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ABSTRACT: Molecular Co2+ ions were grafted onto doped
graphene in a coordination environment, resulting in the
formation of molecularly well-defined, highly active electro-
catalytic sites at a heterogeneous interface for the oxygen
evolution reaction (OER). The S dopants of graphene are
suggested to be one of the binding sites and to be responsible
for improving the intrinsic activity of the Co sites. The
turnover frequency of such Co sites is greater than that of
many Co-based nanostructures and IrO2 catalysts. Through a
series of carefully designed experiments, the pathway for the
evolution of the Co cation-based molecular catalyst for the
OER was further demonstrated on such a single Co-ion site for
the first time. The Co2+ ions were successively oxidized to
Co3+ and Co4+ states prior to the OER. The sequential oxidation was coupled with the transfer of different numbers of protons/
hydroxides and generated an active Co4+O fragment. A side-on hydroperoxo ligand of the Co4+ site is proposed as a key
intermediate for the formation of dioxygen.

■ INTRODUCTION

The electrochemical splitting of water into oxygen and
hydrogen is a promising approach for sustainable energy
conversion, which can potentially reduce our dependence on
fossil fuels and alleviate atmospheric pollution.1−3 The sluggish
oxygen evolution reaction (OER) occurring at the anode of a
water-splitting electrochemical cell usually requires large
overpotentials (η) of 300−500 mV, likely due to the generation
of energetic intermediates in the multiple electron and proton
coupling steps.4 Efficient electrocatalysts are required to
accelerate the OER in terms of increasing the turnover
frequency (TOF) of catalytic sites at low η.5 In principle, the
TOF can be improved by molecular electrocatalysts because
their active sites can be fully exposed to reactants and are well-
defined to allow systematic tuning of electrocatalytic activity.6−8

However, molecular electrocatalysts often demand specific
solvents to sustain activity, and they are difficult to recover from
the reaction medium or to readily integrate into electrolysis
systems.9−11 Immobilizing molecular electrocatalysts onto
heterogeneous matrices would be a reasonable approach to
overcome such drawbacks. Several recent studies have
proposed different approaches to immobilize molecular electro-
catalysts onto heterogeneous matrices for a target reaction.
Generally, these approaches include confining molecular

electrocatalysts within thin films of metal (covalent) organic
frameworks11 and covalently connecting molecular electro-
catalysts onto solid surfaces.12,13 In particular, the latter strategy
combined with carbon-based matrices has attracted the most
interest because carbon offers many advantages, such as a high
surface area, good electrical conductivity, robustness, and
appropriate surface functionality to allow constructing versatile
covalent linkages at carbon atoms.12,14,15 The studies further
imply that engineering the configurations of electrical wires13,16

or shortening the distances11 between active sites and the solid
surface is critical to the interfacial electron transfer, thereby
enabling tuning of the overall reaction rates.
In the case of OER electrocatalysis, various research studies

have shown that Co-based systems are promising. Among these
Co-based systems, spinel Co3O4 is the most representative.
Spinel Co3O4 consists of Co4O4 cubane and surface-exposed
Co3+ ions bearing an octahedral configuration.17−19 Mecha-
nistic insights, gained from either experiments20,21 or
theoretical calculations,18 have suggested that Co2+ cations
are converted into Co4+ states with dual Co sites to catalyze
OER events.
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On the basis of the aforementioned considerations, we
started from molecular Co2+ ions and grafted them onto
graphene-based matrices. It was found that a single Co2+ ion
can also serve as the origin of the OER active site instead of the
dual Co site. The binding of Co2+ ions was accomplished
mainly by heteroatoms, i.e., S, N, and O, within graphene. The
heteroatoms carry extra electrons compared to neighboring C
atoms and provide a coordination environment for the Co2+

ions (Figure 1). The effect of various heteroatoms was

investigated. In the current configuration, the additional
construction of electrical wires or covalent linkages is no

longer necessary. The conjugated π electrons of graphene are
expected to directly establish the electron communication
between Co2+ ions and graphene. The synthesis was performed
at mild temperatures, which retained the pristine state of Co2+

ions without forming other Co-based heterogeneous phases.
Our work demonstrates a new type of molecular OER
electrocatalyst that is derived simply from Co2+ ions and is
highly active at the graphene interface. Electrochemical results
suggest that the heteroatoms of graphene play an important
role in tuning the OER activity. In the presence of a C−SO
fragment, the TOF of Co sites is greatly increased and exceeds
the TOF of IrO2 nanoparticles.

22 We observed the formation of
Co4+O fragments upon sequential oxidation of Co2+ ions
coupled with H+ (HO−) transfer and propose that the Co4+
O fragments served as the single active sites for the
electrocatalysis of OER.

■ RESULTS AND DISCUSSION

Spectral characterization. Graphene doped with S, N,
and O atoms was synthesized from graphene oxide with
thiourea as the modifier using a hydrothermal method. SNG
was treated with Co(acac)2/dimethylformamide (DMF)
solution to obtain the electrocatalyst (denoted as SNG-Co2+).
In the meantime, S/O-, N/O-, and O-doped graphene were
synthesized to immobilize Co2+ ions following the same
strategy, which generated three control samples of SG-Co2+,
NG-Co2+, and OG-Co2+ for comparison (details are provided
in the experimental part and in Figure S1, Supporting
Information [SI]). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) imaging combined

Figure 1. Immobilization of Co2+ ions (originating from Co(acac)2)
onto S-, N-, O-atom-doped graphene (SNG) using a coordination
tether at a mild temperature.

Figure 2. (a) XPS spectra of the Co 2p core levels of SNG-Co2+ and SNG; (b) UV−vis spectrum of SNG-Co2+ collected in ethanol, as compared to
the spectra of SNG and Co(acac)2. (c) Normalized Co K-edge XAS spectra for SNG-Co2+ and Co(acac)2. (d) Corresponding Fourier transformed
EXAFS curve collected at the Co K-edge.
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with elemental analysis revealed the typical graphene character
of SNG-Co2+, and Co was observed to be uniformly distributed
over the carbon sheets (Figures S2−S4). X-ray photoelectron
spectroscopy (XPS) also confirmed the presence of Co species
at SNG-Co2+ (Figure 2a). Two main peaks occurred at 779.5
and 795.5 eV in an intensity ratio of 2:1, and these peaks were
assigned to the Co 2p3/2 and 2p1/2 core levels, respectively.
The simultaneous satellite peaks at 785.3 and 801.6 eV
indicated the presence of Co in the +2 valence state. From the
specific surveys of the S 2p, N 1s, and O 1s core levels (Figure
S5), the configurations of heteroatoms of graphene were
assigned to (i) thiol (162 eV) and sulfoxide (166.7 eV)
groups,23 (ii) pyridine (397.6 eV) and pyrrole (399.4 eV)
groups,24 and (iii) carboxyl (529.6 eV) and hydroxyl (531.1
eV) groups.25 UV−vis spectra showed the π−π* transition of
SNG at 273 nm and the charge transfer of Co(acac)2 at 284.5
nm (Figure 2b). By contrast, the absorbance peak of SNG-Co2+

was broadened and centered at 278.5 nm, which suggests the
combination of Co2+ ions with SNG. Analogous variations of
UV−vis absorbance were observed in the spectra of all of the
control samples (Figure S6). The Raman spectrum of the SNG-
Co2+ presented a broad band between 270 and 540 cm−1 that
was not observed in the spectrum of pristine SNG (Figure S7).
The position of this band is consistent with the vibrations of
Co−S, Co−N, or Co−O bonds.26,27 The broad character was
indeed not typical compared to the previous Raman character-
izations of CoSx and CoOx nano-/microstructures,26 possibly
reflecting a continuous state of Co2+ ions with different binding
configurations.
The formation of SNG-Co2+ was further studied by X-ray

absorption spectroscopy (XAS). In the normalized Co K-edge

spectra, the rising-edge positions of SNG-Co2+ and the
Co(acac)2 precursor exhibited little difference (Figure 2c) but
were clearly distinct from the Co3O4 standard and the Co foil
(Figure S8). Thus, the overall oxidation state of Co within
SNG-Co2+ was confirmed to be +2. The Fourier transformed
extended X-ray absorption fine structure (EXAFS) data
revealed a variation of the neighboring environment for Co2+

ions from Co(acac)2 to SNG-Co2+ (Figure 2d). The first shell,
referring to the bond length of Co−O interactions, was slightly
increased, and the peak intensity was decreased. The
redistribution of an outer shell for Co2+ ions was more obvious
than that of the first shell. Simple physical adsorption of
Co(acac)2 is excluded because it does not cause such variation
of bond length. Electron paramagnetic resonance (EPR)
spectra suggested that the coordination geometry of Co2+

ions on SNG remained tetrahedral as the configuration of
Co(acac)2. But the SNG-Co2+ became more EPR-active than
Co(acac)2 (Figure S9), indicating the rearrangement of the d-
filling state in Co2+ ions. On the basis of the XAS and EPR
analyses, we infer that SNG served as a new ligand to Co2+ ions
by replacing parts of the acac− groups and thus immobilized
Co2+ ions, as proposed in Figure 1.

Electrocatalysis. The OER activity of SNG-Co2+ was
characterized using a typical three-electrode system. SNG-Co2+

was cast onto a glassy carbon electrode (GCE) and was rotated
during the experiments to counteract bubble accumulation at
the electrode surface. The potential−current polarization curves
were recorded after iR compensation (where R is the serial
resistance of the graphene-based electrode, as determined from
an AC impedance measurement; see experimental part in the SI
for details). As shown in Figure 3a, an apparent anodic current

Figure 3. (a) Linear scanning voltammograms (LSVs) of SNG-Co2+, SG-Co2+, NG-Co2+, and OG-Co2+, 1 M KOH, 10 mV s−1 scan rate, 2000 rpm.
(b) Tafel slopes; the potentials are corrected by iR loss and are derived from the OER polarization curves. (c) Cyclic voltammograms (CVs) of Co2+

ions on heteroatom-doped graphenes, 1 M KOH, 50 mV s−1 scan rate. Each curve was collected using freshly prepared SNG-Co2+/GCE. (d) TOFs
of Co sites for OER; the amounts of Co sites on electrodes were determined by integrating the charge amounts of the Co2+/3+ oxidation peak.
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occurred at SNG-Co2+/GCE, with an onset potential of 1.6 V
(defined as the potential @10 mA cm−2 vs the reversible
hydrogen electrode, RHE). By contrast, the onset potential
increased stepwise when SG-Co2+, NG-Co2+, and OG-Co2+

were used. In the corresponding Tafel plots, both SNG-Co2+

and SG-Co2+ exhibited a lowest linear slope of 62 mV dec−1,
closely approaching 59 mV dec−1, corresponding to 2.3 RT/F,
where R is the universal gas constant, T is the temperature in
Kelvin, and F is the Faraday constant (Figure 3b). This result
implies that a reversible electron transfer occurred prior to the
rate-determining step of the OER.28 At 1.0−1.1 V, a pair of
redox peaks was observed for the four electrocatalysts; these
peaks were attributed to the Co2+/3+ couple (Figure 3c).29,30 By
integrating the charge amounts of the anodic peaks, we
obtained the amounts (m) of electroactive Co2+ ions in the
graphene matrices, which are 1 × 10−7, 2.6 × 10−7, 2 × 10−7,
and 5 × 10−7 mol per mg of OG, NG, SG, and SNG at GCE,
respectively.
To verify that the OER activity originated from SNG-Co2+,

we performed a control experiment where SNG-Co2+ was
treated with an ethylenediaminetetraacetic acid (EDTA)/KOH
aqueous solution. Because of the strong chelating ability of
EDTA, Co2+ ions are displaced from SNG-Co2+ to form an
EDTA−Co complex in the solution (Figure S10a, b). After the
treatment, the UV−vis spectrum of the EDTA/KOH solution
showed the characteristic absorbance of an EDTA−Co complex
at 534 nm (Figure S10c). Following the Beer−Lambert law, the
intensity of absorbance (I = 0.063, ε = 331 M−1 cm−1)31

corresponded to a loading amount of Co of the magnitude of
10−7 mol/mgSNG, which is consistent with the value calculated
from the anodic charge amount of Co2+/3+ redox in Figure 2c.
With the detachment of Co2+ ions, the bare SNG lost the redox

feature of Co2+/3+. The anodic current dropped substantially
and approached zero at potentials lower than 1.67 V (Figure
S10d). Therefore, toward the anodic current collected on SNG-
Co2+/GCE, the contribution of currents originating from either
OER electrocatalysis by SNG or from oxidation of carbon
matrices was trivial, and the presence of Co2+ ions was critical.
To identify which binding site offers the most active catalytic

site, a comparison should be conducted by normalizing the
activity with the electroactive Co surface area, i.e., via TOF
analysis. Therefore, the specific OER activity of various catalysts
was assessed in terms of TOF according to the following
equation:

= × × ×J A F mTOF ( )/(4 ) (1)

where J is the anodic current density, A is the geometrical
surface area of the electrode, F is the Faraday constant, and m is
the amount of Co2+ ions.
From the TOF analysis, N indeed offers a certain

improvement in the OER activity by comparing OG-Co2+

and NG-Co2+ (Figure 3d and Table S1). However, we also
found that SG-Co2+ exhibited a much higher TOF than NG-
Co2+, clearly indicating that the S-containing group is much
more effective in improving the OER activity than the N-
containing group. In the case of SNG-Co2+, in addition to such
an intrinsic (site-specific) activity difference between N and S,
the content of S is much higher than the content of N (the
atomic ratio of S/N is approximately 4.5; see Table S2).
Therefore, the effect of N on improving OER activity is
insignificant compared to the effect of S, which also explains
why the TOF of SNG-Co2+ is similar to the TOF of SG-Co2+

(0.266 s−1 vs 0.268 s−1 at η of 0.35 V). Therefore, we speculate
that the S-containing groups within graphene supply appro-

Figure 4. (a) Continuous CV measurements of SNG-Co2+/GCE, 1 M KOH, 50 mV s−1 scan rate, 2000 rpm. (b) Tafel slopes derived from the CVs;
the potentials were compensated by iR; the inset presents the 105th CV of SNG-Co2+/GCE at low potentials. (c) TOFs for the OER derived from
the 5th and 105th CVs. (d) Pourbaix diagram (plots of ECo vs pH) of the pH dependence of Co2+/3+ redox potentials (red) and reduction potentials
of Co4+ ions (blue) in KOH solutions. Each data point was collected on a freshly prepared SNG-Co2+/GCE.
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priate coordination environments for Co2+ cations to make
them the most electroactive and are the active sites to catalyze
subsequent electrocatalytic reactions. The TOFs of both SNG-
Co2+ and SG-Co2+ exceed those of many previously reported
Co-based nanostructures and IrO2 catalysts (Table S1).
Regarding the binding sites of Co2+ ions, in addition to

heteroatom sites, the carbon skeleton of graphene might also
immobilize Co2+ ions via cation−π32 or van der Waals forces.
To eliminate such possibilities, we synthesized another control
sample, graphite-Co2+, using the same procedures as for SNG-
Co2+ because graphite has surface properties similar to intact
graphene.33 Considering that graphite has a much lower specific
surface area, its concentration used for the synthesis of
graphite-Co2+ was multiplied 10-fold compared to the SNG-
Co2+ case. Electrochemical tests indicated that the redox of
Co2+/3+ ions on graphite-Co2+ was barely detectable and that
the OER current was negligible compared to the OER current
of SNG-Co2+ (Figure S11); these results suggest that the
binding of Co2+ ions to graphene was accomplished mainly
through the heteroatoms. Their configurations within SNG-
Co2+, SG-Co2+, NG-Co2+, and OG-Co2+ were further compared
via XPS analysis (Figure S12). The O 1s core levels in these
four samples exhibited little difference in binding energies. As
suggested by the relatively low TOFs of OG-Co2+, the oxygen
groups were not likely responsible for the Co-based activity.
The S 2p survey spectra show a peak at 166.7 eV for both SNG-
Co2+ and SG-Co2+, where these two samples afforded high
TOFs. Meanwhile, the NG-Co2+ contained obvious N-
containing groups, as inferred from its strong N 1s core levels,
but such N-containing groups did not improve TOF to exceed
those of SNG-Co2+ and SG-Co2+. XPS spectra of graphene-
based precursors were also collected. The S 2p signal at 166.7
eV occurred on both SNG and SG. In the meantime, SNG and
NG exhibited similar N 1s core levels (Figure S13). Combining
the results from spectral characterization and electrochemical
characterization, we deduce that Co2+ ions combined with a
sulfoxide (C−SO) configuration within the graphene are
responsible for the most efficient OER active sites.29,34,35

Mechanistic insights. Previously, Co3O4 was proposed to
catalyze OER by forming a Co4+-oxo coordination on dual Co
sites.18 This mechanism is very different from our current
system, where the above physical characterizations suggest the
molecular state of Co cations on carbon, leading us to regard a
single Co site as the origin of the active site. Thus, far, very few
mechanistic insights for a single Co site for OER have been
reported.36 To obtain a better understanding of the relevant
mechanism, we conducted a series of experiments.
Figure 4a presents continuous CVs of SNG-Co2+/GCE in a

wide potential range (0.97−1.67 V). Two peaks were observed
in the forward scan before the oxygen evolution. The first peak
at 1.1−1.2 V was attributed to Co2+-to-Co3+ conversion, and
the second peak occurring at 1.4−1.5 V was assigned to the
Co3+/4+ couple.37 The derived Tafel slopes of OER gradually
decreased and approached ∼52 mV dec−1 (Figure 4b),
reflecting the reversible electron transfer on the catalyst prior
to OER. With the continuous CV scanning, the Co2+/3+ redox
potential gradually shifted to more positive values, indicating
that a stronger electron withdrawing effect occurred on Co2+

ions, resulting from the varied coordination.38 Because the CVs
of SNG-Co2+/GCE performed in a low potential range (0.97−
1.55 V, Figure S14) still presented the potential shift of Co2+/3+,
the varied coordination of Co2+ ions should not be due to OER
polarization. Instead, the varied coordination might imply that a

ligand on the Co2+ ions was intrinsically labile. Nevertheless,
the sequential conversion of Co cations from +2 to +4 valence
states remained prominent (Figure 4b inset). The correspond-
ing X-ray diffraction (XRD) pattern did not present any
characteristics of possible Co oxides formed from the oxidation
of Co cations at the OER potentials (Figure S15). TEM with
elemental mapping images also did not suggest the aggregation
of Co cations, and the distribution of Co on SNG remained
uniform like the case of fresh SNG-Co2+ (Figures S4 and S16).
Some particles on SNG-Co2+ after OER polarization were
believed to be carbon fragments because their fringe characters
showed little difference compared to the neighboring carbon
sheet under higher magnification. In addition, the TOFs also
barely changed from the fifth to the 105th CV (Figure 4c). On
the basis of these considerations, we deduce that the Co cations
remained molecularly dispersed over SNG after the OER and
that SNG-Co2+ proceeded through a sequential valence
conversion: Co2+ → Co3+ → Co4+. Additionally, the OER
stability of SNG-Co2+ was examined as a function of time (>10
h), and a less than 5% decrease in the anodic current was
observed (Figure S17).
To gain further insight into the formation of actual active

sites, the pH dependence of the redox potentials of Co cations
on SNG-Co2+ was examined in aqueous solutions with different
concentrations of KOH (∼12 ≤ pH ≤ 14). Two linear curves,
as plotted in a Pourbaix diagram (Figure 4d), were obtained,
and their slopes were fitted by the Nernst equation:

= °′ + × +E E RT nF a2.3 / log( )H
b

(2)

where E (E°′, standard) is the half-cell potential for the Co
species, R is the universal gas constant, T is the temperature in
Kelvin, n is the number of electrons transferred, and aH+ and b
are the chemical activity and the stoichiometric number of
protons, respectively. In different KOH solutions, the formal
potential of Co2+/3+ varied by 0.127 V pH−1 (blue line),
corresponding to a H+(HO−)/e stoichiometry of 2 (the
standard value = 0.059/n). For the redox couple of Co3+/4+,
the reduction potentials were used for the fitting (red line)
because the oxidation peaks in diluted KOH solution were ill-
defined. The linear slope was 0.062 V pH−1, corresponding to a
H+(HO−)/e stoichiometry of 1.
Furthermore, from the UV−vis spectra, the absorbance of

SNG-Co2+ in the UV region showed a blue shift after CV cycles
in either the absence or the presence of OER polarization
(Figure S18a). Because of the π* orbitals in both SNG and
acac− (as the counteranions of Co2+ ions from the Co(acac)2
precursor), the spectra of SNG-Co2+ contained a typical metal-
to-ligand charge-transfer (MLCT). The blue shift indicates that
the electron transfer from Co2+ ions to ligands required a
higher excitation energy, consistent with the positive shift of the
Co2+/3+ potential. Therefore, ligand variation on the Co2+ ions
likely occurs during the CV cycles. We speculated that, in the
KOH electrolyte, HO− ions, as the other available counter-
anions for Co2+ ions, replaced the acac− sites of pristine SNG-
Co2+ (Figure S18b). The HO− ions do not contain π* orbitals
to support the MLCT, which explains the blue shift observed in
Figure S18a.
On the basis of experimental observations combining with

previous quantum chemical models from density functional
theory calculations,36,39 we attempted to deduce a pathway for
the evolution of the Co-cations-based molecular catalyst toward
the OER (Figure 5). The CVs, in combination with the
Pourbaix diagram, indicate that Co2+ ions were sequentially
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oxidized into Co3+ and Co4+ states, coupled with transfer of
either protons or hydroxides (Figure 4a, d). From the slope
analysis, in the first oxidation step, two adjacent HO− ions
served as reactants to chemisorb on one Co3+ ion (i). One of
the HO− ions deprotonated, with Co3+-to-Co4+ conversion, to
form a Co4+O2− fragment, where the resultant oxo ligands
can stabilize the +4 valence state of Co (ii).40 Diverse reactive
oxygen intermediates (hydroxyl radical, peroxide, and super-
oxide species), possibly involved in OER, were then depicted in
a sequence following their chemical reactivity.41 Because the
OER was accomplished in an alkaline aqueous medium, we
speculate that a rate-limiting step occurred as the oxidation of
HO− to HO• radical (HO−→ HO• + e−, E0 = 1.9 V vs SHE),
according to a previous study (iii).4 Following the step (iii), the
unpaired electron of HO• was donated to the neighboring oxo
ligand to form the hydroperoxo configuration (iv). The two
separated oxygen atoms were thus bonded to generate a side-on
dioxygen ligand of Co cations.42 When the oxo ligands
transformed into dioxygen, the Co4+ state became less stable
and was reduced to the Co3+ state to commence another cycle
(v to vii).

■ CONCLUSION
In summary, Co2+ ions were heterogenized by various
heteroatom-doped graphene-based solid matrices and served
as the center of OER active sites. The heteroatoms (S, N, and
O atoms) of graphene directly functioned as the binding sites
to anchor Co2+ ions. A C−SO configuration was
demonstrated to substantially increase the TOFs of Co sites,
resulting in a TOF greater than that of an IrO2 catalyst. Unlike
conventional Co3O4, where dual Co sites are regarded as the
active sites, the OER was found to be catalyzed by single Co
ions with terminal oxo ligands formed after a sequential
conversion of Co2+ → Co3+ → Co4+ coupled with HO− (H+)
transfer. We proposed that a side-on hydroperoxo ligand on the
Co4+ active sites enabled formation of dioxygen. The proposed
strategy to synthesize a heterogeneous molecular electrocatalyst
is easy to carry out and can be extended to various transition
metal ions, which opens a new path for the development of
heterogeneous molecular electrocatalysts.
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