy (eV)

Fig. 3 XPS deconvoluted spectra of (a) Co 2p, (b) Cu 2p, (c) Mo 3d, and (d) P 2p of CuCoMo-P.
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ascribed to the +3, whereas the peaks at BEs of 782.5 and 798.9 eV
are ascribed to the +2 oxidation state of Co.** Interestingly, the
spin-orbit doublets of Co 2p for CuCoMo-LDH show a negative
shift, indicating redistribution of electron density around Co
atoms. The peaks corresponding to the +3 oxidation state of Co
shift to BEs of 775.8 and 792.2 eV, whereas those corresponding
to the +2 oxidation state shift to BEs of 778.4 and 794.8 eV.>® The
deconvoluted Cu 2p spectra of CuCoMo-P (Fig. 3b) and CuCoMo-
LDH (Fig. S9b, ESIT) reveal a pair of spin-orbit doublets corre-
sponding to Cu 2p3,, and Cu 2p,,.*> The Cu 2p peaks at BEs of
932.3 and 952.3 eV for CuCoMo-P correspond to the +1 oxidation
state, while the peaks at BEs of 933.6 and 953.6 eV correspond to
the +2 oxidation state of Cu.” In contrast, the Cu 2p peaks in
CuCoMo-LDH show a shift to lower binding energies with peaks
at 926 and 946 eV corresponding to the +1 oxidation state and
peaks at 929 and 949 eV corresponding to the +2 oxidation state
of Cu (Fig. S9b, ESIt).">** The spin-orbit doublets are also
observed in the deconvoluted Mo 3d spectra of CuCoMo-P
(Fig. 3c) and CuCoMo-LDH (Fig. S9c, ESIf), corresponding to
Mo 3d5/, and Mo 3d3,,. The Mo 3d peaks of CuCoMo-P at 231 and
234.3 eV correspond to the +4 oxidation state, whereas the peaks
at 232.8 and 236.1 eV correspond to the +6 oxidation state of
Mo."* A negative shift in BE is observed in CuCoMo-LDH
compared to CuCoMo-P. This negative shift in BE in CuCoMo-
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LDH compared to CuCoMo-P is attributed to the increased
electron density around the Cu, Co and Mo atoms in CuCoMo-
LDH, suggesting unique electron density modulation in both
electrocatalyst systems.>® The peaks at 132.9 and 134.7 eV in the
deconvoluted P 2p spectrum of CuCoMo-P (Fig. 3d) are attributed
to P 2ps/, and P2p,,, from the metal-phosphorus (M-P) bond.?***
Another peak at 135.3 eV is from the phosphorus-oxygen (P-O)
bond of the phosphates, resulting from the surface oxidation of
phosphide samples.””** The deconvoluted O 1 s spectrum of
CuCoMo-LDH shows three peaks at 524.3, 526.3 and 527.65 eV
corresponding to the metal-oxide (M-O), metal-hydroxide (M-
OH) and adsorbed H,0 molecules, respectively (Fig. S9d, ESI}).***
Thus, the synthesized materials have been thoroughly charac-
terized through the aforementioned physicochemical analysis,
revealing the presence of Cu, Co, and Mo constituents along with
their corresponding oxidation states. This indicates that the
developed materials are likely to enhance electrocatalytic effi-
ciency for water electrolysis by modulating both the crystal and
electronic structures.

2.2. Oxygen evolution reaction study

Initially, the electrocatalytic OER performance of the electro-
catalysts was evaluated by recording linear sweep voltammetry
(LSV) curves in an aqueous 1 M KOH solution. Fig. 4a shows the
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LSV curves of the synthesized materials, showing that CuCoMo-P
achieves an overpotential of 331 mV at a current density of 50 mA
cm 2, with a Tafel slope of 84 mV dec™ " (Fig. 4b). In comparison,
CuCoMo-LDH exhibits an overpotential of 307 mV and a Tafel
slope of 73 mV dec™ ', while CuCoMo-S shows 311 mV and 85 mV
dec ™). Nevertheless, CuCoMo-P shows the lowest overpotential
in the high current density region (above 300 mA cm 2).
Impressively, all the reported electrocatalysts exhibit superior
OER performance compared to the benchmark RuO, (369 mV,
99 mV dec ") and the bare Ni foam (440 mV and 134 mV dec ™).
Unlike many recently developed materials, these electrocatalysts
achieve exceptionally high current densities at 2 V (Fig. 4a), with
CuCoMo-P reaching 644 mA em > and CuCoMo-LDH achieving
575 mA cm™ >, an essential factor for their practical application in
real electrolyzer systems. A comparison of overpotentials and
current densities with those of recently reported materials is
shown in Table S1, ESL{ highlighting the excellent electro-
catalytic activity of these materials. This enhanced OER perfor-
mance of the electrocatalysts is mainly due to the synergistically
enhanced electronic modulation among the Cu, Co, and Mo
metals. To evaluate the synergistic effect, monometallic Co(OH),,
bimetallic CoMo-OH and CuCo-OH were synthesized and tested
by recording LSV curves (Fig. S10a, ESIt). The results show that
Co(OH),, CoMo-OH and CuCo-OH exhibit higher overpotentials
of 379, 353 and 399 mV at 50 mA cm >, respectively, demon-
strating the presence of synergistic effects on the trimetallic
CuCoMo-LDH, CuCoMo-P and CuCoMo-S materials contributing
to their superior performance. Another important factor influ-
encing the catalytic activity of the materials is the electrochemi-
cally active surface area (ECSA). To evaluate the ECSAs of the
synthesized materials, the double-layer capacitance (C4;) method
was employed, as shown in Fig. S11 and S12 of the ESI.T Among
the developed materials, CuCoMo-P exhibits the highest ECSA
value of 440 cm®, followed by CuCoMo-LDH (162.5 cm®) and
CuCoMo-S (80 cm?), as shown in Table S2, ESL{ along with all
other electrocatalysts. The results shown in Table S2, ESI, reveal
that the trimetallic materials exhibit significantly higher ECSA
values compared to their mono- and bimetallic counterparts. The
enhanced ECSA is mainly due to the improved active sites
available for electrochemical reactions, further supporting
synergistic behavior among the three metal constituents. The
highest ECSA value of CuCoMo-P is further supported by its
highest specific surface area as determined from BET analysis.
The roughness factor (RF) of the electrocatalysts follows the same
trend as the ECSA (Table S2, ESIT), showing the highest RF value
for CuCoMo-P, followed by CuCoMo-LDH. The higher RF value of
CuCoMo-P is consistent with its high OER activity as the potential
scans toward higher values. To further evaluate the conductivity
of the materials, electrochemical impedance spectroscopy (EIS)
was performed at 1.53 V (vs. RHE), and the resulting Nyquist plots
are shown in Fig. 4c. All three trimetallic electrocatalysts dis-
played lower charge transfer resistance (R.) compared to both the
benchmark RuO, and bare NF, signifying faster reaction kinetics
and more efficient charge transfer, as shown in the Nyquist plots
in Fig. 4c. The equivalent circuit model for the Nyquist plots of
the electrocatalysts, as shown in the inset of Fig. 4c, includes
solution resistance (Rs), R.., mass transfer resistance (R,), and
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constant phase elements (CPEs). The presence of CPEs in the
circuit indicates the non-ideal capacitive behavior of the elec-
trocatalyst systems. Among the electrocatalysts, CuCoMo-P
exhibited the lowest R, of 0.5563 Q and R, of 0.2503 Q, unveil-
ing its potential as a highly active OER electrocatalyst (Table S3,
ESIT). These low R, and R, values are in good agreement with its
high OER activity, particularly as the potential scans extend to
higher values. Additionally, the highest exchange current density
(jo) of CuCoMo-P (25.65 mA cm ™ 2) further supports its superior
OER performance compared to CuCoMo-S and CuCoMo-LDH
(Table S4, ESIt). Furthermore, to gain deeper insights into the
intrinsic activity of the electrocatalysts for the OER, turnover
frequencies (TOFs) were calculated from the areas of the oxida-
tion curves (Fig. S13a-c, ESIT). CuCoMo-P exhibited the highest
TOF of 1.977 s at 1.7 V, 6.5 and 13.7 times higher than those of
CuCoMo-LDH and CuCoMo-S, respectively (Fig. S13d, ESIt). The
active site counts and TOF values for the electrocatalysts are given
in Table S5, ESL{ In addition to catalytic activity, stability is
a crucial aspect of an electrocatalyst for practical applications. To
evaluate durability, the electrocatalysts were tested using the
chronopotentiometry (CP) technique, and the corresponding CP
profiles are shown in Fig. 4d. All electrocatalysts exhibited strong
stability over 100 h at a current density of 50 mA cm™ 2. After
observing the encouraging stability results of the CuCoMo-P,
CuCoMo-LDH and CuCoMo-S catalysts, the used -electro-
catalysts underwent subsequent durability testing at significantly
high current densities of 100 and 200 mA cm ™ for an additional
9 hours, as shown in the inset of Fig. 4d. The LSVs recorded after
the CP test are shown in Fig. S14a, ESIL.t As anticipated, all three
catalysts demonstrated excellent stability (Fig. 4d), although
a slight decrease in stability was observed for CuCoMo-LDH,
while CuCoMo-S exhibited a significant improvement. Though
CuCoMo-S showed lower catalytic activity initially, its perfor-
mance noticeably increased after the stability test.

The OER analysis shows that CuCoMo-P exhibited superior
OER activity compared to CuCoMo-LDH and CuCoMo-S. This
enhancement can be attributed to several factors: (i) metal
phosphides exhibit higher electronic conductivity compared to
metal LDHs and metal sulfides, enabling improved charge
transport rates during the OER, as demonstrated by the exper-
imental EIS data, (ii) the electronic modulations resulting from
the interaction between the metals and phosphide counter ions
enhance the active sites in CuCoMo-P and maximize their
catalytic capabilities, as evidenced by the experimental ECSA
data, (iii) the unique bonding characteristics between the metal
and phosphorus can stabilize the reaction intermediates,
lowering the energy barrier for the OER, which is further dis-
cussed in the later section of DFT calculations, and (iv) during
the OER process in an alkaline medium, the surface of the metal
phosphide is expected to undergo oxidation, resulting in the
formation of an in situ oxidized metal hydroxide or (oxy)
hydroxide. This phase may exhibit unusual amorphous or
metastable characteristics, which can lead to enhanced catalytic
activity.”® These factors collectively enhance the catalytic activity
and stability of CuCoMo-P, offering advantages over CuCoMo-
LDH and CuCoMo-S.
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Fig. 5 HER studies: (a) LSV curves at a 2 mV s~ scan rate, (b) Tafel plots, (c) Nyquist plots, and (d) chronopotentiometric stability test profiles.

2.3. Hydrogen evolution reaction study

The HER LSV curves of the electrocatalysts are shown in Fig. 5a,
with a detailed comparison of overpotentials at various current
densities shown in Table S6, ESL.T CuCoMo-P exhibits the highest
current density and the lowest overpotential among the devel-
oped materials, requiring overpotentials of only 45 and 117 mV at
current densities of —15 and —50 mA c¢m >, respectively. This
performance surpasses that of CuCoMo-LDH, which demands
79 mV at —10 mA cm 2 and 215 mV at —50 mA cm 2, and
CuCoMo-S, which demands 167 mV at —10 mA cm ™2 and 265 mV
at —50 mA cm ™2, The HER catalytic activity of CuCoMo-P is close
to that of Pt/C/NF (22 mV at —15 mA cm > and 83 mV at —50 mA
cm %) and much higher than that of bare Ni foam (230 mV at —10
mA cm™?). In addition, to gain insights into the HER kinetics and
underlying mechanisms, the Tafel plots were derived from the
respective LSV curves, as shown in Fig. 5b. Among the studied
electrocatalysts, CuCoMo-P exhibited the lowest Tafel slope of
132 mV dec™ ' compared to CuCoMo-LDH (152 mV dec™ ') and
CuCoMo-S (184 mV dec '), indicative of its superior HER
kinetics, while Pt/C/NF exhibited 49 mV dec ' and the bare Ni
foam substrate exhibited a Tafel slope of 271 mV dec™ " in the low
potential region and 157 mV dec ™" in the high potential region,
respectively. The higher Tafel slope of bare NF in the low

7222 | J. Mater. Chem. A, 2025, 13, 7215-7227

potential region shows its sluggish kinetics toward the HER. The
consistent LSV curves of the electrocatalysts across all potentials
signify their reliable HER activity. Furthermore, comparing the
HER activity of the electrocatalysts with recent results (Table S6,
ESIT) shows better activity in most cases, highlighting their
superior performance for the HER. The admirable HER activity of
the electrocatalysts is attributed to the synergistically enhanced
electronic modulations among Cu, Co and Mo metals. The exis-
tence of these electronic modulations is evidenced by XPS anal-
ysis and DFT calculations, which are discussed in the following
section. In addition, as observed from Fig. S10b, ESI,T the lower
HER activity of monometallic Co(OH), (350 mV at —50 mA cm™>),
bimetallic CoMo-OH (325 mV at —50 mA cm™2), and CuCo-OH
(345 mV at —50 mA cm~?) compared to CuCoMo-LDH, CuCoMo-
P and CuCoMo-S indicates the importance of synergistic effects
among Cu, Co, and Mo metals in enhancing HER activity. To
assess the charge transfer resistance of the developed materials,
Nyquist plots were obtained from EIS analysis, as shown in
Fig. 5c. The equivalent circuit model for Nyquist plots of the
electrocatalysts, presented in the inset of Fig. 5c, includes Rg, R,
and a CPE, where the CPE corresponds to the non-linear capac-
itor behavior of the electrocatalysts. CuCoMo-P exhibits the
lowest R, value of 1.61 Q, followed by CuCoMo-LDH (10.04 Q)

This journal is © The Royal Society of Chemistry 2025
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and CuCoMo-S (47.66 Q) (Table S7, ESIt). The lowest R, value of
CuCoMo-P accounts for its faster charge transfer kinetics at the
electrode-electrolyte interface, resulting in faster HER kinetics.
This is consistent with the trend observed from the Tafel slope
values. The highest exchange current density (j,) value of
CuCoMo-P (7.97 mA cm™?) further indicates its excellent HER
activity among the examined electrocatalysts (Table S4, ESIT).
In addition to the reduced overpotentials and Tafel slopes
that indicate superior HER catalytic activity, long-term dura-
bility is another essential consideration for real-world applica-
tions. Therefore, the HER durability of the electrocatalysts was
evaluated by performing a chronopotentiometry stability test at
—50 mA cm > for 100 h, with the corresponding CP profiles
presented in Fig. 5d. Among all the examined electrocatalysts,
CuCoMo-P retained the highest HER activity even after 100 h of
CP testing, as observed from the post-CP LSV curves in
Fig. S14b, ESIL.{ In addition, similar to the OER stability tests,
the used electrocatalysts underwent rigorous stability testing at
high current densities of —100 and —200 mA cm 2 for an
additional 9 hours, as shown in the inset of Fig. 5d. The results
showed encouraging durability, with CuCoMo-P maintaining
superior performance among the electrocatalysts tested.

2.4. Density functional theory calculations

DFT calculations were conducted to explicitly investigate and
gain a deeper understanding of the HER and OER processes in

This journal is © The Royal Society of Chemistry 2025

CuCoMo-P. Fig. 6a-e provide the pictorial representations of the
catalyst studied, including key intermediates involved in the
HER and OER on the electrocatalyst surfaces. The general
pathway of the HER can be depicted using a three-state
diagram: beginning with a primary state of H + e~ followed
by adsorption of the H* intermediate, and culminating in the
formation of H, as the final product. The HER activity of the
catalyst was evaluated using hydrogen adsorption free energy
(AGy+), where an ideal value of |AGy+| should be close to zero
following the Sabatier principle. Fig. 6f shows the optimal AGy+
value (—0.11 eV) for the adsorption of H* intermediates onto
CuCoMo-P, signifying an appropriate adsorption strength of H*
intermediates, which is close enough to zero, proving an ideal
electrocatalyst for the HER. Interestingly, the AGy~+ value of
CuCoMo-P is much closer to zero than those recently reported
for Co,P@Fe,P (—0.17 €V) and CoMoP,-PV (—0.29 eV)."*** The
Tafel slope in the HER indicated that the rate-determining step
(RDS) is 2H* — 2* + H,, further supported by the calculated
AGy+. Additionally, the distances between hydrogen and metal
atoms Cu and Mo were 1.66 and 1.83 A, respectively. This low
energy barrier and minimal distance between hydrogen and Cu
atoms resulted in a favorable AGy+ and faster HER kinetics, as
shown in Fig. 6f.

For the OER, the conventional absorbate evolution mecha-
nism was applied to simulate the oxygen evolution process,
widely recognized as the primary mechanism in this system.
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Fig. 6g illustrates the geometrical arrangements of the stable
adsorbed intermediates. Transition metal atoms in CuCoMo-P
exhibit high electroactivity and play a crucial role in alleviating
these stable intermediates, enabling efficient variation during
the OER. Fig. 6g shows the energetic progression of the OER
pathway. Initially, the OH molecule adsorbs on the catalyst,
resulting in OH*. Subsequently, O*, OOH*, and finally O, are
sequentially evolved. The OER exhibits a constant uphill drift at
the standard potential (U = 1.23 V). The calculated energy barrier
for the reaction [30H™ + OH] to [20H™ + H,O + O] is 0.945 eV. In
addition, the highest barrier in the OER occurs during the
transformation from [OOH] to [O,], with a value of 3.00 eV,
indicating the RDS. Therefore, the calculated energy profiles
(Fig. 6g) of CuCoMo-P indicate that O, formation is the RDS.
Moreover, the investigation explores the structural alterations of
the electrocatalyst and adsorbed molecules and intermediates at
each step of the OER. At each reaction step, the intermediate
species migrates from its initial position to the catalyst surface,
binding to a Cu atom adjacent to Co and Mo. The increase in the
bond distance from OH* to the OOH* intermediate underscores
a strong interaction between the intermediate and the catalyst.
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However, a slight increase in the bond distance is observed
between the adsorbed moieties and the catalyst, from OH* to O%,
which decreases further in the case of OOH* (Fig. S15, ESIT). This
alternation in the bond distance highlights the strong adsorption
of the OER intermediate onto the catalyst.

An electronic property analysis was conducted to investigate
the intrinsic relationship between the electronic structure and
catalytic activity of the electrocatalyst toward the HER and OER by
calculating the density of states (DOS) and the projected density of
states (PDOS) of CuCoMo-P and intermediates involved in the
HER and OER (Fig. S16, ESIf). The DOS of CuCoMo-P shows
a higher number of electronic states at energy levels close to the
Fermi level (Eg), resembling metallic properties, suggesting higher
electrical conductivity and improved electron transport during
electrochemical reactions. For effective comparison, the PDOS
within the energy range of —24 to 4 eV is considered. Furthermore,
the electron densities at Er highlight the electroactive region. For
the metal, a robust perturbation to the electronic distribution of
the lattice is observed, resulting in a more electron-rich catalyst
surface. Analysis of the PDOS shows that the metal-d and P-P
states are primarily localized between —7.7 and 5 eV. The metal
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Fig.7 OWS studies: (a) LSV curves of the fabricated electrolyzers at a 2 mV s~* scan rate, (b) chronopotentiometric stability test of the fabricated
electrolyzers, (c) half-cell HER and OER LSV curves plotted together, and (d) OWS performed with the CuCoMo-P(+) electrolyzer powered by

a 1.5V AA battery.
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sites dominate the main electronic contribution near the Eg. The
O-p state shows electron-rich characteristics at a lower energy site.
Additionally, metal-d orbitals exhibit good overlap with O-p
orbitals, supporting efficient site-to-site electron transfer and
stable bonding. The O-sites also exhibit a notable upward trend
from —3.93 eV to —4.03 eV, indicating a significant electron
transfer from the O sites to neighboring metal sites, implying high
electroactivity. Moreover, a clear linear correlation exists between
OH* and OOH*, indicating significant electron transfer and
transformation of intermediates during the OER.

2.5. Overall water splitting study

After conducting rigorous studies on the OER and HER activi-
ties of the electrocatalysts, the impressive electrocatalytic
activities facilitates the development of three symmetrical
alkaline electrolyzers: CuCoMo-LDH (+), CuCoMo-P (+) and
CuCoMo-S (=£). Fig. 7a shows the LSV curves of the fabricated
electrolyzers, recorded in aqueous 1 M KOH solution at a scan
rate of 2 mV s'. Among the three, the CuCoMo-P (&) electro-
lyzer exhibited the lowest recorded cell potential of 1.393 V to
reach the benchmark current density of 10 mA cm ™2, followed
by CuCoMo-LDH (4) (1.427 V at 10 mA cm™ %) and CuCoMo-S (&)
(1.599 V at 15 mA cm ™ ?). Impressively, to achieve a high current
density of 50 mA cm ™2, the CuCoMo-P (%) electrolyzer demands
only 1.633 V, while CuCoMo-LDH (+) and CuCoMo-S ()
required 1.732 V and 1.818 V, respectively. Remarkably, the
CuCoMo-P (&) electrolyzer, with a 1 em? active area, exhibited
the highest current density of 250 mA cm ™2 at 2 V, surpassing
most of the reported results. This performance of the electro-
lyzer is superior to the majority of the findings that have been
recently reported.”**®*® Hence, we anticipate that the alkaline or
anion exchange membrane electrolyzer stack fabricated with
the CuCoMo-P (£) material is expected to show high efficiency.
These results are also compared with those of the electrolyzer
fabricated using the benchmark RuO, as the anode and Pt/C
(20 wt%) as the cathode, where RuO,(+)||Pt/C(—) required
1.554 and 1.741 V cell potentials at 10 and 50 mA cm 2,
respectively. The electrolyzer constructed using bare NF as both
the anode and the cathode (bare NF(+)) required a high cell
potential of 1.772 V at 10 mA cm ™, revealing low OWS capa-
bility compared to deposited materials. Furthermore, the OWS
performance of symmetrical alkaline electrolyzers constructed
using monometallic Co(OH),, bimetallic CoMo-OH and CuCo-
OH was also analyzed (Fig. S10c, ESIt). All three electrolyzers,
Co(OH),(£), CoMo-OH(£) and CuCo-OH(=+), underperformed
compared to the trimetallic CuCoMo-LDH (+), CuCoMo-P (+)
and CuCoMo-S (+) electrolyzers, requiring cell potentials of
1.928, 1.881 and 1.926 V at 50 mA cm 2, respectively. The ob-
tained results, summarized in Table S8, ESI,i are compared
with those of recently reported materials, showing the superior
OWS performance of the CuCoMo-P (1) electrolyzer. To check
the durability of CuCoMo-LDH (%), CuCoMo-P (£) and
CuCoMo-S (&) electrolyzers, a CP stability test was conducted
using fresh electrode materials, as shown in Fig. 7b. After 100 h
of continuous electrolysis at a current density of 50 mA cm ™2,
negligible decay was noticed for CuCoMo-P (+), maintaining

This journal is © The Royal Society of Chemistry 2025
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a current density of 228 mA cm > at 2 V (Fig. Sl4c, ESIT).
Meanwhile, a noticeable enhancement in activity was observed
for CuCoMo-S (+) (Fig. S14c, ESIt). In addition, the used elec-
trolyzers were further subjected to rigorous durability tests at
even higher current densities of 100 and 200 mA cm 2 for an
additional 9 h, as shown in the inset of Fig. 7b. Notably, no
significant decay was observed, even under these high current
conditions, indicating that the electrode materials did not
undergo deterioration. The slight increase in potential in the
curves can be due to a decrease in KOH concentration near the
electrode surface and the partial blockage of active sites by the
formed gas bubbles. Fig. 7c shows the potential difference
between the half-cell anodic OER and cathodic HER potentials
of the developed materials at 50 mA cm ™, indicating that these
observed potentials closely match those in the fabricated elec-
trolyzers (Fig. 7a). This alignment shows the reliability of the
material testing. The electrolysis performance of CuCoMo-P (%)
was further investigated using a 1.5 V AA battery, as shown in
Fig. 7d and Video S1,7 where the electrolyzer successfully
initiated the splitting of alkaline water into H, and O, gases.
According to the LSV data for the CuCoMo-P (+) electrolyzer in
Fig. 7a, a cell potential of 1.5 V produces a current density of 21
mA cm %, accompanied by the visual evolution of H, and O,
bubbles. Finally, the faradaic efficiency (FE) of the CuCoMo-P
(£) electrolyzer was calculated and is presented in Fig. S17,
ESI and Video S2.1 The FE for H, and O, generation was found
to be 98.7%.

These rigorous studies show that CuCoMo-P () is highly
suited to use in both alkaline and anion exchange membrane
electrolyzers, supporting large-scale H, production at high
operating currents. The H, production cost using the CuCoMo-
P (4) electrolyzer is approximately $0.12255 per 1000 L, with
a generation rate of 3.4 mL min ', as shown in the calculations
in the ESL¥

3. Conclusions

In this study, a series of trimetallic Cu, Co and Mo-based
bifunctional electrocatalysts, specifically CuCoMo-LDH,
CuCoMo-P, and CuCoMo-S, were synthesized via a simple and
cost-effective hydrothermal method, followed by heat treatment
for efficient overall water electrolysis to produce H,. Electro-
chemical studies show that the CuCoMo-P material exhibits
exceptional bifunctional catalytic activity for both the OER and
the HER, exceeding the catalytic activity of benchmark RuO, for
the OER and Pt/C for the HER, as well as most recently reported
materials. Especially, the symmetrical alkaline electrolyzer
fabricated with CuCoMo-P (+) demonstrated exceptional OWS
performance, requiring a record low cell potential of 1.393 V at
a current density of 10 mA cm™ 2. Following closely, CuCoMo-
LDH (+) exhibited a cell potential of 1.427 V under the same
conditions. Both the electrolyzers' performance exceeds that of
the benchmark RuO,(+)||Pt/C(—), which requires a cell potential
of 1.554 V at the same current density. Additionally, all three
developed trimetallic electrolyzers showed exceptional stability,
maintaining performance over 109 hours even at varied and
high current densities. The exceptional bifunctional catalytic
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performance of CuCoMo-P is explained by density functional
theory (DFT) calculations. DFT studies indicate that electronic
modulations among the metal atoms enhance the density of
electronic states near the Fermi level, resulting in improved
electrical conductivity and favorable reaction pathways for both
the OER and the HER. The estimated H, production cost of the
CuCoMo-P (4) electrolyzer with 98.7% faradaic efficiency is
approximately $0.12255 per 1000 L, with a generation rate of 3.4
mL min~". This suggests that an alkaline or anion exchange
membrane electrolyzer stack fabricated with the developed
CuCoMo-P material is expected to achieve high efficiency for
large-scale GH, production at minimal cost.
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