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Ni Surface & Polyacryloyl Hydrazide Mediated Growth of
Co;0,@NiCu Alloy Nanocuboids for Effective Methanol
Oxidation and Oxygen Evolution Reactions

Santosh Semwal, Aiswarya Samal, Saroj Kumar Nayak, Rajashri R. Urkude,

Akhoury Sudhir Kumar Sinha, and Umaprasana Ojha*

Strategies to control the size, shape, and lattice arrangement, introduce
doping agents, and induce heterostructuring in electrocatalysts are strongly
desirable to tailor their activities. Herewith, a one-pot strategy utilizing
polyacryloyl hydrazide (PAHz) as the composition directing agent and metallic
Ni surface as the shape directing agent is employed to grow Co;0, doped
NiCu alloy nanocuboids on Ni foam (NF) under hydrothermal conditions for
electrocatalytic H, production. The resulting bi-functional electrodes are
suitable for methanol oxidation reaction (MOR) coupled green H, production
with effective energy efficiency. The low overall potential (MOR-+HER) of
1.78 V to realize the current density (j) value of 100 mA cm~2 and extended
durability (100 h@10 mA cm~2) along with the selective conversion of
methanol to formate support the viability of the NF-PAHz-Co; O, @ NiCu for
the said operation. The electrode also displays efficacy toward oxygen
evolution reaction (OER) activity and j value of 100 mA cm=2 is realized at
a potential value of 1.65 Vi, with adequate durability. Overall, the synthetic
strategy is general, scalable and may be extended to grow other metal oxide

1. Introduction

Electrocatalysis plays an essential role
in production and utilization of certain
clean energy resources and effective uti-
lization of greenhouse gases."! Produc-
tion of green hydrogen (H,) is one of
the prominent avenue, where electro-
catalysis constitutes the core reaction for
splitting of water to H, and O,.3* A
number of half-cell reactions are stud-
ied in recent literature to enhance the
overall energy efficiency of the process,
which is one of the prominent concerns
obstructing the commercial viability of
the technology.>®! Among the various
half-cell reactions explored in literature
to improve the energy efficiency of the
water splitting process, methanol oxida-
tion reaction (MOR) is significant ow-
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ing to its low theoretical onset poten-

tial and viable side products.”8! There-

fore, MOR coupled hydrogen evolution
reaction (HER) offers a plausible avenue to produce clean H, en-
ergy in an affordable manner satisfying one of the United Nations
sustainable development goals. A number of electrocatalysts pos-
sessing adequate catalytic efficiency toward MOR are developed
and studied in recent literature.[>!% For example, periodically
assembled Pt—Au hetero nanostructures exhibited superior MOR
activity compared to that of the Pt/C in 0.1 m HCIO, solution.l'!]
Alloying of CoPt catalyst with Mn improved both the activity and
durability of MOR in acidic media.['?] Especially, nanostructures
based on transition metal alloys have displayed proficiency
toward various electrochemical reactions in literature.['*!*] For
example, CoNi alloy/CoNi layered double hydroxide activated
MoS, nanosheets displayed effective H, evolution activity under
basic conditions.I"®) Among the active catalytic systems, NiCu
alloy-based nanocatalysts have exhibited effective MOR coupled
water splitting activities under different pH conditions.[1®17]
For example, Cu/NiCu nanowires synthesized using a two-step
procedure produced a mass jyor value of 867.1 mA mg—"' ...
at 1.55 V118! Similarly, NiCu@C nanoparticles-based system
produced mass jy,or value of 1028 mA/mg—1, .., at 1.55 Vyyp un-
der alkaline conditions.[") Though, the results were promising,
further improvement in j value at low potential is desirable to
exploit the system for commercial utilization.
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Recently, polymer-based metal nanoparticles have emerged as
an interesting class of electrocatalysts, as they combine the advan-
tages of both polymeric supports and nanoscale metals.*?!] The
polymer matrix offers stability, chemical resistance, and a tun-
able environment for controlling the nanoparticle morphology,
while the metal nanoparticles serve as the active sites for effec-
tive catalytic actions.[?223] Polymeric coatings based on their hy-
drophobicity/ hydrophilicity and surface charges are also known
to tune the surface electronic properties of the catalyst.[>*] Re-
cently, various polymer-based metal nanocomposites have been
explored based on earth-abundant metals and conducting poly-
mers or carbon-based supports.[?>2¢] Importantly, metal-polymer
nanocomposites are primed to serve as catalysts for sustainable
H, production from various water sources.!?’”] For example, CoO,
nanoparticles dispersed in poly(pyrrole-alkylammonium) system
exhibited effective oxygen evolution reaction (OER) activity under
alkaline conditions.(?®!

Nickel foam (NF) is a porous material with high electronic
conductivity, durability in alkaline solutions, and an appropriate
structure for releasing gas bubbles. In this approach, three as-
pects, i.e., metallic oxide doping, shape orientation of nanostruc-
tures, and enhancement of surface area are targeted in a one-pot
synthetic procedure to grow bimetallic alloy nanostructure on NF
for MOR application. Especially, to grow alloy or multi-metallic
nanostructures of a particular shape and size is advantageous,
since the shape of nanocatalyst is known to control the activity.!*’!
The possibility to dope the above alloy nanostructures with oxides
is targeted to promote the activity further as metal oxide doping
is known to alter the electronic structure leading to bandgap op-
timization necessary for tailoring of catalytic activity.[**) Further-
more, the role of active metal surface as a shape-directing agent
toward the growth of bimetallic nanostructures is not well ex-
plored in literature to the best of our knowledge. Additionally,
the composition-directing ability of a polymeric reductant is also
included in the design to develop a nanocatalyst system with ad-
equate activity and sustainability.

Herewith, polyacryloyl hydrazide (PAHz) as the reducing and
capping agent is utilized to in situ grow NiCu alloy nanostruc-
tures from their salts under hydrothermal conditions.l*!] In liter-
ature, PAHz is already known to effectively reduce various metal
salts to the corresponding nanoparticle in aqueous solution.[3234]
PAHz was utilized to synthesize size-controlled Ag and Au
nanoparticles in aqueous solutions under ambient conditions.*]
A carbonyl hydrazide functionalized star polymer was employed
to swiftly convert various precious metal ions to the correspond-
ing nanoparticles in solution.[*®! Similarly, membranes based on
carbon nanotube (CNT) modified with PAHz were utilized to
separate various metal ions from oil-water emulsion through the
formation of corresponding nanoparticles.[*’! In this approach,
the potential selective reducing ability of PAHz toward various
metal ions is utilized to synthesize a metal oxide doped nanoalloy
for utilization toward electrocatalysis. Furthermore, the possible
role of NF surface as the nucleating site to direct the shape of
the above nanostructure is also explored.?®*! Overall, a one-pot
strategy is designed to grow PAHz capped Co,O,@NiCu alloy
nanocrystals on NF for utilization as active electrodes for MOR
and OER activities in an alkaline medium. We focus on inves-
tigating the impacts of material synthesis, nanocatalyst compo-
sition, and electrode structure to optimize MOR and OER per-
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formances under membrane-less conditions. Through detailed
electrochemical analysis paired with physical and morphological
characterization, we demonstrate the catalytic efficacy and sta-
bility of the developed electrodes in alkaline media compared
to that of the state-of-the-art benchmark electrocatalysts. Over-
all, this work provides critical insights into the design principles
for polymer-based nanocomposite catalysts toward realizing their
potential for efficient and durable alkaline water splitting and
MOR.

2. Results and Discussion

Cu(NO;),.3H,0 and Co(NO,),.6H,0 in equimolar proportions
were taken in PAHz aqueous solution possessing an NF piece
and subjected to hydrothermal treatment at 120 °C to synthe-
size the NF-PAHz-Co,0,@NiCu alloy nanocuboids (Scheme 1).
NF served as the Ni source to facilitate the formation of the
above alloy nanocuboids under hydrothermal conditions as sim-
ilarly reported in literature for other systems.[***?] Control sam-
ples devoid of NF (PAHz-Cu) and Co?* (NF-PAHz-NiCu) were
also synthesized to understand the growth mechanism. The
X-ray diffraction (XRD) trace of NF-PAHz-Co,O,@NiCu dis-
played 26 peaks at 43.41°, 50.56°, and 74.20° accountable to 111,
200, and 220 planes of Cu(0), respectively (Figure 1A). The 26
value corresponding to 111 shifted by 0.12° compared to that of
the Cu(0)-JCPDS suggesting possible formation of NiCu alloy
(Figure 1B).[*3] The peaks at 36.59°, 38.49°, and 59.03° assigned
to the 311, 222, and 511 planes respectively of Co;0, dopant
were visible in the XRD trace. The peaks accountable to Ni(0)
and the NF appeared at 44.51 (111), 51.86 (200), and 76.38° (220)
(Figure 1A). The XRD data of the control (NF-PAHz-NiCu) syn-
thesized in the absence of Co?* revealed 20 peaks corresponding
to Cu(0) and Ni(0) in positions similar to that of the NF-PAHz-
Co;0,@NiCu supporting the formation of NiCu alloy (Figure S1,
Supporting Information). However, the sample (PAHz-Cu) syn-
thesized in the absence of NF displayed 26 peaks correspond-
ing to Cu(0) only and no peaks accountable to the Co;0, and
Ni(0) were visible suggesting the formation of PAHz-Cu com-
posite and possible inability of Ni?* and Co?* to participate in the
nanoparticle formation (Figure S2, Supporting Information).
The Cu 2p X-ray photoelectron spectroscopy (XPS) data dis-
played a pair of peaks at 932.7 and 952.5 eV suggesting the pres-
ence of Cu(0) in the NF-PAHz-Co;0,@NiCu (Figure 1C).*l A
minor peak at 934.3 eV accountable to the oxidized form (CuO)
was also visible in spectra. Importantly, the oxidized peak was rel-
atively small and Cu(0) is known to oxidize in air during the char-
acterization process.[**] The Ni 2p XPS data revealed the presence
of peaks at 852.8 and 870.1 eV accountable to the Ni(0) present
in the NF-PAHz-Co, O, @NiCu (Figure 1D). Furthermore, the Cu
2p (—0.30 eV) and Ni 2p (0.17 eV) peaks displayed minor shifts
in peak position compared to that of the pure single metal sys-
tem supporting the alloy formation.[*?2¢] The Co 2p XPS spectra
displayed prominent peaks at 781.8 and 779.3 eV suggesting the
presence of Co?* and Co** respectively in Co,0, (Figure 1E).[*¢!
The O 1s peak at 531.2 eV supported the presence of Co;O, in the
sample.*’] The N 1s peaks at 399.0 (NH) and 400.1 eV (C-N), the
C 1s peaks at 284.8 (C-C), 286.4 (C-N), and 288.3 eV (C=0) and
O 1s peak at 532.8 eV (C=0) supported the presence of PAHz in
the sample (Figure 1F; Figure S3, Supporting Information).[*8-5l
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Scheme 1. The schematic procedure shows the synthesis of various nanostructures in the presence and absence of NF.

The XPS data of NF-PAHz-NiCu displayed Ni 2p and Cu 2p
peaks at 852.6 and 932.7 eV corresponding to Ni(0) and Cu(0)
respectively suggesting its possible structural similarity with NF-
PAHz-Co;0,@NiCu (Figure S4, Supporting Information). The
Cu 2p peak for the other control (PAHz-Cu) was observed at
932.9 eV suggesting the reduction of Cu?* to Cu(0) and pos-
sible formation of PAHz-Cu nanocomposite (Figure S5, Sup-
porting Information). Interestingly, the Ni 2p peaks were ob-
served at 853.6 and 855.7 eV suggesting the presence of Ni**
and Ni** and the formation of possible Ni oxide under the given
conditions (Figure S5, Supporting Information). The ultraviolet
photoelectron spectroscopy (UPS) data was analyzed to calculate
the work function values of the catalysts (Figure 1G; Figure S6,
Supporting Information). The work function values for the NF-
PAHz-Co;0, @NiCu and NF-PAHz-NiCu were calculated to be
4.19 and 5.02 eV, respectively. Already active electrodes display-
ing proficiency toward OER and MOR activities have exhibited
similar work function values in literature.[>*? In the Cu K-Edge
XANES data, the curve overlapped with that of the Cu foil in the
near-edge region supporting the presence of Cu(0) in NF-PAHz-
Co;0,@NiCu. A similar trend was also observed in the Cu K-
edge data of NF-PAHz-NiCu supporting the similarity in oxida-
tion state of Cu in both the above samples. The Cu K-edge FT-
EXAFS data revealed that the Cu—Cu bond present at 12 coordi-
nation with radial distances of 2.57 A in NF-PAHz-Co,0,@NiCu
and 2.54 A in NF-PAHz-NiCu, which is close to that of the Cu
foil (2.54 A) (Figure 1H,I).* The Ni K-edge position at half-
maximum of the absorption for NF-PAHz-Co;0,@NiCu and
NF-PAHz-NiCu exhibited a minor up-field shift compared to
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that of the Ni foil suggesting a possible change in an oxidation
state of Ni(0) (Figure 1J). Considering the relatively small shift,
the change in oxidation state may be considered as minor (<
+1), which may be attributed to atmospheric oxidation of the
Ni in the sample during the handling process.>*! Importantly,
the Ni K-edge FT-EXAFS data revealed that the Ni—Ni bond is
present at 12 coordination with the radial distance of 2.49 A in
NF-PAHz-Co,0, @NiCu and 2.48 A in NF-PAHz-NiCu, which
is similar to that of the Ni foil (2.48 A) (Figure 1K).>! Contrast-
ingly, the Co K-edge data displayed a notable shift of 5.9 eV in
the near-edge region supporting the presence of Co,0, in NF-
PAHz-Co;0,@NiCu (Figure 1L).°°) The Co K-edge FT-EXAFS
data revealed that the Co—O present at 4 coordination with the ra-
dial distance of 1.98 A in NF-PAHz-Co,0, @NiCu, which is 0.51
A lower compared to that of the Co foil (2.49 A) (Figure 1M).1%’]
Overall, the XRD, XPS, and XANES data supported the proposed
structures of the NF-PAHz-Co,;0, @ NiCu and control samples.
Possibly, in the presence of a mild reducing agent (PAHz), the
Cu?* with a positive reduction potential (E°): (Cu**/Cu ~+0.34 V)
preferably converted to the corresponding Cu(0), whereas Co?*
(E°: Co?*/Co ~—0.28 V) possessing propensity toward oxidation
formed the corresponding oxide (Co;0,).*¥! Cu?* and Ni?* in the
presence of hydrazine are known to form Cu(0) and Ni(0), re-
spectively under moderate temperature conditions,>°! whereas
Co?* requires a much stronger base such as NaOH along with
hydrazine to form the corresponding Co(0).[°!] In presence of
NF, the Ni(0) from the NF surface participated in the NiCu alloy
nancuboid formation, whereas in absence of NF, the PAHz-Cu
nanocomposite was isolated and the amorphous oxides of Ni and
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Figure 1. A) The XRD data of NF-PAHz-Co;0,@NiCu and the corresponding JCPDS traces, B) the XRD traces in “A” magnified in 42-46° 20 region,
the C) Cu 2p, D) Ni 2p, E) Co 2p and F) N 1s XPS spectra of NF-PAHz-Co;O,@NiCu, G) the UPS spectra of NF-PAHz-Co; O, @NiCu, the Cu K-edge H)
X-ray absorption near edge structure (XANES) and 1) Fourier transformed (FT)-Extended X-ray absorption fine structure (EXAFS) spectra, the Ni K-edge
J) XANES and K) FT-EXAFS spectra, the Co K-edge L) XANES and M) FT-EXAFS spectra of NF-PAHz-Co;O,@NiCu.

Co possibly formed during the process remained in the aqueous
phase.

The morphology of NF-PAHz-Co,O,@NiCu was then in-
vestigated using field emission scanning electron microscopy
(FESEM) analysis. The NF-PAHz-Co;0,@NiCu displayed an
irregular cuboid-type morphology (Figure 2A,B). The average
width of these cuboids was observed ~220 nm (Figure S7, Sup-
porting Information). Another subsequent batch of NF-PAHz-
Co;0,@NiCu was synthesized to understand the reproducibil-
ity of the shape and size of these nanocrystals. Satisfactorily, the
uniform cuboid shapes were reproduced in the subsequent batch
(Figure S8, Supporting Information). The FESEM-EDX data re-
vealed that the amount of Cu (13.2%) is somewhat higher com-
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pared to that of the Ni (8.8%) in the NF-PAHz-Co;O0,@NiCu
(Figure S9, Supporting Information). The Co (0.3%) dopant was
present in a relatively minor amount in the sample. The notable
amount of C (53.7%), N (14.0%), and O (10.0%) supported the
presence of PAHz chains in the sample, which possibly served
as the capping agent and promoted the coalescence of NiCu
alloy nanoparticles. The control sample synthesized in the ab-
sence of Co?* (NF-PAHz-NiCu) also displayed cuboid morphol-
ogy of various sizes with an average particle size (D,,,) of 212 nm
(Figure 2C; Figure S10, Supporting Information). However, the
control (PAHz-Cu) synthesized in the absence of NF and by tak-
ing different salts (Cu?*, Ni?*, and Co**) in the reaction medium
failed to display any particular morphology suggesting that the
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’ ,10.203 nm

Figure 2. The A,B) FESEM images of NF-PAHz-Co;O,@NiCu at different magnifications, the FESEM images of C) NF-PAHz-NiCu & D) PAHz-Cu,
the E,F) TEM images of NF-PAHz-Co;O,@NiCu at different magnifications, G) the d spacing value of PAHz-Co30,@NiCu and H) the corresponding
inverse fast fourier transform (IFFT) data, I) the TEM diffraction pattern of PAHz-Co;0,@NiCu, ]-P) the HAADF-STEM elemental mapping of PAHz-

C0;0,@NiCu.

NF surface possibly acted as the nucleating site and promoted
the NiCu alloy cuboid formation under the experimental con-
ditions (Figure 2D; Figure S11, Supporting Information). The
high resolution transmission electron microscopy (HRTEM) data
was subsequently recorded of NF-PAHz-Co,O,@NiCu. The im-
ages displayed cuboids of different sizes (D,,, #194 nm) sup-
porting the SEM data (Figure 2E,F; Figure S12, Supporting In-
formation). Interestingly, each of these cuboids displayed NiCu
alloy nanocrystals of 3 to 6.5 nm sizes (D,,, 5 nm), which possi-
bly underwent PAHz-aided segregation to realize the final shape
(Figure S13, Supporting Information). The d spacing value of
0.205 nm corresponding to [111] plane was intermediate between
Ni(0) (0.203 nm) and Cu(0) (0.209 nm) supporting the forma-
tion of NiCu alloy (Figure 2G,H).[°2%] The selected area elec-
tron diffraction (SAED) image displayed well resolved diffraction
pattern supporting the crystallinity of these PAHz-Co,0, @ NiCu
nano-cuboids. The [111], [200], and [220] planes corresponding to
NiCu alloy and [311] plane accountable to Co;0, were visible in
the image. (Figure 2I). The high-angle annular dark-field scan-

Adv. Sustainable Syst. 2024, 2400372

2400372 (5 of 11)

ning transmission electron microscopy (HAADF-STEM) data re-
vealed the presence of Cu in major amount in the NF-PAHz-
Co;0,@NiCu cuboids followed by Ni and Co (Figure 2J-P). Con-
siderable amounts of N, C, and O further supported the presence
of PAHz chains in these cuboid matrixes.

Overall, a number of characterization data suggested that
both Ni surface and PAHz chains promoted the growth of
NiCu alloy-based cuboids on the surface. Alloy nanoparticles are
known to form in aqueous solution via co-reduction of multiple
metal salts.[] Furthermore, the Ni(0) in the presence of Cu?* is
known to undergo a redox reaction to form Ni’* and Cu(0) under
hydrothermal conditions.[®] PAHz is known to self-assemble in
an aqueous solution to form spherical aggregates!®l and readily
reduce various metal salts to the corresponding PAHz-capped
metal nanoparticles in aqueous solution.*3%33] Considering
the above factors, a plausible mechanism for the formation of
possible NiCu alloy in the PAHz matrix is proposed under the
reaction conditions (Figure S14, Supporting Information). How-
ever, in the absence of NF, PAHz-Cu composites with random
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Figure 3. A) The MOR and B) OER traces of NF-PAHz-Co;O,@NiCu, control and reference electrodes, C) the overall water splitting curves of NF-

PAHz-Co30,@NiCu MOR and OER based processes, D) the comparison of

MOR j value at 1.5 Vg of NF-PAHz-Co; O, @ NiCu with that of the recently

reported systems, E) the chronoamperometry traces of NF-PAHz-Co;O,@NiCu showing the MOR and OER stability, F) the Tafel slope values of NF-
PAHz-Co30,@NiCu and controls recorded for MOR process, G) the Nyquist fits of NF-PAHz-Co; O, @NiCu obtained during MOR and OER operation,

H) the comparison of j and potential values between MOR and OER operati

morphology were witnessed. To further understand the effect of
PAHz concentration on the shape and sizes of resulting nanos-
tructures, the NF-PAHz-Co,0, @ NiCu was synthesized in the
presence of 4 and 6 wt.% PAHz solutions. In both cases, cuboid
structures were observed in the FESEM images similar to that of
the 2 wt.% solution (Figure 2A; Figure S15, Supporting Informa-
tion). However, the sizes of these cuboids were observed to be
different in each of the cases. The NF-PAHz-Co,0, @NiCu were
also synthesized in the presence of different [Cu?*] amounts.
On increasing the [Cu?*] from 16.5 to 24.8 mwm in solution,
the resulting sample exhibited a cuboid shape and the average
size somewhat decreased to 208 nm (Figure S16, Supporting
Information). However, at a low [Cu?*] (8.2 mMm) amount in
solution, no formation of cuboid shape was witnessed and the
resulting sample appeared as a cluster of nanoparticles (average
size ~162.7 nm) (Figure S17, Supporting Information).

These nanocuboids with sharp edges and the exposed promi-
nent [111] plane were anticipated to exhibit swift electrocatalytic
activity.l®%8] The electrocatalytic activity of the electrodes was
subsequently assessed by studying MOR and OER reactions. The
MOR activities were carried out in 1.0 M KOH and 1.0 M MeOH
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ons for NF-PAHz-Co; O, @NiCu.

aqueous solution using NF-PAHz-Co,O,@NiCu and graphite
as working and counter electrodes respectively. The electrode
exhibited superior MOR activity and j value of 100 mA cm~2 was
realized at a potential value of 1.41 V. (Figure 3A). However,
a similar jy,qx value for NF-PAHz-NiCu was realized at a higher
potential of 1.46 Vi, and the PAHz-Cu failed to produce j
value of 100 mA cm= till 2.0 Vi, suggesting the Co,0, doping
and the shape of the nanocatalyst possibly promoted the MOR
activity. The electrochemical active surface area (ECSA) data also
revealed that the value for NF-PAHz-Co;0, @NiCu (28.5 cm?)
is superior compared to that of the NF-PAHz-NiCu (16.8 cm?)
supporting the higher activity of the former (Figures S18, S19
and Table S1, Supporting Information). Similarly, the NF-PAHz-
Co;0, @NiCu electrode displayed adequate OER activity in 1.0 m
KOH solution and jopp value of 100 mA ¢cm=2 was observed
at 1.65 V. Importantly, the potential value was inferior by
0.24 V compared to that of the jy;oz at 100 mA cm™ suggesting
the superior energy efficiency of the MOR process (Figure 3B).
The potential difference value (0.28 V) between MOR and OER
was more pronounced at high j value of 300 mA c¢cm~2. The
Jmorsnier value of 100 mA cm™ was realized at 1.78 V. overall

(6 of 11) © 2024 Wiley-VCH GmbH
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potential for MOR process, whereas for OER based process,
the value was realized at 2.02 V suggesting the former offering
an effective energy-efficient option for green H, production
(Figure 3C). The MOR (j;, at 1.37 V) and OER (j,, at 1.52
Vyrug) activities of NF-PAHz-Co, 0, @NiCu were comparable to
that of the benchmark IrO, (j;o, vor at 1.37 Vi and jio, opx at
1.54 V) supporting the efficacy of the developed electrodes for
related applications (Figure S20, Supporting Information). The
Jmor value realized at 1.5 Vi for several catalyst compositions
reported in literature was compared to that of the NF-PAHz-
Co,0,@NiCu. The jyor value (448 mA cm™2) of the current
electrode was superior compared to that of the several recently
reported systems (Figure 3D; Table S2, Supporting Information).
The stability of NF-PAHz-Co,0,@NiCu was assessed for MOR
activity and the chronoamperometry data at a potential value
of 1.42 Vg, revealed a minor loss (x20%) in activity over 30 h
period supporting adequate durability (Figure 3E). The above
minor loss in j value may be assigned to the gradual decrease
in MeOH concentration in the electrolyte over the period.l®]
Importantly, the OER durability data at potential = 1.62 Vyyy;
revealed no change in j value over 30 h period further supporting
the sustainability of the electrode for both processes.

The low MOR Tafel slope value (36.1 mV dec™!) of NF-
PAHz-Co;0, @NiCu compared to that of the NF-PAHz-NiCu
(42.5 mV dec™!) and PAHz-Cu (122.3 mV dec™!) supported the
higher activity of the former (Figure 3F). Similarly, the Nyquist
plots of the NF-PAHz-Co, 0, @ NiCu revealed the R, values of 2.8
and 3.3 Q for MOR and OER activities respectively, which was
lower compared to that of NF-PAHz-NiCu (R, of MOR: 2.9 Q)
supporting the possible role of Co,0, doping toward higher con-
ductivity (Figure 3G). The study revealed that the overall potential
required to carry the operation at j ~300 mA cm~2 using MOR as
the anode half-reaction is 1.92 V, which is superior by 0.28 V com-
pared to that of the conventional OER-based process (Figure 3H).
These studies amply demonstrated the ability of the NF-PAHz-
Co;0,@NiCu to produce MOR-promoted green H, in an energy-
efficient manner. Furthermore, the shape of nanocuboids, the
Co,;0, doping, and the active site of Cu synergistically con-
tributed toward the above superior catalytic activity of NF-PAHz-
Co,0,@NiCu. However, no significant change in the MOR ac-
tivities of NF-PAHz-Co;0, @ NiCu electrodes synthesized in the
presence of higher PAHz amounts (4 and 6 wt.%) (j,0o,mor @t
~1.43 V) was witnessed compared to that of the 2 wt.% elec-
trode (j;pomor at 1.41 Vi) (Figure S21, Table S3, Supporting
Information). The OER activities also followed a similar trend
for the electrodes synthesized in the presence of different PAHz
amounts in solution. Interestingly, the HER activity of the elec-
trode synthesized using 6 wt.% PAHz solution was marginally
superior compared to the other compositions. An overall com-
parison of MOR, OER and HER data of all the compositions re-
vealed that the electrode synthesized using 2 wt.% PAHz (NF-
PAHz-Co;0, @NiCu) may be suitable for further purposes. Sub-
sequently, the catalytic activities of NF-PAHz-Co,;0,@NiCu syn-
thesized in the presence of different Cu** amounts were as-
sessed. The MOR and OER activities of NF-PAHz-Co,0,@NiCu
were somewhat superior compared to that of the other composi-
tions synthesized at higher (24.8 mwm) and lower (8.3 mwm) Cu?*
amounts (Figure S22, Table S4, Supporting Information). Im-
portantly, the HER activity of the electrode synthesized using
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24.8 mm Cu?* was superior compared to that of the other compo-
sitions. Overall, the NF-PAHz-Co;0,@NiCu synthesized using
Cu?* ~16.5 mm was advantageous among the different composi-
tions based on the overall catalytic activity and cost-effectiveness
of the synthesis.

The processes were then carried out under two-electrode mode
to mimic the electrolyzer setup (Figure 4A). The j,,or value of
10 mA cm™? was achievable at 1.62 V, whereas the same j value
for OER based process was realized at 1.76 V (Figure 4B). The
chronoamperometry data recorded at 1.62 V revealed no notice-
able change in jy;or,urr value (10 mA cm=2) for 100 h suggest-
ing the sustainability of the electrode (Figure 4C). The stability of
OER based process was also monitored under 2-electrode mode
using NF-PAHz-Co;0, @NiCu as both working and counter elec-
trodes. The data revealed no appreciable change in jgg , 1yer value
for 100 h supporting the above (Figure 4D). Lastly, the faradaic
efficiency value for produced H, under two electrode modes for
MOR was calculated to be 93.2% (Figure 4E). The faradaic effi-
ciencies for the production of O, and H, in OER based procedure
were also effective (Figure 4F).

To understand the product/s formed during the MOR, the 'H
NMR analysis of the electrolyte was carried out in D,0. A new
singlet at 8.3 ppm for H-COO~ supported the formation of for-
mate in the solution (Figure 4G). The comparison between the
integrations of resonances at 3.1 ppm (H;C—OH) and 8.3 ppm re-
vealed that after 96 h of MOR operation, ~71.6% conversion was
realized (Figure S23, Supporting Information).”® Importantly,
no other peaks were visible in the spectra supporting the selec-
tivity of product formation. *C NMR Peaks at 171 and 168 ppm
corresponding to HCOO™~ and HCOOH, respectively supported
the formation of formate during the electrochemical process. The
FT-IR band at 1639 cm™! for C=0 also supported the formate for-
mation. (Figure 4H). The *C NMR spectra of the electrolyte af-
ter different time intervals were recorded to understand the pos-
sibility of CO/CO, formation during the process. Interestingly,
the absence of resonance ~162 ppm probably excluded the pos-
sibility of the formation of CO, during the process (Figure S24,
Supporting Information).”!]

To gain further insight into the superior activity, density func-
tional theory (DFT) calculations were undertaken to calculate the
Gibb’s free energy changes (AG) of NF-PAHz-Co,; 0, @NiCu and
control electrodes. At OER’s equilibrium potential, the AG val-
ues for the different elementary steps were computed using the
method described in literature.[’273 Ni (111) and Cu (111) double
layers were placed upon each other to study the OER activity on Ni
and Cu sites in the NiCu alloy (Figure S25, Supporting Informa-
tion). Subsequently, the respective sites were doped with Co and
its oxide, and the change in AG profile was assessed (Figure 5A,B,
Figure S26, Supporting Information).”* The AG profiles for dif-
ferent OER stages under the catalytic roles of NiCu, Co@NiCu,
and Co-O@NiCu are shown in (Figure 5C,D). The M-O" to M—
OOH" step was observed to be the rate-determining step for all
the different systems studied. In the case of OER activity at Cu
site, the rate-determining step energy barrier of NiCu alloy was
2.80 eV which reduced to 2.63 and 2.24 eV with Co and Co ox-
ide doping respectively (Figure 5C). Similarly, in the case of OER
activity at the Ni site, the AG value for the rate-determining step
was 3.30 eV, which decreased to 3.09 and 2.91 eV with Co and
the Co oxide doping respectively (Figure 5D). Interestingly, the

© 2024 Wiley-VCH GmbH
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Figure 4. A) The schematics showing the two-electrode setup for MOR coupled H, production using NF-PAHz-Co; O, @NiCu as working and counter
electrodes, B) the linear sweep voltammetry (LSV) for OER and MOR-based procedures in two-electrode set up, the chronoamperometry trace of the C)
MOR based process recorded at 1.62 V and D) OER based process recorded at 1.76 and 2.10 V in two-electrode set up, the theoretical and experimental
H, production data in E) MOR and F) OER based procedure, G) the "H nuclear magnetic resonance (NMR) and H) FT-infra red (IR) spectra of the
electrolyte solution recorded after regular time intervals during MOR operation.

study revealed that the activity at the Cu site in the NiCu alloy
was associated with a lower AG value at the rate-determining step
compared to that of the Ni site. Additionally, the Co oxide doping
further decreased the AG value supporting the experimental ob-
servation and superior OER activity of NF-PAHz-Co;0, @NiCu.
The lowest AG value (2.24 eV) for the Co oxide doped at the Cu
site revealed that possibly in the NiCu alloy the Cu served as the
active site to initiate the OER and MOR process.

To verify the results, the partial density of states (PDOS) of
NiCu and Co & Co oxide doped NiCu were calculated. The pres-
ence of continuous density of state (DOS) around the Fermi level
supported the intrinsic metallic characteristics of the pure and
doped NiCu. For the Co and Co oxide doped NiCu, the DOS
broadened near the Fermi level compared to that of the pure
NiCu. For both the active sites (Ni and Cu sites) of the catalyst,
the broadening of the DOS at the Fermi level is maximum for
the Co oxide doped NiCu catalyst (Figure 5E,F). The introduc-
tion of Co and O atoms to NiCu helped to enhance the DOS near
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the fermi level, which increased the charge carrier concentration.
Hence, Co oxide doped NiCu in this instance enabled signifi-
cantly faster electron transfer and demonstrated more conduct-
ing pathways, entrusting them with faster kinetics and improved
OER activity.”’l The MOR activities were subsequently calculated
on the Cu site for Co-O@NiCu under an alkaline environment
(Figure 5G). The conversion of “CH; O to “CH,O was determined
to be the rate-determining step and the process was endothermic
by 0.31 eV with an energy barrier of 1.02 eV (Figure 5H).[7]

3. Conclusion

The metallic Ni surface serves as the shape-directing avenue dur-
ing the PAHz mediated in situ reduction of Cu and Ni salts
to the corresponding NiCu alloy nanocrystals under hydrother-
mal conditions. The methodology allows growth of NiCu alloy
and in situ doping of metal oxides on the alloy surface in a
one-pot procedure. The resulting electrodes exhibit swift MOR

© 2024 Wiley-VCH GmbH
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Figure 5. Schematic diagrams of the OER activity of the Co-O doped on the A) Cu and B) Ni site of Co-O@NiCu, Gibb’s free energy diagrams for the
OER activities of NiCu, Co@NiCu, and Co-O@NiCu calculated for C) Cu site and D) Ni site respectively, PDOS of NiCu, Co@NiCu, and Co-O@NiCu
obtained for E) Cu site and F) Ni site, G) Schematics showing the various steps of MOR activity on the Co-O@NiCu operated at Cu site, H) the Gibb’s
free energy diagrams for the MOR activities on Co-O@NiCu calculated on Cu site. The * represents the active site of the catalyst and *CH;OH, *CH;0O,
*CH, 0O, *HCO, *HCOOH represent the respective species adsorbed on the active site.

and OER activities under alkaline conditions and are suitable
for bi-functional MOR and OER coupled energy efficient green
H, production. Possibly, the active Cu site in NiCu heterostruc-
ture, Co;0, doping, and the sharp edges of the nanocuboids syn-
ergistically contribute toward the effective electrocatalytic activ-
ity. The NF-PAHz-Co,0,@NiCu produces formate/formic acid
from methanol in relatively high yields. The theoretical DFT anal-
ysis predicted that the Cu site in the NiCu nanocrystal acts as the
active center for the OER activity. The synthetic strategy is gen-
eral and may be utilized to grow other alloy nanocrystals for use
as catalysts in electrochemical operations.

4. Experimental Section

Material Required: Nickel (I) nitrate hexahydrate (98%, Sigma-—
Aldrich), copper () nitrate trihydrate (97%, Fisher Scientific), cobalt (11)
nitrate hexahydrate (98%, Sigma-Aldrich), NF (99%, thickness 1.6 mm,
Goodfellow), potassium hydroxide (98%, Qualigens,), hydrazine hy-
drate (99%, Rankem), tetra-n-butylammonium bromide (98%, Merck),
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methanol (99%, Finar), tetrahydrofuran (99%, Finar Ltd.), ethanol (99%,
Changshu HFCL), hydrochloric acid (99%, SDFCL) were used as received.
DI water was obtained from the Millipore water purification system.

Material Characterization: The XRD diffraction data was recorded us-
ing a Pananalytical Empyrean X-ray diffractometer in the 20 range of 10—
90°. A monochromatic Al K-Alpha analyzer (XPS, ThermoFisher) corrected
with C1s 284.8 eV was used to analyze the surface electronic properties.
The surface morphology of the material was analyzed using FESEM (JSM-
7900F, Jeol Ltd. and the elemental distribution analysis were done using
the (JSM-7900F, Jeol Ltd.) energy dispersive X-ray spectroscopic (EDX)
technique. The HRTEM (JEM-F200 JEOL) was used to acquire the high-
resolution images along with the STEM-HAADF and SAED images. The
"H and 3 C NMR spectroscopic data were obtained utilizing an NMR JEOL
400 YH machine operated at a temperature of 25 °C in the solvent D,0O.
The FT-IR spectroscopic data were recorded in a PerkinElmer Spectrum
Two instrument in ATR mode. Materials were characterized using X-ray
absorption spectroscopy (XAS) at the INDUS beamline synchrotron facil-
ity (2.5 GeV, 100 mA), BL-09, INDUS-2.

Synthesis of NF-PAHz-Co3;O0,@NiCu: The NF-PAHz-Co;O,@NiCu
electrode fabrication process consisted of the following. Initially, the
NF with the dimension of 2.5 X 3.0 cm? was cleaned with hydrochloric
acid (24 mL, 2 m), ethanol (20 mL), and DI water (20 mL) to eliminate
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any impurities present on the surface. Subsequently, Cu(NO3),.3H,0
solution (50 mL, 16.55 mm) was taken in a beaker at room temperature
and kept under constant stirring at 700 rpm. To this, 25 mL of a 2 wt.%
PAHz solution was supplemented and the solution was left undisturbed
for 60 min. A solution of Co(NO3;),.6H,0 (50 mL, 13.74 mm) was intro-
duced into the above solution and the resulting solution was kept under
stirring for 30 min. To this additional 25 mL of the 2 wt.% PAHz solution
was added and the whole mixture was kept under stirring for 60 min. An
autoclave was filled with this resulting homogeneous mixture and the
above piece of cleaned NF was immersed into it. The autoclave was now
left in a hot air oven at 120 °C for 12 h. Subsequently, the temperature of
the system was cooled to room temperature. The NF was removed from
the aqueous solution and washed with DI water. The sample was then
dried in a vacuum oven for 12 h at 50 °C.

Synthesis of NF-PAHz-NiCu: The surface of NF was activated using
the procedure stated above using hydrochloric acid (24 mL, 2 m), ethanol
(20 mL), and DI water (20 mL). A Cu(NO;),.3H,0 aqueous solution
(50 mL, 16.55 mm) was placed in a beaker and stirred at a continuous
stirring speed of 700 rpm at room temperature. Subsequently, 25 mL of
2 wt.% PAHz solution was added gradually to the above solution over a
period of an hour. This homogeneous mixture was transferred into an au-
toclave possessing NF. Subsequently, the autoclave was heated in a hot
air oven at 120 °C for 12 h. The NF was then removed from the solution,
washed with the DI water, and dried at 50 °C.

Synthesis of PAHz-Cu:  PAHz aqueous solution (25 mL of 2 wt.%) was
added dropwise over a period of an hour under a constant stirring rate of
700 rpm to Cu(NOj3),.3H,0 solution (50 mL, 16.55 mm). Subsequently,
Co(NO3),.6H,0 (50 mL, 13.74 mm) solution was added directly to the
above solution over a 30 min period. Subsequently, 25 mL of 2 wt.% PAHz
was added in a dropwise manner over a period of one hour to the above
solution. Then Ni(NO3),.6H, 0O solution (50 mL, 13.75 mm) was added to
the above resulting solution over one-hour period. The resultant solution
was put into an autoclave and kept in a hot air oven for 12 h at 120 °C. The
precipitate obtained was filtered. The filtrate was repeatedly cleaned with
deionized (DI) water and kept in a vacuum oven set at 50 °C for 12 h.

Electrochemical Measurements: All the electrochemical analysis was
carried out using an electrochemical workstation (M204 PGSTAT, Auto-
lab). The electrochemical measurements were conducted using a 25 mL
mini gas-tight cell. A three-electrode system was employed, with the NF-
PAHz- Co;0,@NiCu electrode as working, graphite rod as a counter elec-
trode, and Hg/HgO (1.0 M NaOH) as a reference electrode. The electrolyte
used for OER and HER was 1.0 M KOH, whilea 1.0 M MeOH + 1.0 M KOH
solution was used for MOR and HER. NMR spectroscopic data were col-
lected at regular intervals of 24 h throughout the chronoamperometry test
at 1.86 V to observe the change during methanol-to-formate formation.
Nernst equation was utilized to transform the potential on the RHE scale.
The obtained current was converted intoj (current density) and standard-
ized with the working electrode’s geometrical area.

Erue = Elg/ngo + Erg/Hgo +0.0591x pH M

Fabrication of PAHz-Cu Electrode: First, 0.75 mL of deionized water
was combined with 0.25 mL of methanol to make a solution. To this so-
lution, 20 mg of PAHz-Cu was added along with 0.2 mL of 5 wt.% Nafion
solution. This mixture was then subjected to ultrasonic treatment for 1 h
to disperse the components and form a well-mixed ink suspension. Subse-
quently, a glassy carbon electrode with a diameter of 5 mm was coated with
6 uL of the aforementioned ink suspension via drop casting. The drop-cast
film was allowed to dry in at hot air oven at 50 °C for overnight.

Fabrication of 1rO, and Pt/C Electrode: Commercial Pt/C and IrO,
of 6.0 mg each was dissolved in 1.35 mL of a mixture of isopropanol
(0.80 mL), water (0.40 mL), and 5 wt.% Nafion (0.15 mL) separately and
sonicated for 50 min to make homogeneous inks. Then, one of the catalyst
ink (100 uL) was drop coated onto the surface of the NF electrodes and
dried in vacuum oven for overnight at 50 °C.
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