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A novel surface sulfur (S) doped cobalt (Co) catalyst for the oxygen
evolution reaction (OER) is theoretically designed through the
optimisation of the electronic structure of highly reactive surface
atoms which is also validated by electrocatalytic OER experiments.

Recently, the electrocatalytic oxygen evolution reaction (OER)
has attracted great attention since it is an important pathway to
generate molecular oxygen for many energy conversion and
storage applications, such as hydrogen generation via water
hydrolysis and rechargeable metal-air batteries." Since cobalt
(Co)-based materials have been widely explored in many electro-
catalytic processes due to their intrinsic electronic properties
and earth-abundance® the Co-based catalysts have been investi-
gated as a promising candidate for OERs.> The good perfor-
mance of Co nanoparticles (NPs) in OERs has been reported by
Wu et al* However, the multistep preparation method is
relatively complex and requires reductive annealing during
the synthesis of Co NPs. In addition, Co catalysts have been
oxidised before the water oxidation takes place. Thus, the real
active composition for the catalytic OER process is unclear.
Furthermore, the stability of this catalyst is relatively low and
the performance drops 13% after 1 hour of electrocatalysis.*
Up to this point, the synthesis of stable Co catalysts through a
facile approach becomes attractive for OERs.

First, we need to understand the performance of Co catalysts
in OERs. Generally, the performance of catalysts is determined
by several key parameters, such as the reactivity of catalysts.
To understand the reactivity of metallic Co catalysts for OERs,
first-principles density functional theory (DFT) calculations are
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conducted to investigate the Gibbs free energy (AG) of four
primitive steps of the OER process: adsorption (AG,), dissocia-
tion (AG, and AG;) and desorption (AG,) by the method
proposed by Norskov et al.,> which are shown in Fig. 1a. The
adsorption of three important intermediates: *O, *OH and
*OOH on the Co(111) surface are investigated with the con-
sideration of spin-polarisation and ferromagnetic structures
(see Fig. 1b). It is found that the energy barrier (AG;) for the
formation of *OOH (3.45 eV) is about 3 times higher than
the optimal value (1.23 eV from experiments, and 1.25 eV from
theoretical results). This large AG; value is ascribed to the
strong binding between *O and the catalyst surface. And the
strong adsorption of *O is originated from the high reactivity of
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Fig. 1 (a) Primitive steps of the OER process on the Co(111) surface. Colour
scheme for chemical representation: grey for Co, red for O and light pink for
H; (b) standard Gibbs free energy diagram of the OER process on the Co(111)
surface; (c) PDOS of Co 4s states on the Co(111) surface before (black
dotted line) and after (red line) S-doping; and (d) standard Gibbs free energy
diagram of the OER process on the S-doped Co(111) surface.
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surface Co atoms. Thus, reducing the reactivity of the surface
atoms is required to optimise the OER performance of Co metal
based catalysts.

Previous studies have demonstrated that the reactivity is in
principle governed by the electronic structures of the catalysts.®
To this end, novel catalysts can be molecularly designed by
engineering their electronic structures. One doable way to manip-
ulate the electronic structures of metal surface atoms is through
the introduction of modifiers onto the top surface.” In the
petrochemical industry, sulfur (S) has been criticised to irreversibly
poison the transition metal catalysts by reducing the reactivity of
surface atoms.® In this regard, S can be introduced here to reduce
the reactivity of metallic Co catalysts. Herein, our DFT calculations
demonstrate that the electronic structures of metallic Co catalysts
can be changed through surface S-doping to improve their catalytic
performance in OERs, which is further validated by our electro-
catalytic OER experiments.

The effects of adsorbed S atoms on the electronic properties
of the Co(111) surface are first studied through the analysis of
the partial density of states (PDOS) of surface Co 4s states based
on the DFT results at the generalised gradient approximation
(GGA) level (see Fig. 1c). Co 4s states are focused since 4s is the
outermost valence orbital of Co atoms, which largely deter-
mines their reactivity. The major spin components of all Co
atoms are kept in the same direction since it is the most stable
magnetic structure based on our calculations; and the coverage
of S (0, which is defined as the ratio between the adsorbed S
and the surface Co atoms) is 0.5. It can be found that the peaks
of Co 4s states around the Fermi energy level becomes lower
and wider after the adsorption of S atoms. Since the sharp
peaks around the Fermi energy mean the atoms are more
reactive,” the change of PDOS of surface Co 4s states suggests
that the reactivity of Co surface atoms can be reduced by
S-doping, which may benefit the optimisation of adsorption-
desorption energies of the intermediates of OERs. In addition,
the adsorption energies of *O are —2.53 and —0.54 eV on the
Co(111) surface without and with S-doping, respectively,
whereas the negative values imply the exothermic nature of
the adsorption process. The significantly increased adsorption
energy further supports the dramatic reduction of the reactivity
of surface Co atoms via S-doping.

Employing the same method proposed by Nerskov et al.,’
the Gibbs free energies of four primary steps of electrocatalytic
OERs on the S-doped surface are calculated. The Gibbs free
energy diagrams at various stages of the OER process are shown
in Fig. 1b and d. After S-doping, the AG; value increases by
about 12 times. The increased AG, value is also ascribed to the
weak adsorption of *OH, which is caused by the reduced
reactivity of surface Co atoms by S-doping. Moreover, the weak
adsorption of *O leads to the formation of *OOH on the surface
becomes much easier. As a result, the AG; value decreases by
39% after S-doping. The theoretical overpotential can be calcu-
lated by the division between the maximum difference of AG,
(n = 1-4) and the optimal value (1.25 eV from the theoretical
calculations) and electron charge. It can be found that the
theoretical overpotential can be changed from 2.20 V to 0.86 V
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after S-doping based on the Gibbs free energy diagram
(Fig. 1b and d).

Inspired by the theoretical prediction, the surface S-doped
Co nanoparticles (S-Co NPs) supported on the carbon nanosheet
(S-Co/CNS) is synthesised through a one-step molten-salt calcina-
tion of the Co(OH),/OA precursor (see the Experimental section
for details, ESIt) at 500 °C in a tubular furnace under Ar protec-
tion. For a meaningful comparison, pure Co NPs on CNS (denoted
as Co/CNS) was also prepared.

The X-ray diffraction (XRD) patterns of Co/CNS and S-Co/CNS
in Fig. 2a display three peaks at 44.2, 51.5 and 75.8°, corres-
ponding to (111), (200) and (220) planes of the face-centered cubic
(fcc) metallic Co crystal structure (JCPDS 15-0806). Apparently,
similar XRD patterns suggest that the bulk crystalline structures
of the both catalysts are metallic Co. Raman spectroscopic
measurements of Co/CNS and S-Co/CNS samples further con-
firm the formation of metallic Co NPs on the CNS with the
characteristic peaks at 189.6, 467.5, 504.4 and 668.6 cm ™ for Co
NPs along with the D and G bands at 1346.3 and 1589.8 cm™ " for
distorted graphitic carbon (Fig. 2b)."°

The SEM images (Fig. 2c) of S-Co/CNS show the surface
microstructures of the prepared sample composed of S-Co
NPs with a CNS thickness of ~50 nm (Fig. 2¢, inset). As shown,
the S-Co NPs having sizes from 30 to 40 nm are uniformly
distributed on the CNS (Fig. 2c) and these S-Co NPs connected
closely with CNS might improve the overall conductivity of the
catalyst when used as an electrocatalyst for OER. The S-Co NPs
can be clearly distinguished in Fig. 2d, which indicates a
negligible aggregation of NPs at this elevated temperature
(500 °C). The high-resolution TEM (HRTEM) technique is also
employed to observe the lattice spacing of 0.21 nm, which
demonstrates that the mostly exposed facet of Co NPs is the
(111) plane (Fig. 2d, bottom left).

Fig. 3a and b display the bright- and dark-field TEM images
of the as synthesised S-Co/CNS sample where S-Co NPs can be
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Fig. 2 (a) XRD pattern and (b) Raman spectra of Co/CNS and S-Co/CNS
samples; (c) SEM and (d) TEM images of the S-Co/CNS sample. Insets of (c)
and (d) (bottom left) show the high magnification SEM and local HRTEM
images, respectively. Yellow and red arrows in (d) indicate the S-Co NPs
and CNS, respectively.
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identified on CNS. Meanwhile, the energy dispersive X-ray
spectroscopy (EDS) mapping is conducted to visualise the
elemental distribution throughout the catalyst. As shown in
Fig. 3c, the NPs are composed of Co and S where the CNS acts as
a supporting conducting substrate. Interestingly, the elemental S
can only be detected on the Co species and no S is observed on
the carbon. It indicates that the S can only interact with Co metal
as evidenced by the XPS study (Fig. 3d and e). On the basis of
the aforementioned characterisations, we can demonstrate that
S has been successfully doped on the Co NP surface in the
S-Co/CNS sample without changing the bulk crystalline structure
of Co NPs. For comparison purpose, EDS mapping is also
conducted for the Co/CNS sample and no S is detected on the
Co NP surface (Fig. S3, ESIT).

To investigate the surface S-doping mechanism, a mass
spectrometer (MS) is employed to monitor the real time emitted
gases (H,O, CO, H,S and CO,) during the calcination of the
Co(OH),/OA precursor. (Fig. S4, ESIf). The initial thermal
decomposition (200-300 °C) of the Co(OH),/OA precursor pro-
duces cobalt oxide (Fig. S5, ESIt), carbon and water vapour as
by-products. Thereafter, the simultaneous carbothermal
reduction (300-500 °C) of both Na,SO, and cobalt oxide might
result in the formation of Na,S and the Co metal. In addition,
the hydrolysis of Na,S can generate H,S gas, which selectively
sulfurises the metallic Co NPs surface to form S-Co/CNS catalyst
(see the chemical reactions, ESIt).

To understand the surface properties of S-Co/CNS catalysts,
X-ray photoelectron spectroscopy (XPS) measurements are con-
ducted. The comparative surface survey spectra of Co/CNS and
S-Co/CNS (Fig. 3d) demonstrate the presence of common ele-
ments such as Co, C and O in both samples, whereas S can only
be detected in the S-Co/CNS sample. The surface elemental
contents of the S-Co/CNS sample are Co 4.06%, S 1.98%, C
47.99% and O 45.98%, which means the surface coverage of S is
~0.50 on the Co(111) surface. Thus, we can use the experimental
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Fig. 3 (a) Bright-field, (b) dark-field TEM and (c) Co, S and C elemental
distribution mapping of the S-Co/CNS sample; (d) survey, (e) high resolu-
tion Co 2p XPS spectra of Co/CNS and S-Co/CNS samples; and (f) S 2p
spectrum of the S-Co/CNS sample.
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data to validate the theoretical results since they are obtained
under similar conditions. As shown in Fig. 3e, the Co 2p;/, and
2p1» doublet peaked at 778.8 and 793.8 eV with the split spin-
orbit of ~15 eV confirms the dominant Co° states in the Co/CNS
sample.’* On the other hand, the Co 2p doublet peaks are found
to be slightly shifted to a higher binding energy and located at
779.9 and 795.6 eV with a split spin-orbit of ~15.7 eV for the
S-Co/CNS sample, indicating the presence of oxidised states of Co
atoms after S-doping, which is consistent with the literature."?
Therefore, the oxidised Co species in the S-Co/CNS sample are
presumed to be covalently bonded with the host S atoms derived
from the H,S gas evolved during the calcination. The Co-S bond
formation is further demonstrated from the observed S 2p;/, peak
located at 162.4 eV (S>~ species) and 163.6 €V (S,>~ species) in the
S-Co/CNS sample (Fig. 3f).” In this regard, the adsorption of S can
significantly change the electronic properties of surface Co atoms,
which is in agreement with the conclusions drawn from the
theoretical PDOS analysis (see Fig. 1c).

The electrocatalytic OER performance of S-Co/CNS and other
control samples including Co/CNS and benchmark RuO, cata-
lysts are evaluated in alkaline solution (1.0 M KOH) using
a standard three electrode system (see the Characterisation
Section, ESI{). As displayed in Fig. 4a, the S-Co/CNS electrode
displays the earliest onset potential of ~1.46 V (vs. RHE) out of
all catalysts studied in this work. Remarkably, the overpotential
required to reach the current density of 10 mA cm™? is 320 mV
for the S-Co/CNS electrode, which is 134 mV and 15 mV lower
than those of Co/CNS and RuO,, respectively. The earliest onset
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Fig. 4 (a) Polarisation curves, (b) Tafel plots and (c) Nyquist plots of
Co/CNS, S-Co/CNS and RuO; electrocatalysts; (d) cyclic voltammograms
of the S-Co/CNs electrocatalyst at scan rates from 20 to 180 mV s~ (e)
plots of current densities at 1.275 V vs. scan rates of Co/CNS, S-Co/CNS
and RuO; electrocatalysts; (f) chronopotentiometric (CP) and chrono-
amperometric (CA) plots of the S-Co/CNS electrocatalyst.
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potential and lowest overpotential suggest that the intrinsic
catalytic ability of S-Co/CNS has been greatly improved after
S-doping, which therefore validates the theoretical prediction.

To evaluate the OER kinetics, Tafel plots are constructed and
shown in Fig. 4b. It can be seen that the S-Co/CNS exhibits
superior OER Kkinetics as evidenced by its small Tafel slope
of 52.3 mV dec™ !, which is much lower than that of Co/CNS
(75.9 mV dec™) and even slightly smaller than that of RuO,
(52.9 mV dec ™). To explain such superior kinetics of S-Co/CNS,
the electrochemical impedance spectroscopy (EIS) is employed
to examine the charge transfer process of the catalysts. As
shown in Fig. 4c, the charge transfer resistance (R.) of S-Co/CNS
(14.1 Q) is much smaller than that of Co/CNS (56.6 Q) and merely
similar to that of RuO, (14.2 Q), consistent with the Tafel measure-
ments. The electrochemical double-layer capacitance (Cq) values
of the electrocatalysts are also measured under the non-Faradic
potential window and are presented in Fig. 4e. The resulting Cq;
value of S-Co/CNS is 27.2 mF cm ™2, whereas the Cg4; values of
Co/CNS and RuO, are calculated to be only 2.1 and 9.9 mF cm 2,
respectively. The highest Cyq; value of the S-Co/CNS electrocatalyst
indicates the larger amount of charged species at the liquid/solid
interface as confirmed by XPS analysis.">'* These accumulated
charges on the catalyst surface might be also beneficial for the
optimisation of the desorption energy for the electrocatalytic
product (O,) and thereby superior OER catalytic performance.
As a result, the overpotential from the experiments is better
than that of the theoretical values since they are obtained based
on the oversimplified atomistic models.

Besides the thermodynamic and kinetic properties, the
electrocatalytic stability is also important for their overall
performance. As displayed in Fig. 4f, the chronopotentiometric
(CP) and chronoamperometric (CA) plots of S-Co/CNS show
impressive durability in the 1.0 M KOH electrolyte. The
potential remains ~1.56 V at 10 mA cm 2 for 12 h in the CP
test, while the current density keeps close to ~10 mA cm 2 at
1.56 V for the entire testing duration in the CA test.

In summary, our DFT results predict that the surface
S-doping can significantly improve the OER performance of
Co catalysts. Accordingly, our experiments confirm that the
S-Co/CNS catalyst possesses excellent electrocatalytic properties
for OER. Our results may illustrate a new paradigm for the
development of advanced electrocatalysts for energy conversion
and storage applications.
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