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The hydrogen evolution reaction (HER) represents the key step in sustainable energy development. This
study presents a novel approach to the HER through value-added formate synthesis utilizing methanol
electrolysis in both fresh and seawater environments. This approach leverages electronically modulated
nickel nodes of a metal-organic framework (e-Ni MOF) via zinc doping, demonstrating significant
enhancement in catalytic performance and energy efficiency owing to the synergistic effects of zinc and
nickel, thereby facilitating electron transfer and thus lowering the energy barrier for high-valent Ni-active
catalytic phase formation. Specifically, the e-Ni MOF anode-based electrolyzer using a 1.0 M methanol
solution in an industrially relevant 30 wt% KOH-seawater electrolyte demonstrated a remarkably lower
cell voltage of 1.10 V at 10 mA cm™2, Additionally, it achieved an 11.5-fold higher hydrogen evolution rate
by replacing the oxygen evolution reaction (OER) with the methanol oxidation reaction (MeOR). At an
industrially relevant current density of 250 mA cm™2, the electrolyzer could lead to an energy saving of
640 W h of electricity compared to a conventional OER system. Moreover, the e-Ni MOF facilitated
hydrogen evolution at the cathode and produced formate as a value-added chemical from the MeOR at
the anodic side. This dual-benefit approach underscores the potential of e-modulated Ni MOFs in
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water electrolysis.***° Methanol is an abundantly available
biomass product and easily oxidizable organic molecule,

1. Introduction

The growing global energy demand, climate change, and reli-
ance on fossil fuels necessitate the exploration of sustainable
and clean energy sources.' Hydrogen, with its high energy
content and clean combustion, is emerging as a promising
renewable energy carrier.*®> However, traditional hydrogen
production methods are energy-intensive and emit greenhouse
gases.”® Water electrolysis powered by renewable energy offers
a greener alternative;*** however, its efficiency is hampered by
the thermodynamically high energy barrier and sluggish
kinetics of the anodic process involving the oxygen evolution
reaction (OER).*** To overcome this thermodynamic limi-
tation,researchers have explored alternative anodic reactions
that are thermodynamically favorable and can enhance the
overall energy efficiency of hydrogen production at the
cathode.***° One such promising approach involves the oxida-
tion of small organic molecules, such as alcohols, formic acid,
formate, sugars, urea, and hydrazine, as the anodic process of
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offering a lower overpotential and faster kinetics compared to
the OER, thereby potentially leading to more energy-efficient
hydrogen generation.*™** In addition, the methanol oxidation
reaction (MeOR) produces formate as the value-added oxidative
product.***

Studies show that Ni-based catalysts are promising for the
MeOR, with electrochemically in situ formed Ni**~OOH on the
surface of the catalyst acting as the active catalytic phase for the
MeOR, subsequently producing formate as the value-added
oxidative product, as demonstrated by eqn (1) and (2):***

4Ni**(OH), + 4OH  — 4Ni’*-OOH + 4H,0 + 4e~ (1)
CH;0H + 4Ni**-OOH + OH™ — HCOO™ + 4Ni**(OH), (2)

Therefore, this work focuses on developing an efficient Ni-
based electrocatalyst, particularly Ni-based metal-organic
frameworks (Ni MOFs), to facilitate methanol oxidation and
hydrogen production because MOFs are known for their highly
porous nature with a high surface area, which allow for the
efficient dispersion of Ni sites within the frameworks, and
hence are emerging as attractive candidates for
catalysis.'*?%37341"%% Furthermore, by doping Ni MOFs with zinc
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(Zn), electronic coupling occurs between the Ni and Zn nodes
due to d-d transition and, thus, modulates the electronic
structure of the Ni-nodes. This reduces energy barriers for the
formation of catalytic active Ni**~OOH sites. Thus, by leveraging
the synergistic effects of Zn and Ni within the MOF structure, we
aim to lower the energy barrier for the Ni-high valent active
catalytic phase formation to assist the MeOR, thereby
promoting more efficient hydrogen production and value-added
formate formation, both in freshwater and the challenging
seawater environment.”® The e-Ni MOF is expected to offer
a stable and efficient matrix for methanol adsorption and
oxidation, promoting sustained catalytic performance even
under a corrosive environment of seawater.

Thus, using industrially relevant 30 wt% KOH in seawater,
the electrolyzer achieved a lower cell voltage of 1.10 V, which is,
to our knowledge, the lowest reported for methanol electrolysis.
Additionally, the electrolyzer showed a 11.5-fold increase in the
hydrogen evolution rate when the OER at the e-Ni MOF/NF
anode was replaced with MeOR. At an industrial current
density of 250 mA cm 2, the electrolyzer required 4.70 kW h of
electricity per cubic meter of hydrogen using OER, but only 4.06
kW h with MeOR, saving 640 W h and substantially reducing
hydrogen production costs.

2 Experimental details
2.1. e-Ni-MOF film coating

First, nickel foam (NiF) obtained from MTI Korea (>99.99%
purity, 1.0 mm thick, porosity: =95% 80-110 pores per inch,
average hole diameters: ~0.25 mm) was cut into 5 cm x 1 cm
pieces and washed by ultrasonic agitation sequentially in 3 M
HCI (ACS reagent, 37%, Sigma-Aldrich) water, ethanol (=99.5%,
ACS reagent, Sigma-Aldrich) and acetone (=99.5%, ACS reagent,
Sigma-Aldrich). Air-dried NiF at room temperature was used as
a current collecting substrate. A thin film of e-modulated Ni-
MOF was deposited onto the NiF substrate through a sol-
vothermal route. For this, 1.4375-1.250 millimole of NiCl,-
‘6H,0 (=98%, Sigma-Aldrich), 0.0625-0.250 millimole of
Zn(NO3),-6H,0 (98%, Sigma-Aldrich) and 1.50 millimole of
H,NC¢H3-1,4-(CO,H), (NH,-BDC ligand, 99%, Sigma-Aldrich)
were dissolved in a 50 mL of anhydrous dimethylformamide
(DMF, 99.8%, Sigma-Aldrich) by ultrasonic agitation, followed
by immersing two pieces of NiF and conducting solvothermal
reaction in a Teflon lined stainless steel autoclave at 150 °C for
20 h. The solvothermally obtained MOF films and the precipi-
tate were washed thoroughly with DMF and methanol (=99.8%,
ACS reagent, Sigma-Aldrich) and dried at 60 °C for 24 h.

2.2. Characterization of the e-modulated Ni-MOF film

The morphology of the film was examined using a scanning
electron microscope (FE-SEM, Hitachi S-4800, Japan) and
a scanning/transmission electron microscope (S/TEM, Talos™
F200X). The crystal structure of the MOFs was investigated by
applying an X-ray diffractometer (Malvern PANalytical), high-
resolution TEM (HR-TEM) and selected area electron diffrac-
tion (SAED). For elemental distribution, an energy dispersive X-
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ray analyzer coupled with scanning transmission electron
microscopy (STEM-EDX) was employed. The chemical compo-
sition and elemental binding state of the MOFs were investi-
gated by surface analysis of the samples using an X-ray
photoelectron microscope (ESCALAB 250Xi spectrometer,
ThermoFisher).

2.2.1. Electrolysis and electrochemical measurements. A
home-made electrochemical cell with a graphite rod as
a counter electrode, a MOF film on nickel foam (MOF/NF)
exposed with 1 cm x 1 cm area as a working electrode, and
a Hg/HgO reference electrode was employed for the electro-
chemical measurements. Before the measurement, the MOF
film was first rinsed with the same electrolytic solution in which
the measurement had to be carried out. Then, the working
electrode was activated via cyclic voltammetry at a scanning rate
of 100 mV s~ for 100 cycles or more until a constant voltam-
mogram was obtained. To evaluate the OER activity, the
working electrode was polarized in a 1.0 M KOH (ACS reagent,
=85%, Sigma-Aldrich) solution at a scanning rate of 5 mV s~ .
Similarly, for the MeOR, the working electrode was polarized in
1.0 M methanol containing1.0 M KOH solution at a scanning
rate of 5 mV s . All the linear sweep voltammograms were
recorded with feedback of 85% iR compensation, and the
recorded potential was calibrated into the scale of reversible
hydrogen electrode (RHE) using the following equation:

E(RHE) = E(Hg/HgO) + 0.059 pH + 0.098 (3)

Electrochemical impedance measurement was conducted at
a bias of 1.35 V vs. RHE, and the obtained data were fitted with
an equivalent circuit using Z-view software.

3 Results and discussion
3.1. MOF film fabrication and characterizations

Fig. 1a and b depict the surface view of a nickel foam (NF)
through SEM before and after the deposition of MOF. After the
solvothermal reaction, the metallic color of the NF turned into
a faint greenish color. Microscopically, the smooth surface of
the NF backbones looks rough with the deposition of some
granules, as shown in Fig. 1a and b. At a higher magnification
SEM view, the Ni MOF film reveals that it consists of layered
nano-sheets, as depicted in Fig. 1c. However, after adding
a small amount of Zn ions (Zn/Ni mole ratio = 0.082), the
morphology of the e-modulated Ni MOF film changed slightly.
In this case, in addition to the flat-layered sheets, a few vertically
oriented sheets in different directions can also be observed, as
shown in Fig. 1d. Similar to the surface morphology, the crystal
structure of the e-modulated MOF changed very slightly. The
XRD examination of the pristine and e-modulated Ni MOF
shows similar patterns with the major peaks located approxi-
mately at 26 of 10.9°, 16.4°, 19.7°, 20.3°, 22.7°, and 26.1°, as
shown in Fig. 2a. This reveals that both pristine and e-
modulated MOFs essentially have a similar crystal structure.
However, the close examination reveals that the XRD peaks of
the e-Ni MOF have shifted slightly toward a lower 26 value,
indicating the insertion of larger zinc (atomic radii of Zn and Ni
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Fig.1 SEM top views of (a) blank nickel foam (NF), (b) e-Ni MOF deposited on NF, (c) Ni MOF film deposited on NF, and (d) e-Ni MOF deposited

on NF.

are 0.138 and 0.124 nm, respectively) into the nickel lattice of
the framework. Employing the widely used Scherrer equation,
the average crystallite size of the e-Ni MOF was determined to be
29.23 nm, while that of the pristine Ni MOF was 32.84 nm. Most
importantly, the XRD patterns and peak positions of the Ni
MOF well matched those of the simulated XRD patterns. In
addition, these XRD patterns well matched those of the previ-
ously reported Ni MOF.>'"** Moreover, the FTIR spectra of the
pristine and e-Ni MOF showed all characteristic N-H, C-H,
COOH and C-N signature bands of the NH,-BDC ligand
together with the metal-oxo (Zn/Ni-O) moiety (Fig. 2b), sug-
gesting the presence of the metal-ligand coordination bond.****
Thus, these findings indicate that the pristine and e-modulated
MOFs have been synthesized successfully.

Fig. S1t displays a doublet located at about 1021.6 eV and
1044.7 eV, corresponding to the 2psz, and 2p,, orbitals,
respectively, with a spin-orbit splitting energy of 23.1 eV in the
Zn 2p XPS spectrum. This reveals the Zn nodes in the Zn**
oxidation state in the framework. Similarly, Fig. 2c and d depict
the XPS spectra of the Ni 2p cores of the pristine and e-Ni MOF.
In the former case, a doublet located at about 856.0 eV and
873.6 eV can be observed, corresponding to the 2p;,, and 2p,,
orbitals of the Ni*" oxidation state, respectively. However, as in
the case of the XRD, these XPS peaks of the e-modulated
framework are slightly shifted toward a lower binding energy
region. This indicates that after entering the Ni-lattice, the
doped Zn interacts electronically, thereby transferring electrons
from a less electronegative Zn>* node to a higher electronegative
Ni*" node in the frameworks. The detailed electron transfer
mechanism and the resulting impact on the electrocatalytic
performance are discussed in the subsequent section. The e-
modulated MOF film was further investigated with scanning
transmission electron microscopy (STEM), and the local
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distribution of the constitutional elements, particularly Ni,
Zn, N and O was studied. Fig. 2e shows the overlay and EDX
mapping images of Ni, Zn, N and O, which reveals that the
constitutional elements in the e-modulated MOF film are
distributed uniformly. Furthermore, the high-resolution trans-
mission electron microscopy (HR-TEM) image of the film
showed a clear crystal lattice fringe of the (311) plane with
a lattice spacing of 0.44 nm.

3.2. Electrocatalytic performance toward OER

To demonstrate the influence of the Zn incorporation into the
Ni lattice toward electrocatalysis, the OER performance of the Ni
MOF was evaluated through linear sweep voltammetry (LSV) in
a 1.0 M KOH solution. To achieve optimal electrocatalytic
performance, we first investigated the influence of the doping
level of Zn in the Ni MOF. For this, the Zn*" ion in the reaction
precursor was varied, and the OER activity was measured. As
shown in Fig. S2a,T the MOF characterized by a 0.082 mole ratio
of Zn/Ni exhibited the best OER activity. This optimized Ni MOF
was named an e-modulated framework (e-Ni MOF) and was
selected for further studies. Fig. 3a depicts the LSV curves,
which demonstrate an apparent difference in the OER activity
between the pristine and e-modulated frameworks. Before the
commencing of the onset of the OER, the LSV curves show an
oxidation peak approximately at 1.30 V and 1.37 V vs. RHE for
the e-Ni MOF and pristine MOFs, respectively. This oxidation
peak is due to the oxidation of Ni*" into Ni**~OOH, which is the
active phase for the OER.* It should be noted that the onset for
the peak in the former case appeared toward a lower potential
value (1.30 V vs. 1.35 V) and the peak height was also higher in
comparison to those of the pristine MOF. This finding implies
that the incorporation of Zn into the Ni-lattice assists in the
formation of OER active Ni**~OOH sites. Consequently, the OER

This journal is © The Royal Society of Chemistry 2024
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Fig.2 (a) PXRD of Ni MOF and e-Ni MOF bulk powder, (b) FTIR spectra of the MOF and NH,-BDC organic ligand. XPS core level spectra of (c) the
Ni 2p of Ni MOF and (d) Ni 2p of e-Ni MOF. (e) STEM-EDX layered image and the corresponding elemental mapping images of Ni, Zn, N and O for

the e-Ni MOF film. (f) HR-TEM image of the e-Ni MOF.

onset and sudden rise in current due to the OER in the case of
the e-modulated MOF can be observed earlier in the LSV curves.
Similarly, the OER overpotentials at various current densities of
the e-modulated MOF are relatively lower, as revealed in the bar
graph of Fig. 3b. To further understand the influence of doping
levels on catalytic activityy, MOFs synthesized with various
concentrations of the Zn precursor were characterized using
XPS, SEM, and EDX. Regardless of the Zn doping level, the Ni 2p
and Zn 2p XPS spectra show similar peak positions, as shown in
Fig. S3.7 These spectra are very similar to those previously
studied in detail for the e-Ni MOF (Fig. 2c, d and S1+). As evident

This journal is © The Royal Society of Chemistry 2024

from the SEM (Fig. S4T) and EDX (Fig. S51) results, increasing
the Zn-doping concentration led to the formation of layered and
curled nanosheets, with dimensions of approximately 2 to 3 um.
The cross-section of the MOF film demonstrated that the
deposited MOF had a film thickness of approximately 26 um
(inset image of Fig. S4ct). However, when the Zn/Ni mole ratio
exceeded 0.082, the nanosheets were found to agglomerate into
bulky masses, as shown in Fig. S4(d) and (e).t This could
explain the decrease in OER activity when the Zn/Ni mole ratio
was increased beyond 0.082, as shown in Fig. S2a.}
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Fig. 3 (a) LSV curves of the MOF films on the NF substrate measured in a 1.0 M KOH solution at a scanning rate of 5 mV s~ Inset shows the
enlarged view of the redox peaks. (b) OER overpotential-current density profile executed from the corresponding LSV curves. (c) Schematic
showing electronic coupling between Zn?* and Ni?* in the Zn-doped Ni MOF (e-Ni MOF).

The observed OER activity of the frameworks shown in
Fig. S2at and 3a can be directly related to the electrochemically
active surface area (ECSA), which was determined by measuring
CV at various scan rates (Fig. S6a-et) and estimating the double-
layer capacitance (Cq), as shown in Fig. S6f.t The ECSA was
then calculated using the following relation:

ECSA = (geometrical surface area) x Cgq/Cs, (4)

where Cg represents the capacitance of the electrode surface,
generally taken as C; = 0.04 mF cm ™2 in 1.0 M KOH solution. The
resulting ECSA reveals that among the pristine and doped
frameworks, the optimally doped framework (e-Ni MOF)
demonstrates the largest ECSA (245 cm™?), indicating the largest
number of exposed active sites for the formation of Ni**~OOH.

3.3. Electronic modulation of Ni-nodes via Zn doping and
electron transfer mechanism

The key mechanism behind the superior electrocatalytic activity
of the Zn-doped framework can be attributed to the modulation

29982 | J Mater. Chem. A, 2024, 12, 29978-29988

of the electronic structure of the Ni nodes by the incorporated
Zn>" in their crystal lattice. Based on the crystal field theory, the
electron distribution in the d-orbitals and their interaction to
stabilize the Ni MOF after doping with Zn>" can be explained as
follows. The carboxylic ligand employed in this work exerts
a strong crystal field, thereby forming a low-spin MOF. Thus,
based on Hund's rule for filling t,, and e, sets of the d-orbital of
a low-spin Zn-doped Ni MOF, the Ni*" has fully occupied t,q
orbitals but has occupied 2 unpaired electrons in the e, set.
However, Zn** has fully filled d-orbitals. Hence, doping Ni MOF
with Zn**, electronic coupling between Ni** and Zn>" nodes
occurred in the framework, which enhanced the electron
donation through the e e~ m-electron repulsion between the
bridging 0>~ and Ni*" nodes, leading to a partial electron
transfer from Zn>* to Ni** nodes,**" as illustrated in Fig. 3c.
This argument is also supported by a shift of the Ni 2p XPS
peaks in the Zn-doped Ni MOF toward a lower binding energy
region, as shown in Fig. 2d. This phenomenon leads to the
modulation of the local coordination environment of the Ni-
nodes, rearranging the electronic cloud of the Ni-nodes in the

This journal is © The Royal Society of Chemistry 2024
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framework. Consequently, some coordination bonds between
the Ni-nodes and catalytically hindered organic ligand coun-
terparts may partially loosen, thereby directly exposing the Ni-
nodes and facilitating the redox reaction.*® This improved
redox ability decreases the energy barrier of the e-modulated Ni-
nodes to promote the oxidation of Ni** into the catalytic active
Ni*"~OOH phase, subsequently enhancing electrocatalysis.

3.4. Electrocatalytic performance toward MeOR

Based on the OER performance of the pristine and e-Ni MOF,
their activity toward oxidation of methanol (MeOR) was studied
systemically in detail. To understand the influence of Zn-
dopant, cyclic voltammograms were measured in a 1.0 M
KOH solution, and 1.0 M methanol was added to the 1.0 M KOH
solution. In this strong alkaline solution, the Ni-based
compound easily oxidizes to hydroxides while polarizing in
the anodic direction. Fig. 4a shows a pair of peaks corre-
sponding to the redox reaction of Ni*’~(OH), < Ni**~O0H.
This high-valent nickel (i.e., Ni**~OOH), in addition to the OER,
is also the catalytic active phase for the MeOR. It should be
noted that after doping the framework with Zn, the onset of the
oxidation peak appeared 40 mV earlier, implying that the e-
modulation of the Ni-nodes decreased the activation energy
barrier for the oxidation of Ni**~(OH), to Ni**~OOH. In addi-
tion, the area under the oxidation peak of the e-modulated
framework is relatively larger, signifying that the number of
active sites in this case is highly populated (Fig. 4a). In addition,
based on similar anodic/cathodic peak heights and area under
the peaks, the Ni**~(OH), to Ni**~OOH oxidation in the pristine
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Ni MOF is reversible, while that of e-Ni MOF is quasi-
irreversible. This finding suggests that in addition to facili-
tating the formation of the Ni**~OOH phase, the e-modulation
also assists in stabilizing the in situ formed Ni**~OOH phase.
Consequently, the OER activity of the e-Ni MOF is superior to
that of the pristine Ni MOF, as shown in Fig. 3a and b. Unlike in
the case of OER, when 1.0 M of methanol was added to the KOH
solution, no oxidation peaks were obtained (Fig. 4b). The
disappearance of the oxidation peak is accompanied by the
occurrence of MeOR, which can be noticed clearly by a sudden
increase in the anodic current density much earlier than that in
the case when methanol was not added to the KOH solution
(Fig. 4a). The MeOR on Ni-based catalysts follows a combined
electrochemical and chemical reaction-based mechanism, as
shown in eqn (2) and (3).***

Reaction (2) reveals that the Ni**~OOH phase participated in
the oxidation of methanol to formate. This could explain why
the oxidation peak of Ni*'~(OH), to Ni**~OOH is not observed.
Most importantly, in addition to the formation of value-added
formate, the initial Ni**~(OH), phase is regenerated, which
helps to maintain the integrity of the catalyst during the long-
term electrocatalysis process. Wang et al. showed that the
oxidation peak of Ni**~(OH), to Ni**~OOH during electrolysis of
ethanol is an endothermic reaction, while the reduction of Ni*'-
OOH to Ni**~(OH), along with the dehydrogenation of ethanol
is Ni**-(OH), is an exothermic or spontaneous reaction.*
Recently, a similar result was revealed by Feng and co-workers,
wherein they demonstrated that the catalytic MeOR to formate
on the in situ formed Ni**~OOH is fully exothermic or sponta-
neous.” This implies that methanol spontaneously reduces
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Fig.4 Cyclic voltammograms of the MOF films on the NF substrate in (a) 1.0 M KOH solution and (b) 1.0 M methanol added 1.0 M KOH solution.
XPS spectra of Ni 2p cores in (c) pristine and (d) e-modulated Ni MOFs (i.e., Zn doped).
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Ni**~OOH to Ni**~(OH),, forming format, as shown in reaction
(2). The structural phase change between Ni*> and Ni’**~OOH
during the catalytic progress in an alkaline medium was also
confirmed by XPS analysis of the MOF/NF-based anode before
(Fig. 2c and d) and after polarizing at 1.42 V vs. RHE in 1.0 M
methanol added 1.0 M KOH solution (Fig. 4c and d). In addi-
tion, it should be noted that the area under the Ni** peak of the
e-Ni MOF/NF anode is larger than that of the Ni MOF/NF anode.
This implies that the e-modulation potentially decreases the
reaction energy barrier, thereby assisting the formation of Ni**-
OOH and promoting the number of MeOR active sites in the
framework. This can also be achieved by the larger reduction
peak area of the e-Ni MOF (Fig. 4b), which is an indirect
measure of the Ni**~OOH phase density. This is because, for
a given redox reaction, the succeeding reduction peak area of
a voltammogram is directly proportional to the preceding
oxidation peak area. The surface reconstruction and formation
of active Ni**~OOH catalytic sites during MeOR were also
confirmed by analyzing the MOF/NF via XPS after the MeOR.
Fig. 2c and d shows that the as-synthesized MOF/NF films
exhibited peaks for only the Ni** oxidation state, while those
after MeOR additionally exhibited peaks for the Ni** oxidation
state, as shown in Fig. 4c and d. Moreover, the peak height and
area under the Ni*" peaks of the e-modulated MOF film are
higher compared to that of the pristine MOF film. This finding
also supports the earlier argument that e-modulation assists the
formation of Ni**~OOH catalytic sites. Furthermore, the MOF/
NF films were polarized at a potential laying before and after
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the MeOR at 1.20 Vand 1.42 Vvs. RHE in 1.0 M methanol added
1.0 M KOH solution and were analyzed via Raman shift
measurement. In line with the XPS analysis, the Raman shift
measurement also reveals that the MOF films do not form the
Ni**~OOH phase when they are polarized at 1.20 V vs. RHE. In
contrast, they clearly show the characteristic Raman bands from
400 to 600 cm ' for the formation of Ni**~OOH phase*>** when
the MOF films were polarized at 1.42 V vs. RHE (Fig. S77).
Based on the above facts, compared to the pristine MOF, the
LSV curves of the e-modulated framework in Fig. 5a demon-
strate superior MeOR activity. Specifically, the e-Ni MOF film
achieved MeOR current densities of 10, 100, 250 and 500 mA
cm? at anodic potentials of 1.31, 1.37, 1.39, and 1.41 V vs. RHE,
respectively. This MeOR activity is among the highest previously
reported for high-performance electrocatalysts (Table S1t). In
contrast, the pristine framework film could drive the MeOR at
the same current densities only at higher anodic potentials of
1.37, 1.41, 1.43 and 1.45 V vs. RHE, respectively (Fig. 5b). Most
importantly, it should be noted in Fig. 5a that the MeOR
occurred much earlier than the OER, which can be attributed to
the relatively lower oxidation potential of methanol compared
to that of water, thereby lowering the reaction energy barrier
and assisting the MeOR. Consequently, the e-Ni MOF at elec-
trolysis current densities of 10, 100, 250 and 500 mA c¢cm >
exhibited anodic potentials lower by 175, 210, 225 and 260 mV
for the MeOR compared to OER. It can be observed that the
slope of the LSV curves decreased after 1.45 V vs. RHE, as
depicted in Fig. 5a. This can be attributed to the detrimental
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Fig.5 (a) LSV curves of the MOF films on the NF substrate measured with (MeOR) and without (OER) 1.0 M methanol added 1.0 M KOH solution
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. (b) Anodic potential (E) vs. current density (j) profile and (c) Tafel slopes derived from the corresponding LSV curves.

(d) Nyquist plots of the corresponding MOF films measured at 1.40 V vs. RHE. Inset shows an equivalent circuit employed to fit the experimental

data.
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competition between the MeOR and OER.*"** As with the OER,
the observed MeOR activity of the frameworks is also directly
related to the ECSA. Consequently, a similar trend in the MeOR
activity of the frameworks with different Zn-doping levels was
observed, as displayed in Fig. S8.F To validate the reproductivity
of the catalyst synthesis and MeOR activity, five replicas of the e-
Ni MOF and pristine Ni MOF samples were synthesized, and
their MeOR activity was evaluated using linear sweep voltam-
metry. As evident in Fig. S9a and b,} the variations in MeOR
activity among the samples are minimal and within the margin
of measurement error.

In addition to the enhanced electrocatalytic activity, the e-Ni
MOF also demonstrated faster kinetics for the MeOR, which can
be achieved by the comparatively lower Tafel slope, as illus-
trated in Fig. 5¢. The observed faster MeOR Kkinetics of the e-Ni
MOF electrode are also supported by the lower charge transfer
resistance (R.), which is represented by the smallest semicircle
shown in the Nyquist plot in Fig. 5d. Furthermore, to assess the
intrinsic activity of the MOFs, the MeOR current density was
normalized based on the ECSA. Fig. S10t illustrates that, in
addition to the case of geometrical area-based MeOR activity,
the e-Ni MOF electrode exhibits the highest activity, implying
that doping Zn into the Ni-lattice of the framework efficiently
regulates the electronic structure, thereby modulating the
charge distribution of the Ni-nodes, and eventually improving
the intrinsic activity for the MeOR. However, both the pristine
and e-modulated frameworks maintained their MeOR activity
for long-term electrolysis studied for 48 h, as displayed in
Fig. S11.f
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Based on the notable activity and long-term performance of
the e-Ni MOF for catalyzing the MeOR in a three-electrode
system, a full electrolyzer was devised in a two-electrode
configuration (MOF-MeOR||Pt(20 wt%)/C-HER) for practical
MeOR-aided water splitting in comparison to conventional
water splitting. Fig. 6a and b shows that the e-Ni MOF anode-
based electrolyzer exhibited lower cell voltages of 1.33, 1.64,
1.80, and 1.88 V for electrolyzing methanol in a 1.0 M KOH
solution at current densities of 10, 100, 400, and 800 mA cm?,
respectively. In contrast, the pristine Ni MOF anode-based
electrolyzer exhibited relatively higher cell voltages of 1.47,
1.76, 1.99, and 2.37 V under the same conditions. To under-
stand the anodic reaction and current efficiency of the MeOR
product, an NMR analysis of the electrolytic solution was con-
ducted. Fig. S12at displays "H NMR spectra before and after the
electrolysis of methanol at 50 mAem > for 5 hours. After elec-
trolysis, the NMR spectrum shows that formate is the key
product of the MeOR. Using potassium hydrogen phthalate
(KHP) as an internal standard, the amount of formate produced
was estimated, and the Faraday current efficiency for the
formation of formate from the MeOR was determined to be
95.6%. When the methanol electrolysis was performed at
a higher current density of 200 mA cm ™2, the current efficiency
slightly decreased to 93.23%. However, no additional product
other than the format was detected through *C NMR analysis
(Fig. S12bt). This indicates high selectivity for formate forma-
tion on the e-Ni MOF catalyst.

Interestingly, when an industrially relevant 30 wt% KOH
electrolyte was employed, the above e-Ni MOF anode-based
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.
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(a) LSV curves of the MOF/NF||Pt(20 wt%)/C/NF electrolyzers measured in 1.0 M and 30 wt% KOH solution in fresh water, and (b) cell

current density-cell voltage profile derived from the corresponding LSV curves. (c) LSV curves of the e-Ni MOF/NF||Pt(20 wt%)/C/NF electrolyzer
measured in 30 wt% KOH prepared in fresh and seawater with and without the addition of 1.0 M methanol, and (d) cell current density—cell

voltage profile derived from the corresponding LSV curves.
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electrolyzer demonstrated enhanced MeOR activity with lower
cell voltages of 1.09, 1.52,1.70, and 1.76 V for electrolyzing 1.0 M
methanol at current densities of 10, 100, 400, and 800 mA cm 2
(Fig. 6a and b). It is noteworthy that these cell voltages are
relatively lower than those reported previously for the Ni(OH),/
NF-based high-performance methanol electrolyzer (Fig. S13 and
Table S2t). Based on this notable result, the e-Ni MOF-
(MeOR)||Pt(20 wt%)/C-(HER) electrolyzer was further studied to
electrolyze 1.0 M methanol in 30 wt% KOH in both fresh and
seawater. The LSV curves (Fig. 6¢) and cell voltage-current
density profile (Fig. 6d) reveal that the MeOR activity of the e-Ni
MOF anode in fresh and seawater-based electrolytes is closer.
However, a significant difference in cell voltage was observed
between methanol-added (MeOR) and non-methanol-added
(OER) 30 wt% KOH electrolytes in seawater. In the former
case, the MeOR occurred exclusively, while the OER occurred in
the latter case. This was also ascertained visually by the evolu-
tion of gas at the electrodes. When the electrolysis was per-
formed with methanol containing seawater electrolyte; no gas
bubbles were observed at the anode, while a vigorous evolution
of hydrogen gas was observed at the cathode (Fig. S147). For the
MeOR at current densities of 10, 100, and 400 mA cm 2, the
electrolyzer attained cell voltages of 1.10, 1.56, and 1.75 V,
respectively, while for the OER, the cell voltages were 1.50, 1.87,
and 2.04 V, respectively. Most importantly, for comparison
when the electrolyzer was operated at 1.70 V to electrolyze
30 wt% KOH in seawater, it generated approximately 2 x 10~*
moles of hydrogen gas at the cathode (Fig. 7a). In contrast, with
1.0 M methanol added to the electrolyte, the same electrolyzer
generated approximately 23 x 10™* moles of hydrogen, thus
achieving an 11.5-fold higher rate of hydrogen evolution by
replacing the OER at the e-Ni MOF/NF anode with the MeOR.
Furthermore, when the electrolysis was performed at an
industrial relevant electrolysis current density of 250 mA cm ™2,
the electrolyzer with the OER as anodic reaction consumed 4.70
kW h of electricity to generate 1 m® of H,, while the same
electrolyzer with MeOR as the proxy anodic reaction consumed
only 4.06 kW h. This reduction leads to a cost saving equivalent
to 640 W h of electricity, thereby significantly lowering the cost
of hydrogen production. This finding highlights the importance
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B

2.5x103
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of replacing the OER with MeOR at the anode to accelerate
hydrogen evolution at the cathode of the electrolyzer.

Finally, the long-term stability of the e-Ni MOF electro-
catalyst was evaluated using a chronopotentiometry test. For
this, chronopotentiometry was performed for over 48 hours by
employing an e-Ni MOF-(MeOR)||Pt(20 wt%)/C-(HER) electro-
lyzer that maintained a constant cutrent density of 10 mA cm ™2
in 1.0 M methanol with 30 wt% KOH electrolyte in fresh and
seawater. Fig. 7b displays the resulting chronopotentiometric
curves, indicating the excellent stability of the e-Ni MOF on the
electrocatalytic performance for MeOR over a prolonged oper-
ating time. This approach thus promises to lower the energy
requirements for hydrogen production and address the chal-
lenges posed by seawater electrolysis, paving the way for more
practical and scalable hydrogen generation solutions. To clarify
the excellent stability of the e-modulated Ni MOF catalyst in
a seawater-based electrolyte, the Tafel corrosion polarization
curves of both the pristine and modulated Ni MOF were
measured. The corrosion potential and corrosion current
density were calculated through extrapolation, as shown in
Fig. S15.7 Compared to the pristine Ni MOF, the modulated Ni
MOF exhibited a significantly lower corrosion current density of
4.43 pA cm 2 (vs. 21.49 pA cm ) and a higher corrosion
potential of 0.75 V vs. RHE (vs. 0.62 V). This result indicates that
the modulated Ni MOF has a greater degree of corrosion resis-
tance during the methanol electrolysis process in alkaline
seawater. Additionally, the electrolyte solution from the anodic
side of the electrolyzer, following the long-term stability test,
was analyzed using an N,N-diethyl-1,4-phenylenediamine (DPD)
indicator to examine the formation of hypochlorite ions due to
the chlorine evolution reaction.®® In principle, the DPD indi-
cator works by being oxidized by hypochlorite, resulting in
a magenta color. However, in the present work, no color change
was observed upon the addition of the indicator, ruling out the
occurrence of the chlorine evolution reaction during the MeOR
in alkaline seawater.

Furthermore, PXRD analysis of the e-Ni MOF before and
after long-term stability testing was performed. As evident in
Fig. S16a,T even after the stability testing for over 48 hours, the
e-Ni MOF shows that the majority of the characteristic XRD

(b)
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Fig.7 (a) Amount of hydrogen produced by the e-Ni MOF/NF||Pt(20 wt%)/C/NF electrolyzer measured at 1.70 V for 20 minutes in 30 wt% KOH
solution prepared in fresh and seawater with (MeOR) and without (OER) the addition of 1.0 M methanol. The graph shows that the hydrogen
production rate can be accelerated 11.5-fold by replacing the OER at the e-Ni MOF/NF anode with the MeOR. (b) Chronopotentiometric curves
showing the long-term durability of the e-Ni MOF/NF anode during the MeOR at 10 mA cm™2.
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peaks appeared initially before the stability testing, thus
evidencing the crystal structural integrity. However, after the
stability testing, the XRD peaks became less intense. In addi-
tion, a small broad hump was observed centering approximately
at 26 of 9°, and some of the fine XRD peaks initially appearing at
20 positions beyond 30° also disappeared. This may be due to
the localized amorphization in the framework structure. In line
with this finding, the SEM images displayed in Fig. S16b and ct
also indicate some changes in the morphology of the e-Ni MOF
film. Particularly, the initially observed 3-dimensionally
oriented sheets of the film (Fig. S16bt) after the stability testing
turned into more flattened morphology (Fig. Si6ct). EDX
analysis reveals that their composition before and after the
stability testing remained similar with a slight increase in Zn/Ni
mole ratio from 0.0823 to 0.0833 (Fig. S16d and et). Addition-
ally, XPS analysis was performed to determine whether surface
oxidation of the MOF film occurred during the MeOR process.
The Ni 2p XPS spectra in Fig. S17at indicate that a significant
portion of the Ni*'~(OH), surface catalyst was oxidized to the
Ni**~OOH phase, while the Zn>" nodes were also found to be

slightly oxidized to Zn*".

4 Conclusions

We successfully demonstrated that zinc doping led to the
modulation of the electronic structure of the Ni-nodes in the
framework. This strategy improves the catalytic efficiency of
methanol oxidation and reduces the energy input required for
hydrogen production. Using a combination of electrochemical
and surface analysis techniques, the mechanisms by which the
electronically modulated Ni-nodes in the framework enhance
methanol oxidation are elucidated. The study reveals that the e-
modulated Ni-nodes modify the local coordination between the
Ni-nodes and the organic linkers, which leads to a partial
exposure of the Ni-nodes, thereby facilitating the oxidation of
Ni**~(OH), to an active Ni**~OOH phase to catalyze methanol
oxidation reaction. Thus, the e-Ni MOF possesses a higher
density of high valent Ni**~OOH species, which is favorable for
boosting the MeOR catalytic sites, thereby lowering thermody-
namic barriers and advancing effectively the kinetics of meth-
anol oxidation reaction. However, NMR analysis revealed that
the key oxidation product was formate, a value-added chemical.
Therefore, environmentally friendly production of valuable
products can be achieved. Additionally, the cost of hydrogen
generation can be considerably reduced as a value-added
organic compound is obtained instead of oxygen at the anode.
The implications of this study extend towards the broader field
of renewable energy technologies by offering insights into the
design and application of advanced materials for more efficient
hydrogen generation processes.
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