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The  surface  electronic  structure  of  transition-metal  oxide  catalysts  plays  a decisive  role  in  binding  the
intermediates  of  the  oxygen  evolution  reaction  (OER)  to  the  oxide  surface,  in turn  influencing  the  catalytic
activity  of these  materials.  However,  the  approaches  to  modulating  the  electronic  structure  of  surface
metal  ions  are rare and far behind  the demands.  Here,  we  report  a surface  single  atom  decoration  for
adjusting  the surface  electronic  structure  of Co3O4, leading  to enhanced  electrocatalytic  activity  for  OER,
in  which  the isolated  Ru  single  atoms  were  uniformly  deposited  on  the  surface  of  Co3O4 by  an atomic
ingle-atom catalyst
xygen evolution reaction
o3O4

lectronic structure
atalytic activity

layer  deposition  technology.  As  the  OER  catalyst,  the  as-made  catalysts  have  exhibited  a  significantly
enhanced  catalytic  activity  (with  increasing  to 95.5 times)  and  a dramatically  decreased  overpotential.
The  density  functional  theory  calculations  reveal  that the  single-atom  Ru acts  as  a  promotor  to  adjust  the
3d electronic  structure  of  adjacent  Co  atoms  and  to tune  the  binding  energy  between  intermediates  and
activity  sites,  finally  leading  to enhanced  catalytic  activity.

©  2020  Elsevier  Ltd.  All  rights  reserved.
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Morphology of the as-made catalyst was characterized by scan-
ntroduction

Electrochemical water splitting is one of the most promising
pproaches to storing and utilizing renewable energy resources in
he form of clean chemicals [1,2]. In spite of its significance, there
s still a key challenge in the design of efficient yet cheap catalysts
o accelerate the sluggish oxygen evolution reaction (OER), which
s induced by a complex four proton-coupled electron transfers
rocess [3–5]. Noble metal oxides of RuO2 and IrO2 demonstrated
he excellent catalytic activity. However, their wider applications
re restricted by the high price and poor stability [6,7]. Thus,
t is indispensable to develop the cheap, earth-abundant, highly
ctive, and durable catalysts for replacing the noble metal-based
atalysts.

First-row transition metal-based catalysts, for instance, Co3O4,
epresenting a new type of effective catalysts as possible alter-
atives to noble metal-based catalysts, recently have sparked
orldwide research interests owing to the advantages in terms of

ow cost, abundant reserves, and good durability [8–11]. However,
hey underperform relative to the state-of-the-art OER catalysts.
o enhance the electrocatalytic activity of this kind of catalysts can
rovide exciting opportunities for the development of OER. Except
or the efforts to design unique nanostructures for increasing the
mount of exposed active sites [12–16], modifying the electronic
tructure of catalysts is another strategy to systematically improve
he intrinsic OER activity [17–20]. This is because 3d orbital elec-
ronic configuration plays a decisive role in the influence of binding
nergy of OER intermediates (*OH, *O, and *OOH) on the oxide
urface, thereby OER activity [5,21–23].

Bockris and Otagawa reported that OER activities of transition
etal-based catalysts are related to the 3d orbital electron number

f the surface transition metal ions [24]. Yang et al. demonstrated
hat the activities of transition metal oxide catalysts depend on
he occupancy of the 3d electron with an eg symmetry of surface
ransition metal ions. The near-optimal OER catalysts feature the
g occupancy close to unity [25]. In light of these theories, Sargent
t al. proposed the use of tungsten to modulate the 3d electronic
tructure of metal oxides that can significantly enhance the electro-
atalytic activity [26]. Nevertheless, the approaches that can finely
egulate the electronic structure of surface metal ions are rare and
ighly demanded.

Single-atom catalysts have become the most active frontier in
arious chemical reactions and exhibit distinctive performances
ue to their nearly 100 % atom utilization efficiency, unique local
oordination environment, and electronic configuration [27–29]. In
ost reactions, single-atom catalysts act as active centers, and the

ocal coordination atoms play the role in tuning the electronic struc-
ure of single-atom catalysts [30–33]. In other words, single-atom
ites also influence the electronic structure and catalytic behav-
ors of adjacent atoms. Bao et al. reported a strategy of single-atom
t doping to trigger the catalytic activity of inert two-dimensional
oS2 surface [34]. Coincidentally, Xing et al. reported an atomic

alladium interfacial doping to chemically activating the hydrogen
volution activity of inert MoS2 [35]. Besides, Zhang et al. proposed

n electrocatalyst of single-atom Au supported on NiFe LDH for
ER. In this hybrid catalyst, Au is not an active site, but it can
ffectively modify the adsorption energies of OER intermediates on
active sites, thus leading to a high OER activity [36]. Thus far, little
has been done on surface single atom engineering to adjust the elec-
tronic structure of transition metal oxide catalysts for enhancing
the OER catalytic activity, in which the electronic origin of catalytic
activity enhancement needs to be clarified.

Herein, we developed a single-atom doping approach to modu-
lating the surface electronic configuration of transition metal-based
catalysts and enhancing the OER activity. In this study, an advanced
atomic layer deposition (ALD) technology was  employed to uni-
formly deposit isolated Ru single atoms on the surface of Co3O4
(Co3O4-Ru1). Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC HAADF-STEM) and
extended X-ray absorption fine structure (EXAFS) measurements
confirmed the formation of isolated Ru single atoms. The density
functional theory (DFT) calculations indicated that single-atom Ru
plays a unique role in adjusting the electronic structure of adjacent
Co atoms rather than as the active sites. The regulated 3d electronic
configuration of adjacent Co atoms has altered the binding energy
between intermediates and activity sites, leading to enhanced cat-
alytic activity. Because of this, the overpotential of Co3O4 at 10 mA
cm−2 decreases by 118 mV,  and the catalyst activity increases to
over 95.5 times due to the presence of Ru single atoms.

Experimental section

Materials preparation

Typically, 1.52 g of CoCl·6H2O and 1.92 g urea were dissolved
into 80 mL  of water. Then, a piece of Ni foam (4 × 5.5 cm,  washed
with 1 M HCl and water) and the prepared solution were trans-
ferred into a Teflon-lined stainless-steel autoclave of 100 mL  and
kept at 95 ◦C for 8 h. After washing and drying, the precursor was
annealing at 500 ◦C for 3 h with a ramp rate of 5 ◦C min−1, yielding
the composite.

Single-atom Ru was  deposited on Co3O4 by ALD (Savan-
nah100, Cambridge Nanotechnology Inc., USA) using
bis(ethylcyclopentadienyl)ruthenium(II) and O2 as precursors.
High-purity N2 (99.9995 %) was  used as both purge gas and carrier
gas. The free-standing material of Co3O4 grew on Ni foam was put in
the ALD reactor chamber. The deposition temperature was  270 ◦C,
and the container for bis(ethylcyclopentadienyl)ruthenium(II)
was kept at 110 ◦C to provide a steady-state flux of Ru
precursor to the reactor. Gas lines were held at 150 ◦C to
avoid precursor condensation. For each ALD cycle, 1 s of the
bis(ethylcyclopentadienyl)ruthenium(II) pulse and 5 s of the O2
pulse were separated by a 20 s N2 purge. The samples of Co3O4-
Ru1 and Co3O4-5Ru were prepared by conducting 2 and 5 ALD
cycles, respectively. TiO2-2Ru and TiO2-5Ru were also prepared by
conducting 2 and 5 ALD cycles, respectively.

Materials characterization
ning electron microscopy (SEM, Hitachi S-4800), TEM (FEI TF30),
and AC HAADF-STEM (JEOL JEM-ARM200 F). The X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) measurements
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ere taken on a D/Max-III-type X-ray spectrometer with Cu K�
adiation (� = 1.5406 Å) and Thermo ESCALAB 250, respectively.
he X-ray absorption spectra (XAS) tests were performed in the
anadian Light Source.

lectrochemical measurements

The catalysts are free-standing electrodes without using any
inder. The Co3O4-Com RuO2 catalyst was prepared by dropping
he RuO2 dispersed solution with Nafion (Sigma Aldrich, 5 wt%)
nto the Co3O4 electrode. The electrochemical measurements were
erformed in a standard three-electrode system on a CHI 760D elec-
rochemical workstation using 1 M KOH as an electrolyte. Pt wire
nd Ag/AgCl were used as counter and reference electrodes, respec-
ively. Before the electrochemical measurement, the electrolyte
as degassed by bubbling oxygen for at least 30 min  to ensure

he saturation of the electrolyte. Linear sweep voltammetry (LSV)
as recorded at a scan rate of 5 mV  s−1 for the polarization curves.

o achieve the best curve shape as well as avoid curve distortion by
vercompensation, all polarization curves were corrected with an
ptimal iR-compensation level of 95 %. The electrochemical active
urface area was evaluated by testing cyclic voltammograms in a
otential range of 1.287–1.337 V vs. RHE, with scan rates of 1, 2,
, 8, and 10 mV  s−1. Electrical impedance spectroscopy (EIS) mea-
urements were carried out in the same configuration at 1.55 V
nd 1.60 V vs. RHE from 105 to 1 Hz and with an amplitude of

 mV.  Chronopotentiometric measurements were recorded under
he same experimental system without iR-compensation via apply-
ng a current density of 10 mA  cm-2 on working electrode for 100
. All the electrochemical measurements were carried out at room
emperature.

The turnover frequency (TOF) value is calculated from the equa-
ion:

OF = j ∗ S/(4F ∗ n)

ere, j (A cm−2) is the measured current density at a given over-
otential, S is the surface area of electrode (cm−2), the number 4
eans 4 electrons per mole of O2, F is Faraday’s constant (96485.3

 mol-1), and n is the mole number of the active metal sites for the
atalysts that are deposited on the electrode.

omputational parameters and models

All the calculations were performed by periodic DFT with the
ienna Ab-initio Simulation Package [37,38]. Projector augmented
ave method was used to describe the interaction between the

tomic cores and electrons. The valence orbitals of Co (3d, 4 s), Ru
4d, 5 s), O (2 s, 2p) and H (1 s) were described by plane-wave basis
ets with cutoff energies of 400 eV [39]. The exchange-correlation
nergies were calculated by generalized gradient approximation
ith the Perdew-Burke-Ernzerhof (PBE) functional [40]. Spin polar-

zation was considered using unrestricted Kohn-Sham formalism.
o correct the strong electron-correlation properties of these
xides, coulomb repulsion correction term of U within the Hubbard
cheme (PBE + U) was applied in the 3d electrons of Co [41,42]. The
ffective Ueff value was set to 3.5 eV, which is used to investigate
lectrocatalytic oxygen evolution activity on cobalt oxides in pre-
ious computational work [43]. Co3O4 (001) surface was  modeled
s periodic slabs with eight Co layers in a (1 × 1) supercell, and
he vacuum gap was ∼15 Å. The k-point sampling consists of 3 ×
 × 1 Monkhorst − Pack points. The bottom four layers were fixed
nd the other atoms were fully optimized until the residual force
n each ion was less than 0.02 eV/Å. After the optimization, the
agnetic moments of Co2+ ions at tetrahedral sites are ∼2.6 �B,
o Today 34 (2020) 100955 3

and the Co3+ ions at octahedral sites are nonmagnetic except the
surface Co3+ ions (∼2.0 �B).

Free energy profile in OER

To calculate the free energy reaction profile of OER, we first
obtain the enthalpy energy of each elementary step (�H at 0 K,
0 bar), which approximatively equals to the DFT total energy (�E)
after ZPE correction (�EZPE). For adsorbed species, �H  at 0 K, 0 bar
is a good approximation to the Gibbs free energy (�G), since the
entropy (S) contributions are small. However, for gaseous or liquid
molecules, such as oxygen, hydrogen, and water, we cannot ignore
the large entropy term at elevated temperatures. Therefore, the G
of H2O and H2 can be estimated by the equation:

G = E + EZPE+H(0 → 298K)–T×S

where EZPE, H (0→298 K) and S are the ZPE correction, enthalpy
difference between 0 K and 298 K, and entropy, respectively.

The G of O2 (derived as G[O2]) can be calculated with the equa-
tion according to the OER equilibrium at the standard conditions:

G[O2] = 4.92eV + 2G[H2O]-2G[H2]

Next, we must consider the proton when calculating the Gibbs
free energy change (�G) of an elementary step. It is well-known
that when pH = 0 in the electrolyte and 1 bar of H2 in the gas phase
at 298 K, the reaction free energy of 1/2H2 → H+ + e− equals to zero
at an electrode potential of U = 0. Therefore, at standard conditions
(U = 0, pH = 0, p = 1 bar, T = 298 K), �G  of the reaction *AH → A + H+ +
e− equals to �G of the reaction *AH → A + 1/2H2. Finally, the effect
of a bias on all states involving an electron in the electrode should
be corrected, by shifting the energy of this state by �GU = - eU,
where U is the electrode potential relative to the standard hydrogen
electrode. The potential determining step (pds) is the highest free
energy step in the OER process, which is also the last step to become
downhill in free energy when the potential increases. With this
approach, the theoretical overpotential (�) at standard condition is
defined as:

� = (Gpds/e)−1.23V

Results and discussion

The schematic process for the synthesis of single-atom Ru
on Co3O4 by ALD is shown in Fig. 1a. The Ru precursor of
(Bis(ethylcyclopentadienyl)ruthenium(II)) as the first chemical
species reacted with the Co3O4 substrate. The O2 gas as the second
species was used to take away the organic functional groups from
the Ru precursor. The chemical bonding between the Ru precur-
sor and Co3O4 enables a strong interaction between the deposited
material and support and allows the homogeneous dispersion of
Ru atoms [44].

The morphology of as-prepared catalyst was investigated by
SEM and TEM. As shown in Fig. S1 and S2, the as-prepared catalyst
features a typical nanowire-shaped structure, and there are no Ru
nanoparticles on the surface. AC HAADF-STEM measurement was
carried out to observe the catalyst at atomic resolution. As shown
in Fig. 1b, some bright spots are uniformly distributed on Co3O4
substrate. The magnified STEM image shows that the Ru element is
dispersed on Co3O4 surface as isolated single atoms, beyond which

no Ru nanoclusters and nanoparticles (Fig. 1c). As shown in Fig.
S3, the energy-dispersive X-ray spectroscopy (EDX) spectrum of
Co3O4-Ru1 shows the characteristic peaks of Co, Ru, and O ele-
ments, confirming the presence of Ru element, but the Ru peak
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ig. 1. Schematic ALD process and morphology characterizations of Co3O4-Ru1. (
atalytic process of Co3O4-Ru1 for OER. (b-c) AC HAADF-STEM images of Co3O4-Ru1

eatures a weak intensity, suggesting a low loading. The XRD pat-
ern of Co3O4-Ru1 does not present any characteristic peaks of Ru
r RuO2 (Fig. S4). The content of Ru is determined to be approxi-
ately 1.61 wt% according to inductively coupled plasma optical

mission spectrometry analysis (Table S1). The composite with 5
ycles ALD (named as Co3O4-5Ru) was also prepared. As shown
n Fig. S5, there are some Ru clusters and many isolated Ru single
toms on the Co3O4-5Ru sample. The content of Ru increases to
.98 wt%.

In order to further confirm the presence of single-atom Ru
nd study their chemical states and local coordination environ-
ent, XAS measurements were conducted. Fig. 2a shows the X-ray

bsorption near-edge structure (XANES) spectra of Ru K-edge of
o3O4-Ru1, Ru foil, and RuO2. It can be noted that the Ru K-edge
bsorption edge of Co3O4-Ru1 is located in-between that of Ru foil
nd RuO2, indicating that the valence of Ru in this catalyst is situ-
ted in between Ru0 and Ru4+. This also suggests that single-atom
u features a strong interaction with the Co3O4 substrate and has
n influence on the local electron environment [36]. Fourier trans-
ormed (FT) k3-weighted EXAFS spectra of Co3O4-Ru1, Ru foil, and
uO2 are shown in Fig. 2b. The catalyst of Co3O4-Ru1 presents two
rominent peaks at 1.6 Å and 2.6 Å, which are assigned to the
u-O and Ru-Co bonds, respectively [45]. As shown in Fig. 2c, d,
nd S6 and Table S2, the fitting data with Ru-Co bond show better
atching than the fitting data with Ru-Ru bond, further confirming

he formation of single-atom Ru and the Ru-Co bond. These results
emonstrate the atomic dispersed Ru and the bonding form of iso-

ated single-atom Ru. The catalyst of Co3O4-5Ru was  also studied

y XAS measurements. As shown in Fig. S7, the Co3O4-5Ru shows
imilar chemical valence and coordination environment to Co3O4-
u1 due to the fact that single-atom Ru is the main existing form of
u element in Co3O4-5Ru. As shown in Fig. S8, there is no obvious
ematic illustration for the synthesis of single-atom Ru on Co3O4 by ALD and the

difference in Co XPS spectra of Co3O4 and Co3O4-Ru1. This is due
to that the decoration of Ru single atoms is just on the surface of
Co3O4, and the ratio of Co to Ru is as high as 78.2. Thus, most of Co
atoms keep their original chemical states.

The electrocatalytic activity of Co3O4-Ru1 for OER in 1 M KOH
solution was  evaluated by LSV at a scan rate of 5 mV  s−1 with iR cor-
rection. For comparison, the reference catalysts of pure Co3O4, as
well as Co3O4 with commercial RuO2 (0.29 mg  cm-2) (Co3O4-Com
RuO2), were also tested under the same conditions. The oxidation
peaks in Fig. 3a correspond to the formation of Ni (III) or Ni (IV)
species, which are catalytically active for OER. As shown in Fig. 3a,
the catalyst of Co3O4-Ru1 shows the lowest onset potential of 1.42
V, which is ca.  70 and 105 mV  ahead of the Co3O4-Com RuO2 and
Co3O4, respectively, indicative of its remarkable catalytic activity.
Subsequently, it exhibits the highest current density at the same
overpotential than the pure Co3O4 and Co3O4-Com RuO2. Notably,
it just needs an overpotential of 249 mV to drive the current density
of 10 mA cm-2 on Co3O4-Ru1, which is much lower than the 367 mV
and 345 mV  of Co3O4 and Co3O4-Com RuO2, respectively (Fig. 3b).
In other words, a large potential of 118 mV  is decreased after
depositing Ru single atoms, indicating that the catalytic activity
is significantly enhanced and superior to the commercial catalyst.
Even at a current density of 50 mA  cm-2, the overpotential of Co3O4-
Ru1 is also just 321 mV  (Fig. 3b). In order to further analyze the
dramatic change of catalytic activity, the curve of deducting the
contribution of pure Co3O4 was  also obtained. The overpotential at
10 mA cm-2 is also just 264 mV,  further highlighting the excellent
catalytic activity of active sites. The high catalytic activity of Co3O4-

Ru1 can also be evidenced by the lower charge transfer resistance
compared with the pure Co3O4 (Fig. S9). As shown in Fig. S10, the
Tafel slopes of Co3O4, Co3O4-Com RuO2, and Co3O4-Ru1 are 82, 86,
and 104 mV/decade, respectively. The Tafel slopes of Co3O4-Com
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Fig. 2. XAS characterizations of the Co3O4-Ru1. (a) Normalized XANES spectra and (b) EXAFS spectra of Ru foil, RuO2, and Co3O4-Ru1. EXAFS (c) k space and (b) R space
spectra of Co3O4-Ru1 and the fitting data.

Fig. 3. Electrocatalytic performance. (a) The OER polarization curves of various catalysts at a scan rate of 5 mV s−1 with iR correction. (b) Overpotentials of various catalysts
at  different current densities obtained from OER polarization curves. (c) The electrochemical active surface area of various catalysts. (d) TOFs with respect to all Co atoms
and  surface Co atoms of Co3O4 and TOFs with respect to all Co atoms and activated Co atoms of Co3O4-Ru1. (e) The ratio of TOFs with respect to different Co atoms to the
TOF  of Co3O4, all Co sites of Co3O4 to all Co sites of Co3O4 (black), all Co sites of Co3O4-Ru1 to all Co sites of Co3O4 (blue), activated Co atoms of Co3O4-Ru1 to surface Co sites
of  Co3O4 (red). (f) Long-term stability of Co3O4-Ru1 at 10 mA cm−2.
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Fig. 4. DFT results of OER on various catalysts. (a) Free energy profiles of the intermediate states in OER on Co3O4 (001), Co3O4 (001)-Ru1, and Co3O4 (001)-Ru1-O surfaces
at  zero potential (U = 0 V). (b) Proposed reaction pathways of OER on Co3O4 (001)-Ru1-O surface.

Fig. 5. The calculated spin density of (a, b) Co3O4 and (c, d) Co3O4-Ru1-O surfaces. (a, c) are the top view and (b, d) are the side view. The balls in (a, c) represent the surface
we  cut to form 2D spin density figure in (b, d).
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uO2 and Co3O4-Ru1 are influenced by the oxidation peak of Ni
oam substrate. After deducting the contribution of pure Co3O4,
he Tafel slope of Co3O4-Ru1 is 66 mV/decade which is lower than
hat of the Co3O4.

For further studying the enhanced catalytic activity, the elec-
rochemically active surface areas of catalysts were investigated
y using the electrochemical double-layer capacitance (Fig. S11).
s shown in Fig. 3c, the Co3O4-Ru1 exhibits significantly increased
lectrochemically active surface area of 154.4 mF  cm−2 which is
uch higher than that of the pure Co3O4 (65.1 mF  cm−2), further

ndicating the increase of active sites after depositing single-atom
u. For deep comparing the catalytic activity of the pure Co3O4
nd Co3O4-Ru1, the TOFs at different overpotentials were calcu-
ated (Fig. 3d). It can be noted that the TOF of Co3O4-Ru1 is much
igher than that of pure Co3O4. On the basis of the total Co atoms,
he TOFs of pure Co3O4 and Co3O4-Ru1 at 350 mV  are 0.00088 s-1

nd 0.013 s-1, respectively, meaning that 13 times of activity was
nhanced. Based on the surface Co atoms, the TOF of Co3O4 is also
ust 0.0063 s-1. According to the deducted curve (Fig. 3a) and the
ctivated Co sites (number of Ru atoms), the TOF of Co3O4-Ru1 at
50 mV  is 0.92 s-1, which is 1043 times more than the pure Co3O4
Fig. 3e). Compared with the surface Co atoms (the ratio of Co to
u detected by XPS, Table S1), the catalytic activity of activated Co
ites in Co3O4-Ru1 is also 95.5 times as high as pure Co3O4.

More importantly, the as-prepared Co3O4-Ru1 also exhibited
ong-term operation stability for over 100 h without obvious degra-
ation. After the cycling test, there is no obvious Ru particle on the
urface of Co3O4 (Fig. S12), and the ratio of surface Co to Ru is still
2.1 close to the 10.9 before testing (Table S1). These results reveal
hat Ru single atoms rarely aggregate and are barely dissolved
nder the electrochemical test, thus leading to excellent cycling
tability. This is due to the strong interaction between single-atom
u and the substrate of Co3O4. Comparing the electrochemical per-

ormance of this work with the works previously reported in the
iterature (Table S3), it is noted that the performance of Co3O4-
u1 is among the best performances of the Co3O4-based catalysts.
or further comparison, the OER polarization curve of Co3O4-5Ru
as also tested under the same conditions. As shown in Fig. S14,

he catalyst of Co3O4-5Ru also shows improved catalytic activity in
omparison to Co3O4, evidenced by the low overpotentials of 245
V  and 308 mV  at 10 mA  cm−2 and 50 mA  cm−2, respectively. This

s also attributed to the deposition of a large amount of single-atom
u.

In order to identify the effects of single-atom Ru on modulating
he electronic structure of Co3O4 and the consequent OER reactiv-
ty, DFT calculations were performed. The (001) surface of Co3O4,
eaturing the best performance for OER, was chosen to study the
nteraction with single-atom Ru and catalytic activity. In an alka-
ine environment, the overall OER process could be described by
he following four-step mechanism [46]:

tep1 : OH−+∗ → OH ∗ +e−

tep2 : OH−+OH∗ → O ∗ +H2O + e−

tep3 : OH−+O∗ → OOH ∗ +e−

tep4 : OH−+OOH∗ → O2+H2O + e−

The free-energy profile of the OER process on Co3O4 (001)-Ru1
s illustrated in the red line in Fig. 4a, and the optimized structures
re shown in Fig. S15. The first step is the formation of *OH with

he uphill free-energy profile of 0.54 eV. The formed *OH species
bsorbs on single-atom Ru surface rather than the surface of Co
toms, and *OH will further lose one proton with the endothermic
G  of 0.65 eV. The third step with the formation of *OOH is the
o Today 34 (2020) 100955 7

potential determining step (pds) in the OER process, where the �G
is calculated to be as large as 2.71 eV. Hence, the theoretical overpo-
tential (�) at standard conditions is 1.48 V, indicating the low OER
activity of Co3O4 (001)-Ru1 due to the strong binding energy of the
catalyst with *O. We  then consider the O covered surface (denoted
as Co3O4 (001)-Ru1-O). When Ru sites are covered by *O species,
the *OH, *O, and *OOH species formed in the OER process all locate
at the neighboring Co site, as shown in Fig. 4b. The free-energy pro-
file of the OER process is illustrated in Fig. 4a and Fig. S16, and the
calculation data are listed in Table S4. The weaker binding energy
of *O on Co site reduce the free energy barrier of the third step (the
formation of *OOH), and the first step determines the � in the whole
OER process, which is calculated to be 0.62 V. For comparison, the
free-energy profile of the OER process on Co3O4 (001) surface is also
investigated as shown in Fig. 4a and Fig. S17. The calculation data
are listed in Table S5. It is found the pds is the second step, where
the *OH loses one proton to form *O with the endothermic energy
of 1.94 eV (� = 0.71 V). Hence, we  can conclude that although Ru
single atoms are not the active sites for the oxygen evolution, the
presence of Ru single atoms indeed enhances the OER activity of
Co3O4 with reducing overpotential of ∼0.1 V, which is consistent
with the experimental results.

For further understanding the enhanced catalytic activity of the
Co site adjacent to Ru atom, the spin densities of Co3O4 and Co3O4-
Ru1-O surfaces were calculated. As shown in Fig. 5, after introducing
the Ru single atom with an O atom cover, the electronic configura-
tion of surface Co atom is changed and reduced from Co3+ to Co2+.
The weaker binding energy of *O on Co site than on Ru site reduces
the free energy barrier of the third step, changing the potential
determining step and further decreasing the theoretical overpoten-
tial. In this case, Ru single atoms are not the real active sites, and
the role is to adjust the electronic structure of adjacent Co atom
and boost the catalytic activity.

Conclusion

In summary, we successfully developed a single-atom doping
approach to activating the catalytic activity of inert Co3O4. The iso-
lated Ru single atoms were uniformly deposited on the surface of
Co3O4 by an advanced ALD method and confirmed by AC HAADF-
STEM and XAS. As the catalyst for OER, the catalytic activity of Co3O4
was triggered and enhanced for as much as 95.5 times. In turn, a
significantly lowered overpotential was  achieved. The significantly
enhanced catalytic activity is attributed to the effect of single-atom
Ru on adjusting the electronic structure of adjacent Co atom, which
results in an appropriate binding energy with oxygen-related inter-
mediates. This study opens up a new avenue for the revelation of
the new function of single atoms in modulating the surface elec-
tronic configuration and the design of catalyst with high catalytic
activity.
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