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Abstract

The electroreduction of dioxygen on supportless Au-Rh bimetallic nanostructures (Au-Rh
NC) synthesized by a surfactant template-free, single step chemical reduction method occurred
with high intrinsic activity in an alkaline medium. Cyclic voltammetry and linear scan
voltammetry together with X-ray diffraction and high-resolution electron microscopy showed
that the improved performance of the Au-Rh NC towards dioxygen reduction could be due to the
synergistic electronic effects of nano-bimetallic combination and its cluster-like morphology.
The electrochemically active surface area (ECSA) was estimated to be 37.2 m® g for
supportless Au-Rh NC with a 3:1 atomic composition, which was higher than that reported for
Ag-based nanocatalysts. The intrinsic activities (IA) of the supportless and carbon supported Au-
Rh (3:1) NCs were 3.25 and 3.0 mA/cm?, respectively, which were higher than those of the
standard Pt/C (0.1 mA/cm*)* Au/C catalysts for the oxygen reduction reaction (ORR). Oxygen
reduction on both catalysts followed a direct four electron pathway. The accelerated durability
test carried out by continuous potential cycling showed that the 3:1 ratio of Au-Rh
nanostructures had excellent stability with a 20% increase in ECSA after 10000 potential cycles,

highlighting their potential application for real systems.

Keywords: Au-Rh; supportless electrocatalyst; durability, oxygen reduction; KOH.
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Introduction

The development of highly active cathode catalysts to catalyze the kinetically sluggish
oxygen reduction reaction (ORR) is indispensable for making fuel cell technology cost
effective.' Until now, Pt and Pt-based electrocatalysts were the prime choice for the ORR and
have been studied extensively because of their superior electrocatalytic activity and life-time for
low temperature fuel cells.”® In particular, for alkaline fuel cells, a number of studies have
focused on finding more efficient electrocatalysts with better activity and stability to replace the
expensive and less abundant Pt.° Recently, Au and Ag-based electrocatalysts have attracted
increasing attention as cathode catalyst materials for the ORR because of their higher efficiency
in alkaline media.” Pure Au is generally considered a poor catalyst towards ORR due to the weak
chemisorption properties caused by the filled d-band level.* ° Although the use of Ag could
reduce the cost of the catalysts, Au is the choice in terms of the onset potential for the ORR in
alkaline medium because Au exhibits a more positive potential (i.e. lower over-potential) than
Ag and is preferred for investigating the ORR."°

Au has attracted considerable research attention for the development of active catalysts
towards electrochemical energy conversion systems.'" '* In recent years, many studies have
examined the electrocatalytic performance of Au nanocatalysts for fuel cell reactions with
particular emphasis on various nanomorphologies. Kuai et al. reported the preparation of Au
icosahedra by PVP-stabilized hydrothermal synthesis at 120 °C. They reported that the Au
icosahedra exhibited a lower overpotential than commercial Pt/C electrocatalyst and possessed ~
1.6 fold higher limiting reduction current than the sphere-like Au nanoparticles.'” Manivannan et
al. synthesized raspberry-like Au nanostructures by electrodeposition and obtained good ORR
activity with an onset potential of -0.06 V vs. Ag/AgCl and a mass activity of 31.7 mA/mg."* Yin

et al. reported the facile synthesis of surfactant-free Au clusters on graphene sheets using a freeze

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

ACS Sustainable Chemistry & Engineering

drying method and observed good oxygen reduction activity with an onset potential of -0.10 V in
an alkaline medium."

In general, the catalyst active sites are having an optimal adsorption of oxide species (O
or OH) and thus playing an important role on catalyst surface poisoning. The surface reaction
could not occur, if it is too weak, rather the strong adsorption of oxide species leads to the
surface poisoning'®. Based on the reported theoretical (DFT studies) and experimental
investigations, it was clearly described that the activity of the monometallic nanoparticles could
be further enhanced through the insertion of secondary metals which can alter the metal-metal
bond distance and may increase the electronic (or) ligand effects referred to as the
‘heterometallic bonding interactions’.!” To improve the electrocatalytic activity of Au, many
researchers have synthesized different nano architectures by alloying Au with secondary metals,
such as Pt, Pd and Ag, which could increase the catalytic activity via a synergetic effect.'® ' 1>-18
Jalili et al. predicted that the presence of a second metal could alter the adsorption energy of
oxygen reduction intermediates (hydroxyl ion) on the Au surface by shifting the d-band center
due to lattice strain and ligand effects.'® Maye et al. demonstrated the synthesis of Au and AuPt
electrocatalysts by encapsulation method using decanethiol and found higher specific mass
activities of 1744 mA/cmz/mgmetal and 1147 mA/cmz/mgmetal for Au/C and AuPt/C

electrocatalysts, respectively, in KOH medium."” Several Au based electrocatalysts were

employed as cathode catalysts, including Au-Pt'>, Au-Pd" and Au-Ag®® with different support

21,22 23-25

materials and nanostructures.
Among the platinum group metals, Rh has a good catalytic activity for a variety of
heterogeneous reactions, such as hydrogenation, hydroformylation and hydrocarbonylation.”® An

oxophilic nature of Rh is playing a vital role as secondary element with Pt, Pd, Ag and Au

catalysts for surface regeneration of active sites during fuel cell reactions. From the detailed
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literature survey we found that although Rh by itself is not catalytically active, the influence of
Rh nanoparticles on the catalytic activity with Pt was employed for both oxidation of small
organic molecules and enhance the stability towards ORR.?*’ Many reports have examined Rh-

29-31 and

based catalysts for fuel cell reactions of both anodic (methanol and ethanol) oxidation.
cathodic oxygen reduction.’” ** Compared to Pt, improved catalytic activity and durability was
reported for ORR due to the synergistic effects between Pt and Rh.*>*” Therefore, the bimetallic
nanostructure of Au-Rh, as an active electrocatalyst for the cathode half-cell reaction in alkaline
medium, requires further investigation. In this study, supportless Au-Rh nanostructures (Au-Rh
NC) were prepared by single step, green chemical reduction method using formic acid as the
reducing agent without a template or surfactant. The shape, size and composition of the Au-Rh
NC were analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The electrocatalytic activity of supportless Au-Rh NC
was evaluated for a range of compositions and also compared with Vulcan carbon (VC)-
supported Au-Rh (Au-Rh/VC). The long-term stability of the supportless and carbon supported

Au-Rh catalysts was examined by accelerated durability tests (ADT). The electrochemical and

kinetics parameters are presented and discussed.

Material and Methods
Materials

Chloroauric acid (HAuCls.6H,0), rthodium (IIT) chloride monohydrate (RhCl;.H,O) and
formic acid (98 %) were obtained from Sigma-Aldrich. Vulcan carbon XC-72 was used (Cabot
India Ltd) for the synthesis of carbon-supported catalysts. Nafion perfluorinated polymer resin

solution (5 wt. %, Sigma-Aldrich) was used as a catalyst binder. Potassium hydroxide (Rankem),
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methanol (98%, Merck) and absolute ethanol (Merck) were used as received. All solutions were
prepared using Millipore (18 MQ cm) water.
Synthesis of Au-Rh nanostructures

The supportless and carbon-supported Au-Rh NCs were synthesized using a single step
chemical reduction procedure. Aqueous solutions of 15.4 mg of HAuCl4.6H,O and 6 mg of
RhCl3.H,0 both dissolved in 20 ml water were mixed with 1 ml of formic acid (1.2 M) drop-wise
with stirring. The metal composition between Au and Rh was maintained at 3:1 based on the
individual atomic weight percentages (after several trials on composition optimization). The final
mixture was left to stand for 72 h at room temperature. A yellow to dark brown color change was
observed 1 h after adding the reducing agent, which then turned to a black precipitate. After 72 h,
the sample was collected by centrifugation, and washed several times with water and methanol.
The final product obtained was dried in an air oven at 60 °C for 4 h. An appropriate amount of
metal precursors were taken for different elemental compositions. For the carbon-supported
catalysts, the same procedure was repeated using 7.5 mg of Vulcan carbon XC-72 (VC), which
was added at the initial stage of the synthesis procedure before adding the reducing agent.
Physical characterization

Powder XRD (Bruker-D8) patterns were obtained using Cu-K, radiation (A\=1.54 A, step
size: 0.02, current: 30 mA and voltage: 40 kV). The elemental composition of the catalyst was
determined by an inductively coupled plasma-atomic emission spectrometer (ICP-AES, Thermo
Electron IRIS INTREPID II XSP DUO) and energy-dispersive X-ray spectroscopy (EDS). Field-
emission SEM (FESEM, FEI (Nova-Nano SEM-600, Netherlands) images were obtained. TEM

(FEI Tecnai 30G2) images were obtained at an accelerating voltage of 300 kV.
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Electrochemical characterizations

The catalyst-coated glassy carbon-rotating disc electrode (GC-RDE) was prepared by
dispersing 0.5 mg of the catalyst in 1 ml of absolute ethanol and ultrasonicating for 3 min to
obtain a homogeneous dispersion. A 7 ul sample of this prepared catalyst ink (slurry) was drop
casted onto a mirror finished RDE-GC (metal loading of 17.8 pg/cm?) substrate and covered by
drop casting with 5 pl of Nafion solution (0.5 wt.%). Initially, the catalyst-coated electrode was
subjected to potential cycling (25 scans) in a N, saturated 0.5 M KOH solution at a sweep rate of
0.1 V/s between -0.8 to 0.6 V vs. RHE at 25 °C. The actual cyclic voltammograms (CV) were
recorded under similar conditions. The polarization curves (LSV) were recorded in an O;-
saturated electrolyte at a scan rate of 0.01 V/s at different electrode rotation rates of 400-2400
rpm. All potential values reported were referenced to the reversible hydrogen electrode (RHE).
The stability of the Au-Rh electrocatalysts were examined by ADT by continuous potential
cycling between -0.6 and +0.2 V in an O,-saturated electrolyte at 0.1 V/s and measuring the CV

and LSV patterns at regular intervals.

Results and discussion
Surface morphology of the Au-Rh nanostructures

From the powder XRD patterns, well-defined polycrystalline peaks were observed for
both supportless and carbon-supported Au-Rh NC, as given in Fig. 1. All XRD peaks clearly
showed that the Au-Rh NC consist of a face centered cubic (fcc) crystalline structure. The strong
XRD peaks at 20 values 38.9° and 39.6° for the supportless and carbon-supported Au-Rh NC,
respectively, were attributed to the fcc crystalline plane of (111), which lies intermediate
between the XRD peaks of the pure Au (111) at 38.1°°” and Rh (111) at 41.1°.*® This clearly

shows the alloy formation between Au and Rh. In the carbon-supported Au-Rh catalyst, a broad
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peak at 24.7° confirmed the presence of graphitic carbon.”> Using the Scherrer equation, the
mean crystallite size, which was calculated from the full width at half maximum of the (111)
crystalline plane, was found to be 11.5 nm and 3.8 nm for the Au-Rh (3:1) NC and Au-Rh
(3:1)/VC, respectively. FESEM revealed the supportless Au-Rh to be an aggregate of fairly
dense, tiny nanoparticles with cluster morphology (Supporting Information, Figs. S1a and S1b),
possibly due to the intermetallic stabilization and cohesive action and the EDS revealed an Au-
Rh elemental composition of 74.2 % and 23.8 %, respectively, confirming the stoichiometric
ratio of 3:1 (Supporting Information, Fig. S2). In addition to that the ICP-AES analyses were
performed for Au-Rh catalyst and found to be the Au is around 72.9% and Rh is 22.1which is
near to the EDX results and hence it is confirmed that the composition of Au and Rh is 3:1. Figs.
2a and 2c¢ show TEM images of the Au-Rh (3:1) NC catalyst. The cluster morphology was
confirmed by the uniform distribution of dark and light spots, indicating homogeneity between
Au and Rh. In contrast, carbon-supported Au-Rh (3:1) NC showed a uniform distribution of
spherical nanoparticles on a carbon substrate (Figs. 2b and 2d) and the mean particle size was
determined from the corresponding histograms shown in Figs. 2e and 2f. The particle sizes were
10-12 nm for Au-Rh (3:1) and 3-4 nm for Au-Rh (3:1)/VC. The particle sizes obtained from
XRD and TEM were almost similar. The high resolution-TEM image of supportless Au-Rh
catalyst (inset of Fig. 2a) shows neat crystalline fringes with the lattice space of 0.21 nm
corresponds to the (111) crystalline plane and it’s not that much defined in the Au-Rh/VC

catalyst (inset of Fig. 2b) and it’s well correlated with the intensity of XRD peaks.

Au-Rh composition optimization
The Au-Rh atomic ratio was optimized based on the electrochemical performance of the

electrocatalysts towards ORR from voltammetry studies. Fig. S3a (Supporting Information)
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presents typical CVs of Au-Rh NC with different compositions recorded in a N, purged 0.5 M
KOH solution at a scan rate of 0.1 V/s at 25 °C. The electrochemically active surface area
(ECSA) of Au-Rh was determined from the oxide reduction peak due to the lack of hydrogen

adsorption on the Au surface, which can be calculated using the following equation.** *°:

Ecsa = — 2o
(O, xm)

where Q) is the total charge for the oxide-reduction peak during the cathodic potential
sweep (uC/em?), m is the metal loading (ng/cm?®) over the GC electrode and Orer 1s the charge
required for the monolayer adsorption of oxygen on the Au surface (386 pC/cm?).> * CV
revealed a well-defined metal-oxide reduction peak only for Au-Rh (3:1) with a higher peak
current density of ~7.5 mA/cm?® (Supporting Information, Fig. S3a). In addition, a higher ECSA
was obtained for Au-Rh (3:1) NC (32.7 m*/g) than the other compositions investigated and also
comparable to that reported for Au electrocatalysts.***!

The ORR activity of Au-Rh NC was probed by linear scan voltammetry (LSV) under an
O, saturated 0.5 M KOH solution under hydrodynamic conditions (Supporting Information, Fig.
S3b). Compared to the other catalysts, Au-Rh NCs (3:1) possessed a higher limiting current
density of 4.41 mA/cm® with an earlier onset potential (-0.08 V). A well-defined Au-O(H)
reduction peak was obtained at a higher potential region for Au-Rh (3:1) NC, whereas for a 1:1
composition, a broad peak was observed that almost disappeared at 1:3 composition ratio. This
shows that the impact of the Au-Rh composition for ORR depends mainly on the Au content and
the role of Rh might be to stabilize the cluster morphology. From the hydrodynamic polarization
curves, the Koutecky-Levich (K-L) plots were constructed to calculate the number of electrons

transferred (1) during the ORR.* The ‘n’ was found to be 4.1 for Au-Rh (3:1) NC and 3.6 and

2.4 for the (1:1) and (1:3) compositions, respectively. This confirms that the Au-Rh (3:1) NC

ACS Paragon Plus Environment
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follows a direct four electron transfer mechanism, which is in contrast to that of the other two
compositions. From the K-L plots, the linearity and parallelism are usually considered an
indication of first-order reaction kinetics.** Based on the results, the 3:1 composition was good
and was used for further electrochemical investigations towards the ORR. Interestingly, it was
also reported that a 20-30 atomic wt. % of Rh might be a better composition for the ORR*,
which was well correlated with the present investigation.

ORR activity on Au-Rh (3:1)

Fig. 3 shows the CV data of the supportless and carbon supported Au-Rh (3:1) catalysts.
Two distinct major regions were observed during the anodic sweep: (i) a broad double layer
region between -0.6 and -0.2 V; (ii) an oxide layer (Au-O(H)) formation at the higher potential
region (0.3 to 0.5 V). In the cathodic sweep an oxide reduction peak was clearly observed
between 0.2 to -0.2 V.** A broad and defined reduction peak was observed for the supportless
Au-Rh (3:1) with a peak current density of 7.5 mA/cm?, which was comparatively higher than
the reported literature values for Au-based catalysts.'* > For Au-Rh (3:1)/VC, a less intense
reduction peak with a current density of ~2.5 mA/cm” showed poor ORR kinetics compared to
Au-Rh (3:1) NCs. The calculated ECSA was found to be 32.7 m?%g for Au-Rh (3:1) catalyst
which is 1.5 times higher than Au-Rh(3:1)/VC (19.2 m%/g) and was comparable to the reported
values.' This observed higher ECSA might be due to the availability of more active catalyst sites
in the supportless nanostructure.

Fig. 4a shows the polarization curves of the supportless and Vulcan carbon-supported
Au-Rh (3:1) catalysts recorded at 2400 rpm. From the polarization curves, three distinct regions
were observed: (i) the kinetic controlled region observed between 0.5 to -0.1 V with the
reduction peak of Au-oxide; (i1) the mixed kinetic and diffusion controlled region, i.e., the sloppy

region from -0.1 V to -0.18 V, where the reduction current is controlled by both mass transfer

10
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and the kinetics of the electron transfer mechanism; and (iii) the mass transfer (diffusion)
controlled region was observed below -0.18 V.* The limiting current densities were 4.41 and
3.88 mA/cm? for Au-Rh (3:1) and Au-Rh (3:1)/VC, respectively. The higher onset (-0.05 V) and
half-wave potential (£;,, -0.11 V) values were obtained for Au-Rh (3:1) NCs that were
comparatively 30 mV (Onset: -0.08 V) and 60 mV (£, -0.11 V) more positive than that of Au-
Rh (3:1)/VC. Fig. 4b presents the K-L plots and shows parallel behavior with a slope of 10.86
and 13.11 for Au-Rh (3:1) NC and Au-Rh (3:1)/VC, respectively. From the K-L slopes, the ‘n’
values were 4.1 for SL Au-Rh (3:1) NCs and 3.9 for Au-Rh (3:1)/VC, suggesting that both the
catalysts follow a direct 4-electron transfer mechanism. Figs. 5a & Sc show linear scan
voltammograms with increasing trend of limiting current densities with respect to the electrode
rotation rate confirms the influence of hydrodynamic (diffusion layer thickness) effects for both
supportless and VC supported Au-Rh catalysts on RDE-GC electrode. In addition to that, the K-
L plots (Figs. Sb & 5d) drawn at different potentials (-0.2, -0.4, -0.6, and -0.8 V vs. SHE) clearly
indicates the ORR mechanism follows direct four electron transfer mechanism and the calculated
‘n’ values are in the range of 3.4 to 4.1 for supportless and 3.2 to 3.9 for VC supported Au-Rh
catalyst. In order to evaluate the catalytic activity, the kinetic current density (j;) was calculated
using the following equation,*’

%]

Jie = ﬁ
where j, is the measured current density at -0.1 V vs. SHE and j; is the disc current density at the
limiting region. For Au-Rh (3:1) NC, the observed kinetic current density (j;) was found to be
1.41 mA/cm? at -0.1 V, which is nearly 2 times higher than that of the Au-Rh (3;1)/VC catalyst

(0.71 mA/cm?) and comparatively higher than the reported SnO»-Au hybrid catalysts in alkaline

media.?!

11
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Using the calculated kinetic current density values (j;), the mass transfer-corrected Tafel
plots were constructed and the Tafel slopes were determined at low and higher overpotential
regions and presented in Fig. 6. Tafel slope values at low overpotential region were found to be
57 and 69 mV/dec and at higher over potential region 119 and 114 mV/dec for supportless and
carbon supported Au-Rh (3:1) catalysts, respectively. At low overpotential, the obtained Tafel
slope values are close to -60 mV dec™’, which indicates that the ORR mechanism follows one
electron transfer is the rate determining step and at higher overpotential the values are around -
120 mV dec™ reveals that the two electron transfer is the rate determining step.*® *’ From the
reported literature, two Tafel slope regions of, (i) 60 mV dec” corresponding to O, electro-
reduction at the oxidized (Pt-OH) surface (ii) 120 mV dec™ observed for clean Pt surface in an
acidic environment. Hence, it is clearly suggesting that the surface properties of Au-Rh catalysts
are quite similar to that of clean Pt and indicating the first electron transfer as the rate limiting
step in reduction of oxygen.*”® Fig. 7a shows the number of electrons transferred (1) per oxygen
molecule during reduction process at different potential values. A higher exchange current
density (ig) was obtained for Au-Rh (3:1) NCs (2.19x10” A/cm?) than Au-Rh (3:1)/VC (1.0x107
A/cm?). Table 1 lists the calculated ORR kinetic parameters, such as limiting current density (j,),
onset potential, half wave potential, kinetic current density (j;), Tafel slope (b), number of
electrons transferred (n), mass, and specific activity values. It can be observed that kinetic
current density, exchange current density and mass activity values are nearly twice for Au-Rh
(3:1) compared to Au-Rh/VC. The lower Tafel slope value indicates a facile ORR kinetics for
Au-Rh (3:1) and this in turn results in the direct 4-electron transfer mechanism. Fig. 7b shows
the comparison of the mass activity (MA) of both the supportless and VC supported Au-Rh (3:1)
catalysts with various reported alkaline ORR electrocatalysts from the literature.'” ** *® Using

these MA values, the intrinsic activity or specific activity (SA) values were calculated and found

12
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to be 3.25 for Au-Rh (3:1) NCs and 3.0 A/m’4, for Au-Rh (3:1)/VC, which were comparatively
higher than the reported Pt/C (MA: 58 mA/mg; SA: 0.1 mA/cm?®)* and other alkaline ORR

electrocatalysts in KOH medium.?*

Durability of Au-Rh nanostructures

The durability of the electrocatalyst was evaluated by performing accelerated durability
tests (ADT) i.e. by subjecting the working electrode to a specified number of continuous
potential sweeps between -0.6 and 0.2 V at 0.1 V/s in Nj-saturated 0.5 M KOH at 25 °C. Figs. 8a
and 8b show the ADT-CVs for both the supportless and carbon supported Au-Rh catalysts under
similar conditions. During the ADT, the Au-oxide reduction peak became broader for Au-Rh
(3:1) NC (Fig. 8a) and sharper for the carbon supported Au-Rh (3:1) catalysts (Fig. 8b). After
10000 potential cycles, the calculated ECSA increased by ~20-30 % for both catalysts, which
might be due to structural reformation (active site regeneration). Figs. 8¢ & 8d clearly show the
durability of the electrocatalysts in terms of the percentage of ECSA retained after ADT. In fact,
the ECSA of the supportless catalyst was almost 15 % higher than the carbon supported catalyst
after 10000 potential cycles. When the ADT was extended to the other Au-Rh compositions 1:1
and 1:3, we observed approximately 20 to 50 % decrease in ECSA after 5000 potential cycles
(graphs are not shown). The ADT-LSVs were recorded in the O, saturated 0.5 M KOH solution
at a scan rate of 0.01 V/s at 2400 rpm. Fig. 8e shows the LSV profiles before and after 10000
potential cycles for Au-Rh (3:1) NC which retains ~89 % of its initial limiting current density at
10000™ cycle while Au-Rh (3:1)/VC (Fig. 8f) retains only ~83 % after 10000 potential cycles.
On the other hand, looking into the half-wave potential values, an 80 mV negative shift was
observed for the Au-Rh (3:1) NC, which was almost 1.5 times (180 mV) better than Au-Rh

(3:1)/VC. The TEM image (Fig. 9a) shows that there is no appreciable change in particle size of
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supportless Au-Rh catalyst after ADT and clearly depicted from the corresponding histogram
(Fig. 9¢). But, the Au-Rh/VC has increased in particles size nearly 2 nm after 10000 cycles
which is resulted in decreased LSV-ORR current compared to the supportless catalyst. In
addition to that the Au-Rh/VC, has increased in surface area upon continuous potential cycling
thus might be expected due to the chemisorbed CO* (Journal of The Electrochemical Society,
160 (4) F381-F388 (2013)) (which eventually reduces the available and free active sites). As a
result the ORR activity decreases upon cycling for supported catalysts. To summarize the
supportless Au-Rh (3:1) showed a remarkable stability compared to the carbon supported
catalyst and also the retained activity after ADT was comparatively higher than that reported
values for other alkaline ORR electrocatalysts, such as Au@Pd/RGO (~6 % ORR current loss
after 1000 potential cycles)™, Pt/C (~ 42 % ORR current loss after 1,500 potential cycles)’', and

NCo-GS-0.5 (40% loss in activity after 12000 potential cycles).”

Conclusion

Novel supportless and vulcan carbon supported Au-Rh bimetallic nanostructures were
synthesized by a green chemical reduction approach without stabilizing agents which showed an
enhanced electrocatalytic performance for the ORR in alkaline medium. From physiochemical
characterizations, the mean crystallite size and elemental composition were determined. TEM
clearly revealed the nanostructure morphology of Au-Rh and the uniform distribution of Au-Rh
nanoparticles on carbon for the Au-Rh/VC catalyst. From cyclic voltammetry studies, the ECSA
was found to be 32.7 m?/g and the limiting current density was observed to be 4.41 mA/cm? for
Au-Rh (3:1) NC which were comparatively higher than the other supportless and carbon
supported catalysts. The higher MA (106 mA/mg) and SA (3.25 A/m’s,) were obtained for the

Au-Rh NC and the ORR kinetic parameters were calculated and presented. The durability studies
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clearly showed that both the supportless and VC supported Au-Rh (3:1) electrocatalysts possess
an improved life-time in terms of ECSA and the ORR limiting current density, even after 10000
potential cycles. Therefore, this study proves that the Au-Rh (3:1) nanostructures have great

potential to catalyze the ORR with enhanced activity and stability for alkaline fuel cells.
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Figure Captions

Fig. 1 XRD patterns of the supportless and VC supported Au-Rh (3:1) catalysts.

Fig. 2 TEM images of the supportless (a & c¢) and Vulcan carbon supported (b & d) Au-Rh (3:1)
catalysts with corresponding histograms (e & f). Inset: HR-TEM of supportless Au-Rh (Fig. 2a)
and Au-Rh/VC (Fig. 2b).

Fig. 3 Cyclic voltammograms of the supportless and VC supported Au-Rh (3:1) in N, saturated
0.5 M KOH at a scan rate of 0.1 V/s at 25 °C.

Fig. 4 (a) RDE-Linear scan voltammograms of the supportless Au-Rh (3:1) and Au-Rh (3:1)/VC
in O, saturated 0.5 M KOH at a scan rate of 0.01 V/s at 25 °C in 2400 rpm and (b) corresponding
K-L plots.

Figs. 5 RDE-Linear scan voltammograms at different rotation rates and K-L plots at different
potentials for supportless Au-Rh (3:1) (a & b) and Au-Rh (3:1)/VC (¢ & d) in O; saturated 0.5 M
KOH at a scan rate of 0.01 V/s at 25 °C.

Fig. 6 Mass transfer corrected Tafel plots of the supportless Au-Rh (3:1) and Au-Rh (3:1)/VC in
O, saturated 0.5 M KOH at a scan rate of 0.01 V/s at 25 °C in 2400 rpm.

Fig. 7 (a) Number of electrons transferred versus applied potential for both supportless Au-Rh
(3:1) and Au-Rh (3:1)/VC in O, saturated 0.5 M KOH at a scan rate of 0.01 V/s; (b) Comparison
of the mass activity of Au-Rh catalysts with different alkaline ORR electrocatalysts from various
reported literatures.

Fig. 8 Cyclic voltammograms of (a) supportless Au-Rh (3:1) NCs; (b) Au-Rh (3:1)/VC in N,
saturated 0.5 M KOH at 25 °C after ADT potential cycling; Linear scan voltammograms of (c)
supportless Au-Rh (3:1) NCs; (d) Au-Rh (3:1)/VC in O, saturated 0.5 M KOH at 25 °C after
ADT potential cycling; (e) comparison of the percentage of normalized ECSA after ADT and (f)

comparison of percentage of normalized ORR limiting current after ADT potential cycling.
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Fig. 9 TEM images of (a) supportless Au-Rh and (b) Au-Rh/VC catalysts after accelerated

durability tests with corresponding histograms (c) and (d) respectively.
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Table 1 Summary of ORR kinetic parameters for supportless and carbon supported Au-Rh (3:1) catalysts at 25 °C.
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10 . On set
11 Catalyst (m AJ /dcmz) potential
13 V)

Ei» Ji 10° & b 10° iy . MA IA or SA
(V) (mA/em®) (cm/s) (mV/dec) (A/em?) (mA/mga)  (A/m’ay)

15 Au-Rh (3:1) 4.41 0.11 -0.11 1.41 4.47 96 2.19  4.09 106 3.25

18 Au-Rh(3:1)/VC 3.88 0.06 -0.12 0.71 4.25 143 1.00  3.38 58 3.00

20 Ja limiting current density; E;,- half-wave potential; j;- kinetic current density @ -0.1 V vs. SHE; k- kinetic rate constant; iy- exchange current density; n-
21 number of electrons transferred; MA- mass activity @ -0.1 V vs. SHE; IA- intrinsic activity @ -0.1 V vs. SHE.
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34 Oxygen Reduction Reaction on Au-Rh Nanoclusters
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