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Abstract: The development of a stable and efficient Oxygen
Reduction Reaction (ORR) electrocatalysts with high methanol
tolerance is crucial for Direct Methanol Fuel Cells (DMFCs).
Herein, triphenylphosphine (PPh3)-ligated gold nanoclusters
and complexes (AuNCs), Au101(PPh3)21Cl5, Au9(PPh3)8(NO3)3,
and Au1(PPh3)Cl supported on reduced graphene oxide (rGO)
have been explored as methanol tolerant ORR electro-
catalysts. Electrocatalytic performance of each AuNCs-rGO
was determined through linear sweep voltammograms (LSV)
and cyclic voltammetry (CV) and compared with Pt/C. Size-
dependent ORR activity was observed which followed the

size trend of Au101NC-rGO>Au9NC-rGO>Au1NC-rGO. Re-
peated LSV and chronoamperometry measurements revealed
that the long-term stability over 24 hours followed the trend
Au101NC-rGO>Au9NC-rGO~Au1NC-rGO and all were more
stable than Pt/C. The methanol tolerance of each AuNCs-rGO
was also evaluated via LSV and CV. Size-independent
methanol tolerance with no noticeable change in ORR
performance of AuNCs-rGO was observed in the presence of
methanol. AuNCs-rGO nanocomposites are promising cath-
ode electrocatalysts for DMFCs.

1. Introduction

Direct Methanol Fuel Cells (DMFCs) generate electric power
from methanol and air without the need for combustion.
Methanol is a desirable fuel due to its simpler storage and
distribution compared to hydrogen. In addition, it provides
higher volumetric energy density (15.8 MJ/L)[1] compared to
both liquid (8.4–10.4 MJ/L)[1] and compressed (5.6 MJ/L at
700 bar) hydrogen.[2] Methanol can be produced from biomasss
and therefore offers a more renewable energy source than fossil
fuels.[3] With further developments in CO2 conversion, it may
become possible to convert CO2 to methanol and therefore
create a recyclable energy system.[4] However, the basic opera-
tional principles in alkaline DMFCs have inherent losses at both
the anode and cathode. Figure 1 presents a general scheme of
DMFCs. The overall ORR efficiency at the cathode is limited by
two losses. The major loss occurs from methanol diffusion
across the membrane from the anode compartment to the
cathode. Typical ORR electrocatalysts at the cathode have low
tolerance towards methanol, especially at high methanol
concentration, and consequently the catalyst is poisoned which

results in a loss of cell efficiency (approximately 0.1 V at the
oxygen electrode).[5,6] The second source of loss is the large
overpotential required to drive O2 reduction (ORR, about 0.2 V)
which results in 20% loss from the theoretical efficiency.[5]

Platinum (Pt) has been broadly studied as a crucial metal in
electrocatalysts used in DMFCs to improve ORR.[7] However,
after methanol cross over, methanol competes with O2 for the
active sites on the Pt surface leading to a mixed potential
caused by the simultaneous occurrence of the methanol
oxidation reaction (MOR) and ORR at the cathode. Furthermore,
partial oxidation of the adsorbed methanol produces CO, which
binds strongly to the Pt surface leading to poisoning of the
active sites on Pt and results in greater loss of cell efficiency.[8]

Therefore, the ORR electrocatalysts in DMFCs must be methanol
tolerant.

Compared to Pt, bulk gold (Au) has attracted less research
interest in catalysis such as ORR and MOR. Density functional
theory (DFT) has predicted that Au is less active than Pt for ORR
due to a larger O=O dissociation energy.[9] Additionally, the
onset potential of Au for MOR in both direct and indirect
mechanisms (Figure 1) is also higher than Pt due to the larger
ΔGCO (Gibbs free energy for CO formation) for Au than Pt.[10]

These DFT findings suggest that, although bulk Au has a high
overpotential for ORR, it also has a high overpotential for MOR
which opens the possibility of methanol tolerant electro-
catalysts if the ORR activity can be improved.

In recent decades, sub-2 nm sized gold nanoclusters and
complexes (AuNCs) have been explored as promising electro-
catalysts for ORR,[11–24] hydrogen evolution reaction (HER),[25]

hydrogenation of terminal alkynes into alkenes,[26] CO
oxidation,[27] styrene oxidation[28,29] and benzyl alcohol
oxidation.[30,31]

The unusual catalytic behaviour of the AuNCs compared to
bulk Au is due to a series of size-dependant properties,
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including high surface-to-volume ratio,[15,32,33] molecular-like
electronic properties,[34] and ligand density (if present).[15] In
addition, the type of ligand[15] and immobilization of AuNCs
onto a support[13] provide an effective method to increase or
tailor the catalytic activity of AuNCs.

Table S1 summarises the key parameters of previous studies
investigating ORR activity and methanol tolerance of AuNCs.
Decreasing AuNCs cluster size not only increases the number of
Au atoms on the surface but also alters the electronic proper-
ties. Theoretical and experimental research has determined that
by decreasing the cluster size, the 5d-electron density increases
and shifts the d-band toward the Fermi level, which is
favourable for oxygen adsorption.[35,36] Amongst the literature
(Table S1), the trend of reduced AuNCs size leading to greater
ORR electrocatalytic activity has been reported for a number of
AuNCs.[11,15,16,19] Interestingly, not all reports show that smaller
AuNCs size results in greater activity which can be explained by
the role of ligands.[17,18]

The role of the ligand is complex; although it is required to
maintain the cluster size, it also has an effect on catalytic
performance. The ligand can alter the electronic properties of
the AuNCs and also sterically hinder analyte diffusion and
adsorption to the surface. Despite the fact that ligand removal
is considered as a pathway to make more available active sites,
it is challenging to retain the cluster size without ligands.[16–24]

AuNCs ligands are typically organo-thiols or phosphines but
can have a wide variety of organic functionality, which can alter
the reactivity of AuNCs.[37] For instance, AuNCs protected by
bulky ligands have lower ligand density, particularly at larger
sizes, resulting in higher ORR activity compared to aliphatic and
linear ligands.[17] Additionally, aliphatic and linear ligands with
the long chain lengths result in larger distances between the
Au core and electrode leading to lower electron transfer and
ORR activity.[15] Current AuNCs synthesis methods cannot alter

cluster size without changing the ligand density, typically the
larger AuNCs having lower ligand density, and therefore their
effect cannot be decoupled.

The combination of ligand type, ligand density and AuNCs
size explains the two contrasting trends observed for ORR
activity with AuNCs size (Table S1). The AuNCs with linear
ligands[15,16] are less affected by ligand density and consequently
their ORR activity increases with decreasing size due to the
different electronic properties of the smaller AuNCs. In contrast,
AuNCs with bulky ligands[17,18] are significantly affected by their
ligands which results in greater ORR activity with increasing size
due to the lower ligand density of larger AuNCs.

Recent studies have shown that reduced graphene oxide
(rGO) as a support can improve the efficiency of both redox
reactions in fuel cells[13,14,20–22,38] due to its unique properties,
including high electrical conductivity, large surface area, and
high charge mobility.[39] In addition, aggregation of AuNCs is
prevented due to the strong metal support interaction between
rGO and metal clusters.[25] DFT calculations have suggested that
hybridization of Au with graphene materials can result in a
highly active and stable ORR electrocatalyst.[40,41] Therefore,
there is an emerging interest to develop AuNCs-based nano-
composites using graphene-related materials.

Herein, the ORR activity and methanol tolerance of
Au101(PPh3)21Cl5 and Au9(PPh3)8(NO3) nanoclusters and the
Au1(PPh3)Cl complex supported on rGO are explored, compared
and assessed for the first time.

Figure 1. Schematic of an alkaline direct methanol fuel cell (DMFC) showing the methanol oxidation reaction (MOR) at the anode and oxygen reduction
reaction (ORR) at the cathode.
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2. Results And Discussion

2.1. Experimental Results

2.1.1. AuNCs-rGO synthesis

Two of our previous publications were dedicated to the
formation of AuNCs-rGO nanocomposites without AuNCs
agglomeration.[25,42] The AuNCs-rGO were synthesised via mixing
a methanol dispersion of AuNCs and rGO for 1 h at RT in the
dark. We discovered that the GO reduction method under acidic
pH (pH�2) is crucial to avoid the agglomeration of AuNCs.
Figure S1 shows HAADF-STEM images for the as-prepared
AuNCs-rGO indicating the deposition of AuNCs on rGO without
agglomeration. Complete characterisation of the AuNCs and
AuNCs-rGO are described in our previous publications.[25,42] Of
particular note, we confirmed a gold mass loading of 4.7%
(Au1NC-rGO), 4.3% (Au9NC-rGO), and 4.8% (Au101NC-rGO)
through a combination of thermogravimetric analysis and
inductively coupled plasma mass spectrometry.

2.1.2. Oxygen Reduction Reaction activity investigation of
AuNCs-rGO

The ORR electrocatalytic activity of Au1NC-rGO, Au9NC-rGO, and
Au101NC-rGO along with rGO, Au1, Au9, Au101, bare GCE (glassy
carbon electrode), and Pt/C were evaluated using cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) in
alkaline media on a static GCE. Firstly, the electrochemical
activity of all samples toward ORR was characterized by CV in
N2 and O2-saturated 0.1 M KOH (Figure 2 and Figure S6). An
explicit characteristic cathodic ORR polarization curve is clearly
observed in the O2-saturated electrolyte in contrast to the
featureless CV in the N2-saturated electrolyte for all samples.

LSV ORR polarization curves for Au1NC-rGO, Au9NC-rGO,
Au101NC-rGO, rGO, bare GCE, and Pt/C (Figure 3a) along with
Au1, Au9, Au101, and bare GCE (Figure S7) in O2-saturated 0.1 M
KOH solution were also performed. Similar to the CV results, the
LSV curves present a well-defined ORR response for all samples.
Au1NC-rGO, Au9NC-rGO, and Au101NC-rGO are shifted positively
(lower overpotential) compared to the bare GCE, rGO, and
unsupported AuNCs. Additionally, the ORR activity improves
from Au1NC-rGO<Au9NC-rGO<Au101NC-rGO. The ORR activity
of Au1NC-rGO, Au9NC-rGO, and Au101NC-rGO is quantitatively
evaluated (details in Figure S5) with the three parameters; onset
potential, half-wave potential (E1/2), and current density at 0.8 V
vs. RHE (Table 1).

Figure 2. (a–d) CV curves of Au1NC-rGO, Au9NC-rGO, Au101NC-rGO, and rGO at a scan rate of 10 mVs� 1 in N2 and O2-saturated 0.1 M KOH.

Research Article

ChemNanoMat 2022, 8, e202200122 (3 of 9) © 2022 The Authors. ChemNanoMat published by Wiley-VCH GmbH

Wiley VCH Montag, 27.06.2022

2207 / 252137 [S. 144/150] 1



As the actual surface area of a catalyst is affected by
different parameters such as porosity, defects and morpholog-
ical structure, there might be a difference between electro-
chemical active surface area (ECSA) and geometric area. There-
fore, the electrocatalytic activity of AuNCs per geometric area,
ECSA, and also Au mass was assessed. The mass of Au was the
same for each AuNCs (0.16 μg=2.25 μgcm� 2 non-ligated Au
mass). The ECSA was determined via CV (details in Figure S9) for
each electrocatalyst to be 0.048, 0.050, 0.056 cm2 for Au1NC-
rGO, Au9NC-rGO, and Au101NC-rGO, respectively. The ORR polar-
ization curves per Au mass and ECSA are plotted in Figure S10
(a–b), and the current density (at 0.8 V vs. RHE) from these plots
is presented in Table 1 (mAECSA� 1 and mAmgAu

� 1). After
accounting for ECSA and Au loading, the ORR activity trend of
Au1NC-rGO<Au9NC-rGO<Au101NC-rGO is unchanged. Figure S3
presents the effect of Au mass loading (5%, 10%, and 20%) on
the ORR activity of Au101NC-rGO. We find the lower mass
loading (5%) is far more efficient.

To investigate the durability and stability of the AuNCs-rGO,
repeated LSV scanning and chronoamperometry measurement
were conducted in O2-saturated 0.1 M KOH under continuous
O2 flow and compared with Pt/C. The stability test performed
by the chronoamperometry measurement showed 10%, 20%,
20%, and 40% loss in current density after 22 h for Au101NC-rGO,
Au9NC-rGO, Au1NC-rGO, and Pt/C, respectively (Figure 3b). The
durability test measured by repeated LSV scanning showed a

loss of 22%, 22%, and 35% in the current density (at 0.8 V vs.
RHE) after 24 h for Au1NC-rGO, Au9NC-rGO, and Pt/C, respec-
tively (Figure 4). In startling contrast, Au101NCs-rGO shows an
increased current density of 21%. Overall, the AuNCs-rGO
showed a much smaller decay in the current density compared
to the Pt/C, indicating greater stability of the AuNCs-rGO than
Pt/C under the ORR conditions investigated.

2.1.3. Methanol tolerance activity investigation of AuNCs-rGO

Figure 5 shows the LSV traces for Au1NC-rGO, Au9NC-rGO,
Au101NC-rGO, and Pt/C in O2-saturated 0.1 M KOH solution
within increasing methanol concentration (0, 0.5, 1, 2, 5 M). For
Pt/C, the ORR response at 0.94 V vs. RHE disappears, and a
characteristic methanol oxidation peak is clearly observed at
0.81 V vs. RHE. In contrast, the LSV curves of Au1NC-rGO, Au9NC-
rGO, and Au101NC-rGO are almost unchanged in the presence of
methanol.

This difference is further highlighted in the CV curves, where
the characteristic peaks for methanol oxidation are observed at
0.80 V vs. RHE for Pt/C while no noticeable change is observed
for Au1NC-rGO, Au9NC-rGO, and Au101NC-rGO under the same
conditions (Figure S11 (a–d)). These results show that the
AuNCs-rGO ORR activity remains unchanged in the presence of

Figure 3. (a) ORR polarization curves of bare GCE, rGO, Au1NC-rGO, Au9NC-rGO, Au101NC-rGO, and Pt/C (b) stability test at E1/2 over 22 h for Au1NC-rGO, Au9NC-
rGO, Au101NC-rGO, and Pt/C. All data was collected at a scan rate of 10 mVs� 1 in O2-saturated 0.1 M KOH under continuous O2 flow. *Hydrogen adsorption
peak of Pt/C.[43]

Table 1. Summary of the ORR and electrochemical properties of the investigated AuNCs-rGO calculated with respect to geometric surface area, ECSA, and
Au mass loading. Eonset, E1/2, and current density at 0.8 V (vs. RHE) were determined from ORR polarization curves in O2-saturated 0.1 M KOH. Double-layer
capacitance (CdI) and ECSA were determined from CV at different scan rates in N2-saturated 0.1 M KOH.

Current Density at 0.8 V (vs. RHE)
Catalyst Eonset (V) E1/2 (V) mA cmgeo

� 2 mA ECSA� 1 mAmgAu
� 1 CdI (μF cm� 2) ECSA (cm2)

Au1NC-rGO 0.87�0.006 0.77�0.007 � 0.10 � 0.15 � 40.8 0.020 0.048
Au9NC-rGO 0.87�0.007 0.79�0.010 � 0.16 � 0.23 � 62.5 0.021 0.050
Au101NC-rGO 0.93�0.010 0.84�0.008 � 0.35 � 0.45 � 136.3 0.023 0.056
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methanol, even at the highest methanol concentration (5 M) for
all AuNCs investigated.

2.2. Discussion

2.2.1. Oxygen Reduction Reaction

Table S1 presents the detailed experimental parameters of
reported ORR studies using the AuNCs along with the current
study. Figure 6 graphically displays the onset potential and
current density at 0.8 V vs. RHE from the reported literature
(since the Au mass loading within each work is different, the
current density at 0.8 V vs. RHE per Au mass loading
(mAmgAu

� 1) was chosen).
There have been a few studies on ORR using sub-2 nm

AuNCs using different linear (e.g. p-MBA,[23] SC12H25,
[12] PET,[15]

and SC2H4Ph[16]) and bulky ( e. g. PPh3,
[11] S-tBu,[17] and SR[18])

ligands. As discussed in the introduction, the contribution of
different factors such as Au cluster size (number of Au atoms)
and ligand type/density can play a key role in the ORR activity.
PPh3 is a bulky ligand for which previous experiments have
shown that ligand density is the major factor affecting ORR
performance.[17,18] We observe a direct correlation of lower
ligand density resulting in greater ORR activity with the trend of
Au101>Au9>Au1. The ligand density impacts the analyte
diffusion/adsorption at AuNCs.[44] The higher ligand density in
Au1 and Au9 results in a larger analyte diffusion/adsorption

barrier and lower ORR activity than Au101. We have previously
reported greater HER performance for Au101NC-rGO compared
to Au1NC-rGO and Au9NC-rGO.[42]

In order to compare our reported data to literature value,
we must consider some limitations in doing so. Electrocatalysis
is highly dependent on the geometry of the electrode and the
loading of the catalyst.[45] Unfortunately, these aspects are rarely
consistent between publications, so direct comparison of values
should be undertaken cautiously. In general, Table S1 and
Figure 6 reveal that the onset potential is greater in alkaline
media than acidic[15] and natural media.[22] In addition, low Au
loading (less than 5 μgcm� 2) and size of AuNCs between 1.4–
1.8 nm supported on rGO results in a higher current density
(mAmg� 1) at 0.8 V vs. RHE.[13,20] Moreover, by increasing the size,
the onset potential decreases for both unsupported AuNCs with
linear ligands[11,15,16] and supported size specific AuNCs with
removed ligands.[16] While the opposite trend was observed for
supported size specific AuNCs with bulky ligands.[17,18] Here,
Au101NC-rGO exhibits the highest values for both parameters,
onset potential and current density at 0.8 V vs. RHE (mAmg� 1)
compared to the previously reported values for ORR.

The size-dependent stability was observed with the trend of
Au101NC-rGO>Au9NC-rGO~Au1NC-rGO. In our previous work,
we showed that decreasing the AuNCs size results in easy
agglomeration due to weak AuNCs-support interaction and
high surface energy evidenced by XPS.[42] Therefore, Au1 and
Au9 are readily agglomerated during chronoamperometry
measurements. This result suggests high stability and agglom-

Figure 4. (a–d) Durability test of Au1NC-rGO, Au9NC-rGO, Au101NC-rGO, and Pt/C by repeating the potential scan from +1.2 to 0 V (vs. RHE) at 10 mVs� 1 in O2-
saturated 0.1 M KOH under continuous O2 flow after 1, 200, and 700 scans (24 h).
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Figure 5. (a–d) ORR polarization curves in O2-saturated 0.1 M KOH containing different concentration of CH3OH (0, 0.5, 1, 2, 5 M) for Au1NC-rGO, Au9NC-rGO,

Au101NC-rGO, and Pt/C. All data was collected at a scan rate of 10 mVs� 1.

Figure 6. (a) Comparison of the onset potential and (b) the current density at 0.8 V (vs. RHE) per the actual Au mass loading (mAmgAu
� 1) of electrocatalysts

with Au cluster size<2 nm in Table S1 (bi and bii have different Y-axis ranges for easier comparison). SWNT: single walled carbon nanotube, PPh3:
triphenylphosphine, C12T=1-dodecanethiol, C6T=1-hexanethiol, PET=2-phenylethanethiol, p-MBA=p-mercaptobenzoic acid, SC6H13 =1-hexanethiolate,
SC12H25 =1-dodecanethiol, SC2H4Ph=phenylethylthiolate, SR=4-tert-butylbenzenethiol, S-tBu= tert-butylthiol. [a]: Methanol tolerance investigated. [b] no
ligands used in AuNCs synthesis.
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eration resistance of Au101NC-rGO caused by the larger size and
stronger metal-support interaction over Au1NC-rGO and Au9NC-
rGO.

Table S1 reveals that the stability and durability of the
electrocatalysts during ORR has received limited attention with
only three studies. AuNC-rGO (2.4�0.7 nm with removed
polyvinyl pyrrolidone ligands, not size specific),[21] Au102(p-
MBA)44-C (2.59�0.70 nm with removed p-MBA ligands),[24] and
Au cluster/rGO (1.8�0.2 nm with no ligands, not size specific)[14]

exhibited 6% (5 h), 25% (8 h), and 16% (11 h) loss in current
density, respectively. In comparison Au101NC-rGO in this study
(1.44�0.41 nm with PPh3 ligands) experienced loss of 6%, 8%,
and 10% in current density after 5, 8, and 11 h, respectively.

In general, these data reveal that the stability of AuNCs
decreased for samples containing particles with size greater
than 2.4 nm and less than 1 nm during chronoamperometry
measurements. In addition, the similar stability (6% after 5 h)
between Au101NC-rGO and AuNC-rGO with different sizes
suggests that the stability of AuNCs is influenced not only by
the size but also by the ligand. The presence of ligands prevents
easy agglomeration of particles during chronoamperometry
measurements resulting in the stability improvement of AuNCs
over AuNCs with removed or no ligands.

2.2.2. Methanol tolerance

There are very limited investigations relating to the methanol
tolerance for AuNCs, with 2 studies showing that AuNCs are
methanol tolerant.[13,14] In the case of methanol cross over: O2,
H2O, and CH3OH are in strong competition for the adsorption
sites at the cathode. The rate of ORR and MOR depends on the
degree of O2 and methanol absorptions with the active sites of
the AuNCs.

Figure 5 highlights the excellent size-independent methanol
tolerance of the AuNCs-rGO even at the highest methanol
concentration (5 M) compared to the Pt/C (the highest reported
methanol concentration for Au cluster in literature is 3 M).[13,14]

As discussed in the introduction, the inherent large onset
potential of Au for methanol oxidation prevents the easy
formation of CO from methanol which restricts MOR (see
indirect MOR mechanism in Figure 1).[10,46] In contrast, Pt
oxidizes methanol easily to CO owing to its lower ΔGCO but has
difficulty in oxidizing CO to CO2 due to its poor ability to
activate water (higher ΔGOH: Gibbs free energy for water
activation to hydroxyl), thus poisoning its catalytic activity
toward ORR.

The size-independent methanol tolerance of AuNCs-rGO
suggests that the presence of the PPh3 ligands could also
increase the methanol tolerance. It has been reported that the
presence of ligands can have beneficial effects to improve the
catalytic activity and/or selectivity caused by steric, electronic,
and solubility effects.[47] The steric effect of ligand results in
boosting the selectivity of a particular reaction on the surface of
the catalyst. The size of the ligand can restrict the access of
large molecules like methanol and have no effect on the
accessibility of small molecules such as O2. The electronic

densities of metals can be tuned by the ligands, which promote
the adsorption and activation of the molecules on the surface
of metals, enhancing the catalytic activity. Ligand also can
generate a hydrophobic surface on the metal, which can affect
the solubility of the molecules, specifically gasses like O2 and
enhance ORR. Lu et al. showed experimentally and theoretically
that PPh3 could have a significant effect on ORR and methanol
tolerance of Pt caused by the combined electronic and steric
effects of PPh3.

[48] PPh3 as an electron-donating ligand increases
the negative charge on Pt surface. The negative steric effect of
PPh3 on Pt, facilitates O2 absorption/activation and weakens
methanol absorption, which results in MOR activity reduction
and ORR enhancement compared to Pt without ligands.

2.2.3. Consequences for direct methanol fuel cells

As discussed in the introduction, bulk Au has a high over-
potential for both ORR and MOR. The data in Table S1 and
Figure 6, along with our results, demonstrate that the ORR and
MOR activity and selectivity of AuNCs at the cathode is
dependent on the oxygen and methanol adsorption ability on
the Au surface, influenced by both size and ligand. Downsizing
the bulk Au to less than 2 nm in size improves the activity
towards ORR without affecting MOR. However, lower ligand
density as a second factor also comes into effect on catalytic
activity and selectivity of AuNCs with larger particle sizes. Au101

with the larger size and lower ligand density provides the best
overall structure for adsorption/activation of O2 compared to
Au1 and Au9. Future work is required to investigate and
synthesise the best structure of PPh3-ligated AuNCs with the
optimal size and composition to achieve high ORR activity,
closer to commercial Pt/C or other methanol tolerant ORR
catalysts using the presented methodology.

3. Conclusions

Size-specific PPh3-ligated AuNCs supported on rGO were
investigated as methanol tolerant ORR electrocatalysts. Our
AuNCs-rGO electrocatalysts exhibited size-independent metha-
nol tolerance and size-dependent ORR activity. ORR activity
increased with cluster size. The highest ORR activity for
Au101NC-rGO results from a range of factors, including size,
ligand density, and electronic effects. Irrespective of the size of
AuNCs, the inherent large onset potential of Au toward
methanol oxidation, along with the presence of PPh3 ligands,
could be the reasons for methanol tolerance of AuNCs.

In comparison with Pt/C, the three different size AuNCs-rGO
exhibited lower ORR activity but greater stability and durability
over 24 h, along with excellent methanol tolerance. In addition,
Au101NC-rGO exhibited enhanced durability after 24 h, while
Au1NC-rGO, Au9NC-rGO, and Pt/C showed reduced activity.

This work creates an opportunity for further research and
development of high-performance graphene-triphenylphos-
phine ligated AuNCs-based as cathode electrocatalysts for
DMFCs.
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Experimental Section

Working electrode construction

All catalyst suspensions were prepared following our previously
reported procedure (complete details are in SI).[25] 45.0 μgcm� 2 of
the as-prepared AuNCs-rGO (Au1NC-rGO, Au9NC-rGO, and Au101NC-
rGO, all 5% wt Au), 42.4 μgcm� 2 of rGO, and 11.2 μgcm� 2

(containing 2.25 μgcm� 2 Pt) 20% commercial Pt/C (all dispersed in
methanol) were cast onto a polished GCE. Nafion was then dropped
onto the GCE (0.7 μL of 5 wt % Nafion solution). The as-obtained
AuNCs (Au1, Au9, and Au101) were dispersed in methanol
(0.5 mgmL� 1, non-ligated Au mass) and 2.25 μgcm� 2 of each AuNCs
dispersion was cast onto polished GCE followed by casting 0.3 μL of
5 wt % Nafion solution. All modified electrodes were dried at room
temperature (RT) for 2 h before electrochemical measurements. The
polished and modified GCE was dried by a gentle N2 flow for 1 min
before the experiments.

Electrochemical measurements

All electrochemical measurements were accomplished on a poten-
tiostat/galvanostat (Autolab PGSTAT204) in a three-electrode elec-
trochemical set up at a scan rate of 10.0 mVs� 1 in a 0.1 M KOH
aqueous solution (pH=13) at RT. The as-prepared catalyst coated
GCE with a geometric surface area of 0.071 cm2 (3 mm diameter)
was used as the working electrode. An Ag/AgCl (3 M KCl) and Pt
wire were used as reference electrode and counter electrode,
respectively. The bare GCE was subjected to mechanical polishing
with 0.05 μm alumina powder on a polishing microcloth prior to
casting. N2 or O2 was purged into the solutions for 30 min prior and
throughout all experiments to achieve an O2-free or O2-saturated
state. To investigate the ORR activity and methanol tolerance, CV
and LSV were applied within the potential range of � 1.0 and
+0.2 V vs. Ag/AgCl. For the methanol tolerance, CV and LSV of each
AuNCs-rGO and Pt/C were performed in the presence of a given
concentration of methanol (0, 0.5, 1, 2 and 5 M) in the O2-saturated
electrolyte. Note that all LSV curves are reported after 20 scans (i. e.
the 20th scan). All the obtained potentials were referenced toward
the RHE (Reversible Hydrogen Electrode) following:

ERHE =EAg/AgCl +0.059pH+E°Ag/AgCl (0.210* V).

*The potential of an Ag/AgCl reference electrode with respect to
the RHE using 3 M KCl at 25 °C.[49]

Durability and Stability measurements

The durability for AuNCs-rGO and Pt/C was performed by repeated
LSV scans from +0.2 to � 1.0 V (vs. Ag/AgCl) for 24 h (700 scans).
The stability of AuNCs-rGO and Pt/C toward ORR was examined by
chronoamperometric measurements at the E1/2 for 22 h. Both
stability (constant potential) and durability (repeated scanning)
were performed in the O2-saturated 0.1 M KOH solution under
continuous O2 flow at a sweep rate of 10 mVs� 1.

Double-layer capacitance and electrochemical active surface
area

Cdl of the catalytic surface and ECSA of AuNCs-rGO were evaluated
by CV at non-Faradaic potential ranging from 0 to 0.1 V (vs. Ag/
AgCl) at different scan rates (5, 10, 20, 40, 50, 80, 100 mVs� 1) in a
N2-saturated 0.1 M KOH solution. CdI was evaluated from the slope
of linear regression of the ΔJ (Ja� Jc)/2 at 0.05 V (vs. Ag/AgCl)
against the scan rate. Ja and Jc are the current density of anode and
cathode at 0.05 V (vs. Ag/AgCl).

Onset and E1/2 determination

Figure S5 presents the methods to calculate the key parameters,
onset potential and E1/2, extracted from LSV curves. The onset
potential was determined from the starting potential where oxygen
reduction begins by faradaic current amplification using a linear fit.
E1/2 is the potential at which the current is one half of the oxygen
reduction peak which was calculated from the maximum point of
the 1st derivative of LSV.
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