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ABSTRACT

Oxygen evolution reaction (OER) impedes the electrochemical water splitting for Hy production primarily
because of the sluggish kinetics. Cobalt oxides with abundant oxygen vacancies (Vos) have been proved to be the
promising OER electrocatalysts showing high catalytic performance. However, precisely controlling the con-
centration of the Vos and large-scale synthesis of these electrocatalysts are still not resolved. Herein, we propose
an e-beam evaporation alloy-UV/O3 oxidation method for fabricating optically transparent alloy oxide films (f-
Nip.1C00.90x) only 10 nm thick. The concentration of the oxygen vacancies is positive correlated with the Ni
content in the alloy oxides. The optimum binary Ni/Co (1/9) alloy oxide with the best defect O/lattice O ratio
(0.952) exhibits ultrahigh OER mass activity of 3055 A g~ at 250 mV overpotential in 1.0 M KOH, almost 7.5
times and 190 times as high as CoOy and the commercial benchmark RuO3 OER catalysts, respectively. Moreover,
directly depositing f-Nig 1C00.9Ox film on the top of the tandem-junction a-Si PV cell realizes wireless unassisted
solar-driven water splitting with high solar-to-hydrogen conversion efficiency. The key roles of modulating the
electron structure, stably reversible spinel structure and the reaction barrier reduction were revealed in situ
spectroscopy and density functional theory calculations. This study provides a new perspective of oxygen va-
cancy modulation for high electrocatalysis performance via large-scale synthesis of such bimetallic alloy oxides.

1. Introduction

Hydrogen is an ideal energy carrier in the sustainable energy supply
system. Oxygen evolution reaction (OER) is a major bottleneck in the
energy conversion technique of solar and electricity to hydrogen, such as
water electrocatalysis and water photoelectrocatalysis, owing to its
requirement of a large overpotential in its complex four-electron transfer
process [1-4]. A number of noble metal catalysts such as Ir/C, IrO, and
RuO2 have been intensively investigated due to their excellent OER
performance, however, their high cost and scarcity inhibit the long-term
application [5-7]. In recent decades, transition metal oxides (TMOs)
have been considered as the best potential alternatives due to their
abundance, cost-effectiveness and stability [8-11]. Especially, the

cobalt-based oxides (Co304, CoO, CoOOH, CoOx etc.) synthesized by
hydrothermal or electrodeposition chemical methods, have demon-
strated relatively high OER electrocatalytic activities [12-16]. However,
complex preparation process and high production cost of traditional
chemical synthetic methods limit their practical industrial-scale appli-
cation. Therefore, developing a simple, and scalable technique is still
pressingly needed for practical applying TMOs OER electrocatalyst [17,
18]. It has been extensively reported the defect engineering enhanced
the OER activity such as applying oxygen vacancy (Vo) to cobalt oxides
[19-22]. Compared with crystalline TMOs, defective oxides have flex-
ible disordered lattice structure, which tends to increase the catalytic
active sites and facilitates electron transfer [23-25]. With the help of
oxygen vacancies (Vos), the surface atomic arrangement and electron
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structure of the oxides can be modulated to improve the electrical
conductivity and reaction rate. The Vos are also found to activate sur-
rounding atoms to increase the reactivity of active sites [26-28]. In the
past decade, there are many reports on improving OER performance
through oxygen defects on the surface of cobalt oxides made by chemical
reduction or plasma etching [23,29-31]. However, random distribution
and excessive amount of Vos would make their structure unstable and
even have side effects on the catalytic reaction [19]. A recent noticeable
and efficient way for introducing oxygen vacancy is lowering coordi-
nation atoms of the surficial Co sites by introducing heteroatoms or
compounds (eg. Fe [32], Ni [33], NiO [34]). The introduction of hybrids
in CoOx can expand the potential range of thermodynamic metastability
to provide a stable oxide structure as substrate for the growth of the
active species under OER condition [32]. The lower coordination atoms
(LCAs) can modulate the electronic structure between them and their
neighboring atoms, which is in favor of optimal adsorption energies for
intermediates [34]. In addition, the homogeneous heteroatomic mixing
in CoOy structure ensure the surficial uniform distribution of active sites
[35]. Especially, different oxidation states from the mixed oxides can
facilitate a large number of defects such as Vos formation on the surface
[34,36]. However, the structure-activity relation between the concen-
tration of the surficial Vos and electrocatalytic activity of the Co-based
oxides with LCAs has not yet been reported systematically to our
knowledge.

Herein, we demonstrate a strategy for optimizing surficial oxygen
vacancy concentration by introducing heteroatom Ni in the CoOx to
form bimetallic alloy oxide. We use the e-beam evaporation alloy-UV/O3
oxidation without any extreme chemical environment, such as high
temperature and pressure, to realize large-scale synthesis of the optically
transparent spinel NiCo alloy oxide film (f-Nig 1C0¢.9Ox). The obtained
ultrathin f-Nig 1C00.9Ox film only 10 nm thick consists of nano-islands
with an average size of about 35 nm. X-ray photoelectron spectros-
copy (XPS) data verifies that the ratios of Co?t/Co®" and OI1/01I (defect
O/lattice O) increase with the increase of Ni content. The operando
Raman spectroscopy demonstrates a reversible spinel structure and a
faster amorphous reconstruction for alloy oxide prior to the OER pro-
cess. Other experimental and theoretical calculations confirm that the
surficial oxygen vacancies of f-Nip ;Cog 9Ox not only could provide more
active sites, tailor electronic structure but also reduce the energy barrier
of the intermediate formation. With the accurate control of the oxygen
vacancy concentration, the f-Nig 1Cog 9Oy serves as an excellent catalyst
for OER with ultrahigh catalytic mass activity about 3055 A g1 at 250
mV overpotential, yielding mass activity almost 190 times and 7.5 times
higher than that of commercial RuO; and as-prepared CoOy, respec-
tively. Additionally, the f-Nip 1Cog 9Ox is applied to deposit on tandem-
junction a-Si solar cell to construct an unassisted wireless integrated
photoelectrical water splitting system, which reaches a solar-to-
hydrogen (STH) conversion efficiency of 11%. This work opens a door
for the electrocatalyst investigation of other binary or multiple alloy
oxide with controlled oxygen vacancies towards energy storage and
photoelectrochemical conversion applications.

2. Experimental section

All the chemicals were used as received without further purification
unless otherwise specified.

2.1. Synthesis of NiCo alloy oxide film (f-Nip 1C0¢.90y)

The f-Nig1Co90x was prepared by e-beam evaporation method
followed by ultraviolet lamp irradiation with O, gas flowing. The details
are as follows. All the electrodes were prepared on ITO substrates (In-
dium tin oxide, 250 nm thickness on the glass, 5 Q cm ™2 resistance) and
ITO/ tandem-junction a-Si (3j-a-Si, Xunlight Corp.) photovoltaic films.
Typically, before deposition, the Co target (99.99%, 1.805 g) and Ni
target (99.99%, 0.203 g) were washed with ethanol and deionized water
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for few times to remove the impurities. Deposition was performed in
SAIS (Shenyang Academy of Instrumentation Science) electron-beam (E-
beam) evaporation instrument with a base pressure of 4.0 x 10~* Pa.
The electron-beam bombarded the Co target and Ni target until metals
were mixed and interfused for 30 min. Then, the total deposited sample
thickness (10 nm) was monitored via a quartz crystal with a targeted
deposition rate of 0.1 As~!forNi/Co alloy (about 1/9 molar ratio). After
that, the alloy/ITO glass and alloy/ITO/3j-a-Si were transferred into the
oxidation cavity, and calcined at 160 °C for 30 min with a O flow rate of
200 scem (standard-state cubic centimeter per minute) under UV light
irradiation (30 mW cm™2) for oxidation. Finally, the Ni/Co alloy oxide
(named as f-Nip 1Co0.90x) was obtained by cooling down to room tem-
perature with natural cooling process under a N flow rate of about 30
sccm. The as-obtained f-Nigp.1C00.9Ox/ITO was directly used as working
electrode without further loading process. Other Ni/Co alloy-oxides
were prepared using the same method as f-Nip1Co00.9Ox just altering
different Ni contents in Ni/Co alloy (about 5% and 30%, molar per-
centage), named as f-Nig 05C00.950x and f-Nig 3C0q 704, respectively.

2.2. Synthesis of Co oxides (f-CoO,) and Ni oxides (f-NiO,)

The f-CoOy sample was synthesized using the same method as f-
Nig.1C00.90x just removing the Ni target. The f-NiOx sample was syn-
thesized using the same method as f-Nip 1C0¢.9Ox just removing the Co
target.

2.3. Characterization

Surface morphology of samples were characterized by atomic force
microscope (AFM, Park NX10), scanning electron microscope (SEM,
Hitachi, SU-3500) and scanning tunneling microscope (STM, FM-
NanoviewT). Energy dispersive X-ray spectroscopy (EDS, IXRF SYS-
TEM, SU-3500) was used to characterize the type of the elements and
elemental distribution. The Raman spectra and operando Raman spectra
used Raman spectrometer (ANDOR-MARZHAUSER) with a 785 nm laser
and the power was about 2 mW at the objective. The X-ray photoelectron
spectroscopy (XPS, Thermo Scientific, ESCALAB 250Xi) was used to
analyze surficial structural information. XPS binding energies were re-
ported referenced to the C 1 s line at 284.6 eV banding energy for
adventitious carbon. UV-vis absorption spectrum and the operando
UV-vis absorption spectrum were taken on a Hitachi U-3900 UV-vis
spectrometer. Inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7700X) was used to test the mass of the metal content in the
alloy oxide. Electrostatic force microscopy (EFM, Park NX10) was used
to observe the electrostatic voltage to analyze the conductivity of the
material. The electron spin resonance spectroscopy (ESR, JEOL, JES-
FA200) was used to test signal of the electron trapping at oxygen
vacancy.

2.4. DFT calculations

all density functional theory calculations were performed by Vienna
Ab initio Simulation Package (VASP) with projector augmented wave
(PAW) method and the PBE generalized gradient approximation (GGA)
exchange correlation function. For the plane-wave basis set, the kinetic
energy cutoff was set to 500 eV. Brillouin zone integration was sampled
with the 3 x 2 x 1grid of k-point and 16 x 12 x 1 grid of k-point for the
density of states (DOS), respectively. Considering the strong correlation
effects intransition metals, electronic structure calculations and struc-
tural relaxations were performed using a spin-dependent GGA plus
Hubbard U method. Ueff (U —J) = 3.52 eV for Co 3d states and 3.00 eV
for Ni 3d states. were adopted, respectively. The model of Co304 (110)
surface was constructed based on the vacuum layer of 20 A. The O va-
cancy was construct by removing one oxygen atom during the structural
optimization process. The Ni atom was located at Co304 (110) surface.
The energy convergence tolerance of 107 eV per atom and the final
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force on each atom of 0.03 eV A~! were adopted. The Gibbs free energies
and other details were calculated in the supporting information.

3. Results and discussion
3.1. Catalyst synthesis and morphology characterization

The simple two-step process of f-Nig 1Cog 9Oy involves alloy evapo-
ration and oxidation as illustrated in Fig. la. First, the Ni/Co alloy
clusters evaporate via electron-beam bombardment and deposit on ITO
glass substrate to form alloy nano-islands with average size of about 15
nm (Fig. S1, Supporting Information). Then, the NiCo alloy layer is
oxidized by UV-Ozone treatment at 160 °C, thus forming alloy oxide
nano-islands with average size of about 35 nm showed in atomic force
microscope (AFM) image and atmospheric pressure scanning tunnelling
microscope (STM) from Fig. 1b-d. UV-Ozone treatment as a photo-
sensitized oxidation process, can generate activated oxygen (O*) and
ozone to react with NiCo alloy to produce alloy oxides [37]. The STM
images of the oxide films with different content of Ni are provided in
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Fig. S2. It can be observed the nano-islands of alloy oxides almost have
the average size of 35 nm without obvious difference for different Ni/Co
ratios. However, the Ni content increasing in the NiCo oxide, the surface
of the nano-island contains more small particles (Fig. S3). This small size
and surficial particles are in favor for much exposed surface/edge de-
fects, which can be formed as the active sites at the interface or on the
surface [19]. The energy-dispersive X-ray spectrometer (EDS) mapping
images evidence the uniform distribution of elements Ni, Co and O of the
binary alloy oxide f-Nip.1C0.9Ox (Fig. 1e). In addition, the atom ratio of
Ni/Co is determined to be 0.11/0.89 on the surface by X-ray photo-
electron spectroscopy (XPS) almost associated with the bulk contents
detected by the EDS spectroscopy (Table S1 and Fig. S4) [38]. Moreover,
comparing with the transmittance of ITO substrate, only less than 10%
light absorption from 450 nm to 800 nm indicates the great optical
transparent property of f-NigCog 9Oy film in Fig. 1f. The thickness of
this ultrathin film is less than 10 nm (Fig. S5). This advantage of optical
transparency greatly contributes to the integrated electrocatalyst-solar
cell device application [39].
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Fig. 1. (a) Schematic illustration of the synthetic process of f-Nig 1C0g.9Ox film. (b) AFM image, (c) three-dimensional STM image and (d) the corresponding diameter
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3.2. Composition, value state and oxygen vacancy analysis of f-
Nip,1C00.90x

Close observation of composition and crystalline phases can be seen
from the X-ray diffraction patterns (XRD) as shown in Fig. S6. The peaks
of samples deposited on ITO glass substrates difficultly avoid the strong
impact of ITO peaks. The weak pattern of the pristine f~CoOx matches
with a typical spinel Co304 structure (JCPDS No. 43-1003) [26]. In the
case of f-Nip1Co09Ox, the XRD pattern keeps unchanged with no
apparent diffraction peaks corresponding to NiOy, and the peaks cor-
responding to spinel Co304 become weaker, indicating the existence of
the amorphous phase or crystalline phase but with a very small size for
NiOyx [40,41]. To further clarify the detailed local crystal structure,
Raman spectroscopy is used to investigate under dry condition as shown
in Fig. 2a. It is illustrated that the sharp and intense peaks located at 190,
479, 521, 613, and 689 cm ! are in agreement with 3 Fa g, 1Eg, and
1A; ¢ Raman-active modes of the spinel structure for Co304 crystal in the
exposed f-CoOy [42]. It is worth noting that the various vibration modes
in the Raman spectra of NiCo alloy oxides become attenuated and
broaden when increasing Ni content of alloy. This result suggests that
increasing Ni incorporation leads to the crystallite size toward small
growth even amorphourization [43,44]. Notably, compared with
f-CoOy, increasing the Ni contents facilitates the Raman peaks of alloy
oxides shift to low wavenumber direction, suggesting increase of Vos
[44,45].

Analyzing the surface oxidation states of NiCo alloy oxide is of
importance to investigate the existence of oxygen vacancy. The X-ray
photoelectron spectra (XPS) of f-CoOy, f-Nip 05C00.950x, f-Nip.1C00.90x
and f-Nig 3C0070x are shown in Fig. 2b-d. In the Co 2p region, the f-
Nig.1C0g.9O0x shows the major peaks with binding energy of 796.4 eV and
780.5 eV, attributing to the 2p; 2 and 2p3/9, respectively (Fig. S7) [46].
An approximate 15 eV energy variation between the 2p;,» and 2ps3,»
suggests the coexistence of Co>" and Co?* species [47]. In the Co 2ps/2
spectra, peaks features at 779.7 eV and 781.2 eV, assigning to Co>" and
Co3t cations, respectively (Fig. 2b) [48]. As such, the relative area ratio
of Co?*/ Co®* for f-Nip 1C00.90x (= 0.547) is higher than that of f~CoOx
(=~ 0.265), indicating that the embedded nickel atoms influence more
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Co** formed on the surface [45]. As further observed, increasing Ni
content contributes to much appearance of low oxidation state (Co?M),
as compared to pure f-CoOy. This result infers that Ni in the alloy oxide
can reduce the coordination numbers of the neighbored Co-O, thus
influencing the electron structure of the catalyst, further changing the
absorption property of active species [49]. The O1s spectra of the above
four samples are appropriately analyzed according to the following
details (Fig. 2c). OI peaks are corresponding to the lattice oxygen species
from Co oxide and Ni oxide. The peak at 529.6 eV is attributed to lattice
O from Co oxide. The peaks at 530.1 eV and 531.7 eV are attributed to
lattice O from Ni%* oxide and Ni®" oxide, respectively [37]. OII located
at 531.2 eV is indexed to oxygen vacancy in the lattice and OIII located
at 532.6 eV originates from adsorbed oxygen in water molecule [48]. It
can be found that the OII peak appears in all above samples, implying
the introducing of the oxygen vacancies on the surface of the catalysts.
By the comparison of the Ols spectra in different NiCo alloy oxides, the
ratio of OIl/OI apparently increases when increasing the Ni content as
shown in Fig. 2c and d. It suggests that Ni oxidation reaction influence
Co oxidation process, resulting in incomplete oxidation for cobalt oxide,
thus much oxygen vacancies appearing. Moreover, the same tendency is
that the ratio Ni>"/Ni®" is also increased when Ni content increased,
further demonstrating the incomplete oxidation of the bimetal oxides
(Fig. S8). Additionally, the oxygen vacancies are further demonstrated
by room-temperature electron spin resonance (ESR) spectroscopy as
shown in Fig. S9. It is obviously found that the ESR signal at g= 2.003
(electron trapping at oxygen vacancy) [17,50] become stronger with the
increase of the Ni content in the metal oxides. This result indicates
abundant oxygen vacancies can be produced when increasing Ni in the
NiCo alloy oxides, which is consistent with the result of XPS analysis. On
the basis of above, it can be concluded that lower coordination numbers
of Co atoms and more oxygen vacancies co-exist on the surface of
catalyst by precisely modulating the Ni/Co ratio of the alloy oxide [45,
51-53]. In addition, the UV/Os3 oxidation process also can cause oxygen
vacancies as demonstrated by XPS and ESR results of pure f-CoOy. The
UV/0j3 oxidation process for oxygen vacancy will not be here discussed
excessively because the same oxidation treatment including O, tem-
perature and oxidation time is used for both f-CoOy and other NiCo alloy
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oxide films with different Ni/Co ratios.

3.3. Applications for electrocatalytic OER and integrated photovoltaic
water splitting

To demonstrate the versatility of the optically transparent f-Nig 1C-
00.90x, we have deposited the film on the ITO glass and 3j-a-Si photo-
voltaic cell to investigate its catalytic performance. The OER activity of
f-Nip.1C00.90x has been investigated by electrochemical measurements
carried in Oy-saturated 1.0 M KOH electrolyte using a standard three
electrode system calibrated with the reversible hydrogen electrode
(RHE). Our results are presented the pristine data without any ohm
compensation because we considered the practical application. Control
samples include those synthesized with different concentrations of Ni in
the NiCo alloy. Commercial RuO; is used as a benchmark sample. The
linear sweep voltammetry (LSV) curves for a series of prepared samples
are shown in Fig. 3a. As expected, without any iR correction, the OER
overpotential (300 mV) at 10 mA em~2 of f-Nig 1C0¢.9Ox deposited on
ITO glass is less than that of f~CoOx (407 mV) and commercial RuO,
(380 mV), respectively. After ohm compensation (3.2 Q), the

(a) (b)
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overpotential at 10 mA cm ™2 of f-Nig.1C0¢.9Ox is about 268 mV which
exhibits remarkably improved current density under a constant over-
potential, showing the enhanced OER activity (Fig. S10). Moreover,
many kinds of conductive substrates have been used to deposit the ul-
trathin film indicating it is more suitable for electrode with flat surface
(Fig. 3b). The overpotential is about 282 mV for f-Nip 1Cog 9Ox depos-
iting on glassy carbon, which is lower than that on other substrates. It
can be observed that a moderate increase of Ni in the alloy oxide facil-
itates OER activity but excessive Ni contents make the OER performance
worse. It is definitely demonstrated that controlling Ni concentration is
of importance for enhancing the activity of NiCo alloy oxides.

To deeply evaluate the OER activity, Tafel slope is fitted for f-
Nig.1C0g.90x about 70.1 mV dec™!, which is lower than those for f-CoOx
(104.8 mV dec_l) and f-NiOx (107.7 mV dec_l) (Fig. 3c). This result
implies a faster increase in current with potential, thus obtaining faster
surface reaction kinetics on the surface of f-Nig1C0¢9Ox. Moreover,
Fig. 3d shows the charge transfer resistance evaluated from the (Elec-
trochemical impedance spectroscopy (EIS) measurements, which is
another evidence for catalytic activity comparison. Compared with the f-
CoOx and f-NiOy, a smaller charge transfer resistance is observed in the f-
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Nig.1C00.90x catalyst (Table S2 and Fig. S11), which suggests a faster
charge transfer rate and lower energy barrier during OER process.
Meanwhile, the number of active sites is associated with the electro-
chemically active surface area (ECSA). Our experiment also uses the
electrochemical double layer capacitance (Cq) to analyze the ECSA
(Fig. 3e and Fig. S12). The ECSA of f-Nip 1Cog 9Oy is about 4.82 and 4.78
times that of f~-CoOy and f-NiOy, respectively, suggesting more available
active sites on the surficial structure of the f-Nig 1Cog 9Ox. It implies that
surficial oxygen vacancies and low coordination of Co can cause much
more defects on the surface or the heterogeneous interface of nickel
oxide/cobalt oxide, which promotes the larger ECSA of f-Nig 1C0¢.9Ox.
Fig. 3f and Fig. S13 show the calculated activation energy (E,) of
33.6 kJ mol™! for f-Nip.1C00.90x, which is lower than that of f-NiOy
(41.1 kI mol™!) and f-CoOx (37.5kJ mol_l), indicates lower activation
energy barriers of OER for f-Nig 1C00.9Ox-

Additionally, an ultralow catalyst metal loading mass is about
1.8 ug em™2 for f-Nip.1C00.90x. Among different samples tested, the
outstanding mass activity of is about3055 A g~! at 250 mV over-
potential, almost 190 times and 7.5 times as high as f~CoOx and com-
mercial RuO, (Fig. 3g and Table S3). When applied overpotential
attained 300 mV and 500 mV, the mass activity of f-Nig1C00.9Ox is
about 5556 A g~! and 66.7 kA g™, respectively. It is almost 11 times
and 4.8 times superior to that of the f~CoOy (Fig. 3g). Especially, the f-

3j-a-Si light absorber layer

()
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Nig.1C00.90x OER catalyst outperforms virous kinds of reported transi-
tion metal compounds in KOH electrolyte (Fig. 3h, Table S4). This result
indicates the alloy oxide by this simple deposition method has a sulffi-
cient atomic utilization during the OER. The stability of catalyst is all
known crucial for practical application. It is noticed that f-Nig 1C0g.9Ox
maintains its stability in catalyzing the OER reaction in long-tern water
electrolysis process over 1000 cycles (Fig. S14a) and a 24-hour retention
test (Fig. S14b). Furthermore, we have investigated other cobalt-based
alloy oxides by this preparation method in this paper, such as FeCo
and PtCo and their improved OER performance, exhibiting the advan-
tages of binary metal catalyst (Fig. S15). This result indicates our
method is a general synthesis strategy for preparing alloy oxide
catalysts.

Moreover, the advantage of the e-beam evaporation alloy-UV/O3
oxidation method is that it can be applied to any substrate and precisely
controlling the thickness of the deposited film. Thus, in order to make
use of the superior light transmission property of the ultrathin prepared
f-Nig.1C00.90x catalyst layer, we constructed an integrated photovoltaic
system including a 3j-a-Si PV module as light absorber, f-Nig 1Cog 9Oy as
anode catalyst and Pt wire as cathode for unassisted water splitting re-
action as illustrated in Fig. 4a. The measured current of the integrated
device is 8.9 mA cm™2 at 0 V applied bias, corresponding to a solar-to-
hydrogen (STH) conversion efficiency of about 11% under 1 sun
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Fig. 4. (a) Schematic diagram of the integrated photovoltaic electrocatalytic water splitting system. (b) LSV curves of integrated 3j-a-Si and f-Nig 1C0.9Ox/3j-a-Si
devices under chopped 100 + 5 mW cm™2 simulated solar light. (c¢) STH efficiency evaluations.
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illumination in 1.0 M KOH aqueous (Fig. 4b-c). Compared with pure 3j-
a-Si cell, the f-Nip.1C00.9Ox/3j-a-Si shows about 3.5 times of the STH
efficiency than that of pure 3j-a-Si, due to the high light transmission
and electrocatalytic activity. Obviously can be observed, lots of Hy and
O, bubbles appear when irradiated by simulated-solar light (inset
Fig. 4c). This application of integrated device by depositing NiCo alloy
oxides on a-Si film not only for high STH efficiency but also the scaled
economically beneficial systems.

Generally according to the above experimental results, it can be
found Ni incorporation and oxygen vacancy are of importance for the
OER performance of NiCo alloy oxides. However, it is suspicious that the
real active species toward oxygen evolution and thermodynamical
behavior during the reaction process for f-Nig 1Cog 9Oy are still not very
clear only depending on the reported literatures. To this end, in situ
spectra technique and simulated calculations are adopt to unravel the
real electrocatalytically active species and OER mechanism in the
following part.

3.4. Mechanistic insight into the surficial oxygen vacancies for OER

To directly identify the real active species and structural type prior to
OER, and unrevealing the structure-activity relationship, in situ/oper-
ando Raman spectroscopy has been used to observe the surface struc-
tural variation of as-prepared NiCo alloy oxide under anodic
polarization in alkaline condition (Fig. 5a) [54-56]. Observingly, for
f-CoOx and f-Nig 1 Cop 9Oy, the Raman peaks are almost disappeared to be
amorphous active oxides at higher anodic eletrode potential, then most
intensities of Raman peaks gradually recover to the initial with the po-
tentials decreasing to 0.1 V (vs. Hg/HgO) as shown in Fig. 5b-c. It sug-
gests that the surface local spinel structures of these two samples are
reversible [57,58]. The flexibility of surface phase is favorable for
controllable stable catalytic activity, which is consistent with our
experimental result about stability (Fig. S14) and also the results from
Bergmann et al. [59]. Attentively, the disappearance of the Raman
bands is not due to the formation of gas production, because the optical
images of the sample before and after collecting each Raman spectrum
are unchanged. By comparison, the A; ¢/A1 g(r—0.1 v) Raman band ratio
of f-Nip1Co0¢9Ox attenuates earlier than those of f-CoOy (Fig. 5d),
demonstrating that the extensive distortion of the Co-O prior to OER and
amorphous active species participate in the catalytic reaction at lower
overpotential. The detected current density of f-Nip 1C0¢.9Ox is higher
than that of f-CoOy before OER. Based on the attenuation of A; ¢/A; ¢
(80=0.1 v) and higher electrochemical current density for f-Nig ;Co¢ 9Ox at
lower applied potential, the decreased local spinel crystallinity and ex-
istence of more oxygen vacancies on the surface are demonstrated effi-
ciently to promote OER activity. Additionally, it has been reported the

(b)
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formation of CoOx(OH)y when OER happened on the catalyst surface.
The weak peak appears at 563 em ™! for f-CoOx ascribing to CoO(OH) in
this experiment, consisting to previous investigation [57,59]. However,
this peak is not very clearly observed for f-Nig1Co¢9Ox because this
Raman approach lacks the surface sensitivity to detect outermost layers
of the amorphourization structure [58]. In a word, in situ Raman spectra
illustrates structural reversibility and oxygen vacancy-enhanced OER
activity of the as-prepared alloy oxide.

Other effective evidences have been further provided for analyzing
and summarizing structure-activity relationship for oxygen vacancy and
OER activity. In situ UV-vis spectroelectrochemistry is used to track the
pre-oxidation process of samples (Fig. S16) [60]. In order to directly
compare the intrinsic catalytic properties of samples, the intensity of
absorption peaks are normalized using the thickness of the samples
based on the Beer’s law (Fig. S17). The electrochromic phenomenon has
been clearly observed during the in-situ UV-vis measurement. The
darken coloration of the catalyst film can monitor the amount of
oxidized Co®™**. The f-Nig1C00.90x film darkens earlier than that of
f-CoOx at earlier onset potential, indicating an increased metal redox
activity (Fig. 6a-b) [61]. This result suggests Ni incorporation leading to
much oxygen vacancies effectively improve water oxidation reaction
using small applied potential, which is consistent with the result of
Fig. 5d. The structure of f-Nig 1Cog 9Oy is almost unchanged comparing
before and after OER test, confirming the reversible stability (Fig. S18).
The cyclic voltammetry (CV) curves show that the f-Niy 1C0.9Ox com-
pletes peroxide process at a relatively lower applied potential. Revers-
ible construction also can be demonstrated by two redox couples A1/C1
and A2/C2, (A, anodic; C, cathodic), which is consistent with the
operando Raman results (Fig. 6¢). In addition, the electronic conduc-
tivity of the electrocatalyst plays an important role in charge transfer.
The suitable oxygen vacancies and Ni incorporation optimize the con-
ductivity of f-Nig 1Cog 9Ox demonstrated by small electrostatic potential
(Fig. S19). This result also has been demonstrated by above EIS.
Generally according to the above technique tests and OER performance
results, the f-Nig;C009O0x with homogeneous distribution of Ni has a
reversible spinel structure, much more active sites, active oxide species
and enhanced electronic conductivity, thus lead to the progress of OER
performance [44,62,63]. However, Fig. 6d shows excess of oxygen va-
cancies inhibits OER reaction. This result discloses that the precise
control of oxygen vacancy concentration in the structure is responsible
for the excellent OER performance. From the viewpoint of catalytic
process, simulation calculation (density functional theory, DFT) further
employed to disclose the essence and differences of reaction processes
for f-Nig 1Cog.9Ox with Vos.

DFT calculations have been performed to further understand the
effects of oxygen vacancy and Ni corporation. The models including
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pristine Co304, CoOx-Vo and NiCoOx-Vo represent pristine Co3Og4, f-
CoOx and f-Nig.1C00.9Ox, respectively and the relative structure details
are in the supporting information (Fig. S20). Generally, the adsorption
energies of intermediate products can be computed on the basis of four-
step 4e” OER mechanism to obtain the Gibbs free energy (AG), as a key
descriptor to the activity of the electrocatalyst (in the supporting in-
formation) [38,64]. The adsorption, activation and desorption models
during OER process are shown in Fig. 7a. After DFT optimization, Co%*
site plays as the main adsorption site for oxygenic intermediates [52,
65]. The results show that the corporation of Ni and introduction of
oxygen vacancy can significantly influence the Gibbs free energy (AG)
for intermediates formation. As shown in Fig. 7b, the AG2 for *OH to *O
transformation shows a high value (2.10 eV), impeding the following
reaction steps and resulting in a poor OER activity for pristine Co3O4.
For CoOx-Vo model, the AG2 is altered to be a lower value (1.45 eV),
giving a relative strong binding strength with *O, thus making the
transformation from *O to *OOH difficult with higher AG3 (1.99 eV).
Compared with above models, NiCoOx-Vo model exhibits a suitable
value of AG2 (1.77 eV), also as the OER rate-determining step, which
gives a moderate binding strength with *O and further facilitates the
following reactions. Therefore, the above calculation results prove that
Vo strengthens the adsorption of oxygenated intermediates and Ni
further modulates the adsorption strength and optimizes the potential
barriers. Moreover, the electronic band structures of three models are
also analyzed as shown in Fig. 7c. It is clear that more electronic states
appear near the Femi level for the CoOx-Vo and NiCoOx-Vo models,
which can lead to the high electrical conductivity [27]. Furthermore, the
p-band centers of the Co atoms have been calculated which often used as
the describer to demonstrate the binding strength of the adsorbates on
catalyst surface [23]. It is found that the p-band center of Co in the
structure of NiCoOx-Vo model is below the Fermi level with a lower

energy (—3.10 eV) than that of CoOx-Vo (—3.01 eV) and pristine Co304
model (—2.78 eV). It is known that for transition metal-based catalysts,
the adsorbate interacts with p-electrons giving rise to bonding and an-
tibonding orbitals. The higher the center of p-band is, the higher the
antibonding states, resulting in a stronger adsorption, which inhibits
reaction kinetics. Therefore, these demonstrations further indicates that
the Co atoms near the Vo and Ni with a lower p-band center possess
suitable adsorption for oxygen species and thus enhance the OER cata-
lytic activity. Additionally, the Bader charge analysis of Co>* active site
and partial charge distribution of these three models are shown in
Fig. S21 and Table S5, which demonstrate Ni atom and oxygen vacancy
increase the degree of the delocalization of the electron cloud of the
pristine O situation and density of state around Co®* to result in a facial
charge transfer for OER process.

On the whole, the improved OER activity can be attributed to the
following aspects. Firstly, regulating the oxygen vacancy concentration
by changing Ni/Co proportion in the alloy facilitates more active sites on
the surface and edge in the defective spinel structure. Secondly, the
under-coordinated Ni—O and Co—O bonds introduce oxygen vacancies
contributing to more unsaturated electronic configurations at the cata-
lyst/reactants interface, thus easily forming intermediates or absorbents
to speed up the reaction kinetics. Also, suitable proportion of the oxygen
vacancies optimizes the material conductivity for fast charge transfer.
Thirdly, the reversible structural flexibility of the active species for f-
Nip.1C00.90x enables the stable existence of electrocatalyst before and
after OER, which is meaningful for hundreds of using cycles for the
commercial application of energy storage. Last but not the least, the
controlled thin thickness and low-loading of catalyst benefits the high
mass activity of OER, which can reduce the production cost. Moreover,
the usage of the appropriate thickness of f-Nig 1C0g 9Oy is also important
for high STH efficiency for integrated photovoltaic electrocatalysis
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system.

4. Conclusions

In summary, the optical transparent NiCo alloy oxide electrocatalyst
has been successfully synthesized by e-beam evaporation alloy-UV/O3
oxidation method. The obtained ultrathin f-Nip ;Cog 9Ox exhibits excel-
lent OER performance, offering 3055 A g~! mass activity at 250 mV
overpotential almost 190 times and 7.5 times as much high as com-
mercial RuO; and f-CoOy, respectively. It has been revealed that the
enhanced catalytic activity is mainly related to the controllable oxygen
vacancy concentration, ultrahigh atomic utilization and stably revers-
ible structure. Based on the observation of such structural trans-
formation using in situ Raman spectroscopy, the fast pre-oxidation
process and chemical structure reversibility of f-Nig 1C0¢.9Ox occurred
on the surface have been demonstrated for high OER activity and sta-
bility. DFT calculations unveil that the modification of electronic
structure by changing the metal-oxygen coordination and Vo facilitate
charge transfer and a decreased adsorption energy barrier for the high
catalytic performance. This work not only provides strategy to modulate
Vos of various multi-composition alloy oxides electrocatalysts by a

bimetal co-evaporation-UV/Os oxidization, but also offers a large-scale
production of the electrocatalyst applying for solar-chemical energy
conversion and storage.
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