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ABSTRACT: It has been a long-standing challenge to create and identify the active sites of heterogeneous catalysts, because it is
difficult to precisely control the interfacial chemistry at the molecular level. Here we report the synthesis and catalysis of a
heteroleptic gold trihydride nanocluster, [Au22H3(dppe)3(PPh3)8]

3+ [dppe = 1,2-bis(diphenylphosphino)ethane, PPh3 =
triphenylphosphine]. The Au22H3 core consists of two Au11 units bonded via six uncoordinated Au sites. The three H atoms
bridge the six uncoordinated Au atoms and are found to play a key role in catalyzing electrochemical reduction of CO2 to CO with a
92.7% Faradaic efficiency (FE) at −0.6 V (vs RHE) and high reaction activity (134 A/gAu mass activity). The CO current density
and FECO remained nearly constant for the CO2 reduction reaction for more than 10 h, indicating remarkable stability of the Au22H3
catalyst. The Au22H3 catalytic performance is among the best Au-based catalysts reported thus far for electrochemical reduction of
CO2. Density functional theory (DFT) calculations suggest that the hydride coordinated Au sites are the active centers, which
facilitate the formation of the key *COOH intermediate.

Electrochemical CO2 reduction reaction (CO2RR) has
been considered as a very promising strategy to convert

CO2 to value-added chemcials and to balance the carbon
cycle.1,2 Gold-based nanomaterials have been one of the most
widely studied catalysts for electrochemical conversion of CO2
to CO with high selectivity and relatively low overpotentials.3,4

Despite the tremendous progress in producing monodisperse
Au nanoparticles with appreciable activity and selectivity,5−9

their surface structure cannot be precisely resolved and well-
defined, making it difficult to investigate the structure−activity
relationship.10,11 Hence, it is highly desirable to achieve
synthetic control in the coordination environments of surface
Au atoms to create well-defined active centers for the
eluciation of the structure−activity relationship of Au nano-
catalysis.
In this quest, atomically precise Au nanoclusters have

attracted intensive interest because they possess high molecular
purity, well-defined structures, and high surface-to-volume
ratios12−21 and have been studied as ideal model systems for
understanding catalytic properties at the atomic level.22−25 In
particular, a series of thiolate-protected Au nanoclusters have
been studied for CO2RR,

26−30 although the detailed catalytic
mechanisms are not well understood and are controversial.28,31

An ideal Au-nanocluster model catalyst should be atomically
precise with uncoordinated Au (ucAu) sites serving as in situ
catalytic active centers. Our focus has been on the Au20
pyramid, which is known to have all its atoms on the cluster
surface.32 We have tried to synthesize the Au20 pyramid using
different phosphine ligands with the hope of creating ucAu
sites with suitable ligands.33−35 The use of diphosphine ligands
led to the synthesis of Au22(dppo)6 [dppo = 1,8-bis(diphenyl-
phosphino)octane], which was the first atom-precise Au
nanocluster with 8 ucAu sites36 and was found to be able to
catalyze the CO oxidation reaction under mild conditions,22 as

well as being a good catalyst for H2 activation.37 Further
investigations led to the discovery of two Au nanohydride
c l u s t e r s w i t h u cAu , [Au 2 2H 4 ( d p p o ) 6 ]

2 + a n d
[Au22H3(dppee)7]

3+ [dppee = bis(2-diphenylphosphino)ethyl
ether], where the ucAu sites are bridged by the H atoms.38,39

The steric effects produced by mixed bulky ligands40−43

provide another strategy to control the interfacial chemistry of
Au nanoclusters to create catalytic active sites, which inspired
us to consider mixing bidentate and monodentate phosphine
ligands to try to synthesize the Au20 pyramid.
Here, we report the synthesis and catalysis of a new

heteroleptic [Au22H3(dppe)3(PPh3)8]
3+ trihydride cluster

[dppe = 1,2-bis(diphenylphosphino)ethane, PPh3 = triphenyl
phosphine], when we used a mixture of dppe and PPh3 (Figure
1a). A combination of experimental and theoretical studies
revealed that the Au22H3 core consists of two Au11 units that
are bonded together via two triangular faces with the three H
atoms bridging six ucAu atoms at the interface. We have found
that [Au22H3(dppe)3(PPh3)8]

3+ exhibits excellent performance
for the selective electrocatalytic reduction of CO2 to CO with a
92.7% Faradaic efficiency (FE) at −0.6 V [vs reversible
hydrogen electrode (RHE)], high mass activity (134 A/gAu),
and high stability. The catalytic performance is among the best
Au-based catalysts for electrochemical reduction of CO2 to
CO. The current study demonstrates the possibility of
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designing catalytically active centers using Au nanohydrides for
potential applications.
The [Au22H3(dppe)3(PPh3)8]

3+ cluster (abbreviated as
[Au22H3]

3+ hereafter) was synthesized by reacting an excess
amount of NaBH4 with a mixture of Au2(dppe)Cl2 and
Au(PPh3)Cl precursors, as described in Figure 1b and the
Supporting Information (SI). After purification, the final
product showed a distinct peak in the electrospray ionization
(ESI) mass spectrum (Figure 2a, top) due to [Au22H3]

3+. To

ensure that the three H atoms on [Au22H3]
3+ did not come

from the ESI process, we used NaBD4 instead of NaBH4 to do
the same reaction and obtained [Au22D3]

3+ (Figure 2a,
bottom). We further characterized [Au22H3]

3+ using 1H
NMR and observed three peaks at 14.1 ppm (Figure 2b).
The ratio of the integrated area for these hydride peaks to that
of the 180 aromatic H atoms on the 11 phosphine ligands
(6.6−7.9 ppm) is about 3:194. The observed chemical shift
suggests that the three H atoms are directly bonded to Au,
similar to those observed in previous Au−H nanoclusters:
∼15.1 ppm in [Au9H(PPh3)8]

2+,44 ∼15.5 ppm in
[Au22H4(dppo)6]

2+,38 and ∼15 ppm in [Au22H3(dppee)7]
3+.39

The 31P NMR spectrum of the [Au22H3]
3+ cluster, however,

displayed multiple peaks in the range 45−60 ppm (Figure S1),
suggesting the complexity of the phosphine environments.
By performing identical syntheses using Au2(dppe)Cl2 alone,

the [Au11(dppe)5]
3+ cluster [abbreviated as [Au11]

3+] was
obtained (Figure 1b). The corresponding ESI mass spectrum
and NMR spectra were also obtained, as shown in Figures S2−
S4. The results show that the sample purity is high and the
phosphine environments are similar on [Au11]

3+. We
performed structural optimization using DFT calculations for
both clusters. The optimized structures for [Au11]

3+ and
[Au22H3]

3+ are shown in Figure 1c and 1d, respectively.
[Au11]

3+ is fully capped with diphosphine ligands. However,
the three H atoms bridge the six ucAu sites in the [Au22H3]

3+

cluster, whereas the remaining 14 surface Au atoms are
coordinated by the phosphine ligands. We compared the Au−
Au bond lengths between our DFT calculations and the
expe r imen ta l r e su l t s o f ( [Au1 1 (dppp) 5 ]

3 + and
[Au22(dppo)6]

2+), both agreeing well with the reported crystal
data (Table S1). The [Au11]

3+ cluster also shares similar bond
lengths as the Au11 unit in the [Au22H3]

3+ cluster. More
interestingly, we compared the UV−vis absorption spectra of
these two clusters with those of [Au22H3(dppee)7]

3+ and
[Au22H4(dppo)6]

2+ (Figure 2c) and found that the two Au22H3
clusters share similar absorption features at around 323, 394,
and 446 nm. The [Au11]

3+ cluster exhibits analogous features
at around 324 and 400 nm. To interpret these absorption
features, we simulated the optical absorption spectra of the
[Au22H3]

3+ and [Au11]
3+ clusters using time-dependent density

functional theory (TD-DFT). Overall, good agreement
between the experiment and the simulation has been found
for both clusters (Figure S18a, 18b). For [Au22H3]

3+, the 323
nm band involves many close excitations of Au d → sp (Table
S2), the 394 nm band is assigned mainly to the HOMO−7 →
LUMO+1 transition (Au d/s→ sp excitation), and the 446 nm
band is assigned to HOMO → LUMO+9 transition (Au sp →
p excitation). The frontier orbitals of [Au22H3]

3+ involved in
the transitions all show features along the rod-shaped structure
of the cluster (Figure S18c). For comparison, the 324 nm band
of the [Au11]

3+ cluster also involves many close excitations of
mainly Au d → p (Table S3), while its 400 nm band has just a
few strong transitions (Au sp → sp). The ligands are more
involved in the frontier orbitals of the [Au11]

3+ cluster (Figure
S18d). The results indicate that the Au22 core in [Au22H3]

3+

may also be composed of two Au11 units bonded via Au atoms
and the Au11 units may have similar structures with the
[Au11]

3+ cluster.
The stability of a high purity [Au22H3]

3+ sample in solid
state was tested at ambient conditions. The UV−vis absorption
spectra were measured and compared after six months (Figure
2d). The three main absorption features remain prominent

Figure 1. (a) Structures of dppe and PPh3 ligands. (b) Synthetic
r o u t e s t o w a r d ( I ) [ A u 1 1 ( d p p e ) 5 ]

3 + a n d ( I I )
[Au22(dppe)3(PPh3)8H3]

3+. The DFT optimized structures of (c)
[Au11(dppe)5]

3+ and (d) [Au22(dppe)3(PPh3)8H3]
3+ clusters. Colors:

Au = yellow; C = brown; P = purple; Hydride = blue; H on the
ligands = white.

Figure 2. (a) ESI-MS spectra of [Au22H3]
3+ and [Au22D3]

3+; the
insets show the experimental and simulated isotopic distributions. (b)
The 1H NMR spectrum of [Au22H3]

3+; the inset shows the enlarged
signal in the Au−H region. (c) Comparison of the UV−vis absorption
spectra of [Au22H3]

3+, [Au11(dppe)5]
3+, [Au22(dppee)7H3]

3+, and
[Au22(dppo)6H4]

2+. (d) UV−vis absorption spectra of [Au22H3]
3+

solid sample stored for six months under ambient condition.
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with only a slight decrease, suggesting the mixed ligand Au
nanohydride cluster is very stable. The ESI mass spectra in
Figure S5 also agree well with the absorption spectra,
confirming its high stability in the solid state, even though
the cluster is less stable in solution (Figure S8).
We studied the surface redox properties and CO2RR

activities of [Au22H3]
3+, in comparison with those of

[Au11]
3+. We first tested the cyclic voltammetry (CV) of the

two clusters, as shown in Figure S9. It demonstrates that the
existence of H atoms in the [Au22H3]

3+ cluster leads to a
unique oxidation peak at 0.88 V and shifts the Au(I)/Au(0)
reduction peak from 1.02 to 1.05 V relative to [Au11]

3+. Figures
S10 and S11 show the CVs of [Au22H3]

3+ and [Au11]
3+ in N2-

and CO2-saturated 0.5 M KHCO3. The current density starts
to increase as the potential reaches approximately −0.3 V in
the N2-saturated electrolyte, due to the hydrogen evolution
reaction (HER) and CO2RR. Both clusters have higher current
densities in CO2-saturated solution under the same potential,
indicating both samples can effectively catalyze the electro-
reduction of CO2. The electrocatalytic reduction of CO2 was
studied by linear sweep voltammetry (LSV) in the CO2-
saturated 0.5 M KHCO3 (Figure 3a) to obtain the potentials
required to reduce CO2. The [Au22H3]

3+ cluster shows a lower
onset potential and higher current density relative to [Au11]

3+.
In the subsequent electrolysis test at a constant potential, only
H2 and CO were detected in all our expeirments (as described
in the SI and Figure S12). Figure 3b compares the potential

dependent FEs for the formation of CO over [Au22H3]
3+ and

[Au11]
3+. We found that the [Au22H3]

3+ cluster shows higher
FE toward CO than the [Au11]

3+ cluster under all voltages.
When more negative potentials are applied, the FE first
increases and then decreases, reaching a maximum at about
−0.6 V. This trend is similar to the recently reported
phosphine/thiolate coprotected Au55 cluster.45 The best
catalytic performance of [Au22H3]

3+ was observed at −0.6 V
with an FECO of 92.7%, which is significantly higher than that
of the thiolate-protected Au25 cluster at a similar potential.27

Furthermore, the [Au22H3]
3+ cluster also shows a very high

turnover frequency (TOF) of 488 h−1 and mass activity of 134
A/gAu at −0.6 V (Figure 3c and 3d), which is much higher
than the values of Au nanoparticles6−9 at the same potential
due to the higher ratio of surface atoms. For comparison, the
[Au11]

3+ cluster has an FECO of 70.6% at −0.6 V, which is close
to the reported value for [Au11(PPh3)8Cl2]

+.46 Relative to that
of [Au22H3]

3+, the current densities of [Au11]
3+ at all potentials

are lower (Figure S13). In addition, the TOF value of 276 h−1

and mass activity of 75.8 A/gAu at −0.6 V suggest a much lower
activity of the [Au11]

3+ cluster than the [Au22H3]
3+ cluster.

It is noteworthy that the [Au22H3]
3+ cluster not only exhibits

promising selectivity and activity toward CO2RR but also
remains stable during the electrochemical CO2RR. The
stability test results in Figure 3e indicate the current density
stays steady at −3.5 mAcm−2 during the 10 h electrolysis at
−0.6 V, with the FECO only dropping slightly (5.6%). It is also
confirmed with XPS analysis before and after the electrolysis,
as shown in Figure S17. The performance of the [Au22H3]

3+

electrode was measured after one month of storage in air; the
FECO at −0.6 V only drops 3.4% (Figure S16). All these results
prove that the [Au22H3]

3+ cluster is a stable CO2RR catalyst.
DFT calculations were carried out to understand the

mechanisms of the CO2RR on [Au22H3]
3+; the reaction

pathways for the two nanoclusters are shown in Figure 4. We
found that the bridge H atom in [Au22H3]

3+ could directly

Figure 3. Selectivity, activity, and stability of [Au22H3]
3+ and [Au11]

3+

in the electrocatalytic reduction of CO2 to CO. (a) LSV curves. (b)
FECO and (c) TOFCO of the two clusters. (d) Potential-dependent
mass activity of the two clusters. (e) Stability test of [Au22H3]

3+ for
electrolysis at −0.6 V.

Figure 4. DFT structures and energetics of CO2RR. (a) Optimized
structures of the intermediates on [Au22H3]

3+ for *COOH and *CO
and after CO desorption. Color code: Au = yellow; C = brown; P =
purple; Hydride = blue; H on the ligands = white; O = red. (b) Free
energy profiles of CO2RR on the [Au11]

3+ (cyan lines) and
[Au22H3]

3+ (red lines) clusters at 0 V vs RHE.
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hydrogenate CO2 to form adsorbed *COOH (Figure 4a) with
a Gibbs free energy (ΔG) change of 0.85 eV (Figure 4b).
Then, an electrochemical proton reduction process takes place
on *COOH, leading to the formation of adsorbed CO* and
H2O. Although CO desorption has a higher barrier on
[Au22H2]

3+ than on [Au11]
3+, the formation of the key

*COOH intermediate is much more difficult on [Au11]
3+

than on [Au22H2]
3+. This is because the [Au11]

3+ cluster
requires proton reduction from the electrolyte to form
COOH* (Figure S19). As a result, the DFT profiles in Figure
4b indicate that it is much more favorable to form CO on
[Au22H2]

3+ than on [Au11]
3+, in agreement with our

experimental observations (Figure 3). Moreover, Figure 4b
shows that the H vacancy in [Au22H2]

3+ can be readily
recovered by proton reduction (Figure S20), completing the
catalytic cycle. Although the CO2RR pathway on [Au22H3]

3+

shown in Figure 4b resembles the lattice hydride mechanism of
CO2RR on copper hydride nanoclusters,47 an important
difference is in selectivity, because HCOOH is preferred
over CO on the latter. We have also computed the ΔG for
HCOOH formation via hydride addition and the *HCOO
intermediate on [Au22H2]

3+ but found that it is less favorable
than CO formation (Figure S21). In other words, the lattice
hydrides in [Au22H3]

3+ behave very differently from those in
the Cu−H systems.
In conclusion, we have synthesized a new heteroleptic Au

trihydride nanocluster, [Au22H3(dppe)3(PPh3)8]
3+. The use of

the mixed ligands provides the cluster with both Au−H active
sites and good stability. The cluster is found to be an excellent
electrochemical CO2RR catalyst, which exhibits high reactivity
and selectivity to CO (92.7% FE and 134 A/gAu mass activity
at −0.6 V) and long-term stability. DFT studies of the CO2RR
mechanisms revealed that the Au nanohydride cluster
facilitates the formation of the key *COOH intermediate,
thereby favoring the CO product. The current work uncovers a
unique Au nanohydride cluster with well-defiend in situ
catalytic centers for CO2RR and suggests new approaches to
design nanocatalysts for understanding structure−activity
relationships and energy applications.
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