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Water electrolysis has been considered as a green and sustainable technique for hydrogen production,
while the sluggish kinetics of the oxygen evolution reaction (OER) and the insufficient active sites remain
bottlenecks for practical performance. Herein, we present in situ electrochemical activation of nickel (Ni)
alloys for water splitting assisted by the electro-oxidation of organic molecules. It has been discovered
that in situ electrochemical activation results in an increased degree of metal oxidation, thereby inducing
more high-valence active metal species (NIOOH). These species not only function as active sites for
surface adsorption but also facilitate electron transfer. Subsequently, two representative organic
molecules, methanol and ethanol, are introduced to further promote the water electrolysis. Through

a combination of electrochemical testing and in situ Raman spectroscopy, it has been revealed that the
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form B-NiOOH at lower potentials compared to the pristine one, resulting in enhanced water splitting.
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Introduction

Hydrogen, as a carbon-free and renewable energy, holds
promise as a viable alternative to traditional fossil fuels in the
foreseeable future. Compared to conventional hydrogen
production techniques, water electrolysis emerges as a cleaner
and more sustainable pathway. However, the electroproduction
of hydrogen at the cathode is hindered by the sluggish kinetics
of water oxidation at the anode. Therefore, many efforts have
been made to improve water oxidation.

Research on water oxidation has continued to evolve,
marked by three main stages of progress: (i) exploration of
highly efficient electrocatalysts to enhance the activity of the
oxygen evolution reaction (OER), (ii) utilization of sacrificial
agents' oxidation at the anode, and (iii) electrosynthesis at the
anode." An increasing number of researchers are gravitating
towards and exploring the third stage, as this method
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highly efficient alcohol oxidation-assisted water electrolysis.

accelerates hydrogen production at cathodes while simulta-
neously introducing an innovative pathway for converting low-
cost industrial feedstocks into high-value chemicals.>® In
these methods, organic molecules with theoretical oxidation
potentials lower than that of water, thereby suggesting greater
ease of electro-oxidation, are added into the anolyte. The range
of organic molecules is extensive, including but not limited to
alcohol and aldehyde molecules, which are typically converted
to derivative aldehydes or acids.* Moreover, the electro-
oxidation of biomass, including compounds like 5-hydrox-
ymethylfurfural and glycerol, further underscores the potential
of electrosynthesis in harnessing renewable resources.>® This
method allows the activation and subsequent functionalization
of C-H bonds, rendering the transformation of hydrocarbons
into highly reactive intermediates more achievable, thus
demonstrating its versatility across diverse chemical
structures.”

To optimally employ electrosynthesis in water electrolysis,
a key consideration lies in the selection and utilization of
electrocatalysts. Transition metals, such as nickel (Ni), cobalt
(Co), and iron (Fe), present themselves as compelling options
among non-noble metals for the development of multi-
component or even high-entropy electrocatalysts.®® When
these catalysts are used in water electrolysis, the phenomenon
of an increased degree of metal oxidation commonly occurs,
and thereby the actual catalytic properties of the surfaces are
closely related to the presence of ‘metal oxidation’.' Hence,
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researchers aim to generate metal oxidation with higher activity
to enhance electrolytic performance. Various methods have
been employed for this purpose. For example, surface activity
discrepancies arise through the manipulation of the initial
atomic Ni/Fe ratio in the catalyst, thereby regulating the
formation and composition of Ni/Fe oxo-hydroxide." The
activity of metal oxidation can also be modulated by defect
engineering," heterostructure construction,® partial dissolu-
tion,' etc.

In the present work, metal oxidation was regulated through
in situ electrochemical activation of nickel alloys under cyclic
voltammetry (CV). After electrochemical activation, high-
valence nickel oxyhydroxides are formed in situ, acting as
active sites for surface adsorption and facilitating electron
transfer. The addition of alcohols (methanol and ethanol) to the
anolyte enhances water electrolysis while simultaneously facil-
itating the electrosynthesis of acids. Moreover, activated Ni
alloys demonstrate excellent stability, exceeding 144 hours for
the alcohol oxidation reaction (AOR) at 100 mA cm > with no
apparent decline in potential. Further in situ Raman spectros-
copy reveals that the activated Ni alloy exhibited enhanced
adsorption of alcohol molecules and inclined towards
producing B-NiOOH at lower potentials in contrast to the pris-
tine Ni alloy.

Experimental procedure
Materials and chemicals

Ingots were purchased from Jiangyin Meiyuan Stainless Steel
Co. Ltd., China. Methanol (MeOH, M,,: 32.04) and potassium
hydroxide (KOH, M,: 56.11) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. and Sinopharm
Chemical Reagent Co. Ltd., respectively.

Preparation of Ni alloys

First, the ingot was remelted using a vacuum induction furnace
at 1450 °C. Through forging, hot rolling and cold rolling, the
alloy was thermally treated in a batch-type furnace at 1080 °C for
10 min. Following rapid air cooling for 30 min, the cold-rolled
belt was annealed at 900 °C for 60 min. Finally, the alloy was
cut into small pieces measuring 1 x 3 cm” in size and 0.2 mm in
thickness (Fig. S1t) for further electrochemical activation.

Electrochemical activation of Ni alloys

Electrochemical activation was performed using an electro-
chemical workstation (CHI660E, Chenhua, Shanghai) with
a standard three-electrode cell, employing the Ni alloy as the
working electrode, Ag/AgCl (containing saturated KCl) as the
reference electrode, and graphite rod as the counter electrode.
The nickel alloy (1 x 3 em? in size) was introduced into a 1 M
KOH electrolyte, with a specific immersion area of 1 cm?.
Following this, electrochemical activation was performed via
cyclic voltammetry (CV) across a potential range from 1.1 to
1.6 V vs. reverse hydrogen electrode (RHE) potential at a scan
rate of 50 mV s~ * for 50, 100, or 200 cycles. The degree of acti-
vation varies depending on the number of cycles employed.
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Activated Ni alloys in this paper refer specifically to samples that
have undergone 200 cycles of treatment. In addition, normal
pulse voltammetry (NPV, see details in the ESI{) was performed
using a multi-channel potentiostat (VMP3, Bio-Logic). The
applied potential was calibrated to the RHE potential according
to the Nernst equation: E(RHE) = E(Ag/AgCl) + 0.197 V + 0.059 x
pPH.

Electrocatalytic tests

During the electrocatalytic tests, a 1 M KOH electrolyte was
employed, with variations in methanol concentrations. To
evaluate the electrocatalytic performance before and after acti-
vation, linear sweep voltammetry (LSV) was carried out at a scan
rate of 5 mV s~ with 90% iR compensation. The long-term
stability test was performed by maintaining a current density
of 100 mA cm™> using chronopotentiometry measurements.
Additionally, electrochemical impedance spectra (EIS) were
recorded across a frequency range from 0.01 to 10° Hz.

Materials characterization

A thorough analysis of elemental compositions, crystal struc-
ture, surface morphology, and valence states was conducted
using a suite of advanced analytical techniques: inductively
coupled plasma optical emission spectroscopy (ICP-OES, Agi-
lent 5110), X-ray diffraction (XRD, Rigaku SmartLab 9 kW),
scanning electron microscopy (SEM, Hitachi S-4800), atomic
force microscopy (AFM, Bruker Dimension Icon) and X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi). Further
microstructural analysis and elemental distribution mapping
were performed using aberration-corrected transmission elec-
tron microscopy (ACTEM, Titan Themis Z), following sample
preparation via a focused ion beam (FIB, ZEISS Crossbeam 550).
Surface wettability was assessed through water contact angle
measurements using a drop shape analyzer (DSA30S). The
oxidation products from the anode were analyzed using high-
performance liquid chromatography (HPLC, Waters Alliance
€2695 HPLC system). Prior to analyses, 1 mL of electrolyte was
diluted with 1 mL of 0.5 M H,SO, and extracted using 2 mL of
CHCL,.

Results and discussion

The phase structure, mechanical performance and microstruc-
ture of the as-prepared Ni alloy were investigated prior to the
electrochemical activation. As shown in the XRD pattern
(Fig. 1A), the diffraction peaks corresponding to the (111), (200)
and (220) planes are well matched with the standard card of
face-centered cubic nickel (COD 96-900-0090). Furthermore, all
diffraction peaks exhibit negative shifts, indicating lattice
distortion due to elemental alloying within the Ni lattice
structure. Compared to Ni, all the dopants including Cr, Co,
Mo, and Fe exhibit a larger atomic radius." According to Bragg's
law, introducing these dopants into the lattice structure induces
lattice expansion, resulting in a negative shift of the diffraction
peak positions. Fig. 1B shows the nanoindentation load-
displacement curves, which are measured up to a maximum
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Fig. 1 (A) XRD pattern and (B) load-displacement curves of the as-
prepared Ni alloy (HIT: indentation hardness; E: elastic modulus). TEM
characterization of the Ni alloy: (C) TEM image, (D) SAED image, (E)
high-resolution TEM image, (F) high-angle annular dark-field (HAADF)
image and the corresponding elemental mapping.

load of P, = 100 mN. The mean values of hardness and elastic
modulus of the Ni alloy are 6.92 GPa and 251.1 GPa (Table S17),
respectively, demonstrating excellent mechanical properties
comparable to those reported for Ni alloys.” To reveal the
microstructural information, the Ni foil underwent FIB pro-
cessing and was observed using a TEM. In Fig. 1C and S2,7 the
as-prepared Ni alloy shows a dense structure consisting of
clearly defined grains. In the selected area electron diffraction
(SAED) pattern (Fig. 1D), diffraction rings corresponding to the
Ni alloy are observed, which are consistent with XRD analysis.
Upon further magnification, lattice fringes with an interplanar
spacing of 0.228 nm are assigned to the (111) plane of the Ni
alloy (Fig. 1E).

In addition, elemental compositions were studied by ICP-
OES and TEM energy dispersive X-ray spectroscopy (EDX). As
shown in Tables S2 and S3,7 the as-obtained Ni alloy contains
five primary elements, including Ni, Cr, Co, Mo, and Fe, which
are uniformly distributed within the Ni alloy, as confirmed by
the TEM elemental mapping results (Fig. 1F).

Next, the Ni alloy undergoes electrochemical activation
through cyclic voltammetry (CV) for a varying number of cycles,
as demonstrated in Fig. 2B. No apparent changes in the
elemental compositions are observed after activation, as sup-
ported by the ICP-OES results in Table S2.1 However, significant
alterations in the surface redox properties of the Ni alloys are
evident from the oxidation peak around ~1.4 Vg, attributed to
the Ni**/Ni** oxidation (Fig. 2B).* The current densities at redox
peaks increase gradually with increasing activation cycles, and
the integrated area also reflects the number of
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electrochemically active sites (Fig. S31)."” Since the electro-
chemical activation does not alter the crystal structure of the Ni
alloy (Fig. S47), we turned to use the XPS technique to determine
changes of surface metal elements. Both XPS Ni 2p and Co 2p
spectra show a peak shift towards higher binding energies,
indicating an increased degree of metal oxidation (Fig. 2C and
D)." 1t is accepted that the XPS technique is usually used to
detect the element signals at the surface. After the electro-
chemical activation, a peak shift towards higher binding ener-
gies in XPS spectra is distinct. Since the crystal structure
maintains the bulk phase (Fig. S41) and the metal dissolution
into the electrolyte is not detected (Fig. S5 and Table S47), we
believe that the electrochemical activation in this work can only
affect the surface elements and therefore the peak shift in the
XPS spectra is a direct result of the surface metal oxidation
induced by electrochemical activation. Moreover, the surface
area of the activated Ni alloy did not exhibit a significant change
(Fig. S671), indicating that the enhancement in electrochemical
performance is not due to an increase in the Ni alloy surface
area. Such oxidation of the surface metal sites, inducing
a transition to the catalytically active state, is acknowledged to
promote the electrocatalytic reaction.>

Furthermore, electrochemical analyses were conducted to
assess the properties of both pristine and activated Ni alloys in
a KOH catholyte. The OER performance was evaluated by
recording the LSV curves. Notably, the overpotential at a current
density of 100 mA cm™? decreases from 366 mV for the pristine
Ni alloy to 337 mV for the activated Ni alloy (Fig. 2E and S77).
This reduction in overpotential indicates an enhancement in
electrocatalytic activity, as corroborated by the decrease in Tafel
slopes (Fig. S8t), indicating that the electrochemical activation
effectively accelerates the OER reaction kinetics. Additionally,
the electrochemical surface area (ECSA) normalized LSV curves
were plotted after performing the CV tests within the non-
faradaic potential window,* further confirming the intrinsic
activity enhancement via electrochemical activation (Fig. S97).
Moreover, the reaction kinetics and charge transport behavior
were investigated by potential-dependent EIS (Fig. S10t).> The
Nyquist plots of the Ni alloy after electrochemical activation
(Fig. 2F) demonstrate a smaller semicircle radius compared to
the pristine Ni alloy, indicating reduced charge transfer resis-
tance (R). Furthermore, fitting the Nyquist plots with the
equivalent circuit model (Fig. S11t) allows for determination of
R, Rags (resistance of interfacial adsorption), and C,qs (capac-
itance of interfacial adsorption), enhancing insights into the
charge transfer kinetics (Table S51). Compared to the pristine
Ni alloy, the activated Ni alloy exhibits a smaller R., a lower
peak of the phase angle at low frequencies, and a faster drop of
the phase angle with increasing potentials (Fig. 2G and H). After
electrochemical activation, the generated high-valence NiOOH
species at the surface effectively promote the adsorption of
water molecules, and therefore facilitate the electron transfer
since the electrode-electrolyte contact resistance becomes
smaller owing to a hydrophilic catalyst surface. This indicates
that the activated Ni alloy has a faster charge transfer and ion
diffusion capacity at the catalyst/electrolyte interface, thus
contributing to the surface intermediate interaction.”*>

This journal is © The Royal Society of Chemistry 2024
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alloys.

Furthermore, the pristine and activated Ni alloys were also
subjected to the HER test, and the activity of the activated one is
still better than that of the pristine counterpart (Fig. S127). In
summary, the comprehensive electrochemical characterization
confirms that the electrochemical activation enhances the Ni
alloy's OER performance by accelerating reaction kinetics,
thereby making it comparable to the most effective electro-
catalysts reported previously (Table S61).

Now we evaluate the promoting effect of electro-oxidation of
alcohols on hydrogen production. As a representative, MeOH
with different concentrations is added into the electrochemical
cell, and the concentration of 2 M is selected in spite of the
concentration-dependent current density due to a relatively
higher concentration (Fig. S131). We then directly assess the
reaction kinetics and charge transport from the viewpoint of the
electrode/electrolyte interface.”® First, the potential change in
OCP is used to reflect the response and sensitivity of both
pristine and activated Ni alloy towards the methanol molecule.
As seen in the OCP plots, the activated Ni alloy is more sensitive
to MeOH as the change in OCP for the activated Ni alloy is more
distinct than that of the pristine Ni alloy when injecting 2 M
MeOH (Fig. 3A). This potential change when reaching the
electrode potential equilibrium is related to the adsorbates in
the Helmholtz layer, reflecting an enhanced adsorption of
MeOH.” Afterwards, the LSV curves of the pristine and activated
Ni alloys were collected in the presence of 2 M MeOH. It is
clearly seen that the LSV curves of the activated Ni alloy

This journal is © The Royal Society of Chemistry 2024

negatively shift and the overpotential significantly decreases
compared to the neat one (Fig. 3B and C). The corresponding
Tafel slope also shows a decrease from 72.1 mV dec ™" for the
pristine Ni alloy to 54.5 mV dec " for the activated Ni alloy
(Fig. 3D). This fast reaction kinetics is probably attributed to the
enhanced surface response to MeOH at the activated electrode
surface after in situ electrochemical activation, as supported by
a lower contact angle (Fig. S147). To confirm this, the normal
pulse voltammetry (NPV) technique was applied (Fig. 3E and see
details in Fig. S15%), and the steady-state current densities at
different potentials can be derived accordingly (Fig. 3F). At
lower potentials (1.2-1.5 Vgyg), the current densities of both the
pristine and activated Ni alloys show a very slight change since
the methanol oxidation reaction (MOR) is not distinct. When
the potential is above 1.5 Vgug, the current density of the acti-
vated Ni alloy is higher than that of the pristine Ni alloy, sug-
gesting a better mass transfer of MeOH at the surface of the
activated Ni alloy, thereby promoting the water electrolysis.
Then, the Nyquist plots were recorded to reveal the charge
transfer kinetics (Fig. 3G). Compared with the pristine Ni alloys,
a smaller semicircle radius, indicative of lower resistance, is
observed for the activated Ni alloy. Also, the distinct decreased
phase angle recorded during the MOR indicates that more
charge carriers involved in the electrocatalytic reaction and
a higher ion diffusion capacity at the catalyst interface, thus
making a contribution to the surface intermediate interaction
(Fig. 3H and S167).* In order to investigate the oxidation

J. Mater. Chem. A, 2024, 12, 22550-22556 | 22553
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(A) OCP test of pristine and activated Ni alloys before and after injecting 4 mL 2 M MeOH. (B) LSV curves (with 90% iR-correction) of

pristine and activated Ni alloys in 1 M KOH + 2 M MeOH at 5 mV s™*. (C) Overpotential comparison at different current densities. (D) Corre-
sponding Tafel plots. (E) j—t curves of pristine and activated Ni alloys at different potentials using NPV. (F) The corresponding NPV of pristine and
activated Ni alloys. (G) Nyquist plots of pristine and activated Ni alloys at 1.5 Vre. (H) Phase angles obtained from EIS spectra recorded at different
potentials. (I) HPLC profiles of products before and after the electrooxidation reaction over the activated Ni alloy in electrolyte containing 1 M
KOH + 2 M MeOH. (J) Chronopotentiometry test of the activated Ni alloy in 1 M KOH + 2 M MeOH without iR-correction.

products at the anode, residual electrolyte was collected and
analyzed using HPLC. As shown in Fig. 3I, the oxidation prod-
ucts of methanol including formic acid and formaldehyde were
detected after the reaction. Furthermore, another critical
parameter to consider for practical applications is durability.
The durability of the activated Ni alloy is assessed by a long-
term chronopotentiometric test, of which the potential keeps
stable for 72 h, indicating good operational durability.

Finally, we replace MeOH with ethanol (EtOH) to further
prove the universality of hydrogen production assisted by the
electrooxidation of alcohol molecules and to deeply study the
underlying mechanism. Similar to the MeOH-involving elec-
trochemical test, the OCP changes when EtOH is injected into
the electrolyte, and the change of OCP for the activated Ni alloy
is more distinct (Fig. 4A), confirming a stronger response to
EtOH. Then, the LSV curves of the pristine and activated Ni alloy
were collected in the electrolyte with 1.5 M EtOH. It can be
clearly seen that the activated alloy has a much larger current
density than that of the pristine alloy (Fig. 4B). The over-
potential at 100 mA ecm ™ drops from 1.524 Vgyg for the neat
alloy to 1.366 Vryg for the activated alloy, along with a signifi-
cant decrease in the Tafel slope from 254 to 91 mV dec '
(Fig. 4C). During the long-term chronopotentiometric test, the
electrolyte was replenished every 12 hours, and there was no
obvious potential decline after 144 h, indicating that the
designed metal electrode has good stability. In order to clarify
the evolution of active species at the surface, in situ Raman tests
are performed to dynamically monitor the electrocatalytic
reaction (Fig. S17 and S187). As shown in Fig. 4E, slight signals
at 472 and 543 cm ', corresponding to B-NiOOH,**? are

22554 | J Mater. Chem. A, 2024, 12, 22550-22556

observed when a relatively higher potential of 1.6 Vgug is
applied to the activated Ni alloy. Such high-valence metal oxy-
hydroxides have been confirmed as the key active intermediates
for the anodic OER and AOR.***' For the ethanol oxidation
reaction (EOR), B-NiOOH starts to appear at a very small
potential of 1.1 Vgyg, and the signal intensity gradually
increases with increasing potentials (Fig. 4F). The ease of
formation of NiOOH and more NiOOH involved in the reaction
indicate a faster kinetics and a higher intrinsic oxidation
activity (Fig. 4G and H). Therefore, it is concluded that the
electrochemical activation strategy allows fast formation of
NiOOH at the surface of the Ni alloy, facilitating the oxidation of
small organic molecules at a lower potential.

From the above analyses, the reaction mechanisms are
schematically unveiled (Fig. 5). As discussed above, in situ
electrochemical activation converts low-valence metal species to
high-valence metal species on the Ni alloy surface, where the
coordinated oxygen anions in NiOOH can effectively adjust the
d-band center of Ni sites, increasing Ni-O covalency and thereby
further enhancing the catalytic activity.>»** Also, compared to
low-valence metal species, NiOOH species have stronger
adsorption to water and alcohol molecules before the reac-
tion.**** Since the oxidation potential of alcohols is lower than
that of water oxidation, the adsorbed alcohol molecules are
quickly oxidized. According to the HPLC results, the main
oxidation products of both methanol and ethanol are primarily
carboxylic acids with a high yield and selectivity (Fig. S197),
indicating a strong oxidizing effect. In conclusion, the use of in
situ electrochemical activation to construct high-valence metal
species on the Ni alloy surface to generate more active sites and

This journal is © The Royal Society of Chemistry 2024
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activated Ni alloys recorded in (E) 1 M KOH and (F) 1 M KOH + 1.5 M EtOH.
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Fig. 5 Schematic illustration of the electrocatalytic reaction mecha-
nism over pristine and activated Ni alloys.

enhance the adsorption of alcohols is an effective strategy for
hydrogen production.

Conclusions

In summary, we reported a simple route to in situ electro-
chemical activation on nickel (Ni) alloys for water splitting
assisted by the electro-oxidation of organic molecules. Our
findings revealed that in situ electrochemical activation leads to
an increased degree of metal oxidation, thereby inducing the
formation of more high-valence active metal species. Conse-
quently, the activated Ni alloy showed a significantly lower
overpotential (337 mV at 100 mA cm ™ >) and Tafel slope (48.3 mV

This journal is © The Royal Society of Chemistry 2024

dec™) in comparison to the pristine Ni alloy. The introduction
of organic molecules such as methanol and ethanol further
promoted the water electrolysis. Through combined electro-
chemical testing and in situ Raman spectroscopy, we observed
that the activated Ni alloy exhibited a stronger response to the
adsorbed alcohol molecules and tended to form B-NiOOH at
lower potentials compared to the pristine Ni alloy. This work
demonstrated that in situ electrochemical activation is an
effective strategy to facilitate efficient alcohol oxidation-assisted
water electrolysis.
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