Communication

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Gold Nanoclusters Promote Electrocatalytic Water Oxidation at the

Nanocluster/CoSe, Interface

Shuo Zhao," Renxi _]in,_l_ Hadi Abroshan,_{_ Chenjie Zeng,_{_ Hui Zhang,_l_ Stephen D. House,*
Eric Gottlieb," Hyung J. Kim, *® Judith C, Yang,;t and Rongchao Jin®"

"Department of Chemistry, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, United States

*Chemical and Petroleum Engineering, and Physics, University of Pittsburgh, Pittsburgh, Pennsylvania 15261, United States

$School of Computational Sciences, Korea Institute for Advanced Study, Seoul 02455, Korea

O Supporting Information

ABSTRACT: Electrocatalytic water splitting to produce
hydrogen comprises the hydrogen and oxygen evolution
half reactions (HER and OER), with the latter as the
bottleneck process. Thus, enhancing the OER perform-
ance and understanding the mechanism are critically
important. Herein, we report a strategy for OER
enhancement by utilizing gold nanoclusters to form
cluster/CoSe, composites; the latter exhibit largely
enhanced OER activity in alkaline solutions. The Au,s/
CoSe, composite affords a current density of 10 mA cm™>
at small overpotential of ~0.43 V (cf. CoSe,: ~0.52 V).
The ligand and gold cluster size can also tune the catalytic
performance of the composites. Based upon XPS analysis
and DFT simulations, we attribute the activity enhance-
ment to electronic interactions between nanocluster and
CoSe,, which favors the formation of the important
intermediate (OOH) as well as the desorption of oxygen
molecules over Au,/CoSe, composites in the process of
water oxidation. Such an atomic level understanding may
provide some guidelines for design of OER catalysts.

he oxygen evolution reaction (OER) plays an important

role in various energy storage processes and is considered as
a major bottleneck of high efficiency electrochemical water
splitting for hydrogen fuel generation.'™* Owing to the scarcity
of current state-of-the-art catalysts (e.g,, RuO, and IrO,), cheap
cobalt-based materials including oxide, hydroxide, selenide,
phosphide, and their derivatives have been extensively explored
as alternative OER catalysts;" "' however, the inadequate
electron conductivity and larger overpotential severely limit
their practical application. It has been reported that anchoring
gold onto cobalt-based materials can largely improve their OER
performance.'” Several possible reasons have been proposed for
explanation of the enhancement by nanogold, including
improved electron transfer, synergistic effect, and preferential
formation of OOH intermediates.'** Until now, the mechanism
for the enhancement is still unclear because of the variability and
complicacy of the nanogold-loaded composites. Therefore,
precise control over morphology and the nanogold component
is highly desirable for revealing the mechanistic insight into the
nanogold-induced enhancement of OER activity.
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Atomically precise gold nanoclusters with tens to hundreds of
gold atoms (1 to 2 nm in size) protected by thiolate ligands have
attracted significant research interest as a new class of
nanomaterials in recent years.B Such well-defined Au,(SR),,
nanoclusters (where n and m represent the numbers of gold
atoms and thiolate ligands, respectively) hold promising
applications in catalysis, energy conversion, photovoltaics, and
sensing.'*'” A number of atomically precise gold nanoclusters
have been synthesized,”" " such as Au,s(SR);s (1.0 nm gold
core diameter), Au;4,(SR)g (1.7 nm), and Auy33(SR), (2.2
nm), and more importantly, the atom packing structures of some
gold nanoclusters have been determined by X-ray crystallogra-
phy."** As compared with the conventional gold nanoparticles,
well-defined gold nanoclusters with crystal structures can serve as
model catalysts to achieve atomic level structure—property
correlation,"” providing an opportunity for better understanding
of the mechanism in nanocatalysis.

Herein, we utilize the atomically precise Au,s(SR)g,
Au;4,(SR)4, and Auss3(SR)-e nanoclusters (where R
—CH,CH,Ph) to construct Au,/CoSe, composites for electro-
catalytic water oxidation. The Au,/CoSe, composites possess
high OER activity and durability in alkaline solutions. Based on
the molecular precision of Au,s(SR)g and its atomic structure,
we have provided mechanistic insights into the activity
enhancement via a combination of experiment and theory.

The syntheses of Au,(SR),, nanoclusters and ultrathin CoSe,
nanosheets followed the previously reported methods (see the
Supporting Information for details).”>™** We first discuss the
Au,s(SR),4 case. The Au,;/CoSe, composite was fabricated by
anchoring Au,s(SR)5 nanoclusters onto CoSe, nanosheets in
dichloromethane under vigorous stirring for 1 h. The composite
was collected by centrifugation and then dried under vacuum.
The molecular purity of Au,s(SR);5 has been examined by UV—
vis spectroscopy and matrix-assisted laser desorption ionization
mass spectrometry (MALDI-MS). Figure 1a shows the UV—vis
spectrum of Au,s(SR) g, in which the peaks at 685, 445, and 400
nm are fingerprints of Auys(SR),s nanoclusters.”” The X-ray
structure of Auys(SR);s (Figure la, inset) comprises an
icosahedral Au,; core protected by six Au,(SR); motifs.”’ Figure
1b shows the MALDI mass spectrum of Au,s(SR);s with the
molecular ion peak at ~7391 Da (theoretical Mw = 7394,
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Figure 1. (a) UV—vis and (b) MALDI-MS characterization of
Au,(SR) ¢ nanocluster (R = CH,CH,Ph). Inset of (a): crystal structure
of Au,s(SR),s (core diameter: 1 nm). (¢) TEM image of CoSe,
nanosheets. (d,e) HAADF-STEM images of Au,;/CoSe, composite
with different magnifications.

deviation 3 Da) and a fragment at ~605S Da (assigned to
Au,;(SR),,). Transmission electron microscopy (TEM) images
of CoSe, nanosheets (Figure 1c and Figure Sla) show the
ultrathin sheet structure. The XRD pattern (Figure S1b) reveals
the cubic phase (JCPDS 09—0234) of CoSe, nanosheets. The
disappearance as well as broadening of some reflections is
attributed to the very thin layer structure of CoSe, nanosheets.”®
The successful loading of Au,s(SR)5 onto CoSe, nanosheets is
confirmed by high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) as well as X-ray photo-
electron spectroscopy (XPS) analysis. Figure 1d displays a
STEM image of Au,;/CoSe,, where the small yellow box is
magnified in Figure le and Au,; nanoclusters are well dispersed
on the surface of CoSe, nanosheets. XPS spectra of Au,s/CoSe,
composites (Figure S2) show characteristic peaks of Au 4f,
further confirming the presence of Au on CoSe, nanosheets.
We evaluated the OER catalytic performance of Au,;/CoSe,
composite in O,-saturated 0.1 M KOH solution in a standard
three-electrode system. The Au,;/CoSe, composite was
dissolved in isopropanol and then cast onto glassy carbon
working electrode to form a uniform film. Polarization curves
were recorded to assess the OER properties. For comparison,
similar measurements were also carried out for plain CoSe,
nanosheets and Au,s(SR),¢ nanoclusters supported on carbon
black (denoted as Au,;/CB), as well as a commercial Pt/CB
catalyst. Figure 2a displays the OER polarization curves for Au,s/
CoSe,, CoSe,, Pt/CB, and Au,;/CB, where Au,/CoSe, exhibits
the best OER activity with an early onset potential (~1.406 V vs
RHE) and a high OER current density. Figure 2b compares the
OER performance of Au,s/CoSe, with CoSe,, Pt/CB, and Au,s/
CB. The overpotential (17) corresponding to the current density
of 10 mA cm™2, a metric relevant to solar fuel synthesis,zg is
usually considered as a crucial parameter to evaluate the OER
properties. Remarkably, the Au,;/CoSe, shows a smaller
overpotential (~0.43 V) than that of plain CoSe, nanosheets
(~0.52V), indicating a large enhancement of OER activity after
the deposition of Au,5(SR);5 nanoclusters onto CoSe, nano-
sheets. The OER current densities of all three catalysts are also
compared at the overpotential of ~0.45 V (1.68 V vs RHE).
Au,s/CoSe, achieves a current density of 11.78 mA cm™ at the
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Figure 2. Electrocatalytic performance of the Au,;/CoSe, catalyst. (a)
OER polarization curves for Au,s/CoSe,, CoSe,, Pt/CB, and Au,;/CB.
(b) Comparison of the overpotential required for achieving the current
density of 10 mA cm ™, and the current density at the overpotential of
0.45 V for Au,/CoSe,, CoSe,, Pt/CB, and Au,;/CB catalysts. (c) OER
polarization curves for Au,;/CoSe, before and after the stability test. (d)
UV—vis spectra of Au,s(SR) ¢ nanoclusters before and after the stability
test. Catalyst loading: ~0.2 mg cm™>. Sweep rate: S mV s™". All data were
reported without iR compensation.

overpotential of ~0.45 V, which is 2.4 times that of CoSe,
nanosheets (4.92 mA cm™2), 7.5 times that of Pt/CB (1.57 mA
cm™2), and 20.7 times that of Au,s/CB (0.57 mA cm™2). The
Au,s/CoSe, catalyst also shows a smaller Tafel slope than the
plain CoSe, nanosheets (Figure S3).

To test the durability of the Au,;/CoSe, catalyst, we applied
continuous potential cycling between 0.30 and 0.70 V (vs Ag/
AgCl) to the catalyst for 1000 cycles in O,-saturated 0.1 M KOH
solution. Figure 2c shows the polarization curves of Au,;/CoSe,
catalyst at the initial cycle and the 1000th cycle. There is a small
increase of overpotential (~11 mV) for Au,;/CoSe, to achieve
10 mA cm™? after 1000 cycles. To further prove the stability of
Au,s nanoclusters during the OER stability analysis, we directly
loaded Au,s(SR),g nanoclusters on the glassy carbon working
electrode and performed the same potential cycling for 1000
cycles. As shown in Figure 2d, the UV—vis spectra of Au,s(SR) 5
nanoclusters before and after potential cycling exhibit the same
characteristic features, indicating the high stability of Au,s(SR) 4
nanoclusters, as was demonstrated in previous electrocatalytic
work, 18619

The ligand effect and size dependence were further
investigated. We performed thermal annealing treatment of the
cluster/CoSe, composite at 300 °C under N, atmosphere for 1 h;
of note, the thiolate ligands of Au,(SR),, are desorbed at >200
°C.* Figure S4 shows a TEM image of the annealed composite,
where a larger size distribution of clusters can be observed
without ligand protection. Figure 3a shows the OER polarization
curves for ligand-on and ligand-oft Au,;/CoSe, catalysts in which
the ligand removal further improves the OER activity, manifested
in the overpotential drop from 0.43 to 0.41 V for 10 mA cm™>and
the current density increase from 11.78 to 15.07 mA cm ™ at
overpotential of 0.45 V (Figure 3b). Such an enhancement in
OER performance is attributed to a better interaction between
nanogold and CoSe, nanosheets after ligand removal.

The size of gold nanoclusters was previously found to
influence the catalytic activity in thermal hydrogenation
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Figure 3. (a) OER polarization curves for ligand-on and ligand-off Au,/
CoSe, catalysts. (b) Comparison of the overpotential (at 10 mA cm™)
and the current density at overpotential of 0.45 V for ligand-on and
ligand-off Au,s/CoSe, catalysts. Measurement conditions: see the note
in Figure 2.

reaction. To study the potential size dependence for OER, we
prepared two larger gold nanoclusters, Au;4(SR)s and
Aug33(SR), protected by the same phenylethanethiolate ligand
as that of Au,s(SR)s as well as Au;o(SPh-Bu),, (see the
Supporting Information for synthesis). UV—vis and MALDI-MS
were carried out to characterize Au;o(SPh-"Bu);g, Au;44(SR)g0
and Auy;;(SR), nanoclusters (Figure SS). The Au,,(SPh-'Bu)q,
Auy4,(SR)4, and Auys3(SR),e nanoclusters were respectively
loaded onto CoSe, (all at 2.0 wt %, denoted as Au,,/CoSe,,
Au,,,/CoSe,, and Auyy3/CoSe,). The catalytic performance of
Au,;/CoSe,, Au,,,/CoSe,, and Auy;;/CoSe, catalysts was tested
under the same conditions as Au,;/CoSe,. The OER polarization
curves are displayed in Figure S6a, which depicts a moderate
increase of OER activity with an increase in cluster size. Figure
S6b shows the size dependence of overpotential and current
density, where the Auy;;/CoSe, catalyst possesses the smallest
overpotential of ~0.41 V for 10 mA cm™ and the largest current
density of 15.44 mA cm™ (3.14 times that of plain CoSe,) at the
overpotential of 0.45 V.

It is of major importance to understand the intrinsic reasons of
the activity enhancement and the chemistry process of water
oxidation. We chose Au,s/CoSe, as a target and conducted XPS
analysis to investigate the interactions between Au,(SR) 5
nanoclusters and CoSe, nanosheets. As shown in Figure 4a,
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Figure 4. (a) High-resolution Co 2p XPS spectra of plain CoSe, and the
Au,;/CoSe, composite. (b) Raman spectra of plain CoSe, and the Au,/
CoSe, composite; the inset shows high-resolution Raman spectra.

the electron binding energy of Co 2p in the Au,/CoSe,
composite shows a ~1 eV decrease compared with plain
CoSe,, which indicates electronic interaction between
Au,(SR);s and CoSe,. Such an electronic interaction is
consistent with previous observation in nanogold catalysts.***'**
The interaction is also reflected in Raman spectra (Figure 4b) in
which four characteristic peaks for cubic CoSe,”"** can be found
in the Raman spectra of both CoSe, and the composite. Of note,
the Raman peak at ca. 657 cm™" shows a shift toward higher
wavenumber after the loading of gold nanoclusters on CoSe,
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(inset of Figure 4b), indicating a synergistic electronic interaction
between nanocluster and CoSe,, similar to the previous
observation in CeO,/CoSe,.*** Such a synergistic electronic
interaction between gold nanoclusters and CoSe, nanosheets is
believed to be valuable for OER enhancement by stabilizing the
key hydroperoxy intermediates and optimizing CoSe,/oxygen
interactions.”'*%**

Periodic DFT calculations were further performed to provide
some general insights into the enhancement of oxygen evolution
over systems of nanogold supported on CoSe, (see computa-
tional details in the Supporting Information). We take the
following models: (i) a slab of CoSe, (54 atoms), which is
extended in the [210] direction (Figure S7), and (ii) the same
slab in which a surface Se atom is replaced with an Au atom
(Figure S8). The magnetic properties of the support require
extremely expensive spin-polarized calculations. In our prelimi-
nary calculations, we simplify Au, as one surface atom in order
to reduce computational demanding. Two possible mechanisms
A and B for OER are shown in Figure S9, i.e., mechanism A on
plain CoSe, and mechanism B on Au/CoSe,. DFT results show
that the presence of a gold atom on the CoSe, surface disfavors
the adsorption of hydroxide anion (OH™) on the catalyst by 0.68
eV/mol (AAE,, Figure S9 and Table Sl in the Supporting
Information). Nevertheless, this issue can simply be addressed by
increasing the concentration of the base, thereby increasing the
chemical potential of free OH™ and hence facilitating its
adsorption on the catalyst surface. The formation of intermediate
O* with the help of the base (OH™) is found to be more
favorable by 0.21 eV/mol on the Co—Au interface in comparison
to Co (AAEjg, Table S1). As Figure S9B shows, the coordination
number of the intermediate O* on the Co—Au interface is 2,
which considerably stabilizes the O%*, thereby facilitating its
formation on the catalyst surface. Hydroperoxy species (OOH)
has been accepted as an important intermediate for oxygen
generation.”'** Therefore, effective OER catalysts are expected
to favor the formation of OOH, which is unstable and will
eventually release the product dioxygen. Although DFT shows
the energy change for the formation of OOH is comparable for
both model catalysts (AAE = 0.05 eV/mol, Figure S9, Table
S1), the concentration of the intermediate O* is considerably
higher on the Co—Au interface, which in turn speeds up and thus
favors the formation of hydroperoxy species (OOH). It is worth
pointing out that the as-generated OOH is interacting with both
Co and Aus sites on the surface; hence, the proton becomes more
acidic by 0.19 eV/mol for further abstraction by the OH™ base to
form O, on the Co—Au interface (AAEp, Figure S9, Table S1).
Finally, the as-formed O, detaches from the surface to recover
the catalytic sites (AAEg, Figure S9, Table S1). This step is found
to be more favorable by 0.33 eV/mol on the Co—Au interface
than on a Co site of plain CoSe,. This result indicates that
incorporating gold clusters onto the CoSe, catalyst can optimize
the Co—oxygen interaction and reduce the undesirable catalyst
poisoning caused by exposure to molecular O, (the product).

In summary, we have prepared novel Au nanocluster/CoSe,
composites for enhancing the OER properties by utilizing Au,s,
Auyy, and Auyy; nanoclusters. The Au,s/CoSe, composite
displays a much improved overpotential (~0.43 V at current
density of 10 mA cm ™) compared to that of plain CoSe, (~0.52
V), see Table S2 for a comparison with the literature reported
nanogold catalysts. Through XPS analysis and DFT calculations,
we attribute the activity enhancement to the electronic
interaction between Au nanoclusters and CoSe,, manifested in
favorable formation of the OOH intermediate and desorption of
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oxygen molecules in the OER process. The Au nanocluster/
CoSe, composites show high stability in alkaline solution. The
protecting solutions and nanocluster size can also be utilized to
tune the catalytic performance of OER. The gold nanoclusters
not only offer deep insights into the catalytic enhancement
mechanism at an atomic level but also hold promise in future
designing of advanced OER catalysts via combination with other
functional materials.
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