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Efficient and sustainable hydrogen production through electrocatalytic water splitting remains a critical
challenge, hindered primarily by the sluggish oxygen evolution reaction (OER). In this regard, leveraging
the hydrazine oxidation reaction (HzOR) as an anodic alternative significantly lowers the overall cell
voltage, promoting energy-efficient hydrogen evolution. In this study, we report Prussian blue analog
(PBA)-derived vanadium-doped cobalt-iron layered double hydroxide (V-CoFe-LDH) nanosheets as an
efficient electrocatalyst for the HzOR in the alkaline medium. The PBA-derived V-CoFe-LDH offered
a high surface area, large porosity, and coordination unsaturation, and produced 2D nanosheets. The
introduction of mixed-valence V**/V®>*-species modulated the electronic structure and enhanced the
active site density, offering facile access to the higher oxidation states of Co and Fe-ions to improve the
catalytic performance. The V-CoFe-LDH exhibited superior HzOR activity, achieving a significant
reduction in the potential requirement (0.70 V in 3-electrode and 0.42 V in 2-electrode systems)
compared to the anodic OER. Moreover, the structural modification in PBA-derived V-CoFe-LDH led to
an improved HzOR compared to the hydrothermally prepared V-CoFe-LDH-HT. The operando Raman
studies elucidated the formation of the *NH, intermediate on the V-CoFe-LDH surface, and further
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Introduction

Electrochemical hydrogen production by water splitting
requires a high operational voltage (>1.23 V), leading to signif-
icant consumption of electricity and associated costs, which
hinder its feasibility for large-scale implementation."™* There-
fore, developing efficient, energy-saving, and low-cost catalysts
for hydrogen production has gained considerable importance.*
In water splitting, the anodic oxygen evolution reaction (OER)
works as the bottleneck because of its sluggish kinetics and
high energy demand.*® To overcome this, anodic oxidation
reactions (AORs) of inorganic and organic substrates have been
explored to lower the overall voltage requirement, increase the
efficiency of the cell, and improve the hydrogen production
rate.”*?

Among different AORs, the anodic hydrazine oxidation
reaction (HzOR) is particularly important as it can largely
improve hydrogen production.’**¢ As the HzOR requires a very
low theoretical oxidation potential of —0.33 V vs. RHE, the
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confirmed the breaking of the N—N bond during the HzOR.

replacement of the OER (theoretical potential is 1.23 V vs. RHE)
by the HzOR can significantly reduce the operating voltage and,
consequently, the energy demand, making it a highly attractive
alternative for practical applications (Fig. 1)."** Different
research groups have explored HzOR-assisted H, production
and analyzed the techno economical aspects.'*** For example,
Badreldin et al. showed the economic feasibility of the HzOR
over other anodic oxidation reactions.* The H, production cost
(0.30 USD per kg H,) by hydrazine oxidation was found to be
economically viable compared to other anodic reactions like
urea, methanol, ethanol oxidation, and the OER.?° However, the
high cost of hydrazine still poses a challenge for the commercial
use of the HZOR.>***

In recent years, substantial research has been directed
toward the design of advanced electrocatalysts for catalyzing
both the cathodic and anodic reactions in HzOR-assisted
hydrogen production systems.'>'®*3> In this context,
numerous electrocatalysts based on noble metals have been
reported for electrocatalytic HzOR activity. For example, the
RhRu, s5-alloy,®® AuPt alloy,* Rh,P,*® and so on have been
developed for efficient HzOR coupled with the hydrogen
evolution reaction (HER). Furthermore, transition metal-based
catalysts such as Ni(OH),/Ni,P,* P, W-Co;N,*” NiCoP,*® NiCo-
MOF/Mxene,* NiS,,** and Co/MoO, (ref. 41) demonstrated
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(a) Schematic illustration showing hydrazine oxidation-assisted water splitting; (b) the advantages of hydrazine oxidation-assisted water

splitting over traditional water splitting; and (c) alkaline etching of CoFe-PBA in the presence of NH4VOs3 to produce V-CoFe-LDH. Color code of

the atoms — Co: blue, O: pink, Fe: red, C: green, N: gray, V: purple.

excellent activity and stability for the HzOR.**** In further
advancement, researchers have extensively utilized transition
metal-based hydroxides and layered double hydroxides (LDHs)
for efficient HzZOR.>**%*7

Interestingly, the use of a metal-organic framework (MOF) as
the precursor of LDH was found to be beneficial for electro-
catalytic performance.**** MOF-derived LDHs provide a high
surface area, atomic level thickness, tuned porosity, and opti-
mized electronic properties for improved -electrocatalytic
activity and stability.>*>® The electrocatalytic anodic oxidation
activity of LDHs is further enhanced by the addition of high-
valent metal ions.>*"®

In this work, we have synthesized V-CoFe-LDH using CoFe-
PBA as the precursor with simultaneous incorporation of V**/
V>*-ions during alkaline etching (Fig. 1). Previous work has
demonstrated the synthesis of various hydroxides by the alka-
line etching of PBAs.> Additionally, we have seen that PBAs
undergo electrochemical conversion into M(O)(OH) nanosheets
during the alkaline water splitting.>>® Nevertheless, it has not
been investigated yet, how high-valent metal ions like V**/V>*
can be incorporated into PBA-derived LDH nanosheets to
improve the electrocatalytic activity.

24926 | J Mater. Chem. A, 2025, 13, 24925-24932

Previous studies indicate that the HzOR requires a highly
efficient catalyst with excellent electronic conductivity and
robust stability.***%**° Moreover, the presence of high-valent
metal ions significantly boosts the catalytic performance due
to optimized electronic properties.>*?*3741:4647 Herein, we
combined multiple strategies to enhance the efficiency of the
HzOR using V-doped CoFe-LDH catalysts: (i) the self-supported
catalyst not only improves catalyst-support interactions but
also facilitates charge transfer, improving the electrochemical
activity and stability.* (ii) The introduction of V**/v**-ions in
the structure of CoFe-LDH optimized the electronic structure,
resulting in high catalytic efficiency.** (iii) The atomic-scale thin
V-CoFe-LDH nanosheets offer coordination and electronic
unsaturation at the metal centers with a high density of active
binding sites for reactant molecules. (iv) The use of PBA as the
precursor results in a large surface area, increased porosity, and
modulated electronic properties in V-CoFe-LDH.*

As a result, V-CoFe-LDH nanosheets exhibited significantly
improved HzOR activity compared to CoFe-LDH. Additionally,
the incorporation of V**/v*"-ions in CoFe-LDH was found to
boost the efficacy of water splitting when the OER was
substituted with the HzOR. The PBA-derived V-CoFe-LDH

This journal is © The Royal Society of Chemistry 2025
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nanosheets achieved a current density of 100 mA cm 2 for the
OER at the voltage demand of 1.50 V vs. RHE, while only 0.80 V
vs. RHE was required for the HzOR. Additionally, V-CoFe-LDH
manifested a cell potential of 1.22 V for 100 mA cm ™ ? current
density for the HzOR, significantly lower than that of water
splitting involving the anodic OER (1.64 V) in a two-electrode
system. Furthermore, the efficiency of this newly developed
catalyst was demonstrated by its remarkable HzOR activity
compared to V-CoFe-LDH-HT, prepared by the hydrothermal
method.

Results and discussion
Synthesis and characterization of the catalysts

Nickel foam-supported CoFe-PBA was synthesized following
a methodology developed in our laboratory.”*** The formation
of CoFe-PBA@NF was verified using powder X-ray diffraction
(PXRD) and infrared (IR) spectroscopy and is outlined in the ESI
(Fig. S1 and S27). CoFe-PBA@NF was treated with ammonium
metavanadate in an aqueous KOH solution, resulting in the
formation of V-CoFe-LDH nanosheets (Fig. 1). Further, the
amount of ammonium metavanadate was optimized by
preparing two more vanadium-doped CoFe-layered double
hydroxides (denoted as V-CoFe-LDH-1 and V-CoFe-LDH-2) to
attain the highest HzOR activity. For comparison purposes,
CoFe-LDH was also prepared by treating CoFe-PBA in an
aqueous KOH solution without ammonium metavanadate.
Additionally, a comparative V-CoFe-LDH-HT catalyst was
synthesized by a hydrothermal method (Table S17).

The V-incorporation in CoFe-LDH could happen in three
possible ways; (i) introduction of V in the lattices of LDH
replacing Co and Fe sites; (ii) intercalation of VO,"~ between the
layers of LDH; and/or (iii) both. To understand this process, we
have carried out powder X-ray diffraction (PXRD). The PXRD
pattern of both catalysts showed the characteristic peaks of
CoFe-LDH (JCPDS no. 50-0235) (Fig. S31). A positive shift of
0.12° in the two-theta angle of (003) and (015) peaks was
observed for V-CoFe-LDH in contrast to CoFe-LDH. The incor-
poration of V**/V>*, with smaller ionic radii than Co®" and Fe**,
into the lattice of CoFe-LDH led to lattice contraction and hence
a positive shift in the PXRD peak of V-CoFe-LDH was observed.>
This analysis confirmed the successful incorporation of V into
the catalyst structure (Fig, S31). On the other hand, intercala-
tion of VO, between the layers of LDH has been ruled out as it
leads to the expansion of the inter-planar distance.

Fourier transform infrared (FTIR) spectroscopy provided
evidence for the formation of LDH. The FTIR spectrum of V-
CoFe-LDH and CoFe-LDH revealed the absence of -CN
bridges, characteristic of the PBA framework, indicating its
decomposition and the formation of a new catalyst structure
(Fig. S47).%*%° IR peaks of V-CoFe-LDH corresponding to the
stretching and bending vibrations of the -OH group were
observed at 3490 cm ™' and 1645 cm ', respectively. The FTIR
spectrum of CoFe-LDH exhibited identical peaks with a positive
shift of 6 cm™' compared to V-CoFe-LDH (Fig. S4f). The
combined PXRD and FTIR analyses validate the successful
synthesis of V-CoFe-LDH.

This journal is © The Royal Society of Chemistry 2025
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Further, the electronic environment of the elements in the
catalysts was examined by X-ray photoelectron spectroscopy
(XPS). The major peaks in the Co 2p XPS of V-CoFe-LDH were
observed at 782.08 eV and 797.74 eV for Co 2p;3/, and Co 2p4,,
respectively (Fig. 2a).*>*>** Deconvolution of Co 2ps, revealed
the peaks for Co®" and Co®*" at 784.26 eV and 781.91 eV,
respectively. In comparison to CoFe-LDH, the Co 2p;,, peak in
V-CoFe-LDH was shifted by 0.57 eV toward higher binding
energy. The Co**/Co®" peak area ratio was higher for V-CoFe-
LDH (1.66) in contrast to CoFe-LDH (0.47) (Fig. 2a).°*°%>*

V-CoFe-LDH was found to have a Co 2p3/,-Co 2p4,, spin—-orbit
coupling energy difference of 15.66 eV, indicating the presence
of mixed-valent Co®>" and Co®" species (Fig. 2a). The high Lewis
acidic nature of V**/V>" facilitated electron transfer from Co>" to
V**/V>", enhancing the electrophilicity of Co sites.*!

In the Fe 2p XPS spectra of V-CoFe-LDH, peaks correspond-
ing to Fe 2p;, and Fe 2p,, were observed at 710.84 eV and
723.57 eV, respectively (Fig. 2b).>***>* Further fitting of the Fe
2psj. peak identified Fe** and Fe®' species at 708.20 eV and
710.80 eV, respectively. Similar to Co 2p XPS, the Fe 2p;/, peak
of V-CoFe-LDH was shifted to a higher binding energy by 0.95 eV
than CoFe-LDH, showing higher positive charge density on Fe
in V-CoFe-LDH (Fig. 2b).****5* The Fe®'/Fe*" ratio in V-CoFe-
LDH was found to be 1.94 while 1.30 was observed for CoFe-
LDH.

Two peaks, representing V 2p;z, and V 2p,,, were deconvo-
luted from the V 2p XPS spectra of V-CoFe-LDH at 517.47 €V and
523.03 eV, respectively (Fig. 2¢).°*** The signals at 517.50 eV and
519.29 eV validated the existence of V** and V*>* in V-CoFe-LDH.
The binding energy of the V 2p spectrum of V-CoFe-LDH was
observed between VO, and V,Os, further suggesting the pres-
ence of V*" and V°*.% The coexistence of V** and V>* observed in
the V 2p XPS can be attributed to the strong electronic inter-
action of vanadium with Co and Fe atoms. The strong Lewis
acid V** ion withdraws electron density from Co and Fe-centers
and gets reduced to V**.3%¢

The O 1s XPS spectrum of V-CoFe-LDH displayed peaks at
529.62 eV, 532.35 eV, and 535.13 eV, corresponding to M-O
bonds, surface -OH, and adsorbed H,O, respectively
(Fig. 2d).**** The M-O peak in V-CoFe-LDH shifted negatively by
1.27 eV compared to CoFe-LDH, confirming electronic modifi-
cations due to V-doping (Fig. 2d).*®

The morphological features of the catalysts were obtained
from transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). SEM images showed that both V-
CoFe-LDH and CoFe-LDH had a nanosheet morphology, with
the nanosheets assembling into a flower-like structure (Fig. S5
and S6t). TEM studies further confirmed the nanosheet
morphology of V-CoFe-LDH (Fig. 2e). High-resolution TEM
(HRTEM) detected a lattice spacing of 0.23 nm, assigned to the
(015) plane of CoFe-LDH (Fig. 2f).** Furthermore, the poly-
crystalline nature of V-CoFe-LDH was detected in the selected
area electron diffraction (SAED) pattern (Fig. 2f inset). Atomic
force microscopy analysis also showed 2-8 nm thickness of V-
CoFe-LDH nanosheets (Fig. S77).

Energy dispersive X-ray (EDX) spectroscopy confirmed the
presence of Co, Fe, V, and O in V-CoFe-LDH and Co, Fe, and O in
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(@) Co 2p XPS of CoFe-LDH and V-CoFe-LDH depicting a positive shift of the Co 2p3,, binding energy in V-CoFe-LDH; (b) Fe 2p XPS of

CoFe-LDH and V-CoFe-LDH showing a positive shift of the Fe 2ps,, peak in V-CoFe-LDH; (c) V 2p XPS of V-CoFe-LDH showing the peaks for
V** and V*; (d) O 1s XPS data of CoFe-LDH and V-CoFe-LDH showing the negative shift of the peak for the M—O bond in V-CoFe-LDH; (e) TEM
image of V-CoFe-LDH; and (f) HRTEM image of V-CoFe-LDH showing the lattice spacing with a d-value of 0.23 nm for the (015) plane of LDH

(SAED inset).

CoFe-LDH (Fig. S8 and S971). EDX analysis also provided infor-
mation about the elemental composition, specifically the Co
and Fe ratios in V-CoFe-LDH and CoFe-LDH (Table S17).

The EDX and XPS analyses showed a notable reduction in Fe
content following vanadium incorporation in CoFe-LDH, sug-
gesting the partial substitution of Fe by V in the catalyst struc-
ture. Further, XPS supports this observation by revealing shifts
in the binding energies. More conclusive results were obtained
from the PXRD studies (Fig. S31). A positive shift in the two-
theta value was observed for V-CoFe-LDH compared to CoFe-
LDH. This shift can be explained by the lattice contraction,
resulting from the substitution of Fe*" ions in the LDH by V**/
V> ions with smaller ionic radii. These results confirm the
successful substitution of vanadium into the metallic sites of
LDH.

Electrochemical characterization

The redox behavior of the metal sites in the catalysts was eval-
uated by cyclic voltammetry (CV). An oxidation peak at 1.31 Vvs.
RHE was visible in the CV of CoFe-LDH, corresponding to the
Co**/Co®" oxidation couple (Fig. 3a).®

V-CoFe-LDH manifested the Co®"/Co®" oxidation wave at
a lower potential (1.29 V vs. RHE) than CoFe-LDH, suggesting
that the inclusion of V facilitated the oxidation of Co*" to Co**,
enhancing O-O bond formation more effectively. In order to
determine the quantity of active Co sites in the prepared cata-
lysts, the redox peak area in the CV profile was integrated
(Fig. S107).*"*® A larger number of active sites were observed in
V-CoFe-LDH (14.24 x 10" sites) compared to CoFe-LDH (3.71 x

24928 | J. Mater. Chem. A, 2025, 13, 24925-24932

10"® sites). The existence of a larger number of active sites in V-
CoFe-LDH promoted facile binding of substrates and improved
the catalytic activity.

Electrochemical impedance spectroscopy (EIS) showed the
lower charge-transfer resistance (R.) of V-CoFe-LDH (0.59 Q)
than that of CoFe-LDH (1.90 ©), indicating improved electron
transfer due to V-introduction in the catalyst (Fig. 3b). The
double-layer capacitance (Cq;) of V-CoFe-LDH was calculated to
be 15.41 mF cm 2, higher than that of CoFe-LDH (2.91 mF
em?) (Fig. 3c and S111). Further, the electrochemical surface
area (ECSA) values were calculated to be 385.25 cm? for V-CoFe-
LDH and 72.75 cm? for CoFe-LDH (Fig. S117).

Electrocatalytic water oxidation

The electrocatalytic OER performance of the catalysts was
evaluated in 1.0 M KOH solution. The linear sweep voltammetry
(LSV) revealed that CoFe-LDH achieved a current density of 100
mA cm ™ for the OER at a potential of 1.55 V vs. RHE (Fig. 3d).
The introduction of V in CoFe-LDH lowered the required
potential for the OER, reducing it to 1.50 V vs. RHE to deliver the
same current density. Further, Tafel plots were utilized to assess
the reaction kinetics of the developed catalysts. The Tafel slopes
for V-CoFe-LDH and CoFe-LDH during the OER were deter-
mined to be 63 mV dec” " and 128 mV dec ', respectively
(Fig. S12t). These results confirmed that both the required
potential and reaction kinetics were improved significantly
when vanadium was introduced into the structure of CoFe-
LDH.* As discussed earlier, V-incorporation in CoFe-LDH also
improved the charge transfer kinetics (Fig. 3b).

This journal is © The Royal Society of Chemistry 2025
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(reaction conditions: 1.0 M KOH + 0.1 M N,Hy4, 25 °C).

Electrocatalytic hydrazine oxidation

The HzOR activity of the synthesized LDHs was demonstrated in
1.0 M KOH containing 0.1 M hydrazine. To achieve a high
faradaic efficiency for the HzOR, it should be oxidized at a lower
potential than the OER onset potential.* Interestingly, V-CoFe-
LDH required 0.80 V vs. RHE to achieve 100 mA cm ™2 current
density when hydrazine (0.1 M) was added to the electrolyte
(Fig. 3d). Even the HzOR takes place before the theoretical
potential of water oxidation (1.23 V vs. RHE). This led to
a marked reduction in the potential requirement (by 0.70 V)
when the OER was substituted by the HzOR (Fig. 3d). The V-
CoFe-LDH also avoided OER interference by achieving an
industrial-level current density of 400 mA cm > at 0.87 V vs.
RHE for the HzOR, which was below the onset potential for the
OER (1.42 V vs. RHE) (Fig. 3d).

In contrast, the potential of CoFe-LDH for the HzOR was
recorded to be 1.16 V vs. RHE with a reduction of 0.39 V
compared to the OER with the same catalyst (Fig. 3d). Inter-
estingly, V-CoFe-LDH manifested a significant potential reduc-
tion (0.70 V) for the HzOR in contrast to CoFe-LDH (0.39 V). This
result established that the HzOR activity was significantly
improved due to the incorporation of high valent V**/v>" in
CoFe-LDH. Further, the performance of V-CoFe-LDH surpassed
that of V-CoFe-LDH-HT, V-CoFe-LDH-1, and V-CoFe-LDH-2
(Fig. S137). The catalytic activity of V-CoFe-LDH for the HzOR
was also found to be comparable to that of catalysts reported in
the literature (Table S27).

The OER and HzOR activities of V-CoFe-LDH were also
evaluated in 0.1 M (pH: 12.12), 0.5 M (pH: 13.24), and 2.0 M (pH:

This journal is © The Royal Society of Chemistry 2025

14.00) aqueous KOH solutions (Fig. S14 and S15%). The OER
performances deteriorated in 0.1 M and 0.5 M KOH solutions
while the activity was enhanced in 2.0 M KOH solution. Simi-
larly, the HzOR performance declined in 0.1 M and 0.5 M KOH
solutions, whereas in 2.0 M KOH, the activity remained nearly
similar to that observed in 1.0 M KOH.

In further evaluation, V-CoFe-LDH was used as the anode
and cathode to construct a two-electrode water electrolyzer. This
electrolyzer manifested 100 mA cm > for overall water splitting
at a cell voltage of 1.64 V (Fig. 3e). The cell voltage dropped to
1.22 V for the same current density when hydrazine was added
to the electrolyte (Fig. 3e). This leads to a 0.42 V reduction in cell
voltage for the HzZOR compared to the OER. Moreover, V-CoFe-
LDH also required a low cell voltage when compared with CoFe-
LDH (Fig. 3e).

We have also carried out repeated chronoamperometric
measurements for the HzOR for 5 cycles in a three-electrode
system, demonstrating the excellent stability of V-CoFe-LDH
for hydrazine oxidation (Fig. S16%1). Furthermore, hydrogen
production increased 3.9-fold during hydrazine oxidation rela-
tive to the OER (Fig. S171).

In order to realize the reaction mechanism, the electro-
catalytic hydrazine oxidation activity of V-CoFe-LDH was eval-
uated in a typical two-electrode system using an aqueous
electrolyte containing 1.0 M KOH and 0.1 M N,H, (Fig. 3f). After
the introduction of N,H, into the electrolyte, a strong Raman
band appeared at 683 cm !, corresponding to the N-H
stretching mode of adsorbed *NH,NH,.*® As the potential was
applied, the intensity of the *NH,NH, peak decreased, while
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a new peak emerged at 1595 cm ', attributed to the *NH,
intermediate.’®%”°® Notably, the *NH, peak was not detectable
at 0.0 V, but the intensity of the peak increased with increasing
potential. This observation suggests that NH,NH, is consumed
during the reaction, leading to the formation of *NH, species.
Based on these findings, the proposed reaction mechanism
involves the initial adsorption of N,H, on the V-CoFe-LDH
surface to form *NH,NH,, followed by cleavage of the N-N
bond to yield the *NH, intermediate. The *NH, species then
undergoes stepwise dehydrogenation to produce N,.**%

The high HzOR activity of V-CoFe-LDH is attributed to strong
Co 3d-0O 2p-V 2p/Fe 2p orbital interactions and partial electron
transfer from Co and Fe to V (Fig. S181).77*° The Co®" in its low-
spin state (ty,°e,’) experiences significant electron—electron
repulsion with the bridging 0>~ ligand, while Fe** in its high-
spin state (t,z°e,”) shows a poor electron-electron repulsion
with the 0>~ ligand.*”*® The 3d° outer electronic configuration
of V', characterized by empty t,, and e, orbitals, facilitates 7t-
donation from the bridging oxygen atoms to the vanadium
center.””*® This electron redistribution optimizes the electron
density around the metal ions, stabilizing high-valent states and
promoting catalytic activity.

The effect of V-doping on the electronic structure and cata-
lytic activity of LDHs based on density functional theory (DFT)
calculations were reported in the literature.*”> The DFT
calculations revealed that the formation of O* from HO* is the
rate-determining step on the NiFe-LDH surface.”” After V-
doping, the Gibbs free energy change of the rate determining
step is reduced, facilitating the formation of O* to promote the
0-0O bond formation. Li et al. showed that the bandgap was
significantly reduced after the doping of V in NiFe-LDH,
improving the electronic conductivity.” Similarly, Jiang et al.
explored V-doped nickel hydroxide for the OER and explained
the improved activity by the DFT calculations.” The DFT
calculations also revealed a higher water adsorption energy for
V-Co(OH), (1.14 eV) compared to Co(OH), (0.60 eV).”

The crucial role of V in enhancing the catalytic HZOR activity
of Ni;N was also previously reported.” The V-doping in NizN
promotes the dehydrogenation of N,H,, thereby improving the
efficiency of hydrazine oxidation. V-doping also modulates the
reaction kinetics of the HzOR.”* The DFT calculations revealed
stepwise dehydrogenation of hydrazine involving intermediates
*N,Hy, *N,Hj, *N,H,, *N,H, and *N,. Importantly, the dehy-
drogenation of N,H, is the rate-determining step in the HzOR
and it has a lower energy barrier on V-Ni3N (0.27 eV) compared
to NizN (0.49 eV), indicating faster kinetics with the V-doped
catalyst. Further, Bader charge analysis revealed weaker inter-
action between N,H; and V-Ni;N, consistent with the lower free
energy barrier for this intermediate than that of NizN. Overall,
V-doping in the catalyst modulates the electronic structure,
reduces the energy barrier and enhances HzOR activity.

Post-catalytic characterization

The anodic oxidation of an electrocatalyst leads to a change in
the electronic as well as morphological features of the cata-

lyst.”>”®  Therefore, post-catalytic characterization was
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conducted to detect the changes in the electronic as well as
morphological features after anodic oxidation (120 h of HzOR
CA).

A shift of 0.41 eV in the Co 2pj3, peak towards higher binding
energy was observed in the Co 2p XPS spectra of V-CoFe-LDH
after CA, suggesting a higher concentration of Co®" as a result
of anodic oxidation (Fig. S19%).°%**** The Co 2p XPS of CoFe-
LDH after CA also manifested a positive shift of 0.16 eV in the
Co 2p3/, peaks in contrast to the fresh catalyst (Fig. S207).2%>%%>
The Fe 2p XPS also showed a similar type of effect after anodic
oxidation (Fig. S21 and S227}).2%2%3> According to these findings,
both catalysts produce high-valent metal ions during anodic
oxidation. Likewise, upon CA, the V** and V> peaks in the V 2p
XPS spectra of V-CoFe-LDH shifted negatively when compared
with the fresh catalyst (Fig. S237).%

The O 1s XPS analysis for V-CoFe-LDH after CA displayed
three peaks with a positive shift of 0.88 eV in the M-O bond
(Fig. S247).5%%%>* The O 1s XPS of CoFe-LDH also demonstrated
a negative shift of 0.84 eV when compared with the fresh CoFe-
LDH catalyst (Fig. S251). The presence of V*'/V*" was confirmed
from the V 2p XPS spectra, but with a decreased intensity,
suggesting partial V leaching from the V-CoFe-LDH during
anodic oxidation (Table S17}).%¢

The leaching of vanadium, as well as iron from the electro-
catalysts during anodic oxidation, has also been previously re-
ported by us and other groups.”® Consequently, the surface
analysis indicated a lower V content in the V-CoFe-LDH after CA
in contrast to the fresh sample (Table S17}). In addition, we have
performed ICP-AES analysis to understand the leaching of the
metal ions during the catalytic process. A significant amount
of V and Fe leaching was detected in the solution during the
HzOR (Table S37). However, the leaching of Fe in V-CoFe-LDH
after CA was not as significant as previously reported in the
case of the OER (Table S17).7%5%5

The morphological features of V-CoFe-LDH after CA were
investigated using SEM and TEM. SEM images showed the
agglomeration of the nanosheets (Fig. S26t). The TEM images
also confirmed the slight agglomeration after CA while HRTEM
detected the (012) plane of CoFe-LDH with a lattice spacing of
0.25 nm (Fig. S271).”° Post-catalytic characterization verified
that anodic oxidation produced more high-valent Co*"/Fe*'s-
pecies with a slight variation in the catalyst's morphology.

Conclusions

In summary, we have developed high-valent V-doped CoFe-LDH
nanosheets by the alkaline etching of a CoFe-PBA precursor.
The incorporation of V**/V>*-ions promotes electron withdrawal
from Co and Fe sites. This electronic interaction speeds up
reaction kinetics, enhances charge transfer, and raises the
density of active sites. Consequently, V-CoFe-LDH achieved
a current density of 100 mA cm 2 at 0.80 V vs. RHE for the
HzOR, significantly lower than the 1.50 V required for the OER.
It further reached an industrial-scale current density of 400 mA
ecm ™2 at 0.87 V vs. RHE for the HzOR. In a two-electrode setup,
substituting the OER with the HzOR reduced the cell voltage by
0.42 V, leading to a 3.9-fold increase in hydrogen production

This journal is © The Royal Society of Chemistry 2025
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relative to the OER. The operando Raman analysis confirmed the
cleavage of the N-N bond of hydrazine during the HzOR. This
work thus presents a rational design approach for high-valent V-
doped LDH nanosheets with enhanced HzOR activity.
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