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= an efficient electrocatalyst for oxygen reduction
Samg e rem 4253 regction and hydrogen evolution reactiont

Manas Kumar Kundu, Tanmay Bhowmik and Sudip Barman™*

Fabrication of a high surface area interconnected porous network of metallic nanomaterials is important for
their applications in various fields such as catalysis, sensors, and electrochemistry. Here we report a facile
bottom up synthesis of high surface area and porous gold aerogel supported on carbon nitride sheets (CN,).
The reduction of HAUCl, in the presence of carbon nitride nanosheets using sodium borohydride and
ultrasonic treatment produces gold aerogel supported on carbon nitride (Au—-aerogel-CN,). When the
reduction of HAuUCl, in the presence of CN, nanosheets was performed using only ultrasonication, highly
dispersed ultrasmall (~2 nm) gold nanoparticles on CN, sheets (AuNPs—-CN,) were formed. The Au
aerogel supported on CN, sheets was well characterized by powder X-ray diffraction, tunneling electron
microscopy, selected area electron diffraction, energy dispersive X-ray spectroscopy, scanning electron
microscopy, UV-visible and X-rayphotoelectron spectroscopic methods. The Au-aerogel-CN, and
AuNPs—-CN, composites exhibited superior electrocatalytic activity towards oxygen reduction reaction
(ORR) in alkaline and acidic media. The Au—aerogel-CN, composite showed ORR onset potentials at
0.92 V and 0.43 V (vs. RHE) in 0.5 M KOH and H,SO,4 solution. The four electron oxygen reduction
process occurred at these supported catalysts in both alkaline and acidic media. In alkaline (KOH)
medium the onset potential at Au—aerogel-CN, was more positive (~30 mV) than that of commercial
Pt/C catalyst. The composites displayed excellent methanol tolerance and comparable durability with
commercial Pt/C. Furthermore, the Au—-aerogel-CN, composites exhibited high catalytic activity for the
hydrogen reduction reaction (HER) with a small onset potential of —30 mV and a Tafel slope of 53 mV
dec™! in acidic medium. At a small Au loading of 0.130 mg cm™2, this catalyst also exhibits a current

density of 10 mA cm™2 at a low overpotential of —185 mV with excellent stability. The ORR and HER
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Accepted 1st October 2015 performances on porous Au-aerogel-CN, composites were better than those of the AuNPs—-CN,

catalyst and commercial flat gold electrode. The superior ORR and HER activities at the Au—aerogel-CN,
DOI: 10.1035/c5ta06740e composite originated from the unique synergistic effects between the porous Au network and carbon

www.rsc.org/MaterialsA nitride (CN,) support.

and electrocatalytic applications.® Metal aerogels are a new type
of porous solid materials that have extremely low density, high
Porous materials have attracted tremendous attention in the porosity, high surface area, high electrical conductivity and
last few years due to their exceptionally high catalytic activity,!® catalytic properties. The properties of nanoparticles such as
electrical conductivity? and mechanical properties.” These catalytic activities are retained in the metal aerogel and it may
properties arise due to their ability to interact with the atoms or  thus bridge the gap between nanomaterials and macro-
ions or molecules throughout the bulk of the material, and not ~materials. It was reported that the properties of some of the
only on their surfaces. In the last decade porous metallic metal aerogels are superior to those of metal nanoparticles
network structures have gained tremendous attention for their ~because of the combined effects of nanoparticles in the aero-
various kinds of biological sensing applications®” and catalytic® ~ gel.” Since the discovery of aerogels in 1963 by Kistler,'” enor-
mous efforts have been taken to synthesise various aerogels.
Several approaches are available in the literature for the
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synthesis of different non-metal aerogels such as carbon aero-
gels™ and silica aerogels,*” organic-inorganic hybrid aerogels,™
metal oxide aerogels," and metal chalcogenide aerogels.” But
only few methods are available for the production of metal
aerogels.****® For example, Eychmiiller and coworkers®'® have
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reported the synthesis of monometallic, bi-metallic and
composite aerogels based on the controlled aggregation of
metal nanoparticles using controllable destabilization and
spontaneous gelation methods. Leventis and his co-workers'”*?
developed methods for the synthesis of different metallic
(Fe, Cu, Ni, Co) aerogels by nanosmelting (sol-gel method) of
hybrid polymer-metal oxide composites. A combustion method
for the synthesis of porous metallic aerogels was also reported
by Tappan et al.*®* The synthesis of metallic aerogels supported
on a two dimensional conducting support and their catalytic
applications have not been reported so far.

The synthesis of supported nanostructured compounds and
studies on their catalytic properties have attracted great atten-
tion of the scientific community recently since catalytic
supports not only stabilize the nanoparticles, but also enhance
their catalytic activities in some cases. For example, supported
gold nanoparticles display superior catalytic activity for various
chemical reactions,” such as low temperature catalytic
combustion, partial oxidation of organic molecules, reduction
of oxygen and hydrogen peroxide. It is also well known that the
catalytic activity of gold catalysts depends not only on the size of
the nanoparticles, but also the nature of the support materials
and preparation methods of the catalysts are also important for
their superior catalytic activity. The remarkably high catalytic
oxidation of CO over gold nanoparticles dispersed on various
metal oxide catalysts was explained by the synergic effect
between gold nanoparticles and metal oxides.*>* Graphene has
already become a promising candidate as a two dimensional
support for different nanoparticles due to its unique proper-
ties.** Another 2D material, graphitic carbon nitride (g-C;N,),
which has a similar structure to that of graphene, is a promising
support for various nanomaterials. Graphene/g-C;N, supported
metal or semiconductor nanoparticles have proven to be effec-
tive materials for photocatalysis,*’ catalysis>** and biosensor
applications.”?*® Though C;N, supported nanoparticles have
been reported by several groups,>**”*° C3N, or other 2D material
supported metal Au aerogels have not been reported so far.
However, few self-supported metal aerogels and their applica-
tions are available in the literature. For example, the synthesis
of Pt-aerogels and Pt based bi-metallic aerogels was reported
for ORR.*' Pd-aerogels were reported for formic acid oxidation®*
and ethanol oxidation.*

The concern about energy shortage and environmental
pollution is rising due to the use of fossil fuels; there is thus
always need for alternate renewable green sources of energy.****
Electrochemical energy generation by means of fuel cells and
electrochemical water splitting is one of the most viable green
approaches for energy generation. The oxygen reduction reac-
tion (ORR) and hydrogen evolution reaction (HER) are the two
important processes that are involved in fuel cells and electro-
chemical water splitting. Without a suitable catalyst, both these
reactions (HER and ORR) show sluggish kinetics. Platinum is
the best known catalyst for both processes. But the high cost
and scarcity of platinum prevent its wide spread commerciali-
zation. It is important to develop non-platinum based ORR
active cathodes for commercialization of fuel cells. Enormous
efforts have been made during the past decades in finding an
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economically viable, novel and superior catalyst for this
purpose. Recently, noble metal nanoparticles have been found
to be highly promising electrocatalysts due to their high surface
area and cost-effective production since only small amounts of
metals are used in their synthesis. Bulk gold metal shows
moderate ORR activity and its activity depends on the size of the
nanoparticles. For example, Crompton and co-workers®
showed that ultra-small (1.5-2 nm) citrate capped gold nano-
particles act as a negative catalyst for ORR in comparison to the
Au macro-electrode. It was also reported by the same authors®”
that 17-40 nm AuNPs showed comparable ORR properties with
those of the Au electrode and H,0, was the final product due to
the two electron reduction of oxygen. M. Bron® claimed that
surface specific activity and the number of electrons transferred
in the ORR process of carbon black stabilized AuNPs are inde-
pendent of each other resulting in nanoparticles of different
sizes (2.2-42.3 nm). T. Inasaki et al.*® reported that SA increases
with decreasing particle size and the number of electrons
transferred per O, molecule also increases. S. Guerin et al.*
found that the specific activity towards ORR decays rapidly with
decreasing particle size below 3 nm. Although several reports on
the ORR activity of Au nanoparticles are available, they are still
less in number than those available for platinum.

Electrolysis of water to generate hydrogen through the HER
process in acidic medium, i.e. electro-catalytic reduction of
protons to molecular hydrogen, shows a promising approach to
produce clean energy.**** An efficient HER catalyst is required
to produce large cathodic current densities at low over-
potentials.** Research efforts are underway to find suitable
hydrogen evolution catalysts based on more economical mate-
rials such as Ni Based catalysts,*»** Mo based catalysts,*" ¢
other transition metal phosphides**® etc., which may replace
the expensive Pt catalysts. The gold surface shows moderate
HER activity. Although some reports of HER on gold are avail-
able, these are mostly dedicated to either the influence of
surface structure® on the HER rates or effects of organic
molecules on HER performances.” J. Perez et al.>' reported
pronounced structural sensitivity of the Au crystal face and they
showed that catalytic activity decreases in the sequence Au(111)
< Au(100) < Au(110). Negative HER activity of small (1-2 nm)
AuNPs was also reported recently.?

Herein, we report the facile synthesis of gold aerogel sup-
ported on thin carbon nitride sheets (Au-aerogel-CN,) and its
applications in oxygen reduction (ORR) and hydrogen evolution
(HER) reactions. Highly porous interconnected metal nano-
particle networks are formed on the CN, support due to the
reduction of HAuCl, in the presence of g-CN, nanosheets with
NaBH, and ultrasound treatment, whereas only ultrasonic
reduction (without NaBH,) produces highly dispersed ultra-
small (~2 nm) gold nanoparticles supported on CN, sheets
(AuNPs-CN,). The Au-aerogel-CN, and AuNPs-CN,, composites
exhibited superior electrocatalytic activities towards ORR in
acidic and basic media. The ORR activity of the Au aerogel
composite in basic medium is better than that of commercial
Pt/C whereas it is lower than that of Pt/C in acidic medium, but
better than that of previously reported gold metal based elec-
trocatalysts. Oxygen reduction in acidic and basic media occurs

J. Mater. Chem. A, 2015, 3, 23120-23135 | 23121


http://dx.doi.org/10.1039/c5ta06740e

Published on 01 October 2015. Downloaded by Pennsylvania State University on 16/09/2016 04:48:49.

Journal of Materials Chemistry A

via a 4-electron pathway at both AuNPs and Au aerogel sup-
ported CN, catalysts. Furthermore, these two composites also
showed superior hydrogen evolution activity in acidic medium.
The morphology dependent HER behaviour of Au composites
was observed in acidic media; the Au-aerogel-CN, composite
showed the best performance and the flat gold electrode dis-
played the poorest performance. The Au-aerogel CN, catalyst
exhibited an onset potential of —30 mV, current density of
10 mA cm 2 at a small HER overpotential of —185 mV and
a Tafel slope of 53 mV dec™" with excellent durability. The
superior HER and ORR activities of the Au-aerogel supported
CN, composite are explained based on the synergetic effects of
the CN, support and porous gold and the strong catalyst-
support interaction.

Experimental section
Preparation of g-CN,

Formamide was used as the precursor for synthesizing carbon
nitride quantum dots by a microwave mediated method.*>*
Typically 30 ml of formamide was heated using a microwave
synthesizer for 2 h at 180 °C. The resulting brown coloured
solution was evaporated at 180 °C in a rotary-evaporator to
obtain a bulk amount of a black product. This product was
washed with water, filtered and vacuum dried to obtain dry,
solid g-CN,.

Preparation of the Au-aerogel-CN, composite

5 mg of the as-prepared g-CN, was dispersed in 3 ml of water by
sonication for 10 min. The aqueous solution of HAuCl, was also
prepared in a separate vial. These two solutions were mixed
together followed by sonication for 10 minutes. Then solid
NaBH, was added and the mixture was subjected to ultrasound
treatment with ~28 kHz frequency for 3 hours at 400 watt. After
ultrasound treatment the freshly formed solid product was
separated by centrifugation at 8000 rpm for 10 minutes. After
washing with water, Au aerogel supported CN, products were
dried under vacuum. 0.162 mmol HAuCl, and 0.53 mmol
NaBH, solutions were used for the synthesis of 82 wt% Au-
aerogel-CN, whereas 0.235 mmol of HAuCl, and 0.79 mmol
NaBH, solutions were used for 92 wt% Au-aerogel-CN,. Gold
nanoparticles supported on CN, were produced by carrying out
only the ultrasonic treatment of HAuCl, (0.147 mmol) in the
presence of CN, sheets (5 mg) without the use of any reducing
agent.”®

Preparation of Au-aerogel-CN,/GC and AuNPs-CN,/GC
electrodes

A glassy carbon electrode was polished with 1.0, 0.1 and
0.05 mm alumina slurry on Buehler microcloth polishing cloth.
After rinsing, the electrode was sonicated in distilled water for
about 10 min. 1 mg of the synthesized composite was dissolved
in 1 ml water to make a stock solution. 15, 11, and 10 ul of
aqueous stock solution were evaporated on the cleaned glassy
carbon electrode to prepare AuNPs-CN,/GC and Au-aerogel-
CN,/GC electrodes to maintain a constant amount of Au in every
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electrode. ORR was conducted in both alkaline and acidic
media with the help of linear sweep voltammetry (LSV) and
cyclic voltammetry (CV) measurements by using oxygen satu-
rated 0.5 M H,SO, and KOH at 100 mV sec” ' scan rate. For HER
analysis LSV measurement was carried out using nitrogen
saturated 0.5 M H,SO, at 10 mV sec” ! scan rate.

Results and discussion

Characterization of Au aerogel composites

The powder X-ray diffraction (p-XRD) patterns of g-CN,, AuNPs—
CN,, and Au-aerogel-CN, nanocomposites are shown in Fig. 1.
The peak positioned at a 26 value of 27.30 corresponds to the
(002) plane of g-CN, with an interlayer d-spacing of 3.27 A which
was reported previously by our group.®*** The five additional
well-resolved peaks of Au composites located at 26 values of
38.20, 44.40, 64.50, 77.540 and 81.80 can be indexed as the
(111), (200), (220), (311) and (222) reflection planes respectively
for pure face centred cubic (f.c.c.) Au nanoparticles® (JCPDS no.
04-0784). The p-XRD pattern of the Au-aerogel-CN, composite
was further studied by Scherrer analysis (see the ESIT for
details). The most intense peak positioned (26) at 38.20 was
used to calculate the size of the Au-aerogel in the composite
and the gold nanoparticle size of ~8 nm was calculated from the
Scherrer analysis. Tunnelling electron microscopy (TEM) and
field emission scanning electron microscopy (FESEM) were
used to study the morphology of the Au-aerogel network sup-
ported on CN, sheets. TEM samples were prepared by the
evaporation of 10 pl aqueous solution of the Au aerogel-CN,
composite on a TEM grid. Fig. 2a shows the TEM image of two
dimensional thin CN, sheets which were formed on evaporation
of g-CNQDs. Ultrasound treatment of HAuCl, and CN, sheets
produces the AuNPs-CN, composite. As shown in Fig. 2b and
S1a,t good nearly ordered distribution of 1.0-2.5 nm sized gold
nanoparticles on CN, sheets was observed after ultrasound
treatment. The formation of noble metal particles on the
surface of CN, sheets resulting from ultrasound treatment
without the use of a reducing agent was reported by our group
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Fig. 1 p-XRD of g-CN,, AuNPs-CN, and the Au-aerogel-CN,
composite.
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Fig. 2 TEM images of (a) g-CN, sheets, (b) AuNPs on CN, (AuNPs—CN, composite) showing highly dispersed ultrasmall AuNPs on the CN,
sheets: (c and f) low resolution TEM images of the Au—aerogel supported on CN, showing porous morphology. (d and e) Mid-resolution TEM
images of the Au—aerogel showing interconnected Au nanochains and the CN, support. (g) SAED images taken from (c). (h) HRTEM images of

Au-aerogel-CN, showing preferential growth along the Au(111) plane.

recently.> When the reduction of HAuCl, in the presence of CN,
sheets was performed using NaBH, along with the ultrasound
treatment, Au-aerogel supported on CN, sheets was produced.
Some representative TEM images of the Au-aerogel supported
on CN, sheets are shown in Fig. 2c-f and S1(d-i) (ESI}). In all
these images, the ultrathin Au nanowires are interconnected to
form three dimensional network-like structures with a large
number of open pores. The Au aerogel with a porous structure is
supported on CN, sheets, which is clearly visible in Fig. 2d and
S1h (ESIT). The nanochains have a uniform diameter of about
8-10 nm. The coalescence of the initial spherical particles into
a chain structure is quite obvious in the TEM images. The
assembly of 6-8 nm size nanoparticles supported on CN, sheets
is also seen (Fig. S1f, ESIt), but their abundance is low. Since the
size of independent nanoparticles and the diameter of the
nanochains are more or less similar, it can be concluded that
the aerogel is formed directly from the colloidal particles by the
fusion of the nanoparticles and no pre-agglomeration occurs.
The SAED image of the Au aerogel is shown in Fig. 2g suggesting
a polycrystalline structure, as shown in Fig. 2d. The interlayer
spacings calculated from the SAED image are found to be 2.36,
2.03, 1.44, 1.22, and 0.946 A which correspond to the (111),
(200), (220), (311) and (331) planes of the fcc gold lattice. This is

This journal is © The Royal Society of Chemistry 2015

in good agreement with p-XRD studies (see Fig. 1) of Au-
composites. The HRTEM images as shown in Fig. 2h and S1i
(ESIT) clearly show the lattice fringes with a d spacing of 2.36 A
corresponding to the (111) plane of face centred cubic gold. The
orientations of these lattice fringes are similar. This suggests
that the gold aerogel generally grows along the Au(111) planes.
From the TEM analysis it can be concluded that the inter-
connected Au network was formed due to ultrasound treatment
in a mixture of HAuCl,, CN, and NaBH,.

To understand the formation mechanism of Au-aerogel on
CN; sheets, the structural morphologies of several compounds,
prepared by varying the amount of NaBH,, were examined using
TEM. When no NaBH, was used, only ultrasonic treatment of
HAuCl, and CN, yielded nearly ordered, highly dispersed AuNPs
of size ~2 nm on CN, sheets, as shown in Fig. 2b and S1a.{ The
size of these particles was between 1.0 and 2.5 nm with a mean
diameter of 2 nm. On addition of a small amount of NaBH,
(0.10 mmol) during the synthesis process, highly dispersed gold
nano-dots of size less than 1 nm on CN, were formed and some
nanochains with single or few branches were also visible
(Fig. S1ib,c in ESI}) indicating the initiation of aerogel forma-
tion. Since the amounts of CN, nano-sheets and HAuCl, used
were the same, varying only the amount of NaBH, in the
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Fig. 3 FESEM images of Au—aerogel-CN, showing highly porous morphologies of interconnected nanoparticles.

synthesis of these two Au-aerogel composites, the same amount
of Au atoms was produced due to ultrasonication with or
without NaBH,. Some of the gold atoms were utilized for the
formation of gold nanochains when the synthesis was carried
out in the presence of a small amount of NaBH,. This explains
why gold nanoparticles (less than 1 nm) produced with a small
amount NaBH, are smaller than those produced (2 nm) when
ultrasonication was performed without employing any reducing
agent. On the other hand, as shown in Fig. 2d-f, a highly
porous, interconnected gold nanochain network structure
(aerogel) supported on CN, sheets was formed when sufficient
NaBH, (0.79 mmol solution) was added during the synthesis
process. These TEM images clearly show that the aerogels were
composed of ultrathin gold nanochains with a diameter of
8-10 nm. The ultrasonication of HAuCl, without NaBH,
produced gold atoms (nanoparticles) at a low pace due to the
slow reduction of HAuCl,, and AuNPs were physically adsorbed
on the surface of CN, sheets. Since the fast reduction of HAuCl,
with NaBH, produced a large number gold atoms in a very short
time, nucleation and uncontrolled growth of nanoparticles
occurred on CN, sheets to form a porous network of gold on the
CN, support. The exact amount of gold loading in Au-aerogel-
CN, was determined by the thermogravimetric analysis (TGA)
method. TGA curves (Fig. S21) show 82 wt% loading of Au on
Au-aerogel supported CN, whereas the Au loading is 58% in the
AuNPs-CN,, composite. In order to achieve higher Au loading
samples were also prepared with a higher amount of HAuCl,
and NaBH, using a constant amount of CN, sheets. The highest
loading we could achieve was 92 wt% gold when 0.235 mmol
HAuCl, and 0.79 mmol NaBH, were used for the synthesis. The
amount of gold loading in these catalysts was also determined
by inductively coupled plasma optical emission spectrometry
(ICP-OES) and the concentrations of carbon and nitrogen were
determined by EDX and XPS analysis. The exact wt% of Au
present in Au-aerogel-CN, and AuNPs-CN, composite was 85.4
and 55.9 respectively. The carbon : nitrogen ratio in Au-aero-
gel-CN, and AuNPs-CN, was 1.25:1 and 1: 1.1 respectively.
Fig. 2f and S1g (ESIt) represent the Au-aerogel-CN, composite
with 92 wt% Au loading. The width of the nanochains is almost
the same as that of the 82 wt% loading sample, but the pore size
becomes small due to the large number of interconnections
between nanochains forming a highly porous Au network on the

23124 | J. Mater. Chem. A, 2015, 3, 23120-23135

CN, support and the nanoparticles are clearly visible in the
nanochains since a large amount of the Au precursor was used.
The 82 wt% and 92 wt% Au loading in the Au-aerogel supported
CN, composite is abbreviated as Au-aerogel(1)-CN, and Au-
aerogel(2)-CN, respectively. FESEM images (Fig. 3a—c) have also
been taken to study the surface morphology of the composite on
a silicon substrate. FESEM samples were prepared by the
evaporation of 30 pl stock solution with 0.5 mg ml~" concen-
tration on Si wafer. In the FESEM images the interconnected
porous network with an ultrathin wire-like structure with many
bifurcations is clearly visible.

Fig. 4a shows the UV-visible spectrum of aqueous solution of
¢-CN, and Au-aerogel-CN,. The strong surface plasmon peak at
540 nm for the Au-aerogel-CN, compound suggests the pres-
ence of the Au nanostructure. X-ray photoelectron spectroscopy
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Fig. 4 (a) UV-visible spectra of g-CN, and Au—aerogel-CN,. (b) XPS
survey scan of Au—aerogel—CN,. XPS spectra of (c) Au 4f orbital and (d)
Cls for Au—aerogel-CN, (black line), AuNPs—CN, (blue line), and
g-CNy (red line).
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(XPS) and FT-IR spectroscopy were used to examine the change
in the electronic structure of the CN,, framework in the presence
of AuNPs and Au-aerogels. The FT-IR spectra of g-CN, in Fig. S3
(ESIT) show two peaks at 1230 cm™ " and 1400 cm™ ', which can
be attributed to aromatic C=N stretching and the peak at
1600 cm ' can be assigned as C=N stretching. These three
peaks disappeared and a new intense peak at 1380 cm '
appeared when AuNPs were dispersed into the CN, matrix. The
FT-IR spectrum of the Au-aerogel-CN, compound is also
completely different from those of the free CN, and AuNPs-CN,,
compounds. The peaks at 1116 and 1024 cm ™" can be attributed
to the C-N single bond and the peak at 1636 cm ™ is attributed
to the C=N double bond. The aqueous solutions of AuUNPs-CN,
and Au-aerogel-CN, compounds were evaporated separately
and the solid products were used for FT-IR measurements.
However, FT-IR spectra of the freshly prepared powder sample
were also taken. The IR spectra of the freshly prepared AuNPs-
CN, powder are similar to those of the free CN, compound
whereas the spectra of freshly prepared Au-aerogel-CN, are
completely different from those of the free CN, compound
(Fig. S3, S4a and b, ESIY). This indicates that the Au aerogel is
chemically attached to CN, sheets and AuNPs are physically
adsorbed in the freshly prepared AuNPs-CN, powder sample.
Fig. 4b shows the survey scan of the XPS spectrum which clearly
indicates the presence of gold, carbon, nitrogen and oxygen
atoms in the AuNPs-CN, composite. It is well known that the
binding energy spectra of Au 4f of metallic AuNPs appear as
a doublet with a binding energy of 83.9 eV for 4f,,, and 87.3 for
4f;, peaks.” Fig. 4c displays the Au 4f spectrum for Au-aerogel-
CN, which shows two peaks at 84.7 and 88.4 eV. The peaks at
84.7 and 88.4 eV can be assigned to Au 4f;, and 4fs, photo-
electrons. This binding energy shift suggests the strong inter-
action between the Au aerogel and CN, support. The carbon 1s
(C1s) and nitrogen 1s (N1s) XPS spectra of CN, were deconvo-
luted to three and two main Gaussian peaks, respectively
(Fig. S5a and bt). The peaks at 285.45 (C1) and 286.35 eV (C2)
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were assigned to the presence of (sp?) [N-C]N(sp®) (carbon
bonded to two nitrogen atoms) and C(-N); (planar trigonal
carbon geometry), respectively, whereas the peaks at 400.3 and
401.4 eV suggest the presence of (sp®) C-N(sp®) or a pyridine
moiety and quaternary nitrogen, respectively. The comparison
of C1s and N1s XPS spectra of CN,, AuNPs-CN, and Au-aerogel-
CN, is shown in Fig. 4d and S5c (ESIt), respectively. This shows
that the positions as well as the shapes of the C1s XPS spectra of
CN, in the presence of Au-aerogel-CN, are significantly
different from those of free CN,. The C1s peaks become broad
and a shift of 1.6 eV towards higher binding energy was
observed when the Au-aerogel is supported on the CN, frame-
work, but the positions of N1s peaks remain unaffected.
Therefore, the change in the binding energy of carbon and Au
confirms that there is strong interaction between carbon and Au
in the Au-aerogel-CN, composite. As shown in Fig. S5c (ESIt)
the binding energy of 1s nitrogen in AuNPs-CN, is 1 eV higher
than that of free CN, whereas the position of C binding energy is
almost the same and only broadening of the peak is observed
(Fig. 4d). Thus, it can be concluded that nucleation of Au
nanoparticles occurs at the carbon site in the case of Au-aero-
gel-CN, whereas nucleation occurs at the nitrogen site for
AuNPs—-CN,.

Based on TEM, SEM, XPS, and FT-IR spectroscopic studies,
the formation mechanism of the Au metal aerogel supported on
CN, sheets was proposed (Scheme 1). Since during the synthesis
of the Au-aerogel-CN, composite, a large number of Au atoms
are produced in a very short time due to the fast reduction of
HAuCl; by NaBH,, nucleation of AuNPs takes place at the
carbon centre in CN, sheets and finally growth takes place to
form Au-aerogel on CN, sheets. However when no NaBH, is
used, reduction of HAuCl, due to ultrasonication produces gold
atoms at a slow rate, and gold particles are physically adsorbed
on the surface of CN, sheets leading to precipitation of the
AuNPs-CN,, composite. On evaporation of aqueous solution of
the AuNPs-CN, composite on a solid substrate, first 2D sheets

Drying on a
solid substrate
_—

AuNPs still attached
to CN,sheets

Scheme 1 Schematic representations of the formation of Au—aerogel and AuNPs on the CN, sheet.

This journal is © The Royal Society of Chemistry 2015
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of CN, are formed followed by nucleation at the nitrogen atom,
after which growth occurs to form an assembly of gold nano-
particles on CN, sheets.”® Formation and evaporation induced
ordered assembly of silver nanoparticles on CN, sheets was also
reported by our group recently.*

Electrochemical characterization

The electrochemical activity of the freshly prepared Au-aerogel-
CN, composite modified GC electrode was first investigated
using cyclic voltammetry (CV) with the Fe(CN)s>/*~ redox
couple. Fig. 5a represents the CVs of the GC electrode and Au-
aerogel-CN, as well as AuNPs-CN, modified GC electrode
recorded in 0.05 M H,SO, solution containing 0.5 mM
K,[Fe(CN)g]. This shows the significant improvement of the
catalytic activity at the Au-aerogel-CN,/GC electrode in
comparison to bare GC. It is well known that the electro-
chemical reaction of [Fe(CN)e]>/*~ is sensitive to surface
microstructure and surface chemistry, but has a less significant
effect on oxygen functionalities in a carbon based electrode.***”
The CV at the GC electrode showed a redox peak with a peak
potential difference (AE,) of 75 mV indicating a quasi-reversible
redox reaction. For the Au-aerogel-CN, modified GC electrode,
both anodic and cathodic current densities increased signifi-
cantly and 13 mV decrease of AE,, was observed in comparison
to the bare GC electrode. The observed AE, values at Au-aero-
gel-CN,~GC and AuNPs-CN,/GC are 62 mV and 66 mV,
respectively. The decrease of the AE,, value with enhancement of
peak currents at Au-aerogel-CN,-GC suggests facile fast elec-
tron-transfer kinetics for this redox couple. As shown in Fig. S6
(ESIY), both the oxidation and reduction peaks of currents at the
three Au-aerogel-CN,/GC, AuNPs-CN,/GC and GC electrodes
increased linearly with the square root of the scan rate, indi-
cating that the reaction is controlled by a semi-infinite linear
diffusion. The larger slope values of the linear regression
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Fig. 5 (a) CVs of 0.5 mM Fe(CN)¢> /4~ solution at GCE, AUNPs—CN,
and Au-aerogel-CN, modified GC electrode. Electrolyte: 0.05 M
H>SO4 solution. (b) CVs of AuNPs—CN,, commercial flat Au electrode,
Au-aerogel(1)-CN,, Au—aerogel(2)-CN, in N, saturated 0.5 M H,SO4
solution and (c) CVs of AuNPs—CN,, commercial flat Au electrode, Au—
aerogel(1)-CN,, Au-aerogel(2)-CN, in N, saturated 0.5 M KOH
solution. Scan rate 100 mV sec™%.
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equation (Table T1, ESIT) and low AE,, suggest that”” the unique
electron structure and requisite surface structure endow Au-
aerogel-CN, film with fast electron and mass transfer.

Voltammetry method was used for further electrochemical
characterization of the synthesized composite. CV was carried
out in both 0.5 M H,SO, and 0.5 M KOH media in a N, saturated
atmosphere. Representative voltammograms are shown in
Fig. 5b and c. In acidic solution the anodic peak at £ > 1.4 V can
be attributed to the formation of Au surface oxides and the
cathodic peak at 1.1 V to the reduction of these surface oxides.*®
The large background arises mainly due to the high surface area
of the Au-aerogel on the CN, support. In an alkaline (KOH)
medium Au surface oxidation and reduction are also visible. Au
oxidation peak is observed at E > 1.2 V and reduction peak at
1.0 V. The real electrochemical surface area (ECSA) of the
samples was determined by using cyclic voltammograms by
using charge integration of the reduction peak of gold oxide and
the reduction value of the monolayer was assumed to be 400 pC
cm™ 2. From CV it is evident that ECSA increases as the porous
network structure is formed. The ECSA values of AuNPs-CN,,
commercial flat Au electrode, Au-aerogel(1)-CN,, and Au-aer-
ogel(2)-CN,, are 0.14, 0.17, 1.17 and 1.05 per cm?® (Table T2,
ESI{) in acidic medium. The surface areas of porous Au-aero-
gel-CN, samples are much higher than those of AuNPs-CN,
and commercial flat Au electrode. In alkaline medium also
Au-aerogel-CN, has a higher ECSA value than AuNPs-CN, and
commercial flat Au electrode (Table T2, ESIT).

ORR studies on Au-aerogel-CN, catalysts in alkaline medium

The electrochemical behaviour of Au-aerogel-CN, samples was
investigated towards oxygen reduction reaction (ORR). ORR is
a complex multielectron reaction that involves different
elementary steps with different intermediates.*® Oxygen can be
electrochemically reduced either directly to water (direct 4e
reduction) or through the formation of H,0O, (2e reduction) and
then this peroxide can be reduced to water (series 2e reduction)
or chemically decomposed on the electrode or desorbed in bulk.
Production of H,0, in fuel cells is not desirable as it can corrode
the membrane electrode assembly. Therefore, much effort has
been made for the preparation of Pt, Pd, and Au based catalysts
to decrease the overpotential and H,0, formation. To examine
the catalyst activity we performed the ORR in alkaline medium.
Fig. 6a shows the typical linear sweep voltammetric (LSV) curves
for ORR at CN,, AuNPs-CN,, porous-Au-aerogel(1)-CN, and Au-
aerogel(2)-CN, modified GC electrodes in O, saturated 0.5 M
KOH medium with a Au loading of 0.130 mg cm™? each. All the
modified electrodes show a LSV peak in O, saturated KOH
solution and the Au-aerogel-CN, modified electrode does not
show any peak in nitrogen saturated KOH medium suggesting
the ORR activity of these electrodes. The CN, modified GC
shows a weak peak at 0.48 V (vs. RHE). When the GC electrode
was modified with AuNPs-CN, and Au-aerogel-CN,, a stronger
peak appeared at 0.61 V and 0.8 V respectively. The porous-Au-
aerogel(1)-CN, and porous-Au-aerogel(2)-CN, modified GC
electrode showed better ORR activity than the AuNPs-CN,
electrode, with a much stronger cathodic peak and more

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 ORR performance by various electrodes: (a) LSV curves at Au—aerogel(1)-CN,/GCE, Au—aerogel(2)-CN,, and AuNPs-CN,, CN, modified
GC electrode in the presence of oxygen saturated KOH medium and Au—aerogel(2)-CN, in the presence of nitrogen saturated solution. (b—d)
K-L plot of the ORR of AuNPs—-CN,/GCE, Au—aerogel(1)-CN,/GCE, and Au—aerogel(2)-CN,/GCE. (e) Voltammetric profile of Au—aerogel-CNj,
AuNPs—CN, and GCE in 0.1 M KOH solution containing 2 mM Pb(NOs), solution at a scan rate of 10 mV sec™. The main Pb desorption peaks
from Au surfaces are marked. (f) Comparison of LSV polarization curves of Au—aerogel-CN, and Pt/C-GCE at 1000 rpm rotation speed. (g) The
mass transfer corrected Tafel slope of different catalysts is shown. All ORR experiments were conducted in oxygen saturated 0.5 M KOH solution

at a scan speed of 100 mV sec™ . Au loading: 0.130 mg cm—2.

positive onset potential at ~0.92 V with E;,, of ~0.855 V. This
suggests that the porous Au-aerogel-CN, can reduce oxygen
more easily than AuNPs-CN,.

The kinetics of ORR at the modified electrode was studied
using a rotating disk electrode (RDE) in oxygen saturated 0.5 M
KOH solution. Fig. S7a (ESIt) shows the LSV polarisation
(current density vs. applied potential) curve for ORR on the
AuNPs-CN; electrode at different rotation speeds varying from
200 rpm to 2500 rpm. From the figure it is obvious that current
density increases with increasing rotation speed. The number of
electrons involved per O, in ORR can be determined from the
Koutecky-Levich (K-L) equation (for detailed information see
the ESI}). Fig. 6b shows the K-L plot of ORR on the AuNPs—CN,
electrode at different voltages, ranging from 0.45 to 0.6 V con-
structed from Fig. S7a.7 The linearity of the K-L plots and their
near parallelism suggest first order reaction kinetics with
respect to the concentration of dissolved oxygen. At the foot of
the polarization curve (0.6 Volt) the n value is little lower than 4
(3.8) and it is 4 at 0.55 V or a less positive voltage. From the K-L
plot it can be concluded that mainly a 4e transfer ORR process
predominates over the AuNPs-CN, surface. However, a very
small amount of 2e process also occurs at the foot of the
polarization curve. Fig. S7b and c (ESIT) show LSV polarisation
curves for ORR on Au-aerogel(1)-CN, and Au-aerogel(2)-CN,
modified electrodes at different rotation speeds. The corre-
sponding K-L plots constructed from Fig. S7b and c (ESIf) are
shown in Fig. 6¢ and d, respectively. The n value is 3.5 at 0.7 V

This journal is © The Royal Society of Chemistry 2015

for the Au-aerogel(2)-CN, electrode which increases with
decreasing voltage and reaches 4 at 0.6 V (Fig. 6d). Similar 4e
reduction and some 2e along with the 4e reduction process at
the foot of the curve are also observed for the Au-aerogel(1)-CN,
electrode (Fig. 6¢). Thus, these results indicate that gold—carbon
nitride hybrids favour a 4e oxygen reduction process. It is
known that the reduction of oxygen at the gold surface can
occur via either a 2e pathway producing hydrogen peroxide or 4e
pathway forming water.>®

It has also been reported that the surface structure of the
gold nanoparticles can influence their electrochemical ORR
behaviour.*** The 4e reduction mechanism takes place on the
Au(100) crystal surface whereas the 2e reduction of oxygen
occurs on Au(111) and Au(110) crystal surfaces. In addition, it
has also been reported®> that ORR activity at these crystal planes
decreases in the order Au(100) > Au(110) > Au(111). The pres-
ence of a surface modifier during the synthesis of gold nano-
particles can influence the formation of a specific surface
structure. For example, the (100) or (111) facet of gold was
formed if gold nanoparticles were synthesized in the presence
of iodide whereas sulphide induces the formation of the (110)
facet of gold.* The highest catalytic activity and 4e reduction of
oxygen was reported by Hernandez et al.*® when gold nano-
particles were synthesized in water-in-oil microemulsion in the
presence of iodide. Gold nanoparticles, dispersed in the con-
ducting polymer-poly(aminothiophenol), exhibited 4e reduc-
tion of oxygen due to the presence of the poly(aminothiophenol)
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surface modifier.*® H. Erikson®®** reported that at a low poten-
tial H,O, (2e) predominates and at a more negative potential
H,0, is further reduced (4e) to water. Tokeo Ohsaka et al.®* also
reported 4e reduction of oxygen to water on crystallographically
oriented Au(100)-like gold nanoparticles at a reasonably low
cathodic overpotential. In the case of AuNPs-CN,, Au-aero-
gel(1)-CN,, and Au-aerogel(2)-CN, the n value reaches 4 at
a small overpotential. So it can be concluded that OH™ forma-
tion is the major pathway rather than OH,  formation. In order
to get an insight into Au surface structure in Au-aerogel-CN,
composites, a Pb adsorption-desorption experiment was per-
formed in 2 mM Pb(NOj;), dissolved in 0.1 M KOH solution
(Fig. 6e). The peak potential recorded signifies the orientation
of Au surfaces. The main Pb desorption peak for Au(111), (100)
and (110) facets generally arises at 0.435, 0.475 and 0.56 V,
respectively. Fig. 6e represents the complete lead under-
potential deposition (UPD) curve for the AuNPs-CN, modified
GC electrode. The strong peaks at 0.435 and 0.475 V suggest that
the Au(111) and (100) facets predominate in Au-aerogel-CN,
with a slightly lower surface area of Au(110) facets. Since the
ORR activity of the Au(100) facet is much higher than that of the
Au(110) facet, a small portion of the Au(100) crystalline plane is
sufficient to induce the 4e reduction of oxygen. It can be
concluded that since the synthesis of the Au-aerogel was per-
formed in the presence of CN, sheets, CN, acts as a surface
modifier to form the electrochemically active Au(100) crystal
plane in the Au-aerogel-CN, composite; oxygen reduction at the
AuNPs-CN, composite surface thus probably occurs via the 4e
reduction pathway to form water. At low potentials H,O, (2¢€)
predominates and at more negative potentials H,O, is further
reduced (4e) to water. The comparison of the ORR activity at the
Au aerogel-CN, catalyst with that at the Pt/C catalyst is pre-
sented in Fig. 6f. This shows that the half-wave potential (E;,)
for O, reduction on Au-aerogel-CN, is more positive than the
commercial Pt/C catalyst. E, , on Au-aerogel-CN, is 30 mV more
positive than that of Pt/C. The E,;, value for AuNPs-CN, was
found to be lower than that of Au-aerogel-CN,. The superior
ORR activity at Au—aerogel-CN, to that of other catalysts can be
explained by the high electrochemical surface area of this
catalyst (Table 1). The ECSA of AuNPs-CN, was small and thus
E,,, was less positive. As E;;, does not represent the intrinsic
property of the catalysts, the SA and MA values calculated at
0.6 V (RHE) are also given in Table 1 (for detailed information
see the ESIT). The SA values for porous Au-aerogel-CN, catalysts
are higher than those of AuNPs-CN,. The considerably lower SA
value for small AuNPs (2 nm) is due to the particle size effect®
and particularly the crystallographic orientation of AuNPs.*® It
has been reported recently that the ORR activity of AuNPs is

Table 1 Different parameters of the synthesized catalysts at 0.5 M KOH
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negative when the particle size is ~2 nm,*® but when the particle
size was 17-40 nm,*” the ORR activity becomes comparable with
that of bulk gold. So from the above observations it can be
concluded that the larger particle size in the porous network
structure of Au-aerogel supported on CN, is responsible for the
higher catalytic activity. The MA values for porous Au-aero-
gel(1)-CN, are slightly higher than those of Au-aerogel(2)-CN,
and much higher than those of the AuNPs-CN, catalyst. Mass
transport corrected Tafel slope values for oxygen reduction over
bulk gold and platinum have been reported to be close to —120
mV dec ™. The Tafel slopes for Pt based®®* catalysts lie between
60 and 70 mV dec ' (at low overpotentials) and increase up to
~120 mV dec ' with increasing overpotential. This low Tafel
slope (60-70 mV dec™ ") arises due to the formation of clogged
oxide species at the surface active sites. The Tafel plots were
obtained after the measured currents were corrected for diffu-
sion to provide the kinetic currents in the mixed activation-
diffusion region, calculated from the equation

Jx = jjalGa — )

where j/(jq — j) is the mass transfer correction term.
The mass transport correction was made using the limiting
current

jd:B(U

where  is the rotation rate (rpm) of the electrode.

Mass transfer corrected Tafel plots, constructed from RDE
analysis for ORR activities are shown in Fig. 6g. The Tafel slope
for the Au-aerogel(1)-CN, sample is ~100 mV dec™ ' whereas for
the other two compounds the slopes are 130 and 135 mV dec™ .
In all three Au-CN, composites the Tafel slope lies between 100
and 140 mV dec™ " which is close to that of bulk Au (120 mV
dec™") and some Au based catalysts reported in the literature .**
This suggests that the transfer of the first electron is the rate
determining step for O, reduction on gold surface in alkaline
medium. A large Tafel slope of ~160 mV dec™ " as well as a small
slope of ~60 mV dec™ " were reported by various groups®* in
the literature for the Au/C ORR catalyst. Table 2 lists some Au
based catalytic activities previously reported in the literature.
This catalyst has a comparable activity to and in some case
better catalytic activity in terms of the onset potential and half
wave potential (E;/,) than those reported in the literature.

To evaluate the properties of a catalyst, methanol crossover
effect should be evaluated carefully as fuel molecules (meth-
anol, glucose) from the anode sometimes permeate to the
cathode and seriously affect the activity of the cathode mate-
rial.>»*® Crossover effect is one of the prime problems in

Catalyst Ay Eipp SA at 0.6 V (mA cm ?) MA at 0.6 V (Ag™) Tafel slope (mV dec™")
AuNPs-CN, 0.07 +0.6 1.42 12 135
Au-aerogel(1)-CN, 0.6 +0.854 2.91 190 100
Au-aerogel(2)-CN, 0.5 +0.860 2.12 115 130
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Table 2 Comparison of the ORR activity of different catalysts in acidic
and alkaline media

Eyp (V) Tafel slope

Catalyst Medium (vs. RHE) (mVdec™') Ref.

5 nm Au spheres Alkaline  0.78 43 58

30% Au/C Alkaline  0.725 114 64

Fe, N-NGA Alkaline  ~0.860 59 70
Au@rGO Alkaline  ~0.763 — 71
C—Mn,Fe;_,0, NPs Alkaline  ~0.809 — 72

30% Au/C Acidic 0.218 181 64

5 nm Au spheres Acidic 0.238 139 58

2 nm Au thin film Acidic — 109 69
PtNi-CN; Acidic 0.8 120 66
Pt-dendrimer Acidic 0.9 — 73
Au-aerogel-CN, Acidic 0.33 ~155 This work
Au-aerogel-CN, Alkaline  0.860 ~130 This work

methanol fuel cells for the Pt/C catalyst. Fig. S8(a and b, ESIf)
shows the cyclic voltammograms of the Pt/C and Au-aerogel-
CN;, electrodes in oxygen saturated 0.5 M KOH in the presence
of 2 M methanol. Pt-C shows a very strong methanol oxidation
peak (0.83 V) and very weak oxygen reduction peak (0.810 V) but
no noticeable response for methanol oxidation was observed in
our Au-aerogel-CN, catalyst under the same experimental
conditions. In both cases no peak was observed in a N, atmo-
sphere. So we conclude that our catalyst has high selectivity
towards ORR and possesses a good tolerance to the cross-over
effect of methanol. Besides the high catalytic activity,

View Article Online
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Au-aerogel-CN, also exhibits considerable stability. In alkaline
medium the catalyst was stable up to 25 000 seconds with 65%
retention of chronoamperometric current. The stability of
Au-aerogel-CN;, is slightly better than that of Pt/C whereas the
stabilities of AuNPs-CN, and Pt/C are comparable. Thus
Au-aerogel-CN, is superior to the commercial Pt-C catalyst in
terms of ORR peak position, stability and methanol tolerance.

ORR studies on Au-aerogel-CN, catalysts in acidic medium

The catalytic activity of Au-aerogel-CN, was further evaluated
by ORR in acidic medium. As reported, in acidic medium Au
possesses modest catalytic activity, but its catalytic activity is
considerably higher than that of carbon materials. We investi-
gated the catalytic activity of the porous Au-aerogel to show the
versatility of our catalysts. CV and LSV techniques were used to
evaluate the catalytic efficiency of Au-aerogel-CN,. Fig. 7a
shows the LSV curves of the commercial flat Au electrode,
AuNPs-CN,, Au-aerogel(2)-CN,, and Au-aerogel(1)-CN, modi-
fied GC electrodes in 0.5 M H,SO, with a catalyst loading of
0.130 mg cm 2> each. For comparison the ORR activity of
commercial 10% Pt/C is shown. The commercial flat-Au elec-
trode shows ORR activity with a cathodic peak at —0.05 V and an
onset potential of +0.20 V. The Au-aerogel-CN, composites are
the most active ORR catalysts with much stronger cathodic
peaks and more positive onset potentials. The cathodic peaks
were observed at +0.22 V (vs.RHE) for Au-aerogel(2)-CN, and
Au-aerogel(1)-CN, modified electrode with onset potentials of
0.6 V and 0.43 V (RHE) respectively. The complete CV scan for
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Fig. 7 ORR performance by various electrodes in acidic medium: (a) LSV curves for AuNPs—CN,, Au—aerogel(1)-CN,, Au—aerogel(2)-CN,,

and flat AuE in oxygen saturated 0.5 M H,SOy4 solution. (b, ¢, and d) K-

L plots of the ORR for AuNPs—-CN,/GCE, Au-aerogel(1)-CN,/GCE, and

Au-aerogel(2)-CN,/GCE constructed from the polarisation curves. (e) Mass corrected Tafel slopes of different catalysts are shown. (f) Chro-
noamperometric responses of Au-aerogel-CN, and AuNPs—CN, at 0.15 V. (g) Stability of the catalyst up to the 10 000" cycle. All ORR

experiments were conducted in oxygen saturated 0.5 M H,SO, solution at a scan speed of 100 mV sec™ . Au loading: 0.130 mg cm™2.
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these catalysts in O, saturated KOH medium is given in Fig. S9
(ESIT). The ORR performance of the AuNPs-CN, catalyst is
better than that of the flat Au electrode but inferior to that of the
Au-aerogel-CN,, electrode.

The RDE method was also used to study the kinetics of
oxygen reduction in O, saturated 0.5 M H,SO, solution.
Fig. S10at shows LSV polarization curves (current density—
potential curves) of ORR for the AuNPs-CN, electrode at
different rotation speeds. The corresponding K-L plot for the
AuNPs-CN;, electrode is shown in Fig. 7b. As shown in Fig. 7b,
the linearity of the plot and parallelism of fitting curves suggest
first order kinetics with respect to the concentration of O,. The
value of n at 0.15 V (foot of the polarization curves) was ~3 and it
increased to 4 at 0.12 V. This suggests that although some 2e
transfer process occurs at low overpotentials, ORR is mainly
dominated by the 4 electron transfer process where O, is
directly reduced to OH . The LSV polarization curves of
Au-aerogel(1)-CN, and Au-aerogel(2)-CN, modified electrodes
are shown in Fig. S10, b and cf, respectively. The corresponding
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K-L plots are given in Fig. 8c and d. As in the previous case, ORR
at Au-aerogel-CN, electrodes in acidic medium is mainly
guided by a direct 4 electron reduction mechanism.

Mass transfer corrected Tafel slopes (Fig. 7e) were found to
be 160 mV dec™, 155 mV dec™' and 150 mV dec™' for
Au-aerogel(2)-CN,, Au-aerogel(1)-CN,, and AuNPs-CN, which
are slightly higher than the typical value of 120 mV dec ™ re-
ported for bulk Au previously.®#*® The similar high value of the
Tafel slope in acidic medium was also reported for carbon
supported gold nanoparticle based catalysts.”® Moreover the
catalysts were highly stable in acidic medium. A chro-
noamperometric measurement (Fig. 8f) was carried out at
a fixed potential of 0.15 V (RHE) which showed that 60% current
was retained after 20 000 s. From Fig. 7g it is also evident that
the current density decreased slightly after 10 000 LSV scans. So
our Au-aerogel-CN, catalyst shows sufficient stability in acidic
medium also. A comparison of different Au composite catalysts
used in this work towards ORR is presented in Table T3 (ESIT).
From Fig. 7a and Table T3t it may be concluded that the ORR
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Fig. 8 HER performance by various electrodes: (a) LSV polarisation curves of Pt/C, Au—aerogel-CN,, AuNPs—CN,, Au electrode, CN,, and GCE

in N saturated 0.5 M H,SO, solution (scan rate 10 mV sec™!

, rotation speed 1000 rpm). (b) Base line corrected LSV polarisation curves of

Au-aerogel-CN,, AuNPs—CN,, and Au electrode. (c) HER Tafel plots (log j vs. potential) of Pt/C, Au—aerogel-CN,—GCE, AuNPs—CN,, and Au
electrode. (d) HER activity of the Au—aerogel-CN, electrode in the 1st cycle and after 10 000 scans (at a scan speed of 50 mv sec™). Inset:

chronoamperometric responses of Au—aerogel-CN, for a long period of time (10 h) at —0.15 V (RHE). Au loading: 0.130 mg cm™ .
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activity of these Au composites in acidic media depends on the
morphology of the catalysts. The onset potentials for oxygen
reduction in acidic medium at the commercial flat Au electrode,
2 nm AuNPs supported CN,, and Au-aerogel supported CN,
modified GC electrodes are found to be 0.20V, 0.37 Vand 0.6 V,
respectively, and E;,, values are found to be 0.03 V, 0.21 V and
0.33 V, respectively. This suggests that the ORR activity on the
Au-aerogel-CN,. electrode is the highest and that on the
commercial flat Au electrode is the poorest. The high electro-
chemical surface area of the Au-aerogel-CN, catalyst is due to
its porous interconnected network and crystallographic orien-
tation of bigger Au particles. This porous structure also helps in
easy mass transport of the reactant or product to catalytically
active sites. For better comparison SA and MA (at 0.25 volt vs.
RHE) are also given in Table T3 (ESIT). The SA values of AuNPs-
CN, and Au-aerogel-CN, are the same, but the MA value
changes for different catalyst morphologies. Table 2 lists some
data for catalytic activities in alkaline and acidic media reported
in the literature. The Au-aerogel-CN, catalyst has a comparable
ORR activity to or better activity than the Pt/C catalyst in basic
media and its activity in acidic media is better than that of any
previously reported Au based catalyst. The high electrochemical
surface area of Au-aerogel-CN, is probably not the only reason
for its superior ORR performance. It has been reported recently
that AuNPs less than 2 nm act as a negative electrocatalyst for
oxygen reduction. The ORR activity in acidic medium at the
citrate capped 2 nm AuNPs modified GC electrode is better than
that of bare GC, but much inferior to that at the bare gold
electrode. But the present work reports much better perfor-
mance for 2 nm AuNPs, supported on CN, sheets towards
oxygen reduction than that of the bare gold electrode in acidic
medium (Fig. 7a and S9, ESIt). Thus this shows that the CN,
support plays an important role in making the 2 nm AuNPs
a strong positive electrocatalyst. A shift of C1s or N1s peaks and
Au 4f peaks in the XPS spectra of Au composites was observed,
suggesting that the gold nanoparticles are directly bonded to
the CN, sheets. FT-IR spectra of these also confirm that the
change in the electronic structure of CN, sheets is due to the
presence of nanoparticles of Au on CN, sheets. The strong
interaction and the transfer of electrons between them lead to
change in the electronic state of gold and CN, sheets. The CV
studies of K,[Fe(CN)e] at the modified GC electrode also confirm
a more facile electron transfer at the porous Au-aerogel-CN,
electrode. In addition several groups®7’* reported that the
catalytic activities of supported gold nanoparticles are due to
the extra negative charge at the periphery of the gold nano-
particles resulting from the interaction between the nano-
particles and support. It has been reported that charged gold
nanoparticles on a MgO support® promote the activation of
adsorbed reactant molecules such as O,. It has also been re-
ported” that the tolerance of nanoparticle loaded C;N, elec-
trocatalysts increases with increasing concentration of nitrogen
on the C;N, support. The conductivity of the support increases
and the electrochemical behaviour becomes closer to that of the
Pt/C catalyst when a low nitrogen concentration is present in
the C3;N, support. Recently, V. Di Noto and his co-workers
reported”’® the relationship between nitrogen concentration,
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structure morphology, and electrochemical ORR performances
of PdCoNi “core-shell” C3;N, electrocatalysts. When the
concentration of N in the carbon nitride shell is low and the cell
constant of PdCoNi alloy NPs is lowest, the best ORR activities
were observed.” Various groups reported’”’® that heteroatoms
such as nitrogen based ligands can easily coordinate metal
nanoparticles and hence the metal-support interaction
improves the tolerance as well as the activity of the electro-
catalysts under oxidation conditions. Similar behaviour was
also observed in the case of the Au-aerogel-CN, composite. The
concentration of N is lower in Au-aerogel-CN, than in AuNPs-
CN, and better activity on Au-aerogel-CN, was observed.
Although the same support (CN,) was used for AuNPs-CN,. and
Au-aerogel-CN, catalysts, the nature of interaction between
CN, and gold is distinctly different as suggested by FT-IR and
XPS studies. This suggests that the CN, support (AuNPs-CN,
interaction) plays an important role in the enhancement of the
ORR activity at the porous Au-aerogel-CN, composite. In
addition, the porous morphology of gold in Au-aerogel-CN,
may help in the adsorption of reactants such as O, and
desorption of products from the electrode surface facilitating
oxygen reduction. Therefore, we may conclude that the unique
synergistic effects of CN, and Au-aerogel-CN,, due to the strong
interaction between CN, and porous Au/AuNPs make the
porous Au-aerogel-CN, composite a superior electrocatalyst for
oxygen reduction.

HER studies on the Au-aerogel-CN, catalyst in acidic medium

The catalytic activity of AuNPs-CN, and Au-aerogel-CN, cata-
lysts was then investigated for the HER process. The HER
activity was studied in 0.5 M H,SO, solution in a nitrogen
saturated system using three electrode linear sweep voltam-
mograms at a scan speed of 10 mV sec™'. The representative
linear sweep voltammogram curves of geometric current
density (mA cm ™ ?) vs. applied potential show HER activities of
bare GCE, CN,, commercial flat AuE, AuNPs-CN,, Au-aerogel-
CN,, and Pt/C in Fig. 8a. As expected Pt/C exhibits HER activity
with a near zero potential. The onset potential of GCE and CN,
was observed at —0.160, and —0.170 V, respectively, with very
low current density. Thus it is obvious that GCE and CN, are
almost inert catalysts whereas Pt/C is an active catalyst for HER.
The commercial flat Au electrode exhibits moderate HER
activity with an onset potential of —150 mV. The base line cor-
rected LSV curves for different morphologies of Au metal in the
region of low current density are also presented in Fig. 8b. It
clearly shows that the morphology of gold metal plays an
important role in its performance towards HER activity. The
porous Au-aerogel supported on CN, sheets exhibits much
better activity than AuNPs-CN,, and the flat commercial gold
electrode. The onset potential for HER of Au-aerogel supported
CN, sheets is —30 mV whereas the onset potentials for AuNPs—
CN, and the flat Au electrode are —120 mV and —150 mV
respectively. Under acidic conditions, the overpotentials
required for Au-aerogel-CN, to drive current densities of 10, 20
and 50 mA cm ™2 were found to be 185, 225 and 300 mV whereas
overpotentials required for AuNPs-CN are 285, 335 and 440 mV,
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respectively. In contrast, flat gold shows much lower HER
performances with large overpotentials of 380 and 420 mV for
achieving 10 mA ¢cm™> and 20 mA cm > current density,
respectively. This clearly demonstrates the superior electro-
catalytic activity of Au-aerogel-CN, towards HER. The Tafel
slope is considered as an inherent property of the catalyst and
used as a significant standard for the HER performance. A low
Tafel slope means a faster increase of HER rate with increasing
potential. The HER Tafel plots showing log|j| vs. applied
potential for Pt/C, Au-aerogel-CN,/GCE, AuNPs-CN,, and AuE
are given in Fig. 8c. The Tafel slope for Pt/C in acidic medium
was 33 mV dec ™, which is consistent with reported data. The
Tafel analysis for the Au-aerogel-CN,/GC electrode in 0.5 M
H,SO, gives a slope of 53 mV dec™". The Tafel slopes of the
AuNPs-CN, electrode and the commercial flat Au electrode were
found to be 72 and 88 mV dec . This low Tafel slope value
(53 mV dec ') for Au-aerogel-CN, indicates that the Volmer-
Heyrovsky mechanism is responsible for the HER where the
desorption of hydrogen is the rate limiting step.” Thus, the
Tafel slope of Au-aerogel-CNj is significantly lower than that of
the flat Au electrode suggesting better HER activity on the
Au-aerogel-CN, electrode. The exchange current density for
Au-aerogel-CN, in 0.5 M H,SO, medium was 0.03 mA cm >
which is comparable to other related systems. The exchange
current densities for the flat Au electrode and AuNPs-CN, were
found to be 0.002 and 0.004 mA cm™> respectively. Another
important criterion for a good HER catalyst is good stability.
Stability of the catalytic responses was measured by cycling
Au-aerogel-CN,. continuously for 10 000 cycles ranging from
+0.8 to —0.45 V vs. RHE at a scan rate of 50 mV sec '. A
comparison of the onset-potential, overpotential at 20 mA cm ™2
current density, catalyst mass loading and Tafel slopes is given
in Table 3. The onset potential (—30 mV) of the Au-aerogel-CN,
electrode is lower than or comparable to those of other non-
platinum based systems such as Mo-based, Ni based, and Co
based ones (Table 3). The required overpotential to reach
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a current density of 10 mA cm ™ for the porous Au-aerogel-CN,
is lower or the Au-aerogel-CN, catalyst causes very little loss of
cathodic current density during cycling. The long term stability
of the electrode was also investigated by chronoamperometry at
a fixed overpotential of —150 mV (RHE). It shows that the
catalytic current density remains around 70% of the initial
current density at the end of at least 10 hours (inset of Fig. 8d).
The mass loading of Au in the Au-aerogel-CN, catalyst
(0.130 mg cm ™ ?) is much lower than that of previously reported
catalysts. This suggests that Au-aerogel-CN, is one of the most
HER-active Pt metal-free catalyst compared to other related
systems. For example FeS, nanosheets®® require 265 mV to
generate a current density of 10 mA cm™ 2, Co embedded carbon
rich CNTs*? need 260 mV to generate 10 mA cm > current
density, Co-MoN® requires 200 mV for 10 mA cm™ > current
density, Ni,P* requires 130 mV for 10 mA cm ™2 current density
and Au-aerogel-CN, generates 10 mA cm > current density at
an overpotential of 185 mV. The Tafel slope of Au-aerogel-CN,
is slightly lower than or comparable to the Tafel slope of many
reported non-Pt systems (Table 3). From Table 3 it is obvious
that the catalyst has comparable catalytic activity in terms of
onset potential, Tafel slope, exchange current, and catalyst
loading to that of other non-Pt based catalysts. In addition,
some better HER performances for porous electrocatalysts are
also reported in the literature. For example, Y. H. Chang et al.®®
reported that MoS, film grown on graphene-protected 3D Ni
foam showed high HER activity due to the highly conducting
porous catalytic film. Superior catalytic behaviour was also
reported for MoS, nanoparticles on a 3D substrate. Several
groups also recently reported the morphology dependent elec-
trocatalytic activity towards hydrogen evolution. The adhesion
of the gas evolved on a flat electrode surface is a big problem
because adhesion of gas bubbles blocks electrolyte diffusion
leading to ohmic drop and decreases the performance of the
catalyst. X. Sun and co-workers® demonstrated that nano-
structured MoS, film showed much higher HER activities

Table 3 Comparison of the HER activity of different reported catalysts in acidic media

Catalyst loading  Onset potential

Overpotential (mV vs.

Tafel slope  Exchange current

Catalyst (mg em™?) (mV vs. RHE) RHE) vs. current density (mA cm™?) (mVdec™') (mAcm™?) Ref.
MoS,/CoSe, 0.28 —11 —68 (10 mA cm™?) 36 0.073 80
WPNAs/CC 2 —-50 —130 (10 mA Cmfz) 69 0.29 47
MoP-CA2 0.36 —40 (IR free) —125 (10 mA cm™2) 54 0.086 79

MoP 1 —50 —180 (10 mA cm™?) 54 0.034 46

Nano MoP 1 — —110 (10 mA cm ?) 45 0.12 81

(GO 8 wt%) Cu-MOF  0.226 —87 —400 (122.48 mA cm ) 84 — 34
NiP,NS/CC 4.3 ~50 —75 (10 mA cm™?) 51 0.26 43
Co-NRCNT 0.28 —50 —260 (10 mA Cmfz) 69 0.01 82

CoSe, 0.37 —30 —90 (4 mA cm™2) 40 0.037 83

Coy. Mo 4N, 0.24 —200 (10 mA cm?) 0.23 84
MoS,/RGO 0.28 —-100 — —41 85

Ni,P —25 —130 (20 mA cm?) —46 0.033 42
CMSNA-8 121 —365 (20 mA cm 2 43 — 86
Ni-Mo-N nanosheets  0.25 -78 ~—200 mV (3.5 mA cm™?) 35.9 0.24 87
AuNPs-CN, 0.127 —-120 —330 (20 mA Cmfz) 72 0.004 This work
Au-aerogel-CN, 0.127 —-30 —225 (20 mA cm %) 53 0.03 This work
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(overpotential, stability) than those of flat MoS, film due to the
low gas adhesion force of the nanostructured MoS, electrode.
Enhanced hydrogen evolution at micro and nanostructured
CoS, as compared to flat CoS, film was also reported by M. S.
Faber et al®® due to the enhanced release of the evolved gas
from the electrode surface. The high HER activity of the
Au-aerogel-CN,, catalyst could be attributed to several factors.
The enhanced electrochemical surface area could be one of the
reasons for superior hydrogen evolution at Au aerogel-CN,. As
discussed in the previous section, the electrochemical electrode
surface area of Au-aerogel-CN, is much higher than that of
2 nm AuNPs-CN, or flat gold electrode. The porous network
structure in Au-aerogel-CN, is responsible for this high elec-
trochemical surface area. It is also reported that HER activity on
gold has strong structural sensitivity; the Au(111) facet is the
most active for hydrogen evolution. The strong (111) reflection
in p-XRD and SAED patterns (Fig. 1 and 2g) of Au-aerogel-CN,
confirmed the presence of a large amount of (111) surface sites.
The HRTEM studies also suggested that the growth of the
Au-aerogel occurred preferentially in (111) plane directions.
The presence of a large amount of (111) planes in Au-aerogel-
CN, also suggests its high catalytic activity for HER. The strong
catalyst-support interaction at Au-aerogel-CN, may also play
an important role in the superior catalytic enhancement. The
strong metal-supportinteraction modifies the electronic struc-
ture of Au and carbon nitrides, which leads to fast electron
transfer for catalytic reactions. The highly porous morphology
of gold may enhance the mass transport to catalytic sites. Based
on recent reports®*®° on porous HER catalysts, the highly
porous morphology of the Au aerogel could significantly
contribute to the HER activity.

Conclusion

In conclusion, we have demonstrated a facile synthesis route for
the formation of Au aerogel on carbon nitride sheets. The
porous network was formed by the interconnection of AuNPs on
CN, sheets. The strong interaction between the gold aerogel and
carbon nitride support, confirmed by XPS and FTIR studies,
leads to changes in the electronic properties of Au and CN,. Au-
aerogel-CN, composites have higher electrochemical surface
areas and mass activities than those of AuNPs-CN, and the
commercial flat Au electrode. This catalyst exhibited superior
catalytic activity towards HER and ORR. In alkaline media, the
ORR activity of the Au-aerogel-CN, catalyst is superior to that of
the commercial Pt/C catalyst. The Au-CN, composites show
morphology dependent ORR and HER activities in acidic
medium. The catalytic activities of the porous composite are
superior to those of the AuNPs-CN, composite and flat Au
electrode. The synergistic effects between porous Au-aerogel-
CN, and carbon nitride lead to outstanding ORR and HER
performances of the Au-aerogel supported on CN,. The excel-
lent ORR and HER activities of Au-aerogel-CN, with methanol
tolerance, good durability, and low catalyst loading make them
a promising electrocatalyst for fuel cell and water splitting or
other electrochemical devices.

This journal is © The Royal Society of Chemistry 2015
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