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Here, we report an efficient surface decorated, e.g. oxidation and nitrogen doped, cobalt sulfide (O-N-
Co9S8) oxygen electrocatalyst, which shows excellent activity especially for oxygen evolution reaction
(OER), and good stability over 900 charge-discharge cycles at 10 mA cm�2 in Zinc-air battery.
Moreover, we found that O-N-Co9S8 was completely converted into Co3O4 after OER, showing oxide is
actual active phase. Density functional theory calculations reveal the continuous exposure of oxidized
surface Co sites during O-N-Co9S8 ? Co3O4 is essential for its high OER activity. These Co sites promote
the kinetics for OH⁄ transformation to O⁄ and also ensure fast O2 desorption. Once Co3O4 is generated,
the high activity is contributed by its resulting characteristic surfaces. Thus, we propose and demonstrate
that oxides in-situ generated during OER are more active than the directly calcined oxides. This work
advances fundamental insight of metal chalcogenides ‘‘catalysts” and guides the design of active OER
catalysts.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

The development of efficient bi-functional electro-catalysts for
both oxygen reduction reaction (ORR) and oxygen evolution reac-
tion (OER) is of critical importance for rechargeable Zinc-air batter-
ies. Precious metals such as Pt, Ir, Ru are the best performing
catalysts for oxygen electro-catalysis in alkaline [1,2]. However,
the scarcity and poor catalytic bi-functionality hinder their appli-
cation in Zinc-air batteries. The most promising non-precious bi-
functional catalysts are derived from carbon-transition metals
(e.g. Co, Ni, Fe, Mo, etc.) hybrid materials [3]. The carbon, as a sup-
port, ensures the good conductivity of the catalysts, and when
doped with N, S or transition metal elements, e.g. Fe, Co, it shows
excellent ORR activity [4]. On the other hand, the transition metals,
especially their oxides, hydroxides, phosphide, sulfide or nitride
can exhibit good OER activities [5-8].

Recently, surface engineering, e.g�NH3 etching, cation or anion
substituting, heteroatom doping, of transition metal chalcogenides
and nitrides can effectively improve their activities, especially
towards OER [9-12]. Many studies have attributed the enhance-
ment of catalytic activities to synergistic effect or vacancy sites
on these engineered transition metal surfaces [13-15]. However,
other studies have reported that, during OER, there exist a progres-
sive oxidation of the metal-based materials [16-20], and the oxi-
dized metal surfaces might be responsible for the catalytic
activity [21,22]. These reports raised a question that, in the absence
of post-OER characterization of the as-prepared catalysts, the
explanations on catalytic activity might be inadequate and some-
time non-convincing [21]. On the other hand, these reports also
imply that considering surface oxidation in the development of
metal chalcogenides catalyst might be also beneficial for OER
activity.

Based on the above, in the present study, we have engineered
an efficient bi-functional catalyst with excellent OER activity that
consists of mildly oxidized, N-doped imperfect Co9S8 crystals sup-
ported on N-doped reduce graphite oxide (O-N-Co9S8@N-RGO).
The origin of its high OER activity (over-potential of 350 mV at cur-
rent density of 10 mA cm�2 under 0.1 M KOH) was investigated by
conducting experimental and theoretical research, including
detailed experimental characterization of the as-prepared catalysts
before and after OER reaction, and Density functional theory (DFT)
calculation of the OER kinetics on catalyst surfaces. Note that most
of the previous DFT studies on OER have been focusing on the ther-
modynamics of the reaction through Gibbs free energy-based anal-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2018.08.020&domain=pdf
https://doi.org/10.1016/j.jcat.2018.08.020
mailto:zhwchen@uwaterloo.ca
https://doi.org/10.1016/j.jcat.2018.08.020
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


44 J. Li et al. / Journal of Catalysis 367 (2018) 43–52
ysis [23-27]. Although successful in predicting catalysts’ OER activ-
ity, a DFT analysis of OER kinetic would be more suitable for the
identification of active catalytic sites: it determines the reaction
pathway and associated energetics on surface sites, which is a
direct determination of catalyst activity. In addition, although the
oxidation O-N-Co9S8 crystal during OER is expected, some ques-
tions still remain. For example, will high OER activity be main-
tained (good stability performance) after catalysts oxidation, and
why? Addressing these questions will provide an in-depth knowl-
edge on the intrinsic OER activity and ‘‘stability” of metal chalco-
genides and will potentially guide the design of efficient OER
catalysts.
2. Experimental section

2.1. Preparation of O-N-Co9S8@N-RGO composite

Reduce graphene oxide (RGO) is obtained by thermal-shock
heat treating graphene oxide (GO) in Ar at 900 �C for 1 min, in
which the GO was synthesized from graphite powder using modi-
fied Hummers method [28,29]. Then, 30 mg of RGO was dispersed
in 150 mL of water by ultrasonication for 1 h. Cobalt nitrate hex-
ahydrate [Co(NO3)2�6H2O, 655 mg] and sodium dodecyl sulfate
[SDS, 865 mg] were added to the RGO dispersion. Ammonia solu-
tion (28–30%, 10 mL) was drop-wisely added to the solution with
a rate of 5 mL min�1 under stirring at room temperature. The above
suspension was then put into oil bath at 90 �C with stirring for 6 h
under ambient atmosphere. After that, the solution was naturally
cooled down to room temperature. The suspended black product
was collected by centrifugation and washed with DDI water and
ethanol, and then freeze-dried. The as-obtained powder product,
referred to as Co-S-O-N-RGO precursor, was thermal-shock treated
under NH3 atmosphere at 700 �C in tube furnace for 5 mins, and
then cooled down to room temperature in Ar. The resulting pro-
duct is O-N-Co9S8@N-RGO composite.

2.2. Characterization

X-ray diffraction (XRD) was carried out on a Rigaku D/Max 2550
X-ray diffractometer with Ni-filtered Cu Ka radiation
(k = 1.5418 Å). The morphology of the as-prepared composite was
investigated using field emission scanning electron microscopy
(FE-SEM) (Zeiss Ultra Plus, United Kingdom), and high-resolution
transmission electron microscopy (HRTEM) instrument (FEIPhilips
CM 300, United States). X-ray photoelectron spectroscopy (XPS)
(Thermo Scientific K-Alpha XPS spectrometer) was used to investi-
gate the chemical composition of the as-prepared composites. Note
that, the post-OER characterizations (e.g. XRD, XPS) were per-
formed using the catalysts sprayed on carbon paper. Thus, their
XRD figures show some patterns of the carbon background.

2.3. Electrochemical activity evaluation

The half-cell electrochemical evaluation of the ORR-OER activity
of the as-prepared composites were conducted via rotating disk
electrode (RDE) voltammetry using a three-electrode system and
potentiostat (CH Instruments 760D). Ink solution was prepared
by mixing the composites and carbon black (Vulcan Carbon XC-
72) in a 2:1 mass ratio in 1-proponaol solution with a total mass
concentration of 4 mg mL�1. The working electrode was prepared
by coating the ink onto a polished glassy carbon disk electrode
with an active material loading of 0.40 mg cm�2. A graphite rod
and saturated calomel electrode (SCE) were used as the counter
and reference electrodes, respectively. All potentials were refer-
enced to a reversible hydrogen electrode (RHE) by adding a value
of (0.245 + 0.059 � pH) V. The electrolyte is 0.1 M KOH. Cyclic
voltammetry (CV) analysis was performed at the scan rate of
50 mV s�1. The ORR and OER activities were measured in the O2

and N2 saturated electrolyte, respectively, through LSV at the scan
rate of 10 mV s�1. The OER and ORR activity of as-developed cata-
lysts and commercial Pt/C or Ir/C catalysts were normalized by the
geometry area of RDE electrode. The potentials in OER and ORR
were corrected for iR losses and background current, respectively.
The latter is the current obtained when N2 is purged into the elec-
trolyte in ORR test.

2.4. Rechargeable Zinc-air battery test

The full-cell Zinc-air battery tests were performed using home-
made plastic prototypes. Polished Zinc-plate was used as the Zinc
electrode. The O-N-Co9S8@N-RGO air electrode was prepared by
spraying catalyst ink onto the front side of a carbon paper gas dif-
fusion layer (GDL; SGL Carbon 39 BC; Ion Power Inc.) with an active
catalyst loading of 0.67 mg cm�2. The catalyst ink is prepared from
2.67 mg O-N-Co9S8@N-RGO composite, 1.33 mg Vulcan XC-72 car-
bon black, 13.33 mg 15 wt% Nafion (LIQUion solution, Ion Power
Inc.) and 5.0 mL 1-propanol. Stainless steel meshes was used as
the current collector for the air cathode, in which it was placed
in contact with the backside of the carbon paper. The current col-
lector for the Zinc anode is copper foil. The electrolyte is a solution
of 6 M KOH and 0.2 M Zn(CH3COO)2.
3. DFT calculations

The periodic DFT calculations were performed using the VASP
package [30,31]. The Perdew-Burke-Ernzerhof (PBE) functional
was used for the exchange and correlation energy terms [32]. A
Dudarev ‘‘+U” term acting on the Co 3d states (referred as GGA
+ U) was applied. The U value was set to 2 eV [33,34]. A plane-
wave cutoff of 400 eV was used. Using the calculated lattice con-
stant (9.73 Å) for cubic Co9S8, (2 � 1) and (1 � 1) supercell were
constructed for Co9S8 (1 1 1) and (3 1 1) surfaces, respectively.
The Co9S8 (1 1 1) slab have six atomic layers and there are seven
atomic layers in the Co9S8 (3 1 1) slab. The lattice parameters of
cubic Co3O4 is calculated to be 8.05 Å. The Co3O4 (1 1 1) and
(4 0 0) surface are represented by a 2 � 1 unit cell, whereas the
Co3O4 (3 1 1) and (4 2 2) surface are modeled by 1 � 1 unit cell.
All the slabs have a vacuum height of 15 Å. The O-N-Co9S8 (1 1 1)
and O-N-Co9S8 (3 1 1) surfaces were developed by tuning (remov-
ing and substituting) the corresponding Co9S8 (1 1 1) and (3 1 1)
slabs, respectively, into the same Co, S, O, N compositions as those
observed from XPS analysis (Table S2). Under the specific compo-
sition, local stable slab configurations were determined by opti-
mizing extensive slabs with different O, N and S distributions.
When the resulting local stable O-N-Co9S8 (1 1 1) and O-N-Co9S8
(3 1 1) slabs were used to study the OER kinetics, the bottom three
atomic layers were fixed, whereas the remaining layers and the
adsorbates were allowed to relax. Same atom constrain setting
was applied to the Co9S8 (1 1 1), (3 1 1) and Co3O4 slabs. The k-
space was sampled using a 2 � 2 � 1 Monkhorst–Pack grid. Struc-
tures are fully relaxed until the forces acting on the atoms are
smaller than 0.03 eV/Å. The reaction transition states are deter-
mined using the climbing image nudged elastic band method (CI-
NEB) [35] and confirmed by vibration analysis with only one neg-
ative frequency.
4. Results and discussion

The O-N-Co9S8@N-RGO composite was developed by ‘‘thermal
shock” heat treatment of the Co, S, N and RGO-containing precur-
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sor (Co-S-O-N-RGO) under NH3 atmosphere at 700 �C for 5 min.
The merits of such synthesis procedure are: (i) the thermal shock
heat treatment can result in a fast and imperfect Co9S8 crystalliza-
tion process; (ii) NH3 as a reduction agent not only prevents the
formation of cobalt oxides during calcination, but also provides
the N doping source for N-RGO and Co9S8 during crystallization.
The formation of N-RGO (Fig. S1) is aiming to improve the ORR
activity of the composite, which makes it a bifunctional catalyst
for Zinc-air battery. For Co9S8 crystallization, the NH3 treatment
would result in S-deficient Co9S8 surfaces with distorted bulk crys-
tal structure; (iii) using RGO rather than GO as precursor compo-
nent ensures a mild oxidation of the Co9S8 crystal surfaces when
NH3 atmosphere was changed to Ar right after the thermal shock
treatment. A highly oxidized catalyst surface might form calcined
cobalt oxides. As discussed later, a mild oxidized and imperfect
Co9S8 crystal rather than calcined cobalt oxides is more beneficial
for OER. These features of the O-N-Co9S8@N-RGO composite are
confirmed by characterization analyses.

Fig. 1a, and 1b show the SEM and HRTEM images of the O-N-
Co9S8@N-RGO composite, respectively. The two lattice fringes with
d-spacing of 0.29 and 0.49 nm in HRTEM indicates that (3 1 1) and
(1 1 1) planes of Co9S8 are the exposed catalyst surfaces. Hereafter,
these two surfaces are referred to as O-N-Co9S8 (3 1 1) and O-N-
Co9S8 (1 1 1). Additional HRTEM images are provided in Fig. S2,
showing the O-N-Co9S8 particle is dominated with (3 1 1) surface.
TEM-ELLS mapping of the O-N-Co9S8@N-RGO composite clearly
indicates the N-insertion in the bulk Co9S8 crystal (Fig. 1c), in
which Co, S and N are uniformly distributed within the particle.
The O element, however, was found on both the RGO sheet and
the outer surface of O-N-Co9S8 particle, suggesting surface oxida-
tion of the Co9S8 crystal. The formation of distorted cubic Co9S8
crystal was confirmed by XRD characterization (Fig. 1d). As com-
pared with the standard pattern of cubic Co9S8, the characteristic
peaks of O-N-Co9S8@N-RGO was slightly shifted to higher angle,
especially for the peak around 52�, suggesting a small shrinkage
of the Co9S8 crystal. This shrinkage might have been caused by
the smaller atomic radius of doped N (65 pm) than S (88 pm). A
profile fitting of the O-N-Co9S8 peaks with standard cubic Co9S8
(lattice parameter: a = 9.927 Å) gives a residual error of 6.69%.
The calculated lattice parameter of O-N-Co9S8 is found to be
a = 9.825 Å, verifying the shrinkage of its cubic structure. In the
Co 2p XPS spectra of O-N-Co9S8@N-RGO composite (before OER),
there is a sharp Co 2p3/2 peak around 778.3 eV (Fig. 1e). This peak
is very close to that of metallic Co (777.9 eV), suggesting the
reduced nature of Co on the Co9S8 surface [36-38]. In the S 2p spec-
trum (Fig. 1f, before OER), the peaks at 161.4 eV and 162.5 eV agree
with the 2p3/2 and 2p1/2 state in Co-S bonding. The minor O-Co
peak (530.1 eV) in O1s spectrum (Fig. 1g, before OER) indicates
that its surface is only slightly oxidized.

The activity of O-N-Co9S8@N-RGO was measured by linear
sweep voltammetry (LSV) with 0.1 M KOH solution. The results
show that it delivers an ORR onset potential of 0.91 V, and a half-
wave potential of 0.81 V (Fig. 1g). Althoug the ORR performance
of the as-prepared composite still cannot provide the same perfor-
mance as that obtained with the Pt/C catalyst, it exhibits a much
lower OER over-potential (�350 mV) than commercial Ir/C (20%Ir
supported on Vulcan XC-72, �392 mV) when a current density of
10 mA cm�2 is generated (Fig. 1i). This indicates that this compos-
ite is one of the best performing OER catalysts in mild alkaline
media (Table S1). In addition to the O-N-Co9S8@N-RGO, O-N-
Co9S8 and N-RGO were synthesized to distinguish the active ORR
and OER component in the composite (Fig. 1h and i). The synthesis
procedures are presented in the Supporting Information. The
results show that: (i) O-N-Co9S8 and N-RGO alone only have
limited ORR activity, highlighting the importance of combining
Co and N-RGO in improving ORR performance; (ii) although the
N-RGO can further enhance the OER activity, the OER activity of
the O-N-Co9S8@N-RGO is mainly contributed by the O-N-Co9S8
phase. Fig. 1i shows that the activity the O-N-Co9S8@N-RGO was
maintained after 2000 cyclic voltammetry cycles (from 0.9 to
1.7 V vs. RHE). Moreover, the current–time curve with the applied
potentials at 1.60 V vs. RHE shows that the O-N-Co9S8@N-RGO
electrode delivers a stable current over 20 h of continuous opera-
tion (Fig. 2a), implying its good ‘‘stability” for OER. When used as
air electrode (catalyst loading of 0.67 mg cm�2) in Zinc-air battery,
O-N-Co9S8@N-RGO demonstrates comparable and even better
charge performance with that of Pt/C + Ir/C particularly at high cur-
rent densities (Fig. 2b). In addition, a long-term cyclability for over
200 h (at 10 mA cm�2) was achieved in ambient air (Fig. 2c), indi-
cating that the O-N-Co9S8@N-RGO composite exhibits excellent
cycling performance for OER.

The morphology and composition of the O-N-Co9S8@N-RGO cat-
alyst after OER half-cell test (at constant potential of 1.60 V vs.RHE)
were examined. The XRD pattern (Fig. 1d) and HRTEM images
(Fig. 1j) showed that, after 9 h of OER reaction, O-N-Co9S8 crystals
were converted to aggregated Co3O4 particles (Fig. S3). This sug-
gests that there is a phase transformation during OER, which might
also be facilitated by the doped and imperfect crystallization nat-
ure of O-N-Co9S8. The interplanar spacings on Co3O4 are 0.16,
0.20 and 0.24 nm, respectively, which corresponds to the d-
spacing (4 2 2), (4 0 0) and (3 1 1) lattice planes of cubic Co3O4. This
is consistent with that shown in FFT pattern (inset Fig. 1j). TEM-
ELLS mapping of the sample after OER reveals that most of S was
replaced by O, whereas N was no longer observed in the mapping
analysis (Fig. 1k). This observation suggests that N (or at least most
of N) was removed after OER, which is also supported by the N1s
XPS analysis (Fig. S1). The Co 2p XPS spectra of the post-OER (after
4 and 9 h reaction) O-N-Co9S8@N-RGO catalyst is identical to that
obtained from com-Co3O4. By integrating the peak area of Co3+

and Co2+, the Co3+/Co2+ ratio was found to be 1.93:1, which
is in very close agreement with the theoretical value of
Co3+/Co2+ = 2:1 in Co3O4; this result further supports the transfor-
mation of O-N-Co9S8 to Co3O4. The very minor Co-S peak after
OER reaction, as shown in S2p XPS spectrum (Fig. 1f), also confirms
the replacement of S by O in O-N-Co9S8 particle. The incsrased
intensity of SO2�

4 peaks imply that most of the residue S exists in

the form of SO2�
4 . The substitution of S by O is also supported by

the increased intensity of O-Co peak in O1s XPS spectrum
(Fig. 1g, after OER).

The above analysises confirmed the complete oxidation of O-N-
Co9S8 into Co3O4 during OER. As shown in previous half-cell and
Zinc-air durability test (Fig. 2a, and c), even after 9 h, the catalyst
still exhibits excellent OER performance, e.g. in half-cell RDE dura-
bility test, the output current droped by 15% after 20 h. That is, the
high OER activity was maintained during, and even after the trans-
formation of O-N-Co9S8 to Co3O4. This raises another question: how
is this achieved? Interestingly, we found that the (1 1 1) lattice
plane of Co3O4, featured with large interplanar spacing (0.46 nm),
was not detected in the present HRTEM imaging analysis. It is
one of the typical surfaces that is commonly observed in calcined
Co3O4 (Fig. S3c). Therefore, based on the above observations, it is
reasonable to assume that: (i) the OER active site is surface Co;
(ii) the status of surface Co sites was maintained during the transi-
tion of O-N-Co9S8 into Co3O4 under OER; (iii) the Co sites in the
resulting Co3O4 (3 1 1), (4 2 2), (4 0 0) surfaces are more active or
stable for OER than its (1 1 1) plane, and therefore should be
responsible for the high OER activity of the post-OER (or in-situ
generated) Co3O4 phase. Note that previous studies have reported
the formation of Co(OH)2 and CoOOH species during OER on CoOx

cataysts in XPS and in-situ surface-enhanced Raman spectroscopy
analysis [39–41]. This is very likely to occur during OER, especially



Fig. 1. (a) SEM; (b) HRTEM images, and (c) TEM-Electron energy-loss spectroscopy (TEM-EELS) mapping images of O-N-Co9S8@N-RGO before OER reaction; (d) XRD patterns;
(e) XPS spectra of the Co 2p; (f) S 2p; (g) O 1s in O-N-Co9S8@N-RGO before and after OER reaction; (h) ORR activities evaluated by RDE LSV at rotating speed of 900 r.p.m; (i)
OER activities at RDE (1600 r.p.m) in 0.1 M KOH electrolyte. LSV is adopted at a scan rate of 10 mV s�1; (j) HRTEM and (k) TEM-EELS mapping images of O-N-Co9S8@N-RGO
after 9 h OER half-cell test at constant potential of 1.60 V vs. RHE.
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on the out-most Co9S8/Co3O4 surfaces that are in close contact with
the OH� reactant. In fact, as it will be shown with our DFT analysis,
the OER reaction actually occurs between the OH-Co-OH and OH-
Co-O intermediate surface configurations (Fig. 3, Fig. S4). Bulk-
Pourbaix thermodynamics have indicated that, as the potential
increases, the stability of Co states increases as Co(OH)2 < Co3-
O4 < CoOOH < CoO2, and Co2+ is predicted unstable at the OER
region (above 1.23 V vs RHE) [42,43]. Interestingly, in the present
study, there is no evidence for the formation of Co(OH)2, CoOOH
and CoO2 species even in the XPS analysis. One possible explana-
tion might be the formation of CoOOH (Co3+) and CoO2 (Co4+) from
Co9S8 is kinetically unflavor at 1.65 V vs RHE, because of the less
oxidative S in the composite. These S could stabilize the low oxida-
tion state Co2+. Meanwhile, the replacement of S and with O would
consume many OH� lowering the local concentration of OH� on
the catalyst surface. As a result, the oxidation kinetics for Co2+ to
Co3+ or Co4+ might be hindered. Moreover, considering the fact
that: (i) the formation of Co(OH)2 and CoOOH bulk crystals have
been rarely reported; (ii) in the present study, Co3O4 crystal was
indeed produced during OER, this indicates that Co3O4 is the real
stable phase formed in OER when Co9S8 is used as the ‘‘catalyst”.

To verify this assumption and have a deeper understanding on
the origins of enhanced activity and ‘‘stability” of cobalt sulfide
‘‘catalyst”, the OER elementary reaction kinetics on O-N-Co9S8



Fig. 2. (a) Long-term OER electrolysis stability of O-N-Co9S8@N-RGO under constant potential; (b) Charge and discharge polarization curves, and (c) Cycling performance of
Zinc-air battery assembled using O-N-Co9S8@N-RGO as air electrode in ambient air; (d) Slab models of the ideal Co9O8 and O-N-Co9S8 (1 1 1) and (3 1 1) surfaces. Only the
outmost atomic layer was shown. Blue: Co; Red: O; Yellow: S. Note that N was not shown here, because it was found more stable in the inner sublayers than on the outmost
surface layer.
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and Co3O4 were investigated by DFT within the GGA + U frame-
work (see DFT calculations section). Noted that, although our
experiments have demonstrated that O-N-Co9S8 is not stable and
will be oxidized into Co3O4, O-N-Co9S8 has been considered in
the DFT calculations to evaluate its OER activity at the initial reac-
tion stage. This can provide a better comparison on the origin of
OER activity before and after O-N-Co9S8 oxidation. The DFT models
for the O-N-Co9S8 catalyst were developed based on the surface
composition evaluated from XPS analysis and its exposed surfaces,
e.g. (1 1 1) and (3 1 1), observed in HRTEM (Fig. 1b). Thus, two slab
models, referred to as O-N-Co9S8 (1 1 1) and O-N-Co9S8 (3 1 1),
were used to represent the O-N-Co9S8 catalyst. Fig. 2d shows the
local stable slab configurations of the two models, which were
chosen among extensive optimized slabs with different O, N and
S distributions under the XPS-evaluated composition. Details on
the estimation of the surface composition can be found in the
Supplementary Information 3. In addition to the O-N-Co9S8
(1 1 1) and O-N-Co9S8 (3 1 1) models, two other models featuring
ideal Co9S8 (1 1 1) and Co9S8 (3 1 1) surfaces were also considered
(Fig. 2d). The in-situ generated Co3O4 catalyst was modeled by
Co3O4 (3 1 1), Co3O4 (4 2 2) and Co3O4 (4 0 0) surfaces, as observed
in the HRTEM image (Fig. 1j). The Co3O4 (1 1 1) surface was also



Fig. 3. (a) Energy barriers for the OER elementary steps on different catalyst surfaces, and b) reaction pathways along the transformation of OH* to O* on O-N-Co9S8 (3 1 1)
surface. Blue: Co; Red: O; Yellow: S; White: H. I.S: initial state; T.S: transition state; F.S: final state.

48 J. Li et al. / Journal of Catalysis 367 (2018) 43–52
considered for the sake of comparison. The comparison of the OER
kinetics between these catalyst surface models will provide a com-
prehensive understanding on the OER activity of Co9S8 and Co3O4

based catalysts.
In this study, the following widely accepted OER reaction mech-

anism was considered [44]:

OH� + * = OH� + e� ðR1Þ

OH� + OH� + * = O� + H2O� + e� ðR2aÞ

O� + OH� + OH� + * = O� + O� + H2O� + e� ðR2bÞ

O� + OH� = OOH� + e� ðR3Þ

OOH� + OH� + * = O2
� + H2O� + e� ðR4aÞ

O� + O� = O2
� + * ðR4bÞ

O2
� = O2ðgÞ + * ðR5Þ
Overall: 4OH� = 2H2O + O2ðgÞ + 4e�

Herein, there are a few points that need to be clarified: (i) R1 is a
potential-dependent reaction, and it can be considered as non-
activated OH� surface adsorption and e� release process. Thus,
activation energy was not required; (ii) the activation barriers for
R2-R4a are potential and coverage dependent. Also, strictly speak-
ing, the cell-size extrapolated explicitly solvated NEB-type barrier
calculations should be performed to consider the solvent effect.
However, this would make the study very complex. For the present
study, our objective is to give an initial evaluation on the OER
activity of O-N-Co9S8 and Co3O4 surfaces, and therefore the energy
barriers for R2-R4a were approximated from the energy barriers of
their analogous chemical (non-electrochemical) reactions by
assuming that the transition state (T.S.) of an analogous chemical
reaction represents the T.S. for the electrochemical reaction
[45–49]. Since the electrode potential changes the energy of
OH�; the applied positive potential will only further lower the
OER energy barrier estimated from the analogous chemical reac-
tions in DFT. Thus, the analogous chemical reaction barriers
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obtained from DFT represents the initial or reference energy barri-
ers, and can be used to evaluate the intrinsic activity of the cata-
lysts towards R2-R4a without applying potential. Therefore, in
order to simplify the calculations, the DFT analysis was performed
on the basis of the realistic models for O-N-Co9S8 and Co3O4 mate-
rials in the absence of applied potential and solvent effect; (iii) R2a
and R2b are similar, but R2b considers the effect of local surface
oxidation (nearby site occupied by O*); (iv) in R3, the formation
of OOH* is assumed to be produced from direct attachment of
OH� from the electrolyte solution with surface O*. DFT calculations
show that its analogous chemical reaction is a very favorable pro-
cess. That is, as long as the OH� is not a surface species (OH*), the
geometry optimization of such system will always result into the
formation of OOH*. Accordingly, R3 is assumed as fast reaction
and no energy barriers need to be overcome; v) R4b and R5 are
chemical (non-electrochemical) reactions, which are independent
of potential. One may argue that O*, as the reactant, its surface cov-
erage is potential-dependent, and therefore both R4b and R5 are
related to potential. Here, the effect of O* coverage (or potential)
on the two reactions will be limited. This is because, based on
the high OER activity of the as-developed catalyst, O* coverage can-
not be not very high. Otherwise, it will totally block the active Co
sites and hinders R1 reaction and the reactions involving H2O for-
mation (R2a, R2b and R4a) as well; (vi) in R5, the adsorption energy
of O2

* can be considered as the energy barrier of the production of
gas phase O2(g). The adsorption energy of O2 is defined as a posi-
tive value. Accordingly, a higher value means O2 adsorption is
Fig. 4. Surface topology of the ideal Co3O4 surfaces and their corresponding oxidized
oxidation O.
strong, which would limit its desorption kinetics. Therefore, the
present study focuses on the energetics for OH* to O* transforma-
tion (R2a and R2b), OOH* to O2

* transformation (R4a), O2
* formation

from O* and its desorption to O2(g).
The activation barriers for the elementary steps R2-R5 are pre-

sented in Fig. 3a. The observations found on the cobalt sulfide cat-
alysts (O-N-Co9S8 and ideal Co9S8) are as follows: (i) reaction R2b
always proceed with lower energy barriers (0.52–0.93 eV) than
R2a (0.57–2.31 eV), suggesting local surface oxidation promotes
the transformation of OH* to O*. Such effect is profound on ideal
Co9S8 (1 1 1) surface, which can be attributed to the destabilization
effect of the local oxidation on OH* adsorption: the local oxidation
(O*) will push away its adjacent OH* from the stable Co bridge site
(Fig. S4), and therefore destabilize it, making it more reactive with
its neighboring OH*.This also explains the low energy barrier
(0.57 eV) of R2a observed O-N-Co9S8 (3 1 1), which occurs next to
a pre-existing oxidation (O) site (Fig. 3b). Interestingly, after the
creation of a new oxidation site (reaction R2b in Fig. 3b), surface
reconstruction on the O-N-Co9S8 (3 1 1) was observed: the oxi-
dized Co atom was pushed outwards, breaking the existing Co-S
lattice and exposing it to the incoming OH�. It forms a configura-
tion that one OH* occupies the outward exposed Co atom, the other
OH* sits beside it on the Co bridge site. The OH* transformation to
O* was promoted by such reconstructed Co sites associated with a
low energy barrier (0.52 eV). The enhancement of OH* to O* trans-
formation by neighboring O sites was also reported by Rossmeisl
and coworkers [24], and their explanation for this phenomenon
surfaces. Only the outmost atomic layer was shown. Blue: Co; Red: O; Magenta:
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is that the bridging O could adsorb the H in *OH, and therefore
favors the direct dissociation of OH* into O*; (ii) OOH* can only have
a stable form on catalyst surfaces that have high oxidation state in-
plane Co site, in which the Co is coordinated with O or S atoms (at
least two) in the same plane of the outmost surface layer. The O-N-
Co9S8 and ideal Co9S8 surfaces have the in-plane Co sites, expect
ideal Co9S8 (1 1 1), see Fig. 2d. On ideal Co9S8 (1 1 1) surface, the
Co are located on top of the outmost S atoms. Such out-plane Co
sites act as strong ‘‘hosts” for O* and OH* adsorption, making
OOH* automatically dissociates into O* and OH* during structure
optimization and further hinders O2

* production. However, on O-
N-Co9S8 (1 1 1) surface, stable OOH* was observed, and OOH* trans-
formation to O2

* is very fast (energy barrier of 0.57 eV).
Therefore, the transformation of OOH* to O2

* (R4a) is more likely
to occur on stabilized in-plane Co sites, and the formation of such
in-plane Co sites can be realized by the oxidation reaction during
the phase transition of surface-engineered O-N-Co9S8 to Co3O4

under OER; (iii) The high activation energies associated with reac-
tion R4b (�2.08 eV) suggest that O2

* production from two neighbor-
ing O* is very unlikely to occur on both O-N-Co9S8 and Co9S8
models. That is, O2

* is produced from OOH*; (iv) Fig. 3a presents
the lowest and highest O2

* adsorption energy obtained at different
sites on each surface model. The adsorption energy of O2

* on the
ideal Co9S8 surfaces were found to be very high (1.52–2.08 eV).
However, on the O-N-Co9S8 (1 1 1) and (3 1 1) surfaces, desorption
O2
* is significantly enhanced, i.e. the barriers drop to 0.15–1.27 eV
Fig. 5. (a) XRD and (b) OER activities of Co-CoO (obtained from H2 treatment of com-Co
Long-term electrolysis stability of Co-CoO composite under constant potential in RDE te
constant potential of 1.65 V (vs. RHE).
suggesting that oxidized surfaces may promote the OER kinetics
by quickly releasing surface O2

* to the gas phase O2(g).
On the in-situ generated ideal Co3O4 catalyst models, similar

results were obtained: (i) when compared to that in R2a, the trans-
formation of OH* to O* is promoted by the local oxidation site (R2b)
on all the ideal Co3O4 surfaces, and its activity follows: (4 2 2) >
(3 1 1) > (4 0 0) > (1 1 1) with energy barriers of 0.19, 0.29, 0.31,
and 1.20 eV, respectively (Fig. 3a); (ii) the Co3O4 (3 1 1) surface is
mainly composed of a high oxidation state in-plane Co sites
(Fig. 4a). The Co on (4 2 2) and (4 0 0) surfaces also located on in-
plane sites, but some of them are in low oxidation state (Fig. 4b
and c). Same as the ideal Co9S8 (1 1 1) surface, the Co3O4 (1 1 1) sur-
face contains only out-plane Co sites (Fig. 4d). Therefore, OOH* was
found to be stable on ideal (3 1 1) surface, and its transformation to
O2
* is fast with a low energy barrier of 0.64 eV; (iii) O2

* production
from two neighboring O* is kinetically unfavorable, especially on
the out-plane Co sites on ideal Co3O4 (1 1 1); (iv) among the ideal
Co3O4 models, O2

* desorption is most favorable on the ideal (3 1 1)
surface, because of its high oxidation state Co sites.

By far, the ideal Co3O4 (3 1 1) surface is the only plane that is
favorable for OER reaction. However, in realistic conditions, the
low oxidation state and out-plane Co sites on the ideal Co3O4 sur-
faces might be oxidized (occupied by O*) during OER reaction.
Therefore, the oxidized Co3O4 surfaces, referred to as O-Co3O4

(3 1 1), O-Co3O4 (4 2 2), O-Co3O4 (4 0 0) and O-Co3O4 (1 1 1) were
considered. Since most of the Co sites on ideal (3 1 1) surface are
3O4) at RDE (1600 r.p.m) in 0.1 M KOH electrolyte at LSV scan rate of 10 mV s�1; (c)
st; (d) Co 2p XPS spectra of the Co-CoO composite before and after 9 h OER test at



J. Li et al. / Journal of Catalysis 367 (2018) 43–52 51
in high oxidation state, the occupation of O* on top of a few local
low oxidation state Co sites should not affect its activity, as illus-
trated in Fig. 4a. However, on the O-Co3O4 (4 2 2) and O-Co3O4

(4 0 0), the oxidation occurs within the in-plane Co lattice: O*

was incorporated into the outmost surface layer (Fig. 4b and c),
and therefore oxidizing the low oxidation state in-plane Co into
high oxidation state. As discussed above, such in-plane Co sites
are favorable for OOH* transformation to O2

* (R4a), and O2
* desorp-

tion (R5) as well. This was verified by the energetic analysis for R4a
and R5 on O-Co3O4 (4 2 2) and O-Co3O4 (4 0 0) surfaces (Fig. 3a).
Note that, although stable OOH* was observed, once it is placed
next to OH*, they will be transformed into O2

* and H2O* during
geometry optimization. Therefore, no transition state for R4a was
found on O-Co3O4 (4 2 2) and O-Co3O4 (4 0 0) surfaces. The low
energy barriers labeled for these two surfaces in Fig. 3a were used
to illustrate that the transformation of OOH* to O2

* is automatic
from the DFT analysis. For the ideal Co3O4 (1 1 1) surface, once it
was oxidized into O-Co3O4 (1 1 1), it forms an oxidation layer with
O* sites on the out-most atomic surface (Fig. 4d). It blocks the Co
sites, and prevents its interaction with the incoming OH� reactant.

In addition to the kinetic calculations, a thermodynamic analy-
sis of the Co8S9/Co3O4 surfaces toward the OH* ? O* reaction (R2a
and R2b) was performed (Table S1). This reaction is selected
because it is the most possible potential limiting step as revealed
by its relative high energy barrier among the elementary reactions
(Fig. 3a). The reaction free energy and overpotential of the OH* ?
O* reaction show that the thermodynamic evaluation on the activ-
ity of Co8S9/Co3O4 surfaces toward the reaction is consistent with
that predicted by the kinetic analysis, including: (i) the existence
of neighboring O* lowers the overpotential for OH* ? O* reaction,
especially for the (3 1 1) surfaces in Co9S8; (ii) the activity of ideal
Co3O4 surfaces predicted by thermodynamic analysis is also con-
sistent with that predicted by kinetic analysis: (4 2 2) > (3 1 1) >
(4 0 0) > (1 1 1); (iii) the oxidized Co3O4 surfaces is more favorable
for OH* ? O* transformation than ideal surfaces. Details on the cal-
culation method can be found in the Supporting Information.

Based on the above, our results indicate that, regardless of Co
oxidation state, Co3O4 (1 1 1) surface is not favorable for OER,
and the high OER activity of the in-situ generated Co3O4 was con-
tributed by its oxidized, characteristic high-index surface planes,
e.g. (3 1 1), (4 2 2) and (4 0 0). This is consistent with the experi-
mental study by Wei et al. [50], in which they reported that the
exposed Co3O4 (1 1 2) high-index facet shows much lower overpo-
tential for OER than (1 1 1) surface. This might explain the higher
OER activity of this in-situ generated Co3O4 than many reported
calcined Co3O4 catalysts (Table S1). The latter usually contains
exposed Co3O4 (1 1 1) plane (Fig. S3c). This means that, although
Co3O4 has been confirmed as the real stable OER catalytic phase,
the direct synthesis of Co3O4 by calcination might not be a suitable
approach for preparing efficient OER catalyst. The Co3O4 obtained
from phase transition under OER might be more active than cal-
cined Co3O4 crystals. To further support this argument, we reduced
the com-Co3O4 in H2 (10%)/Ar atmosphere at 700 �C for 5mins. The
XRD and XPS Co2p spectrum show the resulting product is a com-
posite of Co-CoO crystals, and the surface Co is in the state of CoO
(Fig. 5). As expected, in RDE test, it exhibits a �50 mV lower over-
potential (at 10 mA cm�2) for OER than com-Co3O4 (Fig. 5b). As
shown in Fig. 5c, the Co-CoO composite delivers a stable OER per-
formance under continuous operation at an applied potential of
1.65 V vs. RHE. Post-OER characterizations show that, after 9 h
OER test at 1.65 V vs. RHE, the Co-CoO crystals remained intact
(Fig. 5a). However, the state of surface Co was transformed from
CoO into Co3O4 (Fig. 5d). Similar results were also obtained for
our calcined hollow Co3O4 catalyst: when reduced by H2, the
resulting hollow CoO-Co3O4 composite shows a �35 mV lower
OER overpotential than the original hollow Co3O4 particle (Fig. S5).
5. Conclusions

A O-N-Co9S8@N-RGO composite was designed as an efficient
and stable bifunctional catalyst for Zinc-air batteries. It was devel-
oped on the basis of imperfect crystallization and surface engineer-
ing, e.g. oxidation and nitrogen doping, of Co9S8 crystals to achieve
a high catalytic activity in particularly for OER. When used as the
air electrode catalyst, the Zinc–air battery exhibits significantly
reduced discharge and charge overpotentials and outstanding long
cycling stability over 200 cycles at 10 mA cm�2. Moreover, post-
characterizations reveal that O-N-Co9S8 was completely converted
into Co3O4 after OER, confirming Co3O4 is the real stable catalytic
phase. As there are increasingly many reports claiming transition
metal sulfides as highly efficient OER catalysts, this observation
further clarifies what the OER catalyst really is. Moreover, our
DFT analysis reveals that the exposed oxidized surface Co sites
could significantly lower the reaction barriers of key reaction steps
in OER, suggesting that such Co sites are the active sites on O-N-
Co9S8 and Co3O4. Therefore, we concluded that the continuous
exposure of these oxidized Co sites during O-N-Co9S8 transition
into Co3O4 is essential for the cycling performance of such catalyst.
This is made possible by (i) the surface reconstruction during O-N-
Co9S8 transition into Co3O4; and (ii) the unique Co sites topology on
the exposed planes of in-situ generated Co3O4. With such knowl-
edge, our study suggests, and experimentally shows that, in-situ
generated metal oxides, e.g. Co3O4, from phase transition of metal
chalcogenides, or reduced metal oxides during OER, should be
more active than the calcined oxides crystals. This work advances
the fundamental insights on the activity and ‘‘stability” of metal
chalcogenides-based OER ‘‘catalysts”, providing guidance for the
design of active OER catalysts.
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