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ABSTRACT: Crystalline cobalt oxide nanoparticles (nc-CoO,) supported
on ITO glass or Ni foam doped with 5 mol % crystalline iridium oxide
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The O vacancy in Co™Oy is transferred to Ir"’O4 upon application of positive o
potentials, giving rise to the formation of IOy centers, which are proposed

to be the highly active catalytic centers for water oxidation.
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S olar-electricity-driven water electrolysis is receiving great
attention as a means to mitigate the rapid climate change
caused by the severe use of fossil fuels." For this method to be
practically used in industry, the electrode performances should
be enhanced (in particular, those of anodes). The three key
factors to evaluate the anode performances are overpotenital
() or the 5 value to obtain the current density (Cy) of 1 mA
per cm? (@1 mA cm™?), Tafel slope (the amount of potential
required to increase the reaction rate by a decade), and stability.
To enhance anode performance, 7 and Tafel slope should be
lowered, and stability should be increased.

As for anode materials with low # values, crystalline RuO,”
and iridium oxide nanocrystals (nc-IrO,) ' have received great
attention. The reported 7@1 mAcm ™ values of RuO,-coated
and nc-IrO,-coated electrodes have been 02-03 V.'¢*3
However, both RuO, and nc-IrO, electrodes have stability
issues.'”* Furthermore, from the view of the material costs,
they are expensive. In this re%lard, cobalt oxide nanoparticles
have received great attention.'“>® However, its reported n@1
mAcm ™2 value (>0.40 V) and Tafel slope (60 mV dec™)® are
much higher than those of nc-IrO, electrode (0.2—0.25 V and
40 mV dec™!, respectively),” indicating that the development of
stable anodes with much lower #@1 mAcm™ values, Tafel
slopes, and viable material costs has to be pursued.

We now report that the nc-CoO,, electrode doped with ~5
mol % nc-IrO, shows a much higher performance (7@1
mAcm ™ < 0.2V, Tafel slope = ~ 30 mV dec™) than that of
not only nc-CoO, electrode but also that of the nc-IrO,
electrode (Figures S1 and S2). We also report that nc-CoO,
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nanoparticles intrinsically carry penta-coordinated CoOg
centers and the oxygen vacancy in CoQy is transferred to the
doped nc-IrO, nanoparticles, giving rise to the formation of
catalytically active penta-coordinated Ir''Oy centers during the
oxygen evolution reaction (OER).

The nc-CoO, deposited ITO glass electrodes ([nc-
C00,Jir0)® and the aqueous solution dispersed with nc-IrO,
nanoparticles’” were prepared according to the literature
procedures. The nc-IrO,-doped nc-CoO,/ITO electrodes
([nc-IrO,/nc-CoO,Jiro) were prepared according to the
procedure described in the Supporting Information. The top
and side views of the scanning electron microscope (SEM)
images of an [nc-IrO,/nc-CoO,]iro electrode are shown in
Figure la and 1b. Analyses showed that the loaded amount of
nc-IrO, nanoparticles gradually decreased from the top to the

<—npc-IrO, « °
‘ nc-CoO,

ITO

Figure 1. SEM images of [nc-IrO,/nc-CoO,Jiro: (a) top and b) side
views. (c) Illustration of the concentration profile of nc-IrO, within the
[nc-CoO,]iro film.
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bottom as illustrated in Figure 1lc (Figure S3). The total
amount of nc-IrO, within nc-CoO, was 5 mol %. The
calculated coverage (I';) was 7.9 X 107® mol cm . The nc-
IrO,-deposited ITO glass electrodes could not be prepared
because the nc-IrO, film was very readily detached from the
ITO glass plate.

The cyclic voltamograms of [nc-CoO,Jiro and [nc-IrO,/nc-
CoO,]iro at pH = 7 and 13.9 under the 0.1 M phosphate buffer
solution and 1 M NaOH solution are shown in Figure 2a and
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Figure 2. (a) and (b) Cyclic voltammograms of [nc-CoO, ]io and nc-
IrO,/nc-CoO, ] 1o electrodes in a pH 7 phosphate buffer (0.1 M) and
pH 13.9 in 1 M NaOH solution. (c) Tafel plots, 77 = Vippl — iR — E°
where 7 is the overpotential, iR accounts for the uncompensated
solution resistance, and E° is the thermodynamic potential for water

oxidation (open circle: pH 7, filled circle: pH 13.9).

2b. The corresponding Tafel plots at pH 7 and 13.9 are shown
in Figure 2c. Under the 0.1 M phosphate buffer solution,
although the n@1 mAcm™ values of [nc-CoO,]iro were 0.37
(pH = 7) and 034 V (pH = 13), those of [nc-IrO,/nc-
CoO,]iro were 0.22 (pH = 7) and 0.19 V (pH = 13) (Table
S1). All potentials are reported with respect to RHE unless
specified otherwise. Thus, the doping of [nc-CoO, ;1o with nc-
IrO, gives rise to a substantial decrease in 7@1 mAcm > (by
0.15 V), regardless of the pH. When compared with the
reported 7@1 mAcm 2 values of [nc-CoO,]iro (0.4 V, at pH =
7) and nc-IrO,-deposited rotating disc carbon electrode ([nc-
IrO,Jrpc) (0.20 V at pH = 7) and (0.22 V at pH = 13),” that of
[nc-CoO,]iro prepared under our condition is a bit better than
those prepared by other conditions,” and those of [nc-IrO,/nc-
Co0,]iro are similar or smaller than those of [nc-IrO,]iro
(Table S1). Thus, from the view of y@1 mAcm™> the
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performance of [nc-IrO,/nc-CoO, ] o is similar or superior to
those of [nc-IrO, Jrpc electrodes despite the fact that [nc-IrO,/
nc-CoO,]iro contains only 5% of nc-IrO,.

The measured Tafel slopes of [nc-IrO,/nc-CoO,]iro were
29—34 mV dec”!, whereas those of [nc-CoO,]iro were 56—60
mV dec™! (Table $1).° Thus, not only @1 mAcm™ but also
the Tafel slope significantly decreases (by 22—27 mV dec™")
upon doping nc-IrO, into [nc-CoO,]iro. The Tafel slope of
[nc-IrO,/nc-CoO,]iro is even smaller than those of [nc-
IrO, Jrpc (38—44 mV dec™) (Table S1).**

The calculated TOF values of [nc-CoO,]iro per Co center
and [nc-IrO,/nc-CoO,]iro per Ir center at 1.913 V at pH = 7
are 0.19 and 19 s7', respectively (Table S1, Figure S4).” Thus,
the TOF increases by 100 times upon doping [nc-CoO,]iro
with nc-IrO, nanoparticles, indicating that the nc-IrO, doping
gives rise to a dramatic increase (by 2 orders of magnitude) in
the OER rate. Because the reported TOF values of [nc-
IrO,]rpc are ~6—8 s7', the doping also gives rise to the
increase in TOF by 2—3 times with respect to those of [nc-
IrO, Jrpc-

We also prepared Ni foam (Nif) electrodes deposited with
nc-CoO, ([nc-CoO, ]yy), nc-IrO, ([nc-IrO, ), and nc-IrO,-
doped nc-CoO, ([nc-IrO,/nc-CoO,]y;) and compared their
cyclic voltamograms (Figure 3a). We also compared their
overpotential values at C4 = 10 mA cm™ (y@10 mA cm™2) at a
time of 0 and 2 h, respectively, with those of various metal
oxide deposited on rotating glass carbon (RDC) electrodes
(Figure 3b). The @10 mA cm™> values of Nif, [nc-CoO, ]y
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Figure 3. (a) Cyclic voltamograms of NiF, [nc-CoO, ]y [nc-IrO,Jnip
and [nc-IrO,/nc-CoO, ]y at pH = 13.5 with the scan rate of S mV s™".
(b) The plots of @10 mA cm ™ values of [nc-CoO, ]y (III), [nc-
IrO, ] (I1), and [nc-IrO,/nc-CoO, Jy;r (1), and various metal oxide
materials deposited on RDC at time = 0 (x-axis) and 2 h (y-axis). The
numbered data points were borrowed from ref 1d. 1: [NiFeO,]rpc, 2:
[NiCoO, ]zpc, 3: [CoFeO, ]rpc, 4: [nc-CoO,-alppe, S: [NiLaO,]rpc,
6: [NiCuO, Jrpc, 7: [NiO,]rpc, 8: [nc-CoO,-blrpc, 9: [NiCeO, ]rpe
10: [nc-IrO, Jrpc-
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[nc-IrO, ]nip and [nc-IrO,/nc-CoO, ]y were 0.39, 0.36, 0.33,
and 0.28 V, respectively (Figure 3a). As can be seen from
Figure 3b, the 7@10 mA cm™ value of [nc-IrO,/nc-CoO, ] )
was the lowest. Furthermore, unlike [nc-IrO, ]gpc, [nc-IrO,/nc-
CoO, ] is quite stable, as shown in Figure 3b. The calculated
relative roughness factors of Ni plate, [nc-CoO, ]y [ne-
IrO, e and [nc-IrO,/nc-CoO, ]y were 1, 12, 8, and 100,
respectively (Table S2, Figure SS). Thus, the roughness factor
[nc-IrO,/nc-CoO, ]\ is about 10 times higher than that of [nc-
CoO, Jnir and [nc-IrO, J e

The Tafel plots of [nc-IrO,/nc-CoO,]iro measured in the 1
M phosphate buffer solutions with different pH values between
4.54 and 13.9 are shown in Figure 4a. The measured Tafel
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Figure 4. (a) Tafel plots of [nc-IrO,/nc-CoO,]iro corrected for the
series resistance (1 = V,,, — iR — E°) prepared by the corresponding
1 M phosphate buffer and 1 M NaOH solution for pH = 13.9. (b) The
plot of InC, with respect to pH for [nc-IrO,/nc-CoO, ] 1o at 0.75 V
versus Ag/AgCl in the corresponding phosphate buffer. (c) The plot
of @1 mAcm™ with respect to pH (open square, open triangle, and
open circle represent the corresponding values of [nc-IrO,]rpc
borrowed from ref 6, ref 3b, and ref 3a, respectively). (d) The plots
of Cy4 with respect to time for [nc-CoO,]iro and [nc-IrO,/nc-
CoO,]iro at 17 of 0.18 V, 0.12, and 0.25 V at pH = 13.

slopes of [nc-IrO,/nc-CoO, ]iro were between 25.9 and 34 mV
dec™" (average = 31.4 mV dec™"). The plot of InC, versus pH at
a constant potential (0.75 V vs Ag/AgCl) shows that the slope
is nearly 2 (1.99) (Figure 4b).
Accordingly, the kinetic current (i) for OER at a low 7
region for [nc-IrO,/nc-CoO, Jiro can be expressed as in eq 1.”
En

i, = nFAk(ay+) exp(—)

2RT (1)

where, n is the number of electron, F is the Faraday constant, A
is the area, k is the rate constant of the OER reaction,
respectively.

The (6V/SpH); plot of [nc-IrO,/nc-CoO,]iro at the
potential which gives 1 mA cm™ is shown in Figure 4c. The
corresponding plots for the thermodynamic potential for OER
and the data points of [nc-IrO,]ppc from the literature are also
shown. The plots again show that the 7@1 mAcm™ values of
[nc-IrO,/nc-CoO, Jiro (0.2, 0.17, 0.14, 0.12, and 0.17 V at pH
= 4.5, 7.2, 8.7, 10.7, and 13.9, respectively) are substantially
smaller than 0.2 V (average = 0.16 V) under the 1 M electrolyte
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condition. The average 7@1 mAcm > value is also smaller than
those of [nc-IrO, Jppe.”™

We deduced eq 2 from the experimental observation that the
slope is —0.06 V pH™' (Figure 4c) and eq 3 from the
experimental observation that the Tafel slope is nearly 30

(Figure 4a).
%)

) -
%

()
Olni pH 3)

To satisfy eqs 2 and 3, the number of electrons, #, in eq 1 was
set to be 2 (eq 4).

)

i = 2FAk(aH+)‘2exp(ﬂ)

2RT 4)

Thus, we deduce that two-electron processes take place (in a
concerted or a stepwise manner) before the rate-determining
step (rds) of OER on [nc-IrO,/nc-CoO, ] o, and rds does not
involve electron transfer. Figure 4d further shows the stability
of [nc-IrO,/nc-CoO, Jyro. Thus, C4 remains constant at 2.8 and
6.2 mA cm™? for the tested S h period at 7 = 0.12 and 0.18 V,
respectively, at pH 13. The Faraday efficiency is 100% (Figure
S6). Note that C, of [nc-CoO, J;ro also remains constant but at
1.5 mA cm™ The fluctuation of Cy of [nc-IrO,/nc-CoO,]iro
(Figure 4d) occurs due to the vigorous formation of O, bubbles
on the electrode surface.

To verify electronic and local geometric structural origin
responsible for the electrochemical property, in situ Co K- and
Ir Ly-edges X-ray absorption fine structure (XAFS) spectra for
[nc-IrO,/nc-CoO,]iro have been investigated at pH 13 under
the applied potential of 1.97 V (Figure S7). The Co K- and Ir
Lyedges X-ray absorption near edge structure (XANES)
spectra revealed that the initial averaged oxidation states of the
Co ions are about III and Ir ions are IV in [nc-IrO,/nc-
Co0,]iro and Co™ is oxidized to Co' completely and Ir'V is
eﬂ’ectivelgr oxidized to Ir'"' at 1.97 V upon this applied
voltage.'** ¢

The Fourier-transformed (FT) radial distribution functions
(RDF) of Co K- and Ir Ly-edges extended X-ray absorption
fine structure (EXAFS) spectra of [nc-CoO, )i and [nc-IrO,/
nc-CoO, ]i1o are shown in Figure S. With no applied potential
(V,.), the overall RDF peak features for Co ions in both [nc-
CoO0,]iro and [nc-IrO,/nc-CoO, ] 1o are typically characteristic
of the two-dimensional layered structure, in which each
octahedral environment around Co" ions is interlinked by
sharing the edges (via di-u,-oxo bridging, Figure S8), consistent
with the literature reports.® The first FT peak is assigned to
be arising from the Co—O bonding in the single octahedron,
and the second peak corresponds to the Co—Co bond distance
by way of di-y,-oxo bridged neighboring octahedra.

The overall RDF peak features for Ir ion in [nc-IrO,/nc-
Co0,Jiro are also characteristic of the two-dimensional layered
structure. Interestingly, however, an additional third FT peak at
around ~3.5 A was observed from the Ir Lj-edge RDF,
relevant to corner-shared IrO4 octahedra (via mono-u-oxo
bridging). Therefore, it is concluded that the nc-IrO,
nanoparticles have the edge-shared octahedral site as the
major phase and the corner-shared octahedral site as the minor
or defected phase. Beller and the co-workers also observed the
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Figure S. Fourier transforms of Co—K edge EXAFS spectra with (a)
increasing and (b) decreasing applied potentials and those of Ir-Lyy
edge EXAFS spectra for [nc-IrO,/nc-CoO,]iro with (c), (d)
increasing and (e), (f) decreasing applied potentials at pH = 13.

minor phase.'' The calculated EXAFS structural parameters are
summarized in Table S3 and S4.

Interestingly, upon applying an oxidative potential (1.17—
1.97 V, § = —0.06—0.74 V), the FT peak intensity of Co—O
bonding in [nc-CoO,]iro increases (Figure Sa) and, upon
decreasing the positive potential or applying a slightly reductive
potential (0.77 V), it decreases back to the initial intensity
(Figure Sb).

Although the research groups of Nocera'” and Dau'™
conducted X-ray absorption studies on [nc-CoO,]iro, Nocera’s
group did not report RDF of Co K-edge EXAFS spectra and
Dau’s group did not report in situ X-ray absorption studies at
various applied potentials.

Accordingly, to date, this important phenomenon has not
been known. This phenomenon indicates that nc-CoO,
intrinsically carries coordinatively unsaturated Co™Oj centers,
which pick up O atoms from water to fill up the O vacancy ([])
upon applying the oxidative potential condition, and sub-
sequently return back to Co™Oj states upon decreasing the
oxidative potential (Scheme 1).

Scheme 1. Oxidative Potential Mediated Reversible
Transformation of Co™Q; to Co™ Oy in nc-CoO,

(0]

0 + : o)
i |\\\ - (+) potential IV|~‘\
O—Co——L 3 ~ O—Co—O

o’ | Hz0 o)
o o}

Coordinatively
unsaturated Co(Co"05)

This seems to be origin of the benefit of the non-
stoichiometric nanocrystalline cobalt oxide. Such an interesting
phenomenon (Scheme 1) is unprecedented because such an
interesting phenomenon has not been observed from IrO,'”
and Co(OH),."* More interestingly, the O vacancy in Co™ Oy
is transferred to Ir"'O4 octahedra, upon applying oxidative
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potentials, despite the fact that the oxidation state of Ir is VI.
Thus, while the FT peak intensity of Co—O bonding increases
(Figure Sc) that of Ir—O bonding decreases (Figure 5d) upon
applying oxidative potentials. Upon removing the oxidative
potential, the intensity of the Co—O bonding partially
decreases (Figure Se) while that of Ir—O bonding increases
almost back to the original peak intensity (Figure 5f).

This phenomenon indicates that the Co™ Oy centers of nc-
CoO, nanoparticles interfaced with nc-IrO, nanoparticles
transfer the O vacancies to the Ir"'Og centers upon application
of oxidative potentials (Scheme 2). We propose that Ir’Os

Scheme 2. Oxygen Vacancy Transfer from Co™Oj; to Ir''O;
at the Interface

i 100 potental ] |
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species are the active species which give rise to the outstanding
performance of [nc-IrO,/nc-CoO,]iro in OER. Further details
about the proposed two-electron transfer mechanisms'*~'° are
shown in Supporting Information.

In summary, we report that the doping of nc-CoO, with 5%
nc-IrO, nanoparticles leads to a very stable nc-IrO,-doped nc-
CoO, electrode whose performances in terms of @1 mAcm 2,
n@10 mAcm ™, and Tafel slope exceed those of not only nc-
CoO, but also nc-IrO,. In nc-IrO,-doped nc-CoO,, electrodes
both nc-CoO, and nc-IrO, nanoparticles exist in the edge-
shared two-dimensional layered structure. The nc-IrO, nano-
particles also have corner-shared IrO4 octahedral defects. The
nc-CoO, nanoparticles intrinsically carry coordinatively un-
saturated Co™O; centers, which becomes coordinatively
saturated Co'VOq centers by picking up an O atom from
water when an oxidative potential (>1.17 V vs RHE) is applied.
In cases of nc-IrO,-doped nc-CoQ, electrodes, the oxidation
states of Ir are IV and Co are about III when no oxidative
potential is applied. Upon applying an oxidative potential
(>1.17 V) Ir' becomes Ir'" and Co™ changes to Co".
Simultaneously, the transfer of the O vacancy takes place from
Co™Oq centers to Ir'"Og centers, leading to the formation of
Ir"'O; centers, which is assigned to be highly active catalytic
centers for OER. Thus, nc-IrO,-doped nc-CoO,, electrodes are
much more compelling than nc-IrO,, electrodes in terms of the
material cost and the performance. The calculated relative
roughness factors of nc-CoO,, nc-IrO,, and nc-IrO,-doped nc-
CoO, electrodes were 1.0, 0.7, and 8.3, respectively.
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