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Nickel-based electrocatalysts for water oxidation suffer from
low activity and poor stability. In this work, 0.015 mg cm™2 TiO,
nanosheets anchored on Ni foam addressed these problems after
electrochemical activation. In situ investigations, including Raman
spectra, corroborated the enhanced generation of highly active
Ni(1)—O-0 species on Ni foam in the presence of trace TiO,.

Water oxidation is a key half reaction in many renewable energy
conversion and storage technologies, but its kinetically sluggish
process demands effective electrocatalysts."” Although Ru and Ir-
based catalysts have shown excellent performance, their high cost
and limited storage pose challenges for broad application.

Ni-based catalysts, characterized by high-valence Ni species, have
emerged as a promising alternative, particularly in alkaline water
oxidation.>* However, catalysts utilizing Ni as the only metal not
only necessitate high energy inputs to generate high-valence Ni
species but also suffer limited service-life. To address these pro-
blems, additional metals or metal oxide semiconductors are incor-
porated as dopants or substrates, respectively.”® TiO,, a low-cost yet
interesting semiconductor, is frequently employed as the substrate
due to its robust stability under high oxidation conditions.’™"* TiO,
with single and/or nano crystallization and oxygen vacancies has
promoted surface reconstruction for the generation of high-valence
Ni species.””** Despite great achievements, fulfilling the stability of
TiO, with the goal of high activity and stability for Ni-catalyzed water
oxidation is still a challenge.

Metal-support interaction, which typically appears in supported
metal catalysts, sheds a light on the solution.*>'® This concept
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suggests that when the metal is supported, its electronic
structure is altered by the metal oxide substrate. From the
perspective of the substrate, surface atoms on the metal oxide
substrate also acquire a modified electronic structure.®'”"'® So,
if we transpose the conventional role of Ni as the supported
metal and TiO, as the substrate,”® such as anchoring TiO,
nanomaterials onto a commercial Ni foam (NF) substrate,>
high-valence Ni species would still be generated on NF due to
the metal-substrate interaction accompanied by Ti(m) genera-
tion on TiO,. Thus, enhanced water oxidation with high activity
and stability can be achieved on TiO, nanomaterial-anchored
NF in theory. Further taking the high thermal stability of TiO,
into consideration,> the utilization of polymer binders can be
replaced by heat treatment to realize stably anchored TiO, on
NF, which can also avoid the decomposition risk and low
conductivity of binders. However, such a role exchange strategy
has not received sufficient attention, which, if realized, would
promote the development of cost-effective Ni-based catalysts
for highly active and stable water oxidation.

In this work, we take TiO, nanosheets as a model TiO, nanoma-
terial to verify this hypothesis.”®> The diffraction peaks of the
synthesized TiO, nanosheets well matched anatase TiO, (JCPDS
No. 21-1272, Fig. S1, ESI{). As shown in Fig. 1a, the trace TiO,
nanosheets with the loading mass of 0.015 mg cm™ > were anchored
on NF by mild heat treatment without binders, and the TiO,-loaded
material (prepared Ti-Ni) showed the incomplete coverage of TiO,
nanosheets on NF (Fig. S2 and S3, ESIt). Then the prepared Ti-Ni
could be electrochemically activated during application as the anode
in an alkaline flow cell for CO, splitting. The resultant activated
material is thus denoted as activated Ti-Ni. The electrochemical
activation roughened the NF surface but kept the sheet morphology
of TiO, (Fig. 54, ESIY).

The X-ray photoelectron spectroscopy (XPS) revealed more
obvious differences on the surface of the samples resulting from
electrochemical activation. The prepared Ti-Ni exhibited peaks
corresponding to NiO (853.7 eV), Ni(OH), (855.5 €V), and Ti(w)
(459.0 eV). As to activated Ti-Ni, a new peak for Ni(m) (856.2 eV) in
the high-resolution Ni 2p;,, spectrum (Fig. 1b) and a new peak for
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Fig. 1 (a) Schematic illustration of the preparation of activated Ti—Ni. XPS
spectra corresponding to (b) Ni 2ps,, (c) Ti 2p, and (d) O 1s of the prepared
Ti—Ni and activated Ti—Ni materials. (e) Raman spectra of the prepared
Ti—Ni and activated Ti—Ni along with the comparison of annealed NF and
TiO, powder.

Ti(u) at 458.8 eV in the high-resolution Ti 2p spectrum (Fig. 1c) could
be observed, demonstrating the electron transfer from Ni to Ti
during electrochemical activation.”**** Bare NF contained a peak
of metallic Ni at 852.6 eV (Fig. S5, ESIt), which disappeared in the
prepared Ti-Ni and activated Ti-Ni, probably due to the heat
treatment. Furthermore, the ratio of adsorbed oxygen to lattice
oxygen for activated Ti-Ni was 1.7 (Fig. 1d), which is lower than that
of the prepared Ti-Ni (1.0). This increase suggests the occurrence of
oxygen vacancies in activated Ti-Ni,” consistent with Ti(m) genera-
tion. Additionally, F was absent in the prepared Ti-Ni and activated
Ti-Ni, eliminating the effect of potential F species (Fig. S6, ESIT). The
Raman spectra (Fig. 1e) of the prepared Ti-Ni and activated Ti-Ni
show the similar four peaks at 146.2 cm™ ", 398.1 cm™ ', 518.6 cm™ ’,
and 640 cm ' as TiO, nanosheets,**>?*® demonstrating the stable
existence of TiO, nanosheets on NF. Moreover, the new peaks of
oxidized Ni located between 450 and 600 cm ' were observed in
activated Ti-Ni compared with the prepared Ti-Ni and the annealed
NF without the addition of TiO,,”” also suggesting Ni(m) generation
after electrochemical activation. Therefore, activated Ti-Ni with Ni(m)
on the NF surface was successfully prepared based on electron
transfer from the NF substrate to the TiO, nanosheets.

The water oxidation on activated Ti-Ni was investigated in 1 M
KOH solution, using the prepared Ti-Ni, commercial IrO,, and bare
NF as comparison. As shown in the linear sweep voltammetry (LSV)
plots (Fig. 2a), activated Ti-Ni had the lowest overpotential of 256 mV
to obtain 10 mA cm™ 2, which was 116 mV lower than that of bare NF
(372 mvV), proving that water oxidation on the activated Ti-Ni was
enhanced. In contrast, the prepared Ti-Ni needed 362 mV over-
potential to gain 10 mA cm™ 2, which is very close to bare NF,
suggesting again that highly active Ni(m) was generated during
electrochemical activation rather than heat treatment. Furthermore,
activated Ti-Ni spent 337 mV overpotential to gain 100 mA cm ™ > at
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Fig. 2 (a) Water oxidation linear voltammograms of activated Ti—Ni in

1.0 M KOH. (b) The corresponding Tafel plots. (c) Water oxidation linear
voltammograms normalized by the electrochemical active surface area. (d)
Electrochemical impedance spectroscopy curves at 0.6 V vs. HgO. Pre-
pared Ti—Ni, commercial IrO, loaded on NF, and bare NF were also shown
as a comparison. (e) Electrolysis plots for 24 h at 10 mA cm™2. (f)
Comparison of selected electrocatalysts containing TiO, for alkaline water
oxidation. The overpotential at 10 mA cm™2 was shown.

1.56 V, whereas bare NF only showed 3.5 mA cm ™~ and IrO, gained
48.8 mA cm™ 2. Tafel fitting results (Fig. 2b) obtained from the above-
mentioned LSV plots revealed that the reaction kinetics of
water oxidation on activated Ti-Ni exhibited a Tafel slope of
59.0 mV dec !, which is much lower than that of bare NF
(84.4 mV dec ") as well as the prepared Ti-Ni (66.2 mV dec ). Such
an enhanced kinetics suggests that the Ni(m) generated during
electrochemical activation accelerates the electron transfer in water
oxidation on activated Ti-Ni. Additionally, such a Tafel slope near
60 mV dec ' indicates that activated Ti-Ni releases the rate-
determining first electron transfer compared to bare NF.*®

The electrochemical active surface area (ECSA) based on double
layer capacitance (Cgj) measurement (Fig. S7, ESIT) was evaluated to
exclude the contribution of the quantity of electrochemical
active sites. Activated Ti-Ni showed an apparently enhanced Cg of
1.05 mF cm™> over bare NF of 0.149 mF cm > (Fig. S8, ESIT),
suggesting 7 times increased active sites by electrochemical activa-
tion with TiO, nanosheets. Additionally, IrO, with the same loading
mass showed nearly twice higher Cg than the prepared Ti-Ni,
suggesting the limited activity of TiO, itself.*® Fig. 2c shows the
LSV plots calculated with area normalized by the resulting ECSA,
in which activated Ti-Ni required 282 mV overpotential to obtain
1 mA cm ? ECSA, slightly lower than IrO,. The minorly higher
activity of the prepared Ti-Ni compared to bare NF at applied
potentials exceeding 1.53 V might be ascribed to some Ni(m)
generation via electron transfer to TiO, at high potentials.® The
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smallest semicircle of activated Ti-Ni in electrochemical impedance
spectroscopy (EIS) results (Fig. 2d) suggested again the most
enhanced electron transfer ability of the highly active Ni(um) gener-
ated during electrochemical activation.

The stability of the activated Ti-Ni for water oxidation was
evaluated by continuous electrolysis at 10 mA cm™> (Fig. 2e). The
potentials kept stable for 24 h, proving the good stability of the
activated Ti-Ni. As a comparison, IrO, showed an obvious increase at
the beginning and a slight increase of potential in the end of 24 h
electrolysis. The overpotential at 10 mA cm > obtained from the LSV
plot after 24 h electrolysis decreased to 247 for the activated Ti-Ni
(Fig. S9, ESIt), demonstrating the intrinsic activity enhancement via
electrochemical activation. It is noteworthy that these low over-
potentials on activated Ti-Ni are rarely achieved by the reported
TiO,-containing electrocatalysts for basic water oxidation, to the best
of our knowledge (Fig. 2f and Table S1, ESIY), close to state-of-the-art
chemically etched/modified NF, and even surpassing those of
[r0,.5%133035  Thege results demonstrated that trace TiO,
nanosheets can enhance the OER activity and stability based on a
role exchange strategy of metal-support interaction.

After one year of placement without special protection, activa-
ted Ti-Ni still possessed a low overpotential of 255 mV to gain
10 mA ecm™ (Fig. 3a), which was much lower than that of bare NF.
Moreover, its potential kept stable at the 24th hour and only
increased by 3 mV after 100 h electrolysis at 10 mA cm™ > (Fig. 3b),
further demonstrating the excellent stability of the activated Ti-Ni.
Turnover frequency (TOF) based on the Ni(u)-to-Ni(ur) oxidation peak
current helped analyse the intrinsic activity of the active sites more
precisely. Based on Ni(m) as a highly active site for water oxidation,
CV scans covering the potential region of Ni(i)-to-Ni(u) reaction were
conducted to calculate the quantity of Ni(m) sites (Fig. S10, ESI}).”
The slope of the fitting plot for activated Ti-Ni was 0.2221 F, nearly
5-times that of bare NF (Fig. 3c), corresponding to the same ratio of
active site quantity. The LSV plots in Fig. 3a were thus calculated to
be TOF plots (Fig. 3d), in which activated Ti-Ni possessed a TOF up
t0 0.677 s~ ' at 350 mV overpotential (Fig. S10c, ESIt), nearly 13 times
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Fig. 3 (a) Water oxidation linear voltammograms, (b) stability test at
10 mA cm2 for 100 h, (c) fitting plots of peak currents in CV scans, and
(d) resulting TOF plot for activated Ti—Ni after one-year placement.
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higher than that of bare NF, demonstrating the effectively enhanced
intrinsic activity of Ni(m) generated on the activated Ti-Ni. Therefore,
electrochemical activation using trace TiO, nanosheets not only
increases the number of Ni(m) sites but also augments their intrinsic
activity.

To further investigate the role of TiO, nanosheets on Ni(u)
generation in activated Ti-Ni, the in situ Raman spectroscopy
on activated Ti-Ni under work, a spectro-electrochemical
measurement, was carried out with annealed NF as a compar-
ison (Fig. 4).>° The obvious change of peak intensity for
activated Ti-Ni suggested more surface atoms involved in
reconstruction at potentials below 1.47 V (Fig. 4a) compared
to annealed NF (Fig. 4b), suggesting the importance of
TiO, nanosheets. For activated Ti-Ni, the E, mode (at about
147 cm™ ' and 642 cm™ ') and B;, mode (at about 398 cm ') of
the TiO, nanosheets presented decreasing intensity and broad-
ening of the shape along with the applied potential moving
positively (Fig. 4a and b), indicating the formation of oxygen
vacancies and Ti(m).>**” Though Ni(m) species could also be
formed on NF, activated Ti-Ni required 100-mV lowered
applied potential to increase the E, bending vibration (d;)
and A, stretching vibration (vy;) mode than that of annealed
NF (Fig. S11, ESIt). Furthermore, the intensities for the Ni(ur)-O
peaks in activated Ti-Ni were much higher than that of
annealed NF, demonstrating the TiO, nanosheet addition
promoted high-valence Ni(ui) generation.*® Additionally, the
increasing ratio of dy;: vy in the activated Ti-Ni may indicate
some more complex reconstruction process compared to the
stable ratio for that of annealed NF.**™*' Moreover, the peak at
ca. 1000 cm ™" belonging to the active oxygen species (NiOO")
on activated Ti-Ni showed a similarly higher intensity
and lower applied demand than that of annealed NF (Fig. 4c
and d),*>** further emphasizing the important role of TiO,
nanosheets in generating highly active Ni species of high
valence state on activated Ti-Ni for enhanced water oxidation.

Finally, we also anchored 0.015 mg cm > commercial P25
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Fig. 4 Raman spectra for activated Ti—Ni and annealed NF under a series
of applied potentials (values shown vs. RHE). (a) and (b) Survey spectra
ranging from 100 to 1300 cm™. (c) and (d) Local magnified Raman spectra
in the range of 800-1300 cm™* for the O-O region. OCP: open circuit
potential was applied.
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nanoparticles onto NF and the resulting activated Ti-Ni with
P25 also obviously enhanced the OER performance (Fig. S12,
ESIT), suggesting that the role-exchange strategy can be
expanded to develop high-performance Ni electrodes for water
oxidation with other TiO, nanomaterials.

In summary, this work demonstrates a role-exchange strat-
egy to fulfill the advantages of TiO, for water oxidation electro-
catalysis. Taking TiO, nanosheets as an example, the activated
Ti-Ni shows enhanced alkaline water oxidation activity with
256 mV overpotential to bring 10 mA ecm™?> and TOF up to
0.677 s~' at 350 mV overpotential. In situ Raman included
experimental results reveal that after electrochemical activation
derived surface reconstruction, trace TiO, additive increases
both the quantity and the inherent activity of highly active Ni
sites with high valence state on NF, leading to reduced over-
potentials and accelerated kinetics. Notably, in addition to high
activity, activated Ti-Ni showed high stability in continuous
100 h electrolysis after one-year placement. This work provides
a new way to prepare cost-effective Ni electrodes for highly
active and stable water oxidation.
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