
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

4 
1:

58
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The smallest sup
College of Materials Science and Engineer

Technology, Qingdao 266042, Shandong,

com; xiaoshuang_Ma@qust.edu.cn; shuxin_

† Electronic supplementary information
tables. Details and crystal data of Au4(P
https://doi.org/10.1039/d3na00191a

Cite this:Nanoscale Adv., 2023, 5, 3287

Received 26th March 2023
Accepted 8th May 2023

DOI: 10.1039/d3na00191a

rsc.li/nanoscale-advances

© 2023 The Author(s). Published by
eratom Au4(PPh3)4I2 with two free
electrons: synthesis, structure analysis, and
electrocatalytic conversion of CO2 to CO†

Cheng Zhang, Mei Ding, Yonggang Ren, Along Ma, Zhengmao Yin,*
Xiaoshuang Ma * and Shuxin Wang *

Atomically precisemetal nanoclusters (NCs) have emerged as a new class of ultrasmall nanoparticles with both

free valence electrons and precise structures (from themetal core to the organic ligand shell) and provide great

opportunities to understand the relationship between their structures and properties, such as electrocatalytic

CO2 reduction reaction (eCO2RR) performance, at the atomic level. Herein, we report the synthesis and the

overall structure of the phosphine and iodine co-protected Au4(PPh3)4I2 (Au4) NC, which is the smallest

multinuclear Au superatom with two free e− reported so far. Single-crystal X-ray diffraction reveals

a tetrahedral Au4 core stabilized by four phosphines and two iodides. Interestingly, the Au4 NC exhibits

much higher catalytic selectivity for CO (FECO: > 60%) at more positive potentials (from −0.6 to −0.7 V vs.

RHE) than Au11(PPh3)7I3 (FECO: < 60%), a larger 8 e− superatom, and Au(I)PPh3Cl complex; whereas the

hydrogen evolution reaction (HER) dominates the electrocatalysis when the potential becomes more

negative (FEH2
of Au4 = 85.8% at −1.2 V vs. RHE). Structural and electronic analyses reveal that the Au4

tetrahedron becomes unstable at more negative reduction potentials, resulting in decomposition and

aggregation, and consequently the decay in catalytic performance of Au based catalysts towards the eCO2RR.
Introduction

The electrochemical CO2 reduction reaction (eCO2RR) can be
regarded as an efficient method to convert CO2 into a variety of
high-value chemicals and fuels using electricity generated from
renewable energy sources such as solar, wind, and tidal
energy.1–5 Due to the chemical inertness of CO2, reducing CO2 to
high value-added chemicals requires sufficient activation
energy to break C–O bonds. At present, the development of
efficient catalysts to reduce activation energy and improve CO2

conversion efficiency has become a research hotspot in this
eld, and remarkable results have been achieved.6–10 However,
the unclear structure–property relationship limits our deep
understanding of eCO2RR catalytic mechanisms at the atomic
level.

Atomically precise metal nanoclusters (NCs) protected by
ligands have attracted lots of interest for their unique properties
and precise structures.11,12 And NCs can be considered as an
ideal model catalyst widely employed in the study of the cata-
lytic mechanism of the eCO2RR. For instance, the Jin group
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systematically studied the inuence of the Au NCs on their
eCO2RR properties such as the shape effect,13 ligand effect,14

and doping effect.15,16 Subsequently, many studies have been
devoted to the accurate identication of catalytically active sites
of gold nanoclusters.17,18 In 2021, the Lee group nally deter-
mined that the catalytic active site was the demercaptan gold
atom at the interface through different sizes of Au25, Au38, and
Au144 NCs, and found a positive correlation between catalytic
activity and cluster size.19 The Wang group reported Au28 and
Au55 NCs, showing high selectivity for CO (FECO > 90%).20,21 The
Wu group introduced Cd to capture CO2 at the interface of gold
nanoclusters, forming a Cd–O–C(OH)–Au structure, which can
effectively inhibit the competitive hydrogen evolution reaction
(HER).22 Zhu and co-workers found that C–S bond breaking on
partial partitions makes it easier for open S sites to bind CO2 to
form catalytically active sites.23 Recently, Zhu found that
monomer Au24Au20 with a superatomic electronic conguration
has better eCO2RR catalytic reaction activity than dimer
Au43Ag38 nanoclusters.24 However, the relationship between the
eCO2RR performance and the size of Au NCs is still unclear. We
are trying to push the limit and produce the smallest Au NC to
answer the question. Moreover, few studies have been reported
to explain the decay of eCO2RR catalytic performance for Au NC-
based catalysts at negative reduction potentials.

In this work, we report the synthesis, structure analysis and
electroreduction performance of a novel Au4(PPh3)4I2 (Au4
hereaer) cluster with two free electrons, which is the smallest
Nanoscale Adv., 2023, 5, 3287–3292 | 3287
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cluster with free electrons reported so far. This structure is
determined by single-crystal X-ray diffraction (SC-XRD).
Furthermore, for comparison, Au11(PPh3)7I3 (Au11 hereaer)
and the Au(I) complex (Au(I)P hereaer) were prepared to
explore the structure and electron effects of clusters on the
eCO2RR. The three catalysts exhibited drastically different
catalytic performances toward the eCO2RR, which is not simply
related to the size of the clusters. This work will provide guid-
ance for the rational design of the Au-based catalysts for the
eCO2RR.

Experimental
Chemicals

All chemicals are of commercial grade and were used without
further purication. Hydrogen tetrachloroaurate tetrahydrate
(HAuCl4$4H2O, 99.95%), triphenylphosphine (PPh3, 98%),
ethanol (HPLC grade, 99.9%), sodium hexauoroantimonate
(NaSbF6,99%), tetra-n-octylammonium bromide (TOAB, 98%),
methylene chloride (CH2Cl2, HPLC grade, 99.9%), hexane
(HPLC grade, 99.9%), sodium borohydride (NaBH4, 99.99%),
methanol (HPLC grade, 99.9%), ethyl ether (HPLC grade,
99.9%), n-pentane (HPLC grade, 99.9%), silver nitrate (AgNO3,
99.9%), and sodium iodide (NaI, 99.9%). We purchased ultra-
pure water fromWahaha Co. Ltd. We cleaned all glassware with
aqua regia (3 : 1 mix of hydrochloric acid and nitric acid), rinsed
it with ultrapure water, and dried it before use.

Synthesis of the Au(I)(PPh3)Cl complex (Au(I)P)

The Au complex was prepared according to a reported protocol
with some minor modications.25 In a typical synthesis,
HAuCl4$3H2O (500 mg, 1.21 mmol) was rst dissolved in 35 mL
of deaerated EtOH in a 100 mL round-bottom ask. Subse-
quently, PPh3 (350 mg, 1.34 mmol) dissolved in 40 mL of dea-
erated EtOH was injected into the above solution under
vigorous stirring, and white precipitates formed immediately.
Aer 30 min, the white precipitates were ltered, washed with
diethyl ether three times, and nally dissolved in CH2Cl2.
Excess n-pentane was added dropwise to recrystallize the
product to obtain white needle crystals of Au(PPh3)Cl.

Synthesis of the Au(I)(PPh3)NO3 complex

Au(PPh3)NO3 was obtained by the counterion exchange reac-
tion. Briey, AgNO3 (169.8 mg, 1 mmol) was dissolved in 10 mL
MeOH and added to Au(PPh3)Cl (446 mg, 0.9 mmol) dissolved
in 50 mL CH2Cl2, and white precipitates AgCl formed immedi-
ately. Aer vigorous stirring for about 10 min, the mixture was
centrifuged to remove AgCl, and the solvent organic phase was
removed through rotary evaporation. The residual solid was
washed with methanol several times to obtain white solids of
Au(PPh3)NO3.

Synthesis of Au4(PPh3)4I2 nanoclusters (Au4)

Au(PPh3)NO3 (25 mg, 0.05 mmol), and NaI (37.5 mg, 0.25 mmol)
was added to 6 mL mixed solution of MeOH and CH2Cl2 (v : v =
1 : 2) with vigorous stirring. Aer about 20 min, NaSbF6
3288 | Nanoscale Adv., 2023, 5, 3287–3292
(17.6 mg, 0.068 mmol) was added and stirred for 15 min. A
freshly prepared NaBH4 solution (2 mg in 4 mL of ice methanol)
was added directly with vigorous stirring. The color changed
from colorless to pale brown and nally to dark brown. Aer
aging for 48 h, the solvent in the organic phase was removed
through rotary evaporation, and then the product was washed
with n-hexane three times and dissolved in CH2Cl2. Aer
diffusion of n-hexane into CH2Cl2 at room temperature for
about one week, orange-red crystals of Au4(PPh3)4I2 were ob-
tained (yield: ca. 15% based on the Au atom).

Synthesis of Au11(PPh3)7I3 nanoclusters (Au11)

Au11(PPh3)7I3 was synthesized according to the method
described in the literature with slight modications.26 To
a clean round-bottomed ask was added HAuCl4$4H2O (78 mg,
0.19 mmol), toluene (10 mL), TOAB (200 mg, 0.36 mmol), and
stirred at room temperature for 1 hour until the color of the
solution gradually deepened. Aer the gold salt was transferred
from the aqueous phase to the organic layer, the water layer was
removed by suction or centrifugation. The red organic layer was
collected in a new round-bottomed ask, and NaI (5 mg, 0.033
mmol) was added, and stirred for 20 min. With intense agita-
tion, PPh3 (210 mg, 0.8 mmol) was added. The liquid changed
from bright red to colorless, indicating the formation of the Au
complex. Aer 20 min, NaBH4 (90 mg, 2.38 mmol) ice water
solution (5 mL) was added, stirred and aged for 24 h at room
temperature. The color of the solution changed from colorless
to brownish red. The reaction mixture was centrifuged to
remove the water layer, and the crude product obtained aer
evaporation and drying was washed several times with n-hexane
(30 mL) to remove impurities and obtain black precipitate. A
single crystal Au11 NC was obtained by a stratied method. 2 mg
of the product was dissolved with CH2Cl2 (2 mL), and was
centrifuged to remove insoluble impurities, and then the black
solution was layered with n-hexane (5 mL). Aer three days red
crystals were obtained. The yield of Au11 is ca. 50% (based on
the Au atom).

X-ray crystallography

The data collections for single crystal X-ray diffraction were
carried out on a STOE Stradivari diffractometer at 150 K, using
Mo Ka radiation (l = 0.71073 Å). Data reductions and absorp-
tion corrections were performed using the X-Area. The structure
was solved by intrinsic phasing and rened with full-matrix
least squares on F2 using the SHELXTL soware package. All
non-hydrogen atoms were rened anisotropically, and all the
hydrogen atoms were set in geometrically calculated positions
and rened isotopically using a riding model. Detailed crystal
data and structure renements for the cluster are given in Table
S1.† CCDC 2251680 for Au4(PPh3)I2 contains the ESI crystallo-
graphic data for this paper. These data are provided free of
charge by the Cambridge Crystallographic Data Centre.

Electrochemical measurements

The catalyst sample was prepared by loading three as-prepared
NCs on acidic multi-walled carbon nanotubes (CNTs) with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The optical absorbance properties of two clusters. (a and b) UV-
vis absorbance spectra and (c and d) the spectra plotted in the energy
axis of Au4 and Au11 in CH2Cl2, respectively. Insets are the photos of
Au4 and Au11 in CH2Cl2.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

4 
1:

58
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a mass ratio of 1 (5 mg NCs and 5 mg CNTs). The catalyst ink
was obtained by dispersing the sample in isopropyl alcohol and
sonicating for 5 min. Then, 1 mL of the catalyst suspension and
10 mL of Naon (5 wt%) were mixed uniformly to form the nal
catalyst ink. Next, 40 mL of the catalyst ink was drop-cast onto
a carbon cloth (1.0 × 1.0 cm2) and dried at room temperature to
make the working electrode. All electrochemical measurements
were performed in a custom gas-tight H-cell with two
compartments separated by a Naon 117 membrane. Each
compartment contained 25 mL of electrolyte (0.5 M KHCO3 : pH
= 7.2 when saturated with CO2 and pH = 8.8 when saturated
with N2) with 15 mL headspace. The electrochemical measure-
ments were conducted on an electrochemical workstation (CHI
760E) with a Pt sheet as the counter electrode and an Ag/AgCl
electrode (KCl saturated) as the reference electrode. All the
potentials were calibrated to a reversible hydrogen electrode
(RHE) according to the Nernst equation:

R(RHE) = E(Ag/AgCl) + 0.059 × pH + 0.21 (1)

The gas ow from the cathode chamber was directed into
a gas chromatograph (GC3900Plus, RUI NENG) to identify and
quantify the gaseous products. The GC was purged for 30 min
with an average rate of 10 mL min−1 (at room temperature and
ambient pressure) before the test. The GC was equipped with
a thermal conductivity detector (TCD) for H2 detection and
a ame ionization detector (FID) for hydrocarbon detection. A
methanizer (Agilent) was connected to the FID for CO detection.
High-purity argon (99.9999%) was used as the carrier gas for all
compartments of the GC. The faradaic efficiency (FEX) and the
corresponding partial current density (jX) of X (X = CO or H2)
were calculated as follows:

FEX ¼ ðNi � n� FÞ
Qt

(2)

jX ¼ FEX �Qt

t� area
(3)

where Qt = total charge consumed in the electrochemical
reaction, Ni = the number of moles of the product (measured
using the GC), n = the number of electrons transferred in the
elementary reaction (n is 2 for CO and H2), F = the Faraday
constant (96 485 C mol−1), t = reaction time (s), and area = the
geometric area of the electrode (1 cm2).

The electrochemically active surface area (ECSA) of the
catalyst was obtained via the linear t of the corresponding
current density with respect to the scan rate (Fig. S5†). The
results indicated that the double layer capacitance of the elec-
trode (CdI) for Au(I)P, Au4, and Au11 was 0.648, 1.154, and 0.805
mF, respectively. The ECSA was calculated using the following
formula:

ESCA ¼ CdI

CS

(4)

where CS is the specic capacitance of the sample or capaci-
tance of an atomically smooth planar surface of the material per
unit area under identical electrolyte conditions. And the average
CS value of 0.04 mF cm−2 for an ideal at surface of the metal
© 2023 The Author(s). Published by the Royal Society of Chemistry
catalyst in alkaline solution reported by McCrory was chosen for
the ECSA evaluation.27

To evaluate catalyst stability, aer the eCO2RR, the samples
were rinsed with CH2Cl2 from working electrodes and collected
for characterization with UV-vis absorbance.
Results and discussion
Preparation and structure analysis of Au4 and Au11 NCs

Au4(PPh3)I2 was rst prepared by following a modied one-pot
method (see experimental details). Briey, in the presence of
NaI and NaSbF6, Au(I)(PPh3)NO3 were reduced by NaBH4 in the
mixed solvent of dichloromethane and methanol. The reaction
was aged for two days during which the solution gradually
changed from colorless to pale brown, and nally to dark
brown. An orange-red block crystal was obtained by diffusing n-
hexane into the dichloromethane solution containing the crude
product. Subsequently, Au11(PPh3)7I3 with eight electrons was
prepared by following the previously reported work to compare
eCO2RR catalytic performance with Au4.

First, we compared the optical absorbance properties of Au4
and Au11. For Au4, as shown in Fig. 1a and c, there is only one
prominent peak at 422 nm (2.94 eV). The energy bandgap
derived from the absorbance spectrum is 2.51 eV. For Au11, as
presented in Fig. 1b and d, there are also one prominent peak at
419 nm (2.96 eV), and two weak shoulders at 300 nm (4.13 eV)
and 315 nm (3.94 eV), while the energy bandgap of 1.88 eV agree
well with the previously reported work.26 Furthermore, one week
stability of Au4 and Au11 in liquid state at room temperature was
tested (Fig. S1†). It exhibits varying degrees of absorbance
reduction, indicating that the stability of two clusters decreased
due to structural collapse, while the deterioration rate of Au4 is
signicantly faster than that of Au11. It is concluded that the
stability of Au4 is relatively poor compared to that of Au11 at
room temperature.
Nanoscale Adv., 2023, 5, 3287–3292 | 3289
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Fig. 2 Structural analysis of Au4(PPh3)4I2 and Au11(PPh3)7I3. Overall
structure of monocationic (a) Au4 and (b) Au11, respectively (color
labels: yellow = Au, blue = P, grey = C, purple = I and white = H).

Fig. 3 The electrocatalytic performance of Au(I)P, Au4 and Au11 in the
eCO2RR. (a) LSV curves of the three catalysts in an N2-saturated
(dotted line) and a CO2-saturated (full line) 0.5 M KHCO3 solution. (b)
EIS and (c) FECO of the three catalysts. (d) Selectivity for various
eCO2RR products (CO vs. H2) obtained on Au11, Au4, and Au(I)P. The
error bars represent the standard deviation of three tests at the same
test potential.
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Subsequently, the atomic packing structure of Au4(PPh3)4I2
was examined using single crystal X-ray diffraction (SC-XRD). As
illustrated in Fig. S2,† Au4 crystallizes in the space group C2/c in
the monoclinic crystal system, and each unit cell has no coun-
terion, indicating that Au4 is electrically neutral. Therefore,
Au4(PPh3)4I2 is a superatom containing two free electrons (N= 4
− 2 − 0 = 2). More detailed structural parameters are summa-
rized in Table S1.† The comparison of overall structures of Au4
and Au11 is shown in Fig. 2. Au4 consists of a tetrahedral
structure composed of four gold atoms, each of which is coor-
dinated with one PPh3 ligand (Fig. 2a). In addition, there are two
iodine atoms, each of which forms a triangle with two gold
atoms via s bonding. This triangle, together with the PPh3

ligands connected to the gold atoms, that is, two staple motifs
and two iodine atoms together form Au4. Along the line con-
necting the two iodine atoms as the axis, half of the cluster
structure, that is, one staple motif, rotates 90° clockwise along
the axis and overlaps with the projection of the other half of the
staple motif. The bond lengths of Au–P are 2.282 and 2.292 Å,
the bond lengths of Au–I are 2.898 and 2.972 Å, and the bond
lengths of the adjacent Au–Au are 2.65, 2.74, and 2.83 Å (Fig. S3
and Table S2†). Furthermore, the structure of Au11(PPh3)7I3
consists of an Au11 core and seven PPh3 ligands in the ligand
shell (Fig. 2b). The remaining three gold atoms are bonded to
iodine atoms, and the three iodine atoms form an approximate
equilateral triangle with the center of mass located at the core
gold atom. Ten of the eleven gold atoms form an incomplete
icosahedral structure (missing one vertex and one edge gold
atom), with only ten triangular faces and three non-planar
quadrilateral faces. The remaining gold atom is located at the
center of this incomplete icosahedral structure. The gold core
can be viewed as consisting of a ring with four gold atoms and
a ring with ve gold atoms, as well as a gold atom located at the
center of the pentagon and one at the top. The crystal belongs to
the P21/n space group (Fig. S3†). The Au–P bond length is
between 2.271 and 2.297 Å, the Au–I bond length is between
2.595 and 2.609 Å, and the length of adjacent Au–Au bonds is
between 2.608 and 3.109 Å (Fig. S3 and Table S2†). Moreover,
the tetrahedron composed of four gold atoms is the smallest
subunit for the structural evolution of Au nanoclusters.28
3290 | Nanoscale Adv., 2023, 5, 3287–3292
Electrocatalytic CO2 reduction performance of the three
catalysts

To evaluate the catalytic performance of cluster catalysts, the
electrochemical CO2 reduction reaction (eCO2RR) was con-
ducted. Given the abundant surface defects and functional
groups of acidic multi-walled carbon nanotubes (CNTs), the two
clusters and the Au(I)PPh3I complex (Au(I)P) were deposited
onto CNTs with 50% wt. loading to form the Au(I)P/CNT, Au4/
CNT and Au11/CNT electrocatalysts. By using gas chromatog-
raphy (GC), it was discovered that CO and H2 were the only two
gaseous products compared to the reversible hydrogen elec-
trode (RHE) at all applied potentials (without IR correction).
Moreover, there were no liquid products as conrmed by 1H-
NMR spectra. We rst performed linear scanning voltammetry
(LSV) for the three catalysts (Fig. 3a). Au11/CNTs show much
higher current density and a more positive onset potential in
CO2 saturated 0.5 M KHCO3 aqueous solutions than in N2

purged aqueous solutions, indicating higher CO2 reduction
selectivity. Au4/CNTs have similar onset potential and current
density in both solutions, and did not exhibit high CO2 reduc-
tion selectivity. This implies that the HER rather than the
eCO2RR is the main reduction process of the three catalysts.
Interestingly, Au(I)P/CNTs exhibit more positive onset potential
and higher current density in CO2 saturated 0.5 M KHCO3

aqueous solution than in N2 purged aqueous solution, sug-
gesting some CO2 reduction selectivity. Thus, the eCO2RR
catalytic activity can be arranged in descending order as Au11 >
Au(I)P > Au4, which are not simply related to the size of the
clusters. Furthermore, electrochemical impedance spectros-
copy (EIS) was carried out to investigate the electron transport
properties of these catalysts at the electrode/electrolyte interface
(Fig. 3b). These three samples had signicantly different
© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrochemical impedances, indicating different electron
transport capabilities. The interface charge transfer rate was
highest for Au4, followed by Au11 and Au(I)P. This suggests that
Au4 would donate electrons to the intermediates more effi-
ciently than Au11 and Au(I)P during the electroreduction. As
shown in Fig. 3c, Au(I)P/CNTs and Au11/CNTs show excellent
selectivity for CO at all tested potentials, with CO faradaic effi-
ciency (FECO) more than 50% at all test potentials. Specically,
Au11/CNTs exhibit higher selectivity for CO with the highest
FECO (75.8% at −0.9 V vs. RHE) than Au(I)P/CNTs (FECO: 72.6%
at −0.9 V vs. RHE). Furthermore, the selectivity (HER vs.
eCO2RR) is shown in Fig. 3d. Au11/CNTs show higher CO
selectivity than Au(I)P/CNTs from−0.9 to−1.2 V vs. RHE. This is
due to the electron effect, indicating that clusters with free
electrons is more favourable than the Au(I) complex for selective
reduction of CO2 to CO. In contrast, Au4/CNTs exhibit selectivity
for CO at more positive potentials, while the hydrogen evolution
reaction dominates over the eCO2RR as the potential becomes
more negative. The FECO of Au4/CNTs is 62.8% at−0.6 V vs. RHE
with the highest FECO of 74.3% at −0.7 V vs. RHE, suggesting
that Au4/CNTs have a smaller eCO2RR overpotential than the
other two catalysts. Note that, although Au4 has two free elec-
trons, the cluster surface does not expose as much active site
metal as Au11. Moreover, H2 is a competitive reaction product,
and at a more negative applied potential, Au4/CNTs exhibit
a higher selectivity for H2 (FEH2

: 85.8% at −1.2 V vs. RHE) than
Au(I)P/CNTs (FEH2

: 48.9%) and Au11/CNTs (FEH2
: 26.7%).

The CO partial current density (jCO) increased with
increasing applied potential for the three electrocatalysts
(Fig. 4a). However, Au4/CNTs show a slightly higher jCO (1.8 mA
cm−2) than Au11/CNTs (0.7 mA cm−2) and Au(I)P/CNTs (1.0 mA
cm−2) at−0.6 V vs. RHE. Furthermore, the jH2

value of Au4/CNTs
increased more sharply than that of Au11/CNTs (6.0 mA cm−2)
and Au(I)P/CNTs (9.8 mA cm−2) as the potential became more
Fig. 4 (a) CO and (b) H2 partial current density of Au(I)P, Au4 and Au11
at different potentials. (c) The corresponding linear curves of current
density and the scan rate (CdI) for the three catalysts. (d) Tafel plots
constructed for the eCO2RR on the three catalysts in the 0.5 M KHCO3

solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
negative (Fig. 4b). The electrochemically active surface area
(ECSA) was measured to further reveal the reason for the
difference in the catalytic performance of the three catalysts in
the eCO2RR. We recorded the current density of Au(I)P/CNTs,
Au4/CNTs and Au11/CNTs at different scan rates ranging from
0.02 to 0.1 V s−1 (Fig. S4†). We evaluated the double-layer
capacitance (Cdl) of the three catalysts to be 0.648, 1.154 and
0.99 mF, respectively (Fig. 4c). And the ECSA of Au(I)P/CNTs,
Au4/CNTs and Au11/CNTs was calculated to be 16.20, 30.25 and
24.75 cm2, respectively. Therefore, active surface area of the
three catalysts can be arranged in descending order as Au4>
Au11> Au(I)P. Electrokinetic studies of CO2 electroreduction
were performed on these clusters to identify the origin of the
eCO2RR activities of the three Au-based catalysts. The Tafel
plots were then recorded to analyse the reaction kinetics, where
the Tafel slopes are calculated to be 448 mV dec−1, 480 mV
dec−1 and 422 mV dec−1 for Au(I)P/CNTs, Au4/CNTs and Au11/
CNTs, respectively (Fig. 4d). The High Tafel slopes of ca. 400 mV
dec−1 of the three catalysts suggest that the rst electron
transfer step is the eCO2RR rate-determining step. Furthermore,
using the ngerprint absorbance peak (422 nm for Au4; 419 nm
for Au11) as themetric, the absorbance change can be used as an
indicator of the catalyst stability (Fig. S6†). Notably, the entire
absorbance feature of Au4 and Au11 remains constant, though
the intensity of the characteristic peaks of Au4 is drastically
decreased, indicating that the structure of Au4 is difficult to
maintain during the electroreduction.
Discussion on structure and electronic effects of the catalysts
toward the eCO2RR

Based on the experimental test results of the three catalysts for
the eCO2RR, we would like to discuss the effect of free electrons
and stability of the three clusters toward the eCO2RR. Note that,
Au(I)P and Au11 can convert CO2 to CO with FECO > 50% at all
test potentials, suggesting that the +1 valence Au is the cata-
lytically active site. However, cationic gold is quite oxidizing
(Au+/0 = 1.83 V), indicating that the Au(I) complex was reduced
into small particles by Au–P bond breaking during electro-
reduction. Therefore, as the reduction potential becomes
negative, Au(I)P becomes less selective for CO. Although Au4
contains +1 valence Au atoms, its Au(I)/Au(0) ratio (Au4 : Au11 =
2 : 3) is less than that of Au11, resulting in the highest FECO

(74.3%) of Au4 being slightly less than that of Au11 (FECO:
75.8%). However, as the particle size decreases, the adsorption
capacity of H increases greatly. That means, for Au4, the HER
process became dominant at more negative potentials.
Conclusions

In conclusion, the smallest superatom with free electrons of
Au4(PPh3)I2 is synthesized by a one-pot method, and the Au4
tetrahedron could be considered as the smallest unit consti-
tuting the Au11 core. Moreover, Au(I)P, Au4 and Au11 exhibited
drastically different catalytic performances toward the eCO2RR.
Au(I)P and Au11 could convert CO2 into CO at all tested poten-
tials with high FECO (>50%). In contrast, Au4 can exclusively
Nanoscale Adv., 2023, 5, 3287–3292 | 3291
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convert CO2 into CO at more positive potentials, and as the
potential becomes more negative, H2 is the main product.
According to structure analysis, the Au4 tetrahedron could not
remain stable at more negative reduction potentials, resulting
in decomposition and aggregation, which is the reason for the
decay of catalytic performance of Au based catalysts towards the
eCO2RR. Moreover, Au(I) sites on the surface of the cluster were
the active sites. This work provides an example at the atomic
level to construct a structure–activity relationship between the
structure and electroreduction of CO2 of Au based catalysts.
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