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Abstract

reaction

Nanocomposites based on gold nanoclusters (AuNCs) with polyvinyl pyrrolidone as ligand and reduced graphene
oxide (RGO) have been prepared and employed as efficient electrocatalysts for oxygen reduction reaction (ORR).
AuNCs were synthesized through a wet chemical approach and then loaded onto the RGO. The as-prepared hybrid
materials were pyrolyzed to remove the organic ligands. The composites were characterized by transmission
electron microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) as well as other
techniques. Electrochemical tests demonstrated that the hybrid materials exhibited effective ORR activity in alkaline
media. Among a series of samples tested, the pyrolyzed sample with 50 % AuNCs mass loading exhibited the best
activity, superior than AuNCs alone, RGO alone, and the others, in terms of onset potential and kinetic current
density as well as durability. The method here may provide a generic approach to prepare supported noble metal
nanoclusters with excellent reactivity and robust stability for ORR.
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Background

Low-temperature fuel cells, an efficient energy conver-
sion device, are expected to tackling the global energy
crisis and environmental issues [1-3]. However, their
massive commercialization and development have been
significantly hindered by the oxygen reduction reaction
(ORR), mainly due to the sluggish reaction kinetics and
complicated reaction pathways of ORR [4, 5]. Currently,
the most extensively employed catalyst for ORR is Pt-
based materials [6—9], but the high price and scarcity of
Pt as well as low poison resistance significantly retard
their widespread commercialization. Therefore, it is
urgent to develop cost-effective ORR catalyst with suffi-
cient reactivity and high earth abundance as well as
long-term stability [10-12].
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Gold nanoclusters (AuNCs), owing to their excellent
optical properties, and rich electrochemical behaviors as
well as ultrasmall sizes imparted large surface area, have
been attracting increasing research attentions in catalytic
regime in the past decade [13]. Recent studies have dem-
onstrated that AuNCs possess excellent catalytic activity
toward a series of reaction including CO oxidation [14],
selective hydrogenation [15], and oxidation [16] of small
organic molecules as well as ORR [17]. Unfortunately,
when employing AuNCs alone as catalyst, the stability
became an inevitable issue, e.g., they can easily dissolve,
aggregate, decompose, or sinter in the electrochemical
catalytic process [18]. Consequently, a variety of sub-
strates have been developed to support and stabilize
these clusters, and the most widely used substrate is por-
ous carbon materials including mesoporous carbon [19],
carbon nanosheets [20], and carbon nanodots [21].
Graphene, although discovered only recently in 2004
[22], has already become an extremely promising mater-
ial as a catalyst support [23]. Graphene-based materials
(e.g., graphene, graphene oxide, reduced graphene oxide)
possesses a two-dimensional sheet structure with sp?
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hybridized carbon, which enables it with large surface
area and excellent electric conductivity as well as great
chemical stability in acidic or alkaline electrolytes [23, 24].
Notably, the sheet films made of reduced graphene have
showed fast electron-transfer kinetics and remarkable
electrocatalytic activity for a variety of electroactive spe-
cies [25]. Molybdenum-doped mesoporous graphene
composites have been prepared by Dong et al., and such
composites exhibited excellent ORR activity through a
four-electron dominant reaction pathway [26]. Surfactant-
free Au clusters grown on reduced graphene oxide (RGO)
sheets have been fabricated by the in situ approach, and
such hybrid materials possessed a nearly close onset
potential value with Pt/C in ORR [27]. Chen’s group re-
ported a novel technique for the simultaneous synthesis of
Au nanoparticle/RGO hybrid materials with enhanced
ORR activity recently [28]. Despite the great success have
been achieved, the most facile and straightforward method
(mechanical mixing and calcination) have been ignored.
Polyvinyl pyrrolidone (PVP) has been widely employed as
a ligand or protecting agent to prepare monodisperse
noble metal clusters with ultrasmall dimensions and nar-
row size distributions [29, 30]. The integration of PVP Au
clusters and RGO by a simple and straightforward
approach (mixing and calcination) might offer a promising
alternative as ORR catalyst, and this is the primary motiv-
ation of our current study.

In this study, nanocomposites based on AuNCs with
PVP as ligand and RGO have been prepared and
employed as efficient electrocatalysts for ORR. Monodis-
perse AuNCs were prepared by a wet chemical approach
and loaded onto RGO. The composites were calcined,
and PVP ligands were removed. With low loading of
AuNCs, the intimate interaction of RGO and AuNCs
could prevent the agglomeration of AuNCs during pyr-
olysis, leading to the formation of uniform materials. At
higher loading of AuNCs, obvious agglomeration was
observed which resulted in diminished activity. All the
hybrid materials demonstrated effective activity toward
ORR. Among a series of samples tested, the sample with
50 % mass loading of AuNCs demonstrated best activity
with a performance comparable with Pt/C, superior than
AuNCs alone and RGO alone as well as other samples.

Experimental Section

Materials

Hydrogen tetrachloroauric acid (III) trihydrate (HAuCly -
3H,0, 98 %, Energy Chemicals, Shanghai), polyvinyl
pyrrolidone K30 (PVP K30, Boao Biotechnology Co. Ltd,
Shanghai), sodium borohydride (NaBH,, 98 %, Aladdin
industrial Corporation, Shanghai), Pt/C (20 wt%, Alfa
Aesar), graphite powder (99.95 %, Aladdin industrial
Corporation, Shanghai), concentrated sulfuric acid (con-
centrated H,SO4, 98 %, Dingshengxin, Tianjian), sodium
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nitrate (NaNOs, >99 %, Chemical Reagent Factory, Tianjin),
potassium permanganate (KMnQ,, >99.5, Aladdin indus-
trial Corporation, Shanghai), hydrogen peroxide (H,O,,
30 %, Dingshengxin, Tianjian), hydrochloric acid (HCl, 36—
38 %, Aladdin industrial Corporation, Shanghai), and hy-
drazine hydrate (H¢N,O, >99.7 %, Dingshengxin, Tianjian)
were used as received without further purification. Water
was supplied by a Barnstead Nanopure Water System
(18.3 MQ cm).

Preparation of PVP Stabilized Au Nanoclusters (PVP-AuNCs)
PVP-AuNCs were synthesized by following a modified
procedure in the previous reports [29, 31]. Typically,
555.5 mg PVP was added to the tetrachloroauric acid
(III) trihydrate (50 mM, 1 mL) solution and stirred for
30 min in an ice bath. Then, a freshly prepared sodium
borohydride aqueous solution (0.1 M, 5 mL) was added
under vigorously stirring. The solution color turned
from light yellow into dark brown immediately, indicat-
ing the formation of PVP-AuNCs. The as-formed
AuNCs were dialyzed by a semi-permeable membrane
for 3 days to remove all the free ligands.

Preparation of Reduced Graphene Oxide (RGO)

Graphene oxide (GO) was first acquired according to
Hummer’s method [32]. Then, RGO was synthesized by
following a reported protocol [27]. Briefly, 50 mg GO
was dispersed in 50 mL water and sonicated for 1 h to
obtain a brown suspension. Then, the dispersion was
transferred into a three-neck flask, heated to 80 °C, and
1 mL hydrazine hydrate was added. The solution was
kept stirring for 24 h and then filtered. The obtained
solid was washed repeatedly with copious methanol and
water and fully dried in a vacuum drying oven.

Preparation of RGO Supported PVP-AuNCs

Twenty milligrams of RGO was dispersed in 20-mL
water in a round bottom flask. Separately, 20 mg of
AuNCs were added into 20-mL water under constant
stirring for 20 min. Then, they were mixed with AuNCs-
to-RGO mass ratios of 1:2, 1:1, and 2:1, respectively. The
mixtures were sonicated for 3 h at room temperature.
Subsequently, the solvents were removed by freeze dry-
ing, and the residual solids were calcined for 2 h under
nitrogen stream at 600 °C to obtain the nanocomposite
catalysts of RGO supported AuNCs.

Characterizations

The ultraviolet visible absorption spectrum of AuNCs
was tested through a Shimadzu 2600/2700 UV-visible
scanning spectrophotometer. For high-resolution trans-
mission electron microscopic (HR-TEM) tests, the sam-
ples were dispersed in absolute ethanol and dropcast
directly onto a copper grid coated with a holey carbon
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film. The X-ray diffraction (XRD) were obtained with
the Bragg angle (2 0) changes in the scope of 10°-90° at
room temperature by using Bruker D8 diffraction and
Cu K alpha radiation (1 =0.1541 nm). X-ray photoelec-
tron spectroscopy (XPS) analysis was conducted with a
VG MultiLab 2000 instrument with a monochromatic
Al K X-ray source (Thermo VG Scientific).

Electrochemical Measurements

The electrochemical tests were performed on an electro-
chemical workstation with the type of CHI 750E (CH in-
struments) in 0.1 M KOH solution at room temperature.
The platinum wire electrode and Ag/AgCl electrode
worked as the counter electrode and the reference elec-
trode, respectively. The working electrode was a glassy
carbon (5.61 mm in diameter) rotating ring disk elec-
trode (37 % collection efficiency) from the pine instru-
ments; the working electrode was cleaned with 0.3-um
alumina powder on a polishing mica cloth.

Typically, 1-mg catalyst was dispersed in 0.5 mL of an-
hydrous ethanol solution, and 5-pL Nafion was added
into the mixture and sonicated for at least half an hour.
Ten-microliter mixed liquor was applied onto the glassy
carbon electrode and dried at room temperature. The
loading capacity of all catalyst samples on the electrode
surface was 40.4 pg cm 2. In all tests, the Ag/AgCl refer-
ence electrode was calibrated with respect to a reversible
hydrogen electrode (RHE). The calibration of the work-
ing electrode and the counter electrode was carried out
in a highly pure H, (99.999 %) saturated electrolyte
using a platinum wire. The cyclic voltammograms (CV)
were conducted at a scan rate of 10 mV s™', and the lin-
ear sweep voltammograms (LSV) were operated with the
rotation rates ranging from 100 to 2500 rpm. All electro-
chemical tests were conducted in 0.1 M KOH solution,
Enpie = Eagiagar + 0.966 V.

Results and Discussion

The AuNCs and RGO were first prepared separately.
Additional file 1: Figure S1 presents the UV-visible ab-
sorbance spectrum of the as-prepared AuNCs. It is
worth noting that, due to the well-known quantum con-
finement effects, gold nanoparticles with core diameter
larger than 2.2 nm typically possess a surface plasmon
resonance peak at ~520 nm in absorbance [13, 33].
Herein, the absorbance displays a featureless exponential
decay without such peak, indicating that small gold clus-
ters instead of large nanoparticles were acquired. Indeed,
as shown in Additional file 1: Figure S2, the TEM results
showed that the sample was very monodisperse, with an
average diameter of 2.1 +0.2 nm. Representative TEM
images of RGO can be found in Additional file 1: Figure
S3, and the well-defined thin sheets can be easily identi-
fied. Then, the PVP-AuNCs were loaded into RGO,
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followed by pyrolysis at 600 °C for 2 h. Figure 1 presents
the TEM results of the nanocomposites with the loading
mass ratios for AuNCs-to-RGO of 1:2, 1:1, and 2:1, re-
spectively. It can be observed that AuNCs were evenly
distributed on the surface of RGO. Based on more than
200 counts of individual particles, the average diameters
were calculated as 2.8 £+0.3 nm, 2.4+ 0.7 nm, and 4.7 +
0.4 nm for 1:2, 1:1, and 2:1 samples, respectively. The
core diameter was somewhat larger than that of the as-
prepared PVP-AuNCs. Note that, the diameter of the
sample of AuNCs:RGO =2:1 is apparently larger than
the other two, probably caused by the agglomeration
during the pyrolysis resulted from the much higher
AuNCs loading. Other TEM images for the nanocom-
posites of AuNCs:RGO = 1:1 with different magnitudes
can be found in Additional file 1: Figure S4, which fur-
ther confirm that AuNCs were evenly distributed on
RGO.
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Fig. 1 Representative TEM images and corresponding size
distribution histogram of (@), d AUNCs:RGO = 1:2, b, @ AUNCs:RGO = 1:1,

and ¢, f AUNCs:RGO = 2:1
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The structure of the Au/RGO nanocomposites was
further studied by XRD measurements. As shown in
Fig. 2a, in the RGO sample, two peaks can be seen at 20
=23.9 and 43.3, which were assigned to (002) and (101)
hexagonal carbon crystal face (jcpds75-1621), respect-
ively. For AuNCs:RGO nanocomposites, additional dif-
fraction peaks at 20 =38.5, 43.8, 64.7, and 78.8 can be
observed, and these peaks correspond well with (111),
(200), (220), and (311) diffraction of fcc gold [34]. The
results implied that the PVP-AuNCs were indeed incor-
porated into the nanocomposite, which can be further
attested by the XPS results in Fig. 2b. Besides the Cls
peak and Ols peak from RGO, additional peaks from
Au (Au4d, 353.19 and 333.12 eV, Audf, 84.01 eV) with
strong signal can be clearly identified. High-resolution
XPS spectra of Au4f electrons of AuNCs and the nano-
composites can be found in Fig. 2c. For PVP-AuNCs,
the binding energy of Au 4f;/, is estimated as 84.2 eV,
which is in the range of Au(0) film (83.8 eV) and Au(l)
(85.0-86.0 €V) [35, 36]. While for the samples of nano-
composites, with the increasing of AuNCs, the binding
energy decreased gradually from 84.0 eV for the 1:2 sam-
ple to 83.8 eV for the 2:1 samples. The binding energy
decrease of Au 4f,/, electrons indicated the electronic
interaction between the gold elements and RGO, in
good accordance with what we observed in the previous
report [20]. Such electronic interaction might be benefi-
cial for the fast electron transfer and mass transport kin-
etics during the electrochemical processes.

The electrocatalytic activity upon oxygen reduction of
the nanocomposites was first examined by rotating ring
disk electrode (RRDE) measurements. Figure 3 shows the
RRDE results with the electrode modified by the nano-
composites of different AuNCs loadings (AuNCs:RGO =
1:2, 1:1, and 2:1) in an oxygen-saturated 0.1 M KOH solu-
tion at 2500 rpm. It can be observed that for all the
samples, when the electrode potential was scanned to
~0.5 V, non-zero cathodic currents started to appear and

Page 4 of 7

—— RGO Only

AuNCs: RGO=1:2
~——AuNCs: RGO=1:1
AuNCs: RGO=2: 1

o E \
(8]
< 0
E
S— -1
-2
3F
0.0 0:2 0:4 0:6 0:8 1:0
E(V vs.RHE)

Fig. 3 RRDE voltammograms of AuNCs, RGO, and composite
catalysts with different AUNC loading in O,-saturated 0.1 M KOH

solution at 2500 rpm
- J

reached a plateau at ~0.7 V. Such behavior suggests that
these samples possess effective ORR activity. In addition,
the voltammetric current of the ring electrode was about
one order of magnitude lower than that of the disk elec-
trode, which indicates that a relatively small amount of
peroxide product was produced during the ORR. Note
that, for AuNCs and RGO alone, the onset potentials are
lower than the composites, while the voltammetric cur-
rents of the ring electrode are much higher than the com-
posites, which suggests much more byproduct H,O, was
produced. Both of them highlight the merits of using
hybrid materials. Interestingly, the catalyst performance
varies with the change of AuNCs-to-RGO mass loading
ratio. All the hybrid samples outperform than AuNCs and
RGO alone in ORR, and apparently, the nanocomposite
with AuNCs:RGO = 1:1 possessed superior reactivity than
the other two samples. Similar results can also be found in
CV measurement, which are shown in Additional file 1:
Figure S5. The onset potential and diffusion-limited
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currents (at +0.55 V and 2500 rpm) can be estimated to
0.64 V and 097 mV cm? for AuNCs:RGO =1:2, 0.8 V
and 1.75 mV cm > for AuNCs:RGO = 1:1, and 0.67 V and
0.98 mV cm™? for AuNCs:RGO = 2:1, respectively. The
huge variation between the catalytic performance and dif-
ferent AuNCs loading suggest a delicate balance between
the gold content and the effective surface area. In
principle, the number of electrocatalytic active sites
increased with the increasing of the AuNC loading, and
this is why the performance for nanocomposite of
AuNCs:RGO =1:1 is better than that of AuNCs:RGO =
1:2. However, if the AuNCs are overloaded, agglomeration
occurred during the pyrolysis, as observed in TEM mea-
surements. The agglomeration may block some active
sites, hence, significantly lower the ORR activity.

Then, the electrocatalytic activity of the best sample
(AuNCs:RGO = 1:1) was further tested by cyclic voltam-
metric method. As shown in Fig. 4a, in nitrogen-
saturated 0.1 M KOH solution, only featureless double
layer charging currents can be seen in the potential
range from -0.04 to +1.16 V; however, in oxygen-
saturated 0.1 M KOH solution, a sharp cathodic peak
from oxygen reduction can be easily identified, indicat-
ing the effectiveness of the electrocatalytic activity of the
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sample for ORR. The RRDE voltammetric measurements
can be found in Fig. 4b. The onset potential for the
nanocomposites of AuNCs:RGO (1:1) is 0.80 V, while
the diffusion-limited current is 1.75 mA cm™ at 0.45 V
and 2500 rpm.

According to the results of RRDE tests, the electron
transfer number (1) and the yield of H,O, in oxygen
reduction process can be calculated by Equations (1)
and (2):

" 4/,
Jot /N M
00 = 2000/N "
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in which, I is the disk current, I, is the ring current, and
N is the collection efficiency of RRDE (0.37). As can be
seen from Fig. 3¢, for nanocomposite of AuNCs:RGO
(1:1), in the potential range from 0.2 to 0.55 V, the n
value varied from 3.0 to 3.3, while the H,O, yield chan-
ged from 46 to 49 %. The relatively low electron transfer
number and high H,O, yield indicated that the oxygen
molecule probably took a partially 4e reduction pathway
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Fig. 4 a Cyclic voltammograms, b RRDE voltammograms, ¢ plots of H,O, yield, and number of electron transfer of a glassy carbon electrode
modified with nanocomposite of AUNCs:RGO (1:1) at the rotation speed of 2500 rpm. Statistic results were based on data of three independent
measurements. d LSV curves for nanocomposite of AUNCs:RGO (1:1) at the rotation rates of 100 to 2500 rpm. e The corresponding K-L plots for
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Pt/C catalyst. All measurements were conducted at a catalyst loading of 404 ug/cm? in an Oy-saturated 0.1 M KOH aqueous solution with a
sweep rate of 10 mV/s
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while some oxygen molecules were reduced to H,O, but
not directly to H,O [12, 17, 37].

Figure 4d presents the RRDE results of oxygen reduc-
tion for nanocomposites of AuNCs:RGO (1:1) collected
with different rotation rates (from 100 to 2500 rpm) in
O,-saturated 0.1 M KOH solution. One can see that the
voltammetric current increased with the increasing of
the rotation rates of the electrode. The corresponding
Koutecky Levich (K-L) curve in Fig. 4e displayed a good
linearity within the potential range of 0.3 to 0.56 V, im-
plying a first-order reaction kinetics of ORR with respect
to the oxygen concentration in the solution. Figure 4f
shows the corresponding tafel curves for nanocomposite
of AuNCs:RGO (1:1) (red curve) (60 mV dec™?!) and Pt/
C (black curve) (58 mV dec™!). Note that the two slopes
are quite close, which implies that they exhibit similar
reaction mechanism on the catalyst surface, where the
rate determining step is probably the first electron trans-
fer to oxygen molecule for both catalysts.

One can notice that the ORR activity of the nanocom-
posite catalysts was remarkably better than AuNCs or
RGO alone, and the sample of AuNCs:RGO =1:1 out-
performs the other two composites. These results can be
attributed into the following factors: First, the monodis-
perse PVP-AuNCs are very small with narrow size distri-
bution, which favors for the activation for molecular
oxygen [37-39]. As the AuNC loading increases, more
effective catalytic sites are provided; however, overload-
ing can cause agglomeration during pyrolysis, hence,
lower the catalytic activity. Secondly, the RGO is prob-
ably more than a support but also plays an important
role in the electronic interaction with AuNCs, evidenced
by Au4f binding energy shift in the XPS results shown
in Fig. 2b [27]. With appropriate AuNC loading, such
interaction might prevent the migration and/or fusion
of AuNCs in the RGO, hence, markedly enhanced the
stability of the catalyst.

Finally, the durability of the nanocomposites of
AuNCs:RGO =1:1 was examined by chronoampero-
metric measurements and compared with commercial
Pt/C. As shown in Fig. 5, after more than 5 h of continu-
ous operation, the cathodic current of the nanocompos-
ite electrode only dropped to 94 %, with only a 6 % loss.
Even if the currents of Pt/C only dropped 4 %, the dur-
ability of AuNCs:RGO (1:1) was still remarkable and
close to Pt/C. Note that all the measurements were con-
ducted with the hybrid catalysts which were recycled
and tested three times.

Conclusions

In this work, the composite catalysts of RGO supported
AuNCs were fabricated and employed as efficient cata-
lysts for ORR. The hybrid materials exhibited effective
ORR catalytic activity in alkaline media. Among a series
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of samples, the composite with AuNCs:RGO = 1:1 dem-
onstrated the best reactivity, within the context of onset
potential and kinetic current density as well as durabil-
ity. This work highlights the facile and straightforward
approach to fabricate hybrid materials based on ultra-
small noble metal clusters with improved electrocatalytic
performance. Further investigation with rational design
of supported metal nanoclusters to achieve better elec-
trocatalytic properties is still underway.

Additional file

Additional file 1: Figure S1. UV-visible absorbance spectrum of PVP-
AUNCGs. Figure S2. Representative TEM images of PVP-AuNCs and their
size distribution histogram. Figure S3. Representative TEM images of
RGO. Figure S4. Representative TEM images with different magnitudes
for nanocomposite of RGO/AuUNCs (1:1). Figure S5. CV measurements of
nanocomposites with different AuNCs loadings in O,-saturated 0.1 M
KOH at a scanning rate of 10 mV/s. (DOC 16377 kb)
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