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ABSTRACT
oxygen evolution reaction (OER) under neutral conditions is

Developing efficient electrocatalysts for the

important for microbial electrolysis cells (MECs). However,
the OER Kkinetics in neutral electrolytes at present are ex-
tremely sluggish, resulting in high overpotentials that greatly
limit the energy conversion efficiencies of MECs. Previous
studies failed to probe the adsorbates on surface metal sites of
catalysts at the atomic scale and elucidate their influence on
the catalytic activities, which has impeded the rational design
of efficient neutral OER catalysts with optimal surface struc-
tures. Here, using in situ transmission electron microscopy
(TEM), in situ X-ray photoelectron spectroscopy (XPS) and in
situ low-energy ion scattering studies, we have identified, for
the first time, that the electrochemically activated adsorbates
on surface metal sites play a critical role in boosting the
neutral OER activities of Ru-Ir binary oxide (Ru,Ir,0,) cata-
lysts. The adsorbate-activated Ru,Ir,0, on a glassy carbon
electrode achieved a low overpotential of 324 mV at
10 mA cm” in neutral electrolyte, with a 36-fold improvement
in turnover frequency compared with that of IrO, benchmark.
Upon application in an MEC system, the resulting full cell
showed a decreased voltage of 1.8 V, 200 mV lower than the
best value reported to date, facilitating efficient synthesis of
poly(3-hydroxybutyrate) from bioelectrochemical CO, reduc-
tion. Density functional theory (DFT) studies revealed that the
enhanced OER activity of Ru,Ir,0, catalyst arose from local
structural distortion of adjacent adsorbate-covered Ru octa-

hedra at the catalyst surface and the consequently decreased
adsorption energies of OER intermediates on Ir active center.

Keywords: electrocatalysis, oxygen evolution reaction, ad-

sorbates, neutral electrolytes

INTRODUCTION

The oxygen evolution reaction (OER) is of prime im-
portance for various renewable energy systems and
technologies including water electrolyzers, electro-
chemical CO, reduction electrolyzers and microbial
electrolysis cells (MECs) [1]. MEC is known as the only
technology that can be used for the direct bioelec-
trochemical reduction of CO, to high-value-added C,,
chemicals [2]. The microbes in an MEC require a neutral
working pH, and necessitate a neutral OER at the counter
electrode. Unfortunately, the OER kinetics in neutral
electrolytes are more sluggish than those in acidic or al-
kaline electrolytes, leading to much higher overpotentials
[3-8], which greatly limit the electrical-to-chemical en-
ergy conversion efficiencies of MECs.

To date, iridium (Ir) oxide is one of the most appro-
priate OER catalysts, combining its activity and stability,
but its potential in neutral media has not yet been fully
unfolded [9-12]. It has been theoretically and experi-
mentally found that the adsorption energies of OER in-
termediates on Ir oxide are too high, and thus, the OER
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activity can be enhanced by generating IrO,(OH), species
at the catalyst surface that have decreased adsorption
energies of OER intermediates [13,14]. Such IrO,(OH),
species are generated and activated by the adsorbed hy-
droxyl groups during the OER process [15,16]. However,
the extremely low concentration of adsorbed hydroxyl
groups on the catalyst surface in neutral electrolyte hin-
ders the generation of active IrO,(OH), species [17-20],
thereby resulting in the low neutral OER activity of Ir
oxide catalyst.

Alternatively, recent studies have shown that by in-
corporating a second metal element as a dopant, the
strong interactions between the dual-metal sites can affect
the surface structures and further decrease the adsorption
energies of OER intermediates on Ir active sites [21-24].
According to bond-order conservation principles, in a
dual-metal-site system, stronger adsorption energies of
intermediates on adjacent metal sites can enable weaker
adsorption energies of the intermediates on center metal
sites [25], offering opportunities to tailor the adsorption
energies and thereby the OER activity. Ruthenium (Ru)
oxide possesses high binding energies of oxygen inter-
mediates [26], which inspires us to use Ru to optimize the
adsorption energies of the OER intermediates on the Ru-
Ir dual-site surface.

Here, we developed a physical model to explore the
OER energetics of Ru-Ir binary oxides, aiming to unravel
the influence of adsorbed oxygen species on Ru and Ir
sites. We synthesized Ru-Ir binary oxide in an atomically
homogenous manner, and the obtained catalyst on a
glassy carbon electrode achieved a low overpotential of
324 mV at 10 mA cm  in neutral electrolyte, with a 36-
fold improvement in turnover frequency (TOF) com-
pared with that of IrO, benchmark. When the catalyst
was used in an MEC system, the resulting full-cell voltage
was greatly decreased to 1.8 V, which is 200 mV lower
than the best value reported to date [2,27,28], facilitating
efficient synthesis of poly(3-hydroxybutyrate) (a biode-
gradable plastic) from bioelectrochemical CO, reduction.
In situ low-energy ion scattering (LEIS) combined with in
situ X-ray photoelectron spectroscopy (XPS) and in situ
transmission electron microscopy (TEM) studies have
identified, for the first time, that the electrochemically
activated OER adsorbates on the surfaces of Ru sites play
a critical role in boosting the neutral OER activities of Ru-
Ir binary oxide catalysts. Further theoretical studies in-
dicate that the improved OER activity of Ru-Ir binary
oxide arises from the structural distortion of adjacent
adsorbate-covered Ru octahedra at the catalyst surface
and the consequently decreased adsorption energies of
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OER intermediates on the Ir active center.
EXPERIMENTAL SECTION

Preparation of Ru-Ir binary oxide catalyst

First, metal salt precursors (0.3 mmol RuCl;-xH,O and
0.1 mmol NasIrCl,-xH,0O) were dissolved in 4 mL N,N-
dimethylformamide (DMF). Then, 0.5 mL propylene
oxide was slowly added dropwise under stirring. The
mixed solution was then sealed and aged for 1d, and
black precipitates appeared. Afterwards, the solution and
precipitates were transferred into a vial and immersed in
acetone for 3 d before they were collected by centrifuga-
tion and washing with acetone for 5 times to remove
DMEF and propylene oxide. The precipitates were dried in
vacuum and then grinded carefully. Finally, the as-
obtained black powder was placed into a tube furnace and
annealed at 400°C in air for 2 h to obtain the Ru-Ir binary
oxide catalyst.

Electrochemical measurements

Electrochemical measurements were performed in a
three-electrode system connected to an electrochemical
workstation, using Ag/AgCl as the reference electrode
and platinum foil as the counter electrode. Cyclic vol-
tammetry (CV) measurements at a scan rate of 50 mV s
were performed to achieve stable CV scans in CO,-
saturated 0.5 mol L' KHCO, aqueous electrolyte before
conducting linear sweep voltammetry (LSV) at a scan rate
of 1mV s ' for the catalysts. All the potentials were re-
ferenced to the reversible hydrogen electrode (RHE). The
electrochemically active surface areas of catalysts were
calculated based on their electrical double-layer capaci-
tances, the values of which were obtained from CV scans
in a narrow non-Faradaic potential window. Specific ac-
tivities of the catalysts were calculated by normalizing the
currents to the electrochemically active surface areas of
catalysts. For full details, see the Supplementary in-
formation.

RESULTS AND DISCUSSION

We first assessed the influence of adsorbed oxygen species
on the OER energetics on Ru-Ir binary oxide (Ru,lr,0,)
surface using density functional theory (DFT). Here we
proposed a Ru,Ir,O, (110) model that is a uniform solid
solution in an effective catalysis range (top two atomic
layers), and we altered the Ru/Ir atomic ratios in various
Ru,Ir,0, models (x=0, 0.25, 0.5, 0.75 and 1, y=1-x; see
Fig. Sla). The Ruyslry;0, (110) model was used as an
example to illustrate different active sites (Fig. 1a-g). The
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Figure 1 DFT studies of adsorbate-covered Ru,lr,O, catalysts for OER. (a-g) The active sites on the Ru,r,O, (110) model with x=y=0.5 as an
example: (a) Ru active site (violet “A”) and Ir active site (violet “<”) on a clean RuysIry50, (110) surface; (b, d, f) Ru active site with adjacent Ir-H,O
(Ru(Ir-H,0), blue “A”), Ir-OH (Ru(Ir-OH), purple “A”) and Ir=0 (Ru(Ir=0), olive “A”) species, respectively; (c, e, g) Ir active site with adjacent Ru-
H,O (Ir(Ru-H,0), blue “<”), Ru-OH (Ir(Ru-OH), purple “<”) and Ru-OH (Ir(Ru=0), olive “<>”) species, respectively. (h) The OER activity volcano
map of overpotentials (1) for Ru,Ir,0, (110) as a function of AGo-AGoy; and AGoy. (i) Summary of overpotentials for the Ir and Ru active sites in (h),
where “A” and “O” with different colors correspond to the different kinds of active sites in Ru,Ir, 0, (110).

adsorption Gibbs energies (AGx) of OER intermediates
(OH*, 0" and OOH*) on Ru,Ir,0, (110) were then cal-
culated, which dominate the overall OER activity [29].
After scaling the AGooy and AGpy values (Fig. S1b), we
related the calculated OER overpotentials of Ru,lIr,O,
(110) to the Ru/Ir ratio in a volcano map (Fig. 1h), and
important cases are summarized in Fig. 1i (see detailed
data in Table S1 and computational methods in the
Supplementary information). As clearly seen, the OER
overpotentials of both the Ru and Ir active sites in
Ru,lr,O, are lower than those in RuO, and IrO,, re-
spectively, indicating the enhanced OER activity of
Ru,Ir,O,. The OER overpotentials of the Ir active sites in
Ru,Ir,O, (110) model are in the range of 0.50-0.55 V. In
comparison, the Ru active sites display much higher
overpotentials in the range of 0.55-0.60 V.

We further investigated the influence of adsorbed
oxygen species (H,0, HO" and O") on the OER over-
potentials since these species are important factors in
OER energetics [29]. The Ir (Ru) active sites with adjacent
Ru-H,0, Ru-OH and Ru=0 (Ir-H,O, Ir-OH and Ir=0,
respectively) species in the Ru,Ir,0, (110) model were
studied. As shown in Fig. 1i, the Ru=O (or similar Ru-
OH) species can decrease the adsorption energies of OER

December 2020 | Vol.63 No.12

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

intermediates on adjacent Ir active sites and thus enhance
the OER activities of adjacent Ir active sites, compared
with the Ir active sites in clean Ru,Ir,0, (110), causing
OER overpotential to decrease to a value as low as
~0.45V (Fig. S2 and Table S1). Such a low OER over-
potential is close to the summit in the volcano map
(Fig. 1h). In contrast, the OER activities of Ru active sites
are not improved due to the existence of adjacent Ir-OH
or Ir=0 species. The surface phase diagrams (Fig. S3)
show that the formation of Ru=O species is thermo-
dynamically preferred and prevails over other inter-
mediates (HZO*, HO and O*) adsorbed on either Ru or Ir
sites, indicating the existence of Ru=0 species adjacent to
the Ir active centers under actual neutral OER conditions
(pH 7).

Inspired by the DFT results, we synthesized Ru,lIr,O,
catalysts in an atomically homogenous manner using a
sol-gel method [30]. The characteristic peaks in the X-ray
diffraction (XRD) pattern of the synthesized Ru,lIr,O,
(Fig. S4) can be indexed to RuO, (JCPDS card No. 43-
1027) and IrO, (JCPDS card No.15-0870) in the rutile
phase. The TEM results (Fig. 2a) show that the Ru,Ir,O,
sample features a morphology of nanoparticles with dia-
meter of 3-7 nm. The high-resolution TEM image in
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Fig. 2b reveals a high orientation along the [020] pro-
jection, and the corresponding fast Fourier transform
shows a rutile structure (P42/mnm) with high crystal-
linity, in good agreement with the XRD results. The
energy-dispersive spectroscopy (EDS) images and spec-
trum reveal the atomically homogeneous distribution of
Ru and Ir elements within the Ru,Ir,O, sample (Fig. 2c
and Fig. S5).

The electrochemical measurements of Ru,Ir,O, catalyst
were conducted to evaluate its OER activity. As shown in
Fig. 2d and Fig. S6, the Ru,Ir,0, catalyst on glassy carbon
electrodes (GCEs) exhibits a low overpotential of 324+
1mV at 10mA cm ° (currents are normalized to the
projected geometric areas), which is 135 and 431 mV
lower than those of benchmark RuO, and IrO, catalysts,
respectively. The Ru,Ir,O, catalyst with a Ru/Ir feed ratio
of 4:1 exhibited optimal OER activity among all Ru,Ir,O,
catalysts with different Ru/Ir feed ratios (Fig. S7). To
compare the intrinsic catalytic activities of these catalysts,
we analyzed their specific activities with the currents
normalized to the electrochemically active surface areas of
catalysts (Fig. S8). We confirmed that the Ru,Ir,0, cata-
lyst possessed much higher intrinsic activity than the

control catalysts (Table S2). We further evaluated the
intrinsic activities of Ru,r,0, and control catalysts by
determining their TOFs based on the total metal sites and
total active sites on GCEs. As shown in Fig. 2e, the
Ru,Ir,O, catalyst exhibited the highest TOF of 0.33 s
which is 7- and 36-fold higher than those of benchmark
RuO, and IrO, catalysts, respectively.

To enhance the OER performance of the catalytic
electrodes, we improved the electrical conductivities of
the substrates by depositing the catalysts on gold-plated
nickel foams. The activity trends of catalysts obtained on
gold-plated nickel foams remained the same as those
observed on GCEs, and the OER performances of cata-
lysts were appreciably enhanced (Fig. S9). The Ru,Ir,O,
catalyst on the gold-plated nickel foam electrode achieved
10mAcm > at a low overpotential of 260+2 mV
(Table S3, currents are normalized to the projected geo-
metric areas). We evaluated the operating stability of the
Ru,Ir,O, catalyst using galvanostatic experiment per-
formed at a constant current density of 10 mA cm ~, and
no appreciable increases in potential were observed for
500 h of continuous operation (Fig. S10). The Ru,Ir,0,
catalyst in this work exhibited high catalytic activity and
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Figure 2 Characterizations and OER performance of Ru,Ir,0, catalysts. (a, b) TEM images of Ru,Ir,O, catalyst. The inset of (b) is the corresponding
fast Fourier transform image. (c) EDS elemental mapping images of Ru,Ir,O, catalyst. (d) The LSV curves of Ru,Ir,0, and control catalysts on GCEs
at a scan rate of 1 mV s ' in CO,-saturated 0.5 mol L ' KHCO, aqueous electrolyte. (¢) Comparison of the TOFs of Ru,Ir, 0, and control catalysts on
GCEs at 1.63 V (vs. RHE). (f) The LSV curves of Ru,Ir,0, catalyst on gold-plated nickel foam electrodes before (“as is”) and after heating at 150°C in
vacuum (“as is + 150”). The inset of (f) presents the summarized overpotentials of Ru,Ir,0, electrodes from three independent tests.
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stability in neutral electrolytes. We then applied the
Ru,Ir, 0, catalyst in an MEC for the synthesis of poly(3-
hydroxybutyrate) from bioelectrochemical CO, reduc-
tion, and the voltage of the full cell decreased to 1.8V,
which is 200 mV less than the best value reported to date
(Fig. S11 and Table S4).

To investigate the influence of adsorbed oxygen species
on the OER activity, we controlled the content of ad-
sorbed water molecules and hydroxyl groups on the cat-
alyst surface by heating the catalyst at 150°C in vacuum,
where these adsorbed species can be removed from the
catalyst surface. We first conducted LSV measurements
for the Ru,Ir,O, catalysts loaded onto gold-plated nickel
foam electrodes without any heating treatment (denoted
as the “as is” electrodes). Then these electrodes were
heated at 150°C in vacuum for 2 h and further immersed
in the electrolyte for 2 h for sufficient wetting (denoted as
the “as is + 150" electrodes) before the LSV measure-
ments. As shown in Fig. 2f and Fig. S12, substantially
increased overpotentials were observed for the “as is +
150” electrodes (the error bars in the inset of Fig. 2f re-
present standard deviations from three individual ex-
periments). To eliminate the effect of the substrate, we
further carried out similar experiments for Ru,Ir,0, cat-
alysts deposited onto carbon paper electrodes (Fig. S13)
and observed a similar increase in the OER overpotentials

asis + 150

for the heated electrodes. To exclude the effect of surface
hydrophilicity, we measured the contact angles of these
electrodes, and almost no variation in contact angles was
observed (Fig. S14). These results, taken together, indicate
that the adsorbed oxygen species significantly affect the
OER activities.

To investigate whether the heating process affects the
chemical structures of Ru,Ir,O, catalyst, we first carried
out in situ TEM observations on the catalyst before and
after heating at 150°C in vacuum. The in situ TEM results
(Fig. 3a, b) show no changes in the morphology and
d-spacing of the (110) plane for Ru,Ir,O, catalyst during
the in situ heating process. Then, in situ XPS (with and
without heating at 150°C) was further conducted to probe
the local electronic structure at the surface of Ru,Ir,O,
catalyst. The high-resolution Ir4f and Ru3p spectra
(Fig. 3¢, d) show no shifts or variations in their char-
acteristic peaks, suggesting the unchanged electronic
structures of metal sites at the catalyst surface during in
situ heating at 150°C in vacuum. The high-resolution
O 1s XPS spectra of Ru,Ir,O, catalyst (Fig. 3e) reveal that
the contents of adsorbed water molecules and hydroxyl
groups appreciably decrease after in situ heating at 150°C
in vacuum.

To investigate the detailed surface structures of the
Ru,Ir O, catalyst at the atomic scale, we further con-
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Figure 3 Characterizations of catalysts under initial conditions (“as is”) and after in situ heating at 150°C in vacuum (“as is + 150”). (a, b) TEM
images of Ru,Ir,0, catalyst. (c, d) High-resolution Ru 3p and Ir 4f XPS spectra of Ru,Ir,O,, respectively. (e) High-resolution O 1s XPS spectra and the

peak fitting results of Ru,Ir,0,.

December 2020 | Vol.63 No.12

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

2513



ARTICLES

SCIENCE CHINA Materials

ducted LEIS measurements with and without heating at
150 °C in vacuum. As illustrated in Fig. 4a, LEIS can
probe the elemental compositions at the topmost atomic
layers of Ru,Ir,O, catalyst with ultrahigh surface sensi-
tivity [31,32]. The adsorbed oxygen species on the surface
Ru or Ir sites of Ru,lIr,O, catalyst can be quantified by the
variations in the Ru and Ir signal intensities. As shown in
Fig. 4b, ¢ and Fig. S15, the Ir/Ru atomic ratio at the
topmost atomic layers of Ru,Ir,O, catalyst decreased from
3.01 to 1.30 after in situ heating at 150°C in vacuum,
while the bulk Ir/Ru atomic ratio barely changed
(Fig. S16). Since the compositions and electronic struc-
tures of the Ru,Ir,O, catalyst were not changed during in
situ heating at 150°C, the decreased Ir/Ru atomic ratio on
the topmost layer of the heated Ru,Ir,O, catalyst can be
ascribed to the higher amount of oxygen species released
from the surface Ru sites than from the surface Ir sites. In
conjunction with the DFT studies and electrochemical
results, we have confirmed that the higher OER activity of
Ru,Ir,O, before heating compared with Ru,lr,O, after
heating can be attributed to the rich adsorbate-covered
Ru sites adjacent to the Ir active centers on the Ru,lIr,O,
surface.

DFT studies were further employed to investigate the

Atomic surfaces QORu* @I+ () o

H © Ne*

After heating (“as is + 150”)

origin and mechanism of the enhanced OER activity of
Ru,Ir,O, catalyst with adsorbate-covered Ru sites ad-
jacent to the Ir active centers. As shown in Fig. 4d, the
results of the projected densities of states (PDOS) reveal
the increased charge of Ru-d »_ > after Ru octahedral sites
are covered by adsorbed O species. Concomitantly, the
in-plane Ru-O;. bonds are elongated due to the co-
operative Jahn-Teller distortion associated with the Ru
octahedra after it is covered by adsorbed O’ species. The
elongation of the in-plane Ru-O;. bond contracts the
adjacent Ir-O,;. bond while shortening the in-plane
Ir-O;. bond. On the basis of the bond order conservation
principles, the stronger Ir-O;. bond can weaken the ad-
sorption of OER intermediates on the Ir active site
(Fig. S17), especially the adsorption strength of OOH’
intermediates, leading to a decreased overpotential to-
ward OER on Ru,lIr,0,.

To further investigate the variations in the Ru-O,. and
Ir-O;, bonds after the coverage of Ru octahedral sites by
O’ species, projected crystal orbital Hamilton population
(pCOHP) calculations were carried out to quantify the
interactions between surface Ru/Ir and Os, (Fig. 4e). With
adsorbed O species covering Ru sites, the filling of the
bonding orbital population of Ru-O;. (Ir-O;,) bond de-
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Figure 4 Probing the surface adsorbates and the related study of local structural distortion. (a) Schematic of LEIS on probing the elemental
compositions at the topmost surface of Ru,Ir,0, catalyst. (b, c) LEIS spectra and the obtained Ir/Ru atomic ratios of Ru,Ir,O, catalyst (“as is”) and

after in situ heating at 150°C in vacuum (“as is + 150”), respectively. (d) The PDOS of Ru-d 2_ 2 for Ru covered with or without 0", and the elongation

of Ru-0O;. bond after o' covering to shorten the adjacent Ir-O;. bond due to Jahn-Teller distortion. (e) The pCOHP between Ru-O;, and Ir-O;,
bonds, with negative (bonding) contributions on the right and positive (antibonding) contributions on the left.
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creases (increases), which corresponds to the decreased
(increased, respectively) strength of Ru-O;. (Ir-O;)
bond, verifying the bond order conservation principles in
the Ru,Ir,O, system. Thus, the enhanced OER activity of
Ru,Ir,O, can be ascribed to local structural distortion of
adjacent O’-covered Ru octahedra at the catalyst surface
and the consequently decreased adsorption energies of
OER intermediates on the Ir active site.

CONCLUSIONS

In summary, by combining in situ XPS, TEM and LEIS
studies, we have identified that the electrochemically ac-
tivated adsorbates on the surface of Ru sites adjacent to
the Ir active centers critically account for the superior
neutral OER activity of Ru,Ir,O, catalyst. The obtained
Ru,Ir, 0, catalyst on the glassy carbon electrode achieves a
low overpotenUal of 324 mV at 10 mA cm °, with 7-fold
and 36-fold improvements in TOF compared with the
benchmark RuO, and IrO, catalysts, respectively. Further
DFT studies indicate that the enhanced OER activity of
Ru,Ir,0, arises from Jahn-Teller distortion of adjacent
O’-covered Ru octahedra at the catalyst surface and the
consequently decreased adsorption energies of OER in-
termediates on the Ir active center. In a broader context,
this work suggests a general principle for the rational
design of heterogeneous catalysts with optimal active
surfaces in various catalytic reactions.
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