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ABSTRACT: Cost-efficient and durable oxygen evolution cat- 27
alysts are in great demand, which are dominated not only by 28
the component of the electrocatalysts but also by their molec- 29
ular structure and crystallinity. Herein, we developed an effi-
cient cobalt-vanadium spinel-type electrocatalyst with an ex- 31
tremely high concentration of Co3* ions by tuning the bal-
anced vanadium ions’ concentration in a crystallinity-modu- 2
lated Co,,V,O, nanoplates. This resulted in the lowest over- 33
potential of 240 mV at 10 mA/cm?, a smallest Tafel slope of 45 34
mV dec and a current density of 100 mA/cm? at an overpo- 35
tential of 280 mV for water oxidation, which is remarkably 20
times better than that of the benchmark RuO, catalyst, to- 3
gether with excellent stability. Such excellent performance is 7
due to the very high Co3*/Co?* ratio of 2.84 achieved in-situ in 8
the low crystallinity Co, V5O, (LC-Co,V50,) sample, which 39
is 40 % higher than the widely reported Co;0, as evidenced by 4()
both operando XANES and in-situ XPS. These findings stimu- 4]
late the opportunities to explore Co,V,O, as a class of non- 42
precious meal-based efficient OER electrocatalysts. 43

44
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Electrochemical water splitting offers a feasible way 5
to store sustainable energy in the form of hydrogen.’ 51
However, the oxidative half reaction of water splitting, 52
oxygen evolution reaction (OER) is kinetically ex- 53
tremely sluggish due to the proton-coupled four elec- 54

tron transfer process, which limits the overall effi-
ciency of water splitting.># RuO, and IrO, are consid-
ered as the benchmark OER catalysts with low over-
potentials, typically ca. 300 mV at the current density
of 10 mA/cm?, whereas the high cost and/or instabil-
ity of these catalysts limit their large-scale applica-
tions.> In the last few years, substantial effort has
been devoted to exploring cost-effective, robust and
highly efficient OER catalysts.>7® With comparable
activities to precious metal-based catalysts, earth-
abundant cobalt-based oxides (perovskites or
spinels), hydroxides and layered double hydroxides
(LDHs) have become increasingly attractive.o™ For ex-
ample, thin-film of perovskite-based strontium co-
baltite (SrCoO) with optimised oxygen vacancy con-
centration displayed catalytic performance of OER
commensurate with noble-metal electrodes such as
IrO2>*2 Low-temperature prepared spinel-type lithium
cobalt oxide (LT-LiCoO,) was reported as an efficient
OER catalyst with slightly higher activity than IrO,.3
CoOOH nanosheets with partial iron substitution
(Coo.6,Fe03300H) exhibited about 24 mV lower over-
potential at 10 mA/cm? compared to IrO,."

The importance of Co3* for active OER was recognised
for cobalt-based materials such as Co;0,%5 CoSe,*®
and Co;(PO,),.7 Co3* was prevalently believed to be
able to enhance the electrophilicity of materials and
facilitate the formation of *OOH intermediates and
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thus O.,."® On the other hand, there is an ongoing con- 55
tradictory factor on the importance of structural dis- 56
order or degree of crystallinity on the catalytic activity 57
of cobalt-based oxides and hydroxides, which is gen- 58
erally related to the defects or vacancies, and the spin 59
states or electronic configuration. In particular, 60
Yamauchi et al. reported the superior catalytic activity 61
of OER and stability of mesoporous cobalt phosphate 62
with crystallised walls, which offered a large number 63
of active sites and better mass transportation at the 64
electrolyte-catalyst interface.” Thus, cobalt-based ox- 65
ides with high crystallinity have been regarded as 66
more stable than those amorphous ones during OER 67
process due to the strong crystal lattice constraint. On 68
the other hand, recent work widely reported that the 69
electrocatalysts at amorphous states exhibited better 70
activity than those of crystalline states.?>* It has been 71
further demonstrated that the activity of the cobalt- 72
based oxides could be dramatically increased by in- 73
troducing oxygen vacancies in high-crystallinity co-74
balt oxides. For example, Liu et al. found that lattice 75
distortion of spinel Co;O, led to the massive high-7¢
spin Co3* in octahedron sites, accompanied by rich 77
oxygen vacancies, which would facilitate the OER ac- 7g
tivity by significantly enhancing the overlap of the eg 79
orbital of cobalt with the oxygen adsorbates.>* How- g
ever, Shi et al. found that largely increasing oxygen va- g
cancies in the double perovskite PrBaCo.,Os.s would g2
lead to cobalt ions spin state transition from high- g3
spin to low-spin, resulting in significant reduction in g4
the intrinsic OER activity. Xie et al. further proved g5
that the optimal spin state of cobalt or ez electron fill- g¢
ing in perovskite LaCoOj; achieved by adjusting the g7
degree of distortion of the CoOs octahedron would gg
dramatically lower the adsorption free energy of oxy- g9
gen intermediates, which resulted in 6 times higher g)
mass activity than the counterpart.>* Moreover, Zou et 9 |
al. found that well crystallised cobalt-based OER elec- 97
trocatalyst performed water oxidation on the crystal 93
surface with no ions penetrating the bulk, leading to g4
low catalytic efficiency.2® Therefore, they tuned crys- 95
tallinity of spinel CoGa,O, and found that low-crys- g9g
tallinity CoGa,O, could achieve a stable and efficient 97
bulk electrocatalysis.2® Du et al. further demonstrated gg
the spin state of cobalt nickel oxide could be remark- g9
ably affected by the lattice distortion, which was inq ()
versely related to the crystallinity.? 101

According to these very informative studies, one card 02
conclude that not only Co3* concentration but also thd 03
degree of disorder or the crystallinity affects the elec104
trocatalytic activity of cobalt-based electrocatalysts] 05
In this work, we targeted to control the crystallinity 06
and more importantly dramatically improve the con{ (07
centration of Co3* by synthesising a class of cobalt-

vanadium (Co-V) bimetallic electrocatalysts via a
one-step coprecipitation method. The components
and crystallinity of Co-V bimetallic electrocatalysts
could be readily controlled by varying the vanadium
ions concentration introduced. The relatively low-
crystallinity Co,«VxO, showed both stable and effi-
cient water oxidation, resulting in a very low overpo-
tential of 240 mV at 10 mA/cm? and excellent stability,
much better than the commercial benchmark catalyst
RuO, in both overpotential and stability. The reason
behind this novel property has been proved by oper-
ando and in-situ spectroscopies due to the controlled
CoOe« distortion with rich Co3*-O-V#* catalytic active
sites, which not only contribute to the high concen-
tration of Co3* but also stabilize such Co3* states. This
approach is believed to be applied to other types of
cobalt-based oxides or hydroxides and open new op-
portunities to achieve efficient electrocatalysts.

The Co-V bimetallic oxides Co,xVxO,/CoOOH com-
posite (Co,«V10,/CoOOH, where o < x < 2), low-crys-
tallinity Co.«VxO, sample (LC-Co,«V«O,, where o < x
< 2 ), amorphous C0,+VxO, (A-C0,xVxO,, where o < x
< 2) and counterparts (CoOOH and V(OH)y) were
synthesized at 50 ‘C in a water bath by dropping an
alkaline solution into a solution containing cobalt
chloride and/or vanadium chloride (see the methods
part for details). In the following text, Co..
xVx0,4/CoOOH, LC-Co,4Vi0O,, A-Co,«ViO, are em-
ployed as the short name for the prepared Co-V bime-
tallic oxides composite, low-crystallinity and amor-
phous Co,V,O, samples (o < x < 2), respectively. The
Co/V ratio in the synthesis can affect the component
and crystallinity as shown in the X-ray diffraction
(XRD) patterns of the as-prepared materials (Figure
1a). Without vanadium incorporation, the diffraction
peaks can be indexed to highly crystallised CoOOH
with pure heterogenite phase. While introducing
some vanadium species (Co/V molar ratio = 3/1), a
composite material of Co,«VO, /CoOOH is obtained
due to the over-dose of cobalt feedstock. Further in-
creasing the vanadium content to a proper concentra-
tion, i.e. 50 % (Co/V = 1/1), a pure spinel Co,VO,-like
material with relatively low crystallinity (denoted as
LC-Co,+VO,) is obtained. The crystallinity is further
reduced when the vanadium content is up to 75 %
(Co/V =1/3), resulting in an amorphous structure (de-
noted as A-C0,+Vx0,). One can conclude that the va-
nadium doping concentration could readily modulate
the structure and crystallinity. Further annealing
treatment of LC-Co,VxO, at 300°C in the air for 2 h
dramatically increased the crystallinity, resulting in
highly crystallised spinel Co,VO,-like material (de-
noted as HC-Co,4V0,). The chemical environment
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of the as-prepared catalysts was further investigated
by Raman spectroscopy (Figure 1b). The CoOOH dis-
plays a single intense band at 503 cm™, which can be
assigned to the Eg vibration mode of CoOOH.>6-2#
V(OH)y exhibits four distinct bands located at 281,
407, 697 and 997 cm?, in agreement with the charac-
teristic peaks of reported lepidocrocite VOOH.? In
detail, the first two peaks at 281 and 407 cm™ are as-
signed to the bending vibration of the V=0 bonds.3°
The peak at 697 cm™ is assigned to the doubly coordi-
nated oxygen (V,-O) stretching mode which results
from corner-shared oxygens.3° The relatively sharp
peak at 997 cm™ corresponds to the stretching mode
of terminal oxygen (V=0).>' For Co-V bimetallic ox- 55
ides (C0,4V,0,/CoOOH, LC-Co,xVyO, and A-Co,.56
«Vx0,), new additional bands are observed in the 750- 57
9oo cm™ region, which can be attributed to the38
stretching vibrations of the VO, tetrahedron with A, 59
symmetry.3>33 The cobalt cations may be bonded with 60
each oxygen atom of a VO, tetrahedral to form Co-O- 61
V-0 species, introducing some asymmetry in the VO, 62
unit without disturbing the overall symmetry of the 63
elementary unit cell 3435 Moreover, a clear shift toward 64
higher wavenumber in the 750-9oo cm™ band is also 65
observed with increasing vanadium content or in g6
other words, decreasing the crystallinity which is very 7
likely due to the local distortion caused by vanadium 8
substitution in Co-V bimetallic oxides. Such feature 9
of Raman bands shift was also observed on CoCr,-7()
xVx0,4.3% The Raman spectrum of HC-Co,.VxO, shows 7]
a narrow peak at 805 cm™ in comparison with LC-Co,- 72
xVxO,, indicating the crystallinity enhancement after 73
annealing, as proved in XRD as well (Figure 1a). 74

The 2D nanoplate-like morphology of as-synthesized 75
LC-C0,«VxO, can be observed from scanning electron 76
microscopy (SEM) and transmission electron micros- 77
copy (TEM) images (Figure 1c and d). The thickness 78
of these vertical nanoplates is found to be ca. 5 nm. 79
Notably, the Co/V ratio in the synthesis can affect the 80
morphology of the as-prepared materials as well. As 81
shown in Figure S1, when low content of vanadium ex- 82
ists in Co-V bimetallic oxides, Co,+Vx0,/CoOOH 83
composite and LC-Co,4V,O, have similar morphol- 84
ogy of nanoplates, but relatively thinner than 85
CoOOH. However, the nanoplate morphology is de- 86
stroyed with further increasing the vanadium con- 87
tent, where A-Co,,V O, and V(OH)y catalysts were 88
obtained. The TEM elemental mappings of the LC- 89
Co.«VxO, (Figure 1e) indicate the elements Co, Vand 90
O are dispersed uniformly throughout the nano-91
plates. In addition, the XPS survey spectrum of LC-92
Co,xVx0O, shows a Co/V molar ratio of 1.7 on the sur- 93
face, close to the results indicated by EDX (1.8) (Fig- 94
ure S2).

(a) PDF# 72-2280 : CoOOH (Heterogenite)
PDF# 73-1633 . Co,VO,(Spinel)
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Figure 1. (a) XRD patterns and (b) Raman spectra of
CoOOH, Co0,xVy0,/CoOOH composite, LC-Co,.
«Vx0,, A-Co,4xVxO,, V(OH)x and HC-Co,+VxO,. (c)
SEM and (d) TEM images of LC-Co0,«V,O,. (e) STEM
image of LC- Co,4VxO, and the corresponding ele-
mental mapping for Co, O and V.

Figure 2 compares the catalytic performance of Co-V
bimetallic oxides with the counterparts CoOOH,
V(OH)x and commercial RuO, for the OER. As dis-
played in Figure 2a, the widely used commercial RuO,
requires an overpotential of 300 mV to reach the 10
mA/cm? current, consistent with the reported
value.>¢ The reference sample CoOOH is a bit less ac-
tive, resulting into an overpotential of 360 mV to ob-
tain the 10 mA/cm? current, which is also consistent
with previous studies,373% while the V(OH)y exhibits
negligible electrocatalytic activity for OER. After in-
corporating vanadium into the cobalt-based catalysts,
the overpotentials (n@10 mA/cm?) are significantly
decreased to 280, 240 and 310 mV for Co,.
xVx0,4/CoOOH composite, LC-Co,«VxO, and A-Co.-
«VxO,, respectively, indicating vanadium doping is an
efficient way to improve the electrocatalytic perfor-
mance of the cobalt-based catalyst. However, further
increasing the crystallinity of the LC-Co,«VxO, unfa-
vourably downgrades its OER activity, and thus an ad-
ditional 45 mV overpotential is required to drive the
10 mA/cm? current for HC-Co,4VxO,. The smallest
overpotential (1) of LC-Co,«VxO, reflects its remark-
able OER activity. At the current density of 10
mA/cm?, the LC-Co,4VO,, (N = 240 mV) shows 60
mV lower overpotential in comparison with the
widely used commercial catalyst RuO, (n = 300 mV).
It further exhibits a considerably low overpotential of
280 mV even at current density of 100 mA/cm?, 70 mV
lower than the benchmark commercial RuO, catalyst
(n = 350 mV@100 mA/cm?). In other words, the cur-
rent density at n = 280 mV is 100 mA/cm? for the op-
timised LC-Co,4VxO,, nearly 60o-folds higher than
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that of CoOOOH (0.175 mA/cm?), and 20 times better
than that of the commercial RuO, (4.8 mA/cm?), re-
spectively. The OER kinetics of the as-prepared elec-
trocatalysts was also investigated by the correspond-
ing Tafel slopes as depicted in Figure 2b. As expected,
the LC-Co,«VxO, exhibits the lowest Tafel slope of 45
mV dec?, which is smaller than a few state-of-the-art
electrocatalysts (amorphous CoVOy with a Tafel slope
of 51 mV dec™ 3% and NiV-LDH with a Tafel slope of 50
mV dec™) 4° reported very recently under identical ex-
perimental conditions, indicative of the superior re-
action kinetics toward OER. The overpotential of 240
mV at 10 mA/cm? of our catalyst is also much smaller
compared with others e.g. 390 mV for iron-vanadium
composite spheres,# 347 mV for amorphous CoVO,,39
330 mV for crystallized CoVOy nanorods3> ,318 mV for
NiV-LDH ,4 and 290 mV for CoMn-LDH electrocata-
lyst.+2

The kinetics of electrode interface reactions were
then studied by Electrochemical Impedance Spec-
troscopy (EIS) for both LC-Co,«ViO, and HC-Co..
«VxO, (Figure 2c) to understand the effect of crystal-
linity. Clearly, HC-Co.+VxO, exhibits lower charge
transfer resistance (R.) than LC-Co,4ViO,, as ob-
tained from the diameter of the semicircle in Nyquist
diagrams, suggesting its superior conductivity and ef-
ficient charge transfer while the catalytic effect of LC-
Co.xVxO, is better than the former, indicating that
the crystallinity is favourable to charge transfer
whereas not to catalysis. To further characterise the

51

54
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63

66

activity stability of the LC-Co,+V,O, catalyst, long- 6%

term durability measurement was performed as
shown in Figure 2d, which shows the time-dependent
overpotential required to reach 10 mA/cm? current for
LC-Co,«VxO, and the commercial RuO, electrocata-
lysts. For the LC-Co,VO, electrocatalyst, the over-
potential decreases in the first few hours, which is
likely to be due to the activation process, in agreement
with the behavior observed on others reported previ-
ously. Then the LC-Co,+VxO, catalyst presents a very
stable activity until the end of the study period of 24
h. In contrast, RuO, exhibits nearly 40 % overpoten-
tial increase for driving 10 mA/cm? current in 4 h
measurement under identical conditions, which
might be due to the oxidation of RuO. into a higher
valence state that is more easily dissolved into the al-
kaline electrolyte.>4 Furthermore, the LSV curves be-
fore and after 24 hours OER stability test were rec-
orded with the scan rate of 2 mV/s (Figure S3), indi-
cating a relatively stable performance.
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Figure 2. (a) iR-corrected OER polarization curves
and (b) Tafel slopes of CoOOH, Co,«V:O,/CoOOH
composite, LC-C0,4Vx0,, A-Co,«VxO,, HC-Co,+VO,
and commercial RuO,. (c¢) Electrochemical imped-
ance spectra measured at an overpotential of 270 mV
in 1 M KOH for LC-Co,+V 0, and HC-C0,VO,. (d)
Chronoamperometric response of LC-Co,«xVxO, and
commercial RuO, at 10 mA/cm?.

The above stability test indicates that the real active
sties might be in-situ generated as the first hour is the
induction time. Thus Operando synchrotron radia-
tion X-ray absorption spectroscopy (XAS) was under-
taken to give an in-depth understanding of the atomic
structure of the excellent catalyst LC-Co,«VxO,. The
oxidation states of Co and V can be confirmed by X-
ray absorption near edge spectroscopy (XANES). As
shown in Figure 33, the Co K-edge position of fresh
LC-Co,4VxO, is very close to that of Co (OH)s,, indic-
ative of the major Co oxidation state of +2 in the bulk
of the fresh LC-Co,4VO,, in part consistent with
higher Co** than Co3* on the surface of fresh LC-Co,-
«VxO, observed later by XPS (Figure 3e). Notably, a
right-shifted white line peak is observed for LC-Co..
«VxO, in comparison with Co(OH),, implying the in-
congruity in the coordination environment of the for-
mer.#+ Figure 3b shows that the V K-edge position of
fresh LC-Co,«V,O, is located between VO, and V,Os
while closer to the latter, suggesting the estimated V
valence state of ca. +5. The pre-edge peak for the V K-
edge XANES of the fresh sample is more intense than
those of V,Os and VO,, indicating that vanadium spe-
cies in LC-Co,4VxO, are likely located in a VO, tetra-
hedron, different from those of VO5 or VOg in V,O;
and VO,, respectively.#5 The VO, tetrahedron can also
be verified by Raman spectra as discussed in Figure 1b.
In addition, the Operando XANES was employed to
probe the dynamic behaviour and real active phase of
LC-Co,xVxO, during the OER process. As shown by
the red dotted line in Figure 3a and 3b, after running
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in-situ experiment for 5 mins at a potential of 1.5 Vvs. 53
RHE (or 270 mV of overpotential) in 1 M KOH, the 54
absorption edge of Co in LC-Co,+VxO, is conspicu- 55
ously shifted to a higher energy position that close to 56
that of CoOOH, which could be attributed to the oxi- 57
dation of Co sites from Co>* to Co3*. In contrast, the V 58
edge for LC-Co,+VyO, slightly shifts to lower energy 59
close to V4. The decrease of the valence state for the 60
V species may be due to the charge transfer from co- 61
balt to vanadium caused by strong interaction be- 62
tween them.3®46 This indicates that Co** can be read- 63
ily oxidised to Co3* for water oxidation as observed in 64
the Operando measurement, which is further stabi- 65
lised by V#*, and thus such presence of V4 is favoura- 66
ble for highly active Co3* generation that is very active 67
during OER process.>*35 Therefore, the improved 68
OER performance for LC-Co,4V,O, is owing to the 69
high valence V4*/V5* ions, which could draw electrons 70
to keep valence of neighbouring Co ions in a high-va- 71
lence state for accelerating the OER process.3>47 The 72
higher valence cobalt species not only supply high 73
conductivity, as proved by EIS results in Figure 2c, but 74
also act as real active sites in OER catalysis, in agree- 75
ment with previous work.48 76

The surface Co and V chemical states of LC-Co,«VxO, 77
were further studied by high-resolution XPS before
and during OER (Figure 3e and 3f). Since 2p,/, and
2py» of cobalt and vanadium qualitatively contain the
same chemical information,*® only the higher inten-
sity Co 2p;/> and V 2p;/, were curve-fitted in this study.
As shown in Figure 3e, two peaks at 780.2 and 781.6
eV are observed for Co 2p,/,, corresponding to Co3*
and Co**, respectively. The fresh sample contains
more Co** than Co3* while the activated sample has
reverse amount, in good agreement with the Oper-
ando XANES measurement.5%5' The ratio of Co3*/Co>*
(2.84) for LC-Co,4V,O, after 1 h OER exhibits an ap-
parent increase compared to the fresh sample (1.12),
implying that Co3* is in-situ generated and is advan-
tageous for activating the OER. Meanwhile, the 78
Co3*/Co?** ratio keeps nearly constant after1 h OER to- 79
wards the end of the reaction (8 h), further suggesting 80
the excellent stability of LC-Co,«VO,, as observed 81
from the stability measurements illustrated in Figure 82
2d. On the other hand, the V 2p;, can be fitted into 83
two constituent peaks corresponding to V4* (516.6 eV) 84
and V5* (517.6 eV) for both fresh and activated OER 85
samples (Figure 3f).# The reduced V5*/V#* ratio is ob- 86
served for LC-Co,«V,O, after 1 h OER, which exactly 87
matches with the increased Co3*/Co** ratio. As ex- 88
pected, no noticeable change of V5*/V4* ratio is ob- 89
served after 8 h OER. 90
91

Furthermore, in Figure 3c and Table S1 of the ex-
tended X-ray absorption fine structure (EXAFS) in the
R-space of LC-Co,V«O,, the distance of the Co-O is
2.05 A, which is longer than that of the Co-O (1.89 A)
in CoOOH. The elongation of Co-O bonds may lower
the absorption energy of H,O and thus improve OER
performance according to the previous study.>* Be-
sides, it is worth highlighting that the vanadium in-
corporation also lowers the coordination numbers of
the Co-O clusters, from 6.0 to 4.1 (Table S1), signifying
that the general lattice distortion and coordination
deficiency (i.e. CoOs) occurs in LC-Co,V,O, (Fig-
ure 3¢). In contrast, as shown in Figure 3d and Table
S1, the LC-Co,«V:O, exhibits higher V-O coordina-
tion number (N = 1.9) at the distance 0f 1.69 A in com-
parison with V(OH)x (N = 1.0), which matches well
with the better crystallinity than the amorphous
V(OH) (Figure 3d). All these spectroscopic results
draw an important conclusion that vanadium incor-
poration leads to CoOs.x octahedra and VO, tetrahe-
dra. The results from both Operando XANES and XPS
confirm the oxidisation of Co and reduction of V ions
during the OER for spinel Co,VO,-like catalyst, and
the active reaction sites are Co3*-O-V#* species which
was in-situ yielded herein.3>45
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Figure 3. (a) Co K-edge and (b) V K-edge X-ray ab-
sorption near edge structure (XANES) measurements
performed at the initial stage and continuous OER
stage of LC- C0,4VxO,4 with CoOOOH, Co(OH),, V.O;,
VO, V.05 and V(OH)j as reference samples. The Op-
erando measurements were carried out at an applied
potential of 1.5 Vvs RHE in 1 M KOH during the OER.
(c) and (d) Fourier transformation curves of EXAFS
spectra at Co and V K-edge in R space for CoOOH,
V(OH)x and LC-Co0,+VxO, (without phase correc-
tion). (e) and (f) XPS high-resolution spectra of Co
2p3/2and V 2p;y; of the LC-Co,4VO, catalyst at fresh,
after 1 h OER, and after 8 h OER states, respectively.
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To provide further insight into the reasons for the 54
highly catalytic activity of OER, the electrochemical 55
surface area (ECSA) of the studied catalysts was eval- 56
uated by measuring the double-layer capacitance57
(Ca1) in the non-faradic region in 1 M KOH because 58
the Cq is proportional to their ECSA. Figure S4 shows 59
typical CV curves of studied catalysts (CoOOH, LC- 60
C0,xVxO,, V(OH)x). By plotting the AJ=(Ja-Jc) at 1.3 V 61
vs RHE against the scan rates, the linear slope that is 62
twice the double layer capacitance (Ca) can be ob- 63
tained and is normally used to represent the corre- 64
sponding ECSA. The active surface area is a very im- 65
portant factor in water oxidation reaction, as it is well 66
known that an increase of active surface area often 67
benefits for the catalytic activity. The electrochemi- 68
cally active surface area (ECSA) of COOOH (3.72+ 0.06 69
mF cm-2) is nearly three times that of V(OH)x (1.24%

0.03 mF cm-2). Notably, LC-C0,+V:O, (20.40% 0.30 70
mF c¢m-2) has a nearly 5.5-folds increasement on 71
ECSA compared to CoOOH even they have similar 72
nanostructure. This growth of ECSA suggests the LC-
Co0,«VxO, has higher density of catalytically active
sites exposed to an electrolyte to catalytic water oxi-
dation reaction. This is a strong clue that high density
of Co3*-O-V5* active species on LC-Co,4VxO, are the
major contributor to the large ECSA and thus highly

electrochemical activity. 79

74
75

In order to enrich high-spin Co3* to facilitate the
OER, we tuned the oxidation states of the Co in the D)
cobalt oxide by the substitution of V. It was noted g3
that the +4 oxidation state of cobalt is unstable even

it attains a half filled state, whereas the Co3* shows
3d° configurations where 6 electrons reside in the low g ¢
energy t;g level. Hence, pure Co,O, does not exist in g~
nature but heterogeneous chemical doping, e.g. by V, g¢
can be effective to stablise the modified structure. In gq
order to verify the structure and its oxidation states, 90
we have carried out the computational simulations.
To obtain the structure of the V-doped C0204, We 97
fully surveyed the CoO, structure database in Mate- 93
rial Project.53 By matching the three key peaks from 94
our experimental XRD of the HC-Co.,VxO, and the 95
peaks of CoOOH in Figure 1(a), the symmetry group 96
I4/m (Figure S5 (a)) was selected for the V-doped 97
candidate. The Co:V doping ratio was set to 5:3, 08
which is close to the 1.7 obtained from the experi- 99
mental EDX results (Figure S2).The Co;0, structur
was obtained from the previous XRD analysis.>* Aft 01
the possible substitution geometries were studied, agp
shown in Figures S5 (b-f). Energetically, the structurq 03
in Figure S5(f) with the ratio of Co:V =5:3 is the mos
stable (the relative energy in Table S2). The Badey )5
charge analysis in Table S3 shows that the partia} 06

charge of the Co is overall larger by 0.1 e compared
with well-known +2/+3 mixed Co;0,. The partial
charge of the Co atoms shared with 3 V linked octa-
hedral oxygen reached 1.44 e in the most stable case.
As the 211 ratio of +3/+2 oxidation in the Co;0, shows
a partial Bader charge of 1.25 , we can conclude that
the +3/+2 oxidation ratio has increased to 2.24 in the
simulated V doped case. The ab-initio MD results
show the stability of the most stable doped structure
(Movie S1). The energy of the doped system oscillated
with temperature within 0.4 eV/atom, Figure S6,
which indicates the structure remains stable in 400K.
Hence, the V doping has stabilised the “Co,0,” struc-
ture to much higher average oxidation states than
achievable in Co;0,, consistent with our experi-
mental resutls.

The previous experimental and theoretical study es-
tablished a strong evidence that structural distortion
of CoOe« octahedra would enhance the electrophilic-
ity of H,O and facilitate the interfacial electron trans-
fer between Co ions and adsorbed *OOH intermedi-
ates to form O,, resulting in enhanced OER activity
for COOOH.#® On the other hand, increasing the crys-
tallinity of Co,«VxO, to form lower degree of distorted
CoOex configuration would lead to a lower charge
transfer resistance according to both EIS result in Fig-
ure 2c and in agreement with reported Co;0, films.
When adding V to CoOOOH, distortion of CoOs octa-
hedron (CoOe) occurs in Co,xVxO, and the degree
of the distortion depends on the vanadium amount
introduced. Although CoOe is beneficial for OER,
too much distortion may also dramatically lead to ex-
cess oxygen vacancies, resulting in a significant reduc-
tion in the intrinsic OER activity as reported be-
fore.’>> Herein, the as-developed vanadium doping
strategy not only adjusted the crystallinity of Co-V bi-
metallic oxides to the optimal CoOs.x configuration
but also led to the formation of Co3*-O-V4* active spe-
cies under in-situ OER condition. The synergistic ef-
fect of the optimal CoOe.x configuration and surface
Co3*-O-V4* species resulted in a superior electrocata-
lyst for OER.

In summary, we discovered an efficient route to fab-
ricate Co-V bimetallic oxides by controlling the mo-
lar ratio between cobalt and vanadium in the precur-
sor solution. The component, crystallinity and mor-
phology could be regulated by the Co/V ratio in the
synthesis. It was found that the low-crystallinity Co,-
«VxO, catalyst exhibited much higher activity than
the amorphous or crystalline analogues due to the
controlled distortion degree of CoOs apart from the
very high concentration of Co3* (Co3*/Co* = 2.84).
More importantly, it was demonstrated that the real
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active species of Co3*-O-V#* could be in-situ derived 46
from Co>*-O-V5* during the OER, forming low-crys- 47
tallinity of Co.«VxO, as observed by Operando48
XANES and in-situ XPS analysis. The optimised elec-
trocatalyst displayed the smallest overpotential of 49
240 mV at 10 mA/cm2, excellent durability for OER 50
in 1 M KOH and the Tafel slope of 45 mV dec™. The 51
current density at n = 280 mV is 100 mA/cmz2 for the 52
optimised LC-Co,«VxO,, nearly 600 times higher
than that of COOOH. The overpotential is also nearly
130 mV lower than that of the widely reported 55
CoOOH catalyst and also outperformed that of the
commercial RuO.. This will open up opportunities to 5¢
advance the electrochemical performance of non- 57
precious OER electrocatalysts by V4* stabilised reac- 5g
tion center and precisely manipulating crystallinity.
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