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ABSTRACT: Porous carbon-supported gold nanoparticles of varied sizes were

prepared using thiolate-capped molecular Au,s, Augs, and Auyy, nanoclusters as .
precursors. The organic capping ligands were removed by pyrolysis at controlled I
temperatures, resulting in good dispersion of gold nanoparticles within the .

il o
porous carbons, although the nanoparticle sizes were somewhat larger than those >
of the respective nanocluster precursors. The resulting nanocomposites =%

displayed apparent activity in the electroreduction of oxygen in alkaline
solutions, which increased with decreasing nanoparticle dimensions. Among the
series of samples tested, the nanocomposite prepared with Au,; nanoclusters
displayed the best activity, as manifested by the positive onset potential at +0.95
V vs RHE, remarkable sustainable stability, and high numbers of electron transfer . : .
at (3.60—3.92) at potentials from +0.50 to +0.80 V. The performance is King't% Currentolgensity (mA cm?)
comparable to that of commercial 20 wt % Pt/C. The results demonstrated the

unique feasibility of porous carbon-supported gold nanoparticles as high-

efficiency ORR catalysts.
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B INTRODUCTION

In recent decades, the increasing consumption and rapid
depletion of fossil fuels has significantly intensified efforts in
search of alternative technologies for eflicient energy
conversion and storage.”” Of these, fuel cells represent a
unique technology where chemical energy is converted into
electrical energy by redox reactions at the electrodes. The
oxygen reduction reaction (ORR) at the cathode is a critical
process that has been known to play a major role limiting the
fuel cell efficiency. This is owing to its complex reaction
pathways and slow electron-transfer kinetics. Platinum group
metals and their alloys have been the leading candidates for

the Au nanoparticle size and catalyst loading."> Gold—
polyanline nanocomposites have also been fabricated through
a facile interfacial polymerization approach by the Vodnik
group and exhibited an excellent electrocatalytic capability
showing onset potential at —0.1 V vs SCE."® As ORR activity is
sensitive to the catalyst surface chemistry, the geometric and
electronic structure of the gold nanoparticles (NPs) hold an
important impact on the catalyst performance. Xu and co-
workers found that the ORR activity might be strongly
correlated with the Au NPs with the size ranging from 3 to
10 nm, and the size difference had no influence on the
mechanism. "’ Tang et al. observed that the kinetic current of 3

ORR catalyst design; yet, the high costs, low stability, as well as
limited supply of platinum significantly hinder their large scale
commercialization.”™® Therefore, significant research efforts
have been dedicated to developing platinum-free ORR catalysts
by multiple research groups continuously in the past
decades.” ™"

Among these, bulk gold has been observed to exhibit
moderate activity in alkaline solutions,'”'* and significant
research efforts have been devoted to developing gold
nanoparticles-based hybrid materials for ORR."~"" For
instance, Erikson et al. examined the ORR activity of carbon
supported gold catalysts, and found that the activity varied with
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nm Au NPs was 3.5 times of 7 nm Au NPs, and the former one
took a four electron reduction pathway but the latter one took a
two electron reduction pathway.”” The Kobayashi group
investigated the Au nanoparticle size effects on ORR in acidic
media, and observed a highest number of electron transfer
when the nanoparticles were less than 3 nm in diameter.”" Lee
et al.” reported enhanced ORR activity was observed when 8
nm gold nanoparticles were capped with easily removable
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oleylamine ligands, as compared with 3 or 6 nm Au
nanoparticles passivated by hexadecanethiol. In spite of the
progress, most of these prior studies focused on Au NPs larger
than 2 nm. Examples have been rare for ultrasmall gold clusters
(core diameter <2 nm) for ORR. Notably, drastically enhanced
performance has been observed with (sub)nanometer-sized
gold clusters (AuNCs). It can be ascribed to the under-
coordinated surface atoms that facilitated oxygen adsorption on
the nanoparticle surface.”” In fact, molecular AuNCs (Auy,,
Auys, Augg, and Auyyy) have shown apparent ORR activity,
which increases with shrinking core size.”> However, the
organic capping ligands may block the availability of catalytic
sites on the surface, which significantly limit their catalytical
activity.” In addition, because of the well-known Ostwald
ripening effect,”” AuNCs may aggregate/grow into larger
particles when they are used alone in electrochemical reactions.
One effective procedure to mitigate these issues is to remove
the organic capping ligands by pyrolysis at controlled
temperatures and support the nanoparticles on an appropriate
substrate, for instance, graphene,23 TiOz,26 as well as other
inorganic materials.”’

In the present study, using thiolate-capped Au,s, Augg, and
Au,,, nanoclusters as precursors, we prepared a series of porous
carbon-supported gold nanoparticles. The organic capping
ligands were removed by pyrolysis at controlled temperatures,
and uniform gold nanoparticles were rather well dispersed
within the porous carbon scaffold without obvious agglomer-
ation. These supported gold nanoparticles exhibited excellent
electrocatalytic activity for ORR, which increased with
diminishing nanoparticle size. Among the nanocomposites
tested, the sample derived from Au,; nanoclusters showed the
best activity and was comparable to commercial 20 wt % Pt/C.

B EXPERIMENTAL SECTION

Chemicals. Acetone, tetrahydrofuran, dichloromethane, toluene,
hydrofluoric acid, and sucrose were purchased from Caiyunfei
Chemical Reagents (Tianjin, China). Reduced L-glutathione, hydrogen
tetrachloroaurate(I1I) trihydrate (HAuCl,-3H,0), tetra-n-octylammo-
nium bromide (TOABr), and 2-phenylethanethiol (HSC,H,Ph) were
acquired from Energy Chemicals (Shanghai, China). Sodium
borohydride (NaBH,) and SBA-1S amorphous silica were obtained
from Aladdin Industrial Corporation (Shanghai, China). Commercial
20 wt % Pt/C was purchased from Alfa Aesar. The resistivity of
deionized water used in this study was 18.3 MQ-cm.

Preparation of Gold Nanoparticles Supported by Porous
Carbon. Porous carbon (Figures S1—S2)** and molecular gold
nanoclusters, Au,s(SC,H,Ph);3*’ Auss(SC,H,Ph),,>° and
Au,,(SC,H,Ph)g,>' (abbreviated as Auy;, Auye, and Auy,,) were
synthesized by adopting well-established synthetic procedures in the
literature (see details in the Supporting Information). The synthesis of
porous carbon-supported Au,s nanoclusters was described as follows.
In a typical reaction, 14 mg of porous carbon was first dispersed into
100 mL CH,Cl,. Separately, a solution containing 9 mg of
Au,(SC,H,Ph) ;s nanoclusters in 40 mL CH,Cl, was prepared
under magnetic stirring for 20 min (corresponding to a gold mass
of ca. 6 mg). Then the CH,Cl, solution of Au,s was dropwisely added
into the above porous carbon dispersion at constant stirring and
sonication at ambient temperature for 1 h. After CH,Cl, was removed
by rotary evaporation, the precursor underwent pyrolysis at 500 °C for
2 h under a flow of nitrogen, forming nanocomposites where gold
nanoparticles were supported on porous carbon at a gold mass loading
of 30%. This sample was referred to as AuPC-1. The samples of AuPC-
2 and AuPC-3 were fabricated in a similar manner by employing
Auy(SC,H,Ph),, and Au,,,(SC,H,Ph)g, clusters as the respective
precursor.

Characterizations. Powder X-ray diffraction (XRD) spectra were
acquired by a Bruker D8 diffractometer with Cu Ka radiation (1 =
0.1541 nm). The surface chemical compositions and valence states
were examined by X-ray photoelectron spectroscopy (XPS, Phi X-tool
instrument). UV—visible absorption spectra of AuNCs were recorded
on a Shimadzu 2600/2700 spectrophotometer. TEM analysis of the
samples were carried out by a high-resolution transmission electron
microscope (JEOL TEM-2010). The metal-to-organic ratio of the Au
clusters was determined by thermogravimetry analysis (TGA) with a
METTLER instrument under a N, atmosphere.

Electrochemistry. All the electrochemical studies were operated
on a CHI 750E electrochemical workstation (CH Instruments Inc.)
with a conventional three-electrode system at room temperature. The
as-prepared catalyst-coated glassy carbon electrode (GCE) was used as
the working electrode, and a AgCl/Ag with saturated KCl and a Pt
wire were used as the reference electrode and counter electrode,
respectively. Prior to catalyst deposition, the GCE was subjected to
mechanical polishing with 0.3 um alumina powders on a polishing
microcloth. All catalyst inks were fabricated in a same protocol as
follows: First, 2 mg of the catalysts prepared above was dispersed into
1.0 mL ethanol containing 10 xL Nafion (S wt %), then the dispersion
was sonicated for 30 min to prepare a homogeneous catalyst ink. The
glassy carbon disk was coated with the catalyst ink (10 yL), and the
loadings were controlled at 80.8 yg cm™ Linear sweep voltammo-
grams were collected at the scan rate of 10 mV s and cyclic
voltammoetric measurements were performed at the scan rate of 10
mV s™'. The durability and stability of the nanocomposite catalysts
were examined by chronoamperometric measurements in the O,-
saturated 0.1 M KOH solution at the rotation rate of 900 rpm and the
potential of +0.5 V (vs RHE) for 30000 s. A reversible hydrogen
electrode was employed to calibrate the Ag/AgCl reference electrode,
and in 0.1 M KOH, Egyp = Epgpgqs + 0966 V.

Bl RESULTS AND DISCUSSION

The structures of the as-produced Au,(SC,H,Ph),,,
Augg(SC,H,Ph),,, and Au,,,(SC,H,Ph)y, clusters were first
characterized, which were found to be consistent with literature
results, as manifested in Figures $3—85.>**% The nanoclusters
were then loaded onto porous carbons, and the organic capping
ligands were removed by calcination, leading to the deposition
of gold nanoparticles on the carbon scaffolds. Typical TEM
images of the resulting nanocomposite: (A) AuPC-1, (C)
AuPC-2, and (E) AuPC-3 are shown in Figure 1. One can see
that after calcination, the gold nanoparticles were dispersed
rather homogeneously within the carbon substrates (evidenced
by the low contrast background), with no obvious agglomer-
ation. The average diameters of Au NPs were estimated to be
3.7 + 0.90 nm for AuPC-1, 4.9 + 1.10 nm for AuPC-2, and 5.8
+ 1.25 nm for AuPC-3, as illustrated in the corresponding core
size histograms in panels (B), (D), and (F). These are
somewhat larger than those of the original gold nanoclusters
(Figure S3).

The structures of the AuPC-1, AuPC-2, and AuPC-3
nanocomposites, along with porous carbon alone, were then
studied by XRD measurements. From Figure 2, it can be seen
that the porous carbon sample exhibited two peaks at 26 = 23.8
and 43.0° from hexagonal carbon (JCPDS no. 75—1621),
consistent with the (002) and (101) crystalline planes,
respectively. For the three AuPC nanocomposites, four well-
defined peaks can be observed at 38.1°, 44.3°, 64.5°, and 77.4°,
which may be attributed to the peak corresponding to the
(111), (200), (220), and (311) crystalline planes of fecc gold
(JCPDS no. 65—2870). Note that the Au(200) facets
overlapped with the C(101) peak, whereas the C(002)
diffraction appeared to red-shift to about 30°, suggesting lattice
contraction due to nanoparticle deposition. These results
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Figure 1. Typical TEM images of (A) AuPC-1, (C) AuPC-2, and (E)
AuPC-3, with the corresponding size histograms in panels (B), (D),
and (F).
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Figure 2. XRD patterns of porous carbon, AuPC-1, AuPC-2, and
AuPC-3.

confirmed the successful incorporation of gold nanoparticles
into the porous carbon (Figure 1).

Consistent results were obtained in XPS measurements. As
demonstrated in Figure S6, the XPS survey spectra confirmed
the presence of Au, C, and O elements in the AuPC
nanocomposites. Further structural insights were revealed in
the high-resolution spectra of the C 1s (Figure 3A) and Au 4f
(Figure 3B) electrons. From Figure 3A, one can see that in the
AuPC-1 sample, deconvolution of the C 1s spectrum yields
three peaks, sp> C (284.8 eV), C in C—O (285.9 ¢V) and C in
C=0/COOH (288.0 eV); similar behaviors can be observed
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Figure 3. Focus scanning XPS spectra of the (A) C Is electrons of
porous carbon and AuPC-1, and (B) Au 4f electrons of Au,s NCs and
AuPC-1.

with the porous carbon alone except that the binding energy of
carbonyl/carboxylic C was about 0.6 eV lower. This implies the
formation of Au-COO™ moieties in the AuPC hybrids.** This is
consistent with the red-shift of the Au 4f electrons by 0.2—0.3
eV with AuPC-1 (87.8 and 84.0 eV) as compared with the
original nanoclusters (88.0 and 84.4 eV) (Figure 3B). This
suggests electron transfer from the carboxylic/carbonyl
moieties to gold, and it is likely that the enhanced electron
density on Au possessed an positive influence on the oxygen
electroreduction activity (vide infra).

The electrochemical activity of the AuPC nanocomposites in
alkaline media was then tested and compared. Experimentally,
the glassy carbon electrode (GCE) surface was coated with a
same amount of the hybrids for electrochemical tests. Figure 4A
depicts the cyclic voltammetric (CV) measurements acquired
with the AuPC-modified electrodes in a 0.1 M KOH solution
with the potential scan rate of 10 mV s™. In the N,-saturated
KOH solution (black dash curves), no redox peak appeared
within the potential range of 0.04 to 1.16 V. However, a well-
defined voltammetric peak emerged in oxygen-saturated 0.1 M
KOH solution, indicating obvious activity of AuPC in oxygen
electroreduction. Yet the peak potentials (E,) are clearly
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Figure 4. (A) CV curves of AuPC-1, AuPC-2, AuPC-3 nano-
composites, and commercial Pt/C catalysts recorded in nitrogen-
saturated and oxygen-saturated 0.1 M KOH, and (B) The ORR
polarization curves of porous carbon, AuPC-1, AuPC-2, AuPC-3
nanocomposites, and commercial Pt/C catalysts in O,-saturated 0.1 M
KOH with a rotation speed of 2500 rpm. (C) Variation of H,0, yield
and electron transfer number at various potentials.

different from sample to sample, at +0.86 V for AuPC-1, +0.83
V for AuPC-2, and +0.80 V for AuPC-3. Note that only +0.81 V
was achieved for commercial Pt/C. Significant differences of

the peak current density (jp) can also be seen at AuPC-1 (0.4S
mA cm™2), AuPC-2 (0.36 mA cm™), and AuPC-3 (0.33 mA
cm™2), and the value of commercial Pt/C is 0.57 mA cm™> The
above results suggest that within the present experimental
context, AuPC-1 emerged as the optimal oxygen electro-
reduction catalyst, and the electrocatalytic capability was close
to that of Pt/C.

RRDE measurements showed consistent results (Figure 4B).
For instance, the onset potential (E,,) of AuPC-1 is +0.95 V,
whereas only +0.81 V for porous carbon, + 0.91 V for AuPC-2
and +0.89 V for AuPC-3. Additionally, one can see that at
+0.45 V, AuPC-1 exhibited a much enhanced diffusion-limited
current density of 3.61 mA cm™ at 2500 rpm, in comparison
with porous carbon (2.75 mA cm™2), AuPC-2 (3.21 mA cm™2),
and AuPC-3 (3.16 mA cm™?). Furthermore, E,. was
estimated to be +0.95 V for commercial 20 wt % Pt/C, along
with a limiting current density of ca. 4.98 mA cm™ Taken
together, these observations indicate that the ORR activity
increases with the decreasing gold nanoparticle size, and the
optimal performances were as good as that of Pt/C (Table 1).

Interestingly, the reduction current on AuPC-1 and AuPC-2
catalysts shows a maximum between +0.6 and +0.7 V (Figure
4B), followed by a slight decrease of current at more negative
potentials. Such behaviors have been observed in previous
reports.””*° The former might be assigned to the formation of
HO; on Au(111) and Au(100) facets, while the latter is
probably attributed to the further reduction to OH™.*>*°

Control experiments with unsupported AuNCs further
highlight the significance of the formation of AuPC hybrids
in ORR, as depicted in Figures S7—S9 and listed in Table 1. It
is obviously shown that for the three (AuPC) nanocomposites,
the onset potentials were at least 200 mV more positive than
those of unsupported AuNCs, and the current density at +0.45
V was also markedly higher by approximately 3.0 mA cm™
These observations showed that while the gold nanoparticles
were somewhat larger, the formation of AuPC nanocomposites
offered an effective strategy for the fabrication of highly efficient
ORR electrocatalysts. This may be ascribed to the unique
interactions between the Au NPs and the porous carbon
support, as manifested in XPS measurements (Figure 3).
Further contributions may arise from the porous carbon
substrates (Figure S2) that facilitated the mass and electron
transfer for ORR.

From the RRDE voltammograms, the number of electron
transfer (1) and H,O, percent yield may also be quantified by
using the following equations:

_ 414
- ;
Li+y (1)
2001,
H,0,% = N
N Tl ()

where I; and I, are the disk current and the ring current in
RRDE voltammogrametric measurement, respectively. And N is
the current collection efficiency (0.37). From Figure 4C, it can
be seen that at potentials from +0.50 to +0.80 V, n was 2.61—
2.89 for porous carbon, 3.60—3.92 for AuPC-1, 3.49—3.67 for
AuPC-2, and 3.62—3.70 for AuPC-3, and the H,O, yield was
<23% for AuPC-1, AuPC-2, and AuPC-3 nanocomposites,
slightly exceeded that of commercial Pt/C (~10%).
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Table 1. Comparison of the ORR Activity of Different Samples Calculated by Voltammetric Measurements in 0.1 M KOH

Solution
sample Ep (V) jp (mA em™)* Egee (V)" Eypp (V)"

AuPC-1 +0.86 0.45 +0.95 +0.83
AuPC-2 +0.83 0.36 +0.91 +0.78
AuPC-3 +0.80 0.33 +0.89 +0.75
Auyg(SC,H,Ph),s  +0.54 0.19 +0.72 +0.57
Augg(SC,H,Ph),,  +0.54 0.14 +0.71 +0.56
Auyy(SC,H,Ph)g,  +0.50 0.10 +0.65 +0.54
commercial Pt/C +0.81 0.57 +0.95 +0.81

j (mA cm™)
at +0.45 V¥

specific activity at mass activity at

ECSA (m* g™") +0.80 V (mA cm™) +0.80 V (A g™")
3.61 32.02 0.612 25.50
321 30.13 0.195 8.13
3.16 27.27 0.160 6.67
0.63
0.61
0.35
4.98 43.08 0.615 38.44

“E, and jp were determined from cyclic voltammograms (Figure 4A and Figure S7A). onnseU E, )y and j at 0.45 V were determined from rotating-
disk voltammograms with a rotation speed of 2500 rpm (Figure 4B and Figure S7B).

Further insights may be obtained from the Tafel plots, which
were constructed from RDE voltammograms acquired with
different rotation speeds of 100—2500 rpm (Figure S10).
Notably, the current density of three AuPC samples increased
with the electrode rotation rates in RDE measurements, as
manifested in the Koutecky—Levich plots within the kinetics/
diffusion-mixed controlled region, where good linearity and
consistent slopes suggested first-order reaction kinetics for
oxygen reduction with regard to the oxygen concentration in
the solution. As displayed in Figure SA, the specific activity (j,
normalized by the ECSA of the AuPC samples) increased with
the decreasing of AuPC nanoparticle size. For instance, at +0.80
V, ji increases in the order of 0.160 mA cm™> (AuPC-3) <
0.195 mA cm™? (AuPC-2) < 0.612 mA cm™> (AuPC-1) < 0.615
mA cm ™ (commercial Pt/C). Note that the specific activity
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Figure 5. (A) Tafel plots of AuPC-1, AuPC-2, AuPC-3, and
commercial Pt/C catalysts. Data obtained from linear fitting of the
K-L plots in Figure S10. (B) Chronoamperometric profiles at the
AuPC-1, AuPC-2, AuPC-3, and commercial Pt/C electrodes in the
oxygen-saturated 0.1 M KOH solution with a rotation speed of 900
rpm at constant overpotential of +0.5 V (vs RHE) for 30 000 s.
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value of AuPC-1 is almost identical to that of Pt/C. A similar
trend can be observed with the mass activity (kinetic currents
normalized to the metal mass), of which the order is 6.67 A g™
(AuPC-3) < 8.13 A ¢! (AuPC-2) < 25.50 A g™ (AuPC-1) <
38.44 A ¢! (commercial Pt/C). The values are also listed in
Table 1. Additionally, similar features of the Tafel plots were
obtained for the various catalysts. The Tafel plots actually
displayed two clear linear regions at low and high over-
potentials, which has been recorded rather extensively in
previous studies.” ° In the low overpotential range (where ET
kinetics was more likely the limiting factor in ORR), the slopes
were found at 62.6 mV dec™! for AuPC-1, 59.5 mV dec™ for
AuPC-2, 57.8 mV dec™ for AuPC-3, and 78.5 mV dec™ for Pt/
C. The Tafel slopes were all around 60 mV dec™’, indicating
that the rate-determining step in the electrocatalytic reduction
of O, might be a pseudo two-electron reaction.”® However, at
the potential below +0.85 V, the slopes were 123.1 mV dec™
for AuPC-1, 119.1 mV dec™" for AuPC-2, 118.3 mV dec™' for
AuPC-3, and 123.8 mV dec™! for Pt/C, suggesting that the
reaction rate was probably determined by the first electron
transfer to oxygen molecules.” ™

The following factors mainly contributed to the apparent
ORR activity of the AuPC samples: First of all, the small-sized
Au particles are beneficial for the activation of molecular
oxygen,
significantly decrease the activation energy of chemisorption
of oxygen molecule,”””*”** which facilitates the 4-electron
transfer and leads to a positive onset potential; Second, the
complete removal of the thiolate ligands promotes interfacial
charge transfer from carbon to gold during ORR,*>740 5
evidenced from the XPS measurements (Figure 3); At last, the
integration of porous carbon and Au offers a synergetic
platform for improved ORR activity, as porous carbon acts not
only as a support and but also had an inevitable influence on
metal—support interactions.'>*' ~*

Finally, the durability and stability in alkaline media of these
nanocomposite catalysts were investigated by chronoampero-
metric measurements. From Figure 5B, the cathodic currents of
AuPC-1, AuPC-2, and AuPC-3 exhibited a loss of 19.2%, 15.6%,
and 22.7% after continuous operation for over 8 h, whereas Pt/
C displayed a 35% loss. The remarkable long-term stability
might be attributed to the porous carbon support that
prevented the aggregation of AuNCs while maintaining efficient
electron transport for ORR. In fact, the electrochemical
performance of AuPC-1 was highly reproducible even after
three repeated uses (Figure S11).

as the low-coordination surface Au atoms can
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B CONCLUSIONS

Porous carbon-supported gold nanoparticles were prepared by
using molecular gold nanoclusters as precursors that were
embedded within porous carbon matrices. Obvious electro-
catalytic activity toward ORR was observed with the nano-
composites in alkaline media, where the performance varied
with the nanoparticles size. Among the series of samples tested,
the nanocomposite prepared with Au,s nanoclusters demon-
strated the best electrocatalytic activity, evidenced by an onset
potential at +0.95 V vs RHE, the electron transfer number of
3.60—3.92 within the potential range of +0.50 to +0.80 V, and
remarkable long-term stability. The performance is competitive
with that of commercial 20 wt % Pt/C. The results highlight
the feasibility of using porous carbon-supported gold nano-
particles as high-efficiency ORR catalysts.
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Preparation of porous carbons

Porous carbons were prepared by following a previous synthetic method." Firstly, an aqueous solution was
prepared by dissolving 1.25 g of sucrose and 0.14 g of H,SO, in 5 mL of H,O in a 50 mL Telfon-lined
autoclave, and 1 g of SBA-15 amorphous silica was then added into the above agueous solution. The
mixture was under magnetic stirring for 2 h at room temperature, followed by heating at 100 °C for 6 h in
an oven and at 160 °C for another 6 h. The precursor turned dark brown during the heating treatment in the
oven. Secondly, the resultant precursor was again heated following the above procedure after the addition
of 0.8 g sucrose, 0.09 g H,SO,4 and 5 g H,O. Finally, the obtained precursor underwent pyrolysis at 900 °C
for 5 h under a N, flow, affording the preparation of carbon-silica composites, which were immersed in a
10 wt% HF solution for 24 h to remove the silica template, affording porous carbon which displayed
ordered trenches of ca. 10 nm in diameter and several microns in length.’

Synthesis of Auys(SC,H4Ph) g

Aus nanoclusters were prepared by adopting a previously reported approach.® Briefly, 1 mmol
HAuUCI,-4H,0 and 1 mmol TOAB were co-dissolved in 30 mL THF in a 100 mL of round-bottom flask,
and the resulting solution was cooled to 0 °C in an ice bath over a period of 30 min. 6 mmol of
PhCH,CH,SH was slowly added to the flask; the speed of stirring was turned to be very low (60 rpm) until
the red color solution turned colorless in ~3 h. Then, the stirring speed was increased to 1100 rpm, and an
aqueous solution of NaBH,4 (10 mmol freshly dissolved with 5 mL ice-cold nanopure water) was rapidly
added all at once. The reaction was under vigorous stirring for 12 h. After removal of some precipitates
(by-products), the solution was concentrated by rotary evaporation. Then cold water was added, and the
precipitates were collected and thoroughly washed with methanol for five times to remove excess thiol.
The as-obtained solids were the Auys(SC,H4Ph)1g nanoclusters.

Synthesis of Auzg(SC,H4Ph)24

Augs nanoclusters were prepared according to a previously reported method.* Firstly, 196.9 mg of
HAuCI,-3H,0 and 614 mg of glutathione (GSH) were vigorously stirred at room temperature for 30 min in
20 mL acetone, then the mixture was cooled to ~0 °C in an ice bath over a period of 20 min. Subsequently,
a freshly prepared aqueous solution of NaBH, (5 mmol, dissolved with 6 mL ice-cold nanopure water) was
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rapidly added into the suspension under vigorous stirring. After 20 min, black Au,(SG), nanoparticles
were precipitated out of the solution. The clear acetone supernatant was removed, and the polydisperse
Au,(SG), nanoparticles were dissolved with 7 mL nanopure water, and mixed with 0.4 mL ethanol, 2 mL
toluene and 2 mL PhC,H,SH in a 25 mL of round-bottom flask under vigorous stirring at ambient
temperature for 1 h. Then the biphase solution was heated to 80 °C and kept at this temperature for ~40 h.
The organic phase was washed with methanol for five times to remove excess thiol, and Auzg(SC,H4Ph),4
nanoclusters were separated by extraction with dichloromethane.

Synthesis of Auy44(SC,H4Ph)go

Auy, nanoclusters were prepared in reference to a previous method.” Typically, 196.9 mg of
HAuCI,-3H,0 was dissolved in 6 mL nanopure water, and 314.6 mg of TOAB was dissolved in 10 mL
toluene. These two solutions were mixed in a 25 mL of round-bottom flask under vigorous stirring at room
temperature for 30 min. The clear aqueous phase was removed with a separatory funnel. The toluene
solution containing Au(ll1) was cooled to ~0 °C in an ice bath over a period of 30 min. Then, 0.206 mL of
PhCH,CH,SH was added under vigorous stirring. The deep red solution turned colorless after ~2 h. An
aqueous solution of NaBH, (5 mmol, dissolved in 6 mL ice-cold nanopure water) was rapidly added to the
flask all at once under vigorous stirring. The reaction was allowed to proceed for ~24 h. Then, the aqueous
phase was discarded and the black toluene phase was dried by rotary evaporation. The Au nanoparticles
were separated by ethanol from TOAB and other side products. Then, excess PhCH,CH,SH was used to
etch the as-prepared Au nanoparticles. Generally, 80 mg Au nanoparticles were dissolved with 4 mL
toluene, and 2 mL PhCH,CH,SH was added to the solution. The mixture solution was heated at 80 °C for
24 h under constant stirring. After that, 80 mL methanol was added to the solution to precipitate Au
nanoparticles. Only Auis nanoclusters and Au(l)-SCH,CH,Ph existed in the black precipitation. Auis,
nanoclusters were extracted with dichloromethane as the final product
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Figure S1. Representative TEM images of (A) Au,5(SC,H4Ph);g (C) Auzg(SCoH4Ph),4 and (E) Auias(SC,H4Ph)sg
nanoclusters, with their corresponding core size histograms in panels (B), (D) and (F). The average core

diameters were estimated to be 1.10 + 0.30 nm, 1.20 + 0.35 nm and 1.60 + 0.50 nm, respectively.
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Figure S2. UV-visible absorption spectra of Auys(SC,H4Ph)ig Auzg(SCoH4Ph),s and  Augge(SCoH4Ph)go.
Auys(SC,H,4Ph).g nanoclusters showed distinct peaks at 400, 445, and 680 nm. Ausg(SC,H4Ph),, nanoclusters
showed prominent peaks at 485 and 620 nm. Auy44(SC,H4Ph)s nanoclusters showed distinct bands at 510 and

700 nm.
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Figure S3. TGA curves of (A) Au,5(SCy;H4Ph)g (B) Ausg(SC,H4Ph),, and (C) Auggs(SCoH4Ph)gg
nanoclusters, where the organic components were estimated to account for about 33.7%, 30.2%, and

22.6% in the nanoparticles, in good agreement with the calculated values of 33.3% 30.5%, 22.5%,
respectively.

SI-5



C1s

O1s

MM""“"“"\/

1000 800 600 400 200 0
Binding Energy (eV)

Intensity (a.u.) >

SVRDUSERSNNSIS

C1s

O1s

Wi

1000 800 _600_ 400 200 O
Binding Energy(eV)

Intensity(a.u.) ™

Figure S4. XPS survey spectra of (A) porous carbon and (B) AuPC-1. In panel (B), based on the integrated
peak areas, the gold loading was estimated to be 0.8 atom%.
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Figure S5. (A) Cyclic voltammograms of GCE, Au,s(SC,H4Ph)15, Ausg(SCaH4Ph)24 and Augsq(SCoH4Ph)goin 0.1
M KOH solution saturated with oxygen at a scan rate of 10 mV/s. (B) RDE voltammograms of GCE,

AUys(SCyH4Ph) 15, Ausg(SCoH4Ph),4 and Auygs(SCH4Ph)g in 0.1 M KOH solution saturated with oxygen at the
rotation rate of 2500 rpm.
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Figure S6. RDE voltammograms and corresponding Koutecky—Levich plots (j* versus o %) of different
catalysts in O,-saturated 0.1 M KOH with a sweep rate of 10 mV s at different rotation rates: (A and B)
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