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PtRu supported on C@g-C;N4 NS (g-C3N4 nanosheets coated Vulcan XC-72 carbon black) catalyst has
been prepared by microwave-assisted polyol process (MAPP). The results of electrochemical

measurements show that the PtRu/C@g-C;N, NS catalyst has excellent activity due to more uniform

dispersion and smaller size of PtRu nanoparticles (PtRu NPs), and higher stability ascribed to the stronger

metal-support interaction (SMSI) between PtRu NPs and composite support. The physical characteristics

such as X-ray diffraction (XRD), transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS) have indicated that bulk g-C;N, shell outside of the as-prepared C@bulk g-CsN,
(bulk g-C35N, coated Vulcan XC-72 carbon black, C@bulk g-C;N,) indeed exfoliated to layered g-CsN,
nanosheets and formed a composite material of Vulcan XC-72 coated with g-C3N, nanosheets.

Furthermore, the results present the mass catalytic activity of PtRu/C@g-C3;N4 NS catalyst substantially

enhanced, which is a factor of 2.1 times higher than that of the PtRu/C catalyst prepared by the same

procedure and the accelerated potential cycling tests (APCT) show that the PtRu/C@g-C;N, NS catalyst
possesses 14% higher stability and much greater poison tolerance than as-prepared PtRu/C. The
significantly enhanced performance for PtRu/C@g-C;N4 NS catalyst is ascribed to the reasons as follows:
the inherently excellent mechanical resistance and stability of g-C;N4 nanosheets in acidic and oxidative
environments; the increased electron conductivity of support by forming a core-shell structure of C@g-
C;N4 NS; SMSI between metal NPs and composite support. Based on this novel approach to C@g-C;N,

NS hybrid nanostructure, many other interesting applications might also be discovered.

1. Introduction

Platinum and ruthenium bimetallic catalyst (PtRu) based on the
bifunctional mechanism is considered to be the most efficient
anodic catalyst for methanol electrooxidation in direct
methanol fuel cells (DMFCs).'"® However, because of the
limited resources and high cost of platinum or ruthenium, the
utilization efficiency of the noble metal must be improved.*’
An efficient way is to disperse them onto a suitable support.'™
'8 Currently, the most widely used support is carbon black
Vulcan XC-72R, which has high surface area and excellent
electrical conductivity.'” ?° Nevertheless, Pt nanoparticles
(NPs) can get “buried” inside the pores and leading the
reduction of the active triple-phase boundary accessible for
electrochemical reaction.?! Furthermore, Vulcan XC-72R is
electrochemically unstable at high potentials, leading to
corrosion after extended operation in acidic media and varying
potentials.??

Graphitic carbon nitride (g-C3N4) polymer has been
demonstrated as a kind of advanced support material for Pt and
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ss Pt- based NPs due to its much lower price and excellent

mechanical resistance and anticorrosion ability in acidic and
oxidative environments,”>> as well as the abundant Lewis acid
and base sites (terminal and bridging NH— groups and lone pairs of
N in triazine/heptazine rings, respectively) that are potential

s anchoring sites for P*® and adsorption sites for CO.?"?® Therefore,

to explore the possibility of employing g-CsN, as PtRu catalyst

supporting material for DMFC is very necessary and meaningful.
However, due to the non-conductive nature and the low surface

areas of bulk g-C;N; prepared by conventional thermal

s polymerization, it necessarily deserves the investigation of the

structural design of catalysts to weaken the side-effects resulting
from the low electron conductivity and the low surface areas.”” Up
to now, many researchers have investigated the g-C;N,4 as metal
free catalysts for oxygen reduction reaction,’®>? but rare papers

70 have focused on the structural design of a supporting material for

PtRu anode catalysts in DMFCs. Mansor and co-workers®” have
prepared three different graphitic carbon nitride materials as
catalyst support materials for PEMFCs, which supported Pt
electrocatalysts have higher methanol oxidation activity per ECSA,

ss compared to Pt/Vulcan. However, the conductivity of those

catalysts is much lower than that of the commercial Pt/Vulcan.
Kim and co-workers®® demonstrated the synthesis of well-ordered
nanoporous graphitic carbon nitride by polymerization of
cyanamide using colloidal silica as a template at 550 °C, which

s was proved to be promising as a catalyst support in DMFCs, but
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the process required multiple steps including the preparation and
the removal of template.
In this work, we firstly prepared graphitic carbon nitride

2.1.4 Preparation of working electrode. The catalyst ink was
prepared by ultrasonically dispersing catalyst powders in an
appropriate amount of ultrapure water. The glassy carbon (GC)

nanosheets coated Vulcan XC-72R carbon (C@g-C3N; NS) o0 working electrode with 3 mm of diameter was polished with 0.05

supporting material using a convenient method and then deposit
the PtRu NPs using a fast and facile microwave assisted polyol
process (MAPP).** The overall procedure does not require
complicated steps. The results show that the C@g-CsN; NS

composite support PtRu (PtRu/C@g-C;N4 NS) catalyst exhibits a es

significantly higher catalytic activity and stability, while the
disadvantages from the poor electron conductivity and the low
surface areas of bulk g-C;N, are nearly nonexistent.

2. Experimental
2.1. Materials preparation

2.1.1 Preparation of C@bulk g-C3;N, precursor. The bulk g-
C;N; coated Vulcan XC-72 carbon black (C@bulk g-C3Ny)
precursor material was accomplished as follows. Firstly, 200mg

Vulcan XC-72R and 4.0g CO(NH,), was dispersed into 20 mL 75

H,0 (Millipore, 18.25 MQ-cm) in 50 mL beaker under ultrasonic
treatment for 1 hour to form uniform ink. And then the ink was
dried at 70°C in an alumina boat and heated in the tube furnace
under argon. The temperature was raised to 550°C at 10°C min

for 2 h. The product was cooled to room temperature in argon and 8o

then ground to uniform.

2.1.2 Preparation of C@g-C;N, NS support. The C@g-C;N,
NS composite support was prepared from C@bulk g-C3N,
precursor. A finely ground C@bulk g-C;N, was thermal

decompositionre in an alumina boat into a quartz tube in a tubular ss

furnace under nitrogen flow at 600°C for 2h by a heating rate of
10°C min™'. And then product was cooled to room temperature in
argon.

2.1.3 Preparation of PtRu/C@g-C;N;, NS and PtRu/C.

Hexachloroplatinic acid (H,PtClg:6H,0) and ruthenium chloride %

(RuCl;) were purchased from Beijing, China. Vulcan XC-72
carbon black with mean particle size of 20 nm was purchased from
Cabot and 5 wt.% Nafion solution was obtained from Dupont.
Except where specified, all chemicals were of analytical grade and

used as received. The deposition of PtRu NPs on a C@g-C3Ny NS 95

supports were prepared using a microwave-assisted polyol process
336 and the atomic ratio of Pt/Ru was adjusted to that of the
commercial catalyst (atomic ratio of 1:1). Briefly, a calculated
amount of C@g-C;N4 NS was dispersed into mixture of ethylene
glycol and isopropyl alcohol under ultrasonic treatment for 1 h.

After the suspension was stirred for 3 h, a selected amount of!0

H,PtCl¢-EG and RuCl;-EG solution was added into the uniform
carbon ink drop by drop with urgent agitation for 3 h. Followed by
adjusting the pH (pHS-32 meter) to 8 by using a 1 mol L' NaOH
ethylene alcohol solution, the suspension was subjected to

consecutive microwave heating for 50 s in a microwave oven!os

(from Galanz Ltd., 800 W) under flowing Ar. After the solution
was cooled to room temperature, pH was adjusted to 2 by HNO;
aqueous solution, which was then stirred for 12 h. Finally, the
product was filtered, washed for several times with ultrapure water

(Millipore, 18.2 MQ-cm). The obtained PtRu/C@g-C;N, NS0

catalysts were dried for 3 h at 80°C and then were stored in a
vacuum vessel.

mm alumina suspensions to a mirror finish before each experiment
and served as an underlying substrate of the working electrode.
The catalyst ink of 5 uL. was dropped onto a glassy carbon working
electrode, and was dried for 15 min. Later, 5 uL of Nafion solution
(5 wt. % solution in a mixture of lower aliphatic alcohols and
DuPont water) was spread on the surface of electrode, and dried in
air. In all cases, the total loading of metal was 28 pg cm™.

2.2 Electrochemical measurements

Electrochemical measurements were performed by using a CHI
650D potentiostat and a conventional three-electrode
electrochemical cell. The counter electrode was Pt sheet of 1 cm?
plate and Hg/Hg,SO, electrode (—0.68 V relative to reversible
hydrogen electrode, RHE) was used as the reference electrode. The
PtRu/C@g-CsN4 NS and as-prepared PtRu/C catalysts electrodes
were used as the working electrode. The electrochemical
measurements of the catalysts were carried out in a glass sealed
cell containing 0.5 mol L' H,SO, and 0.5 mol L' CH;OH
solutions at 25 + 1°C. Highly purified argon gas was purged into
the solution for 20 min to eliminate oxygen. Due to a slight
interference from the Nafion film, the working electrode was
electrochemically cleaned by continuous cycling at 50 mV s until
a stable response was obtained before the measurement curves
were recorded.

The stability of the catalyst was evaluated by the accelerated
potential cycling test (APCT) which was conducted within the
potential range of 0.05-1.20 V (versus RHE ) with a scanning rate
of 50 mV s™'. All potentials are reported with respect to reversible
hydrogen electrode in this paper.

The electroactive specific surface area of catalyst was
determined by CO,q stripping voltammetry, assuming the
formation of a monolayer of linearly adsorbed CO and the
coulombic charge required for oxidation of CO,4 to be 420 mC cm’
2. The voltammetry was carried out in 0.5 mol L' H,S0, at 25°C
with a scanning rate of 50 mV s™.

Electrochemical impedance spectroscopy (EIS) was obtained at
frequencies between 100 kHz and 0.01 Hz with 12 points per
decade. The amplitude of the sinusoidal potential signal was 5 mV.

2.3 Characterizations of physical properties

2.3.1 X-ray diffraction (XRD). The D/max-RB diffractometer
(made in Japan) using a Cu Ka X-ray source operating at 45 kV
and 100 mA, scanning at a rate of 4° min"' with an angular
resolution of 0.05° was used to obtain the XRD patterns of all
catalysts.

2.3.2 Transmission electron microscopy (TEM). TEM images
of all samples were characterized by using a TECNAI G2 F30
field emission transmission electron microscope with a spatial
resolution of 0.17 nm. Before taking the electron micrographs,
the samples were prepared by ultrasonically dispersing the
catalyst powder in ethanol. A drop of the suspension was
deposited on a standard copper grid coated with carbon film.
The copper grid was then dried overnight. The applied voltage
was 300 kV.

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 8



Page 3 of 8 Journal of Materials Chemistry A

2.3.3 X-ray photoelectron spectroscopy (XPS). To determine NPs. The existence of g-C;N, in C@g-C3N,; NS not only can
the surface properties of the catalysts, XPS analysis was carried improve its electrochemical stability at high potentials, but can
out by using the Physical Electronics PHI model 5700 instrument.  enhance the interaction between PtRu NPs and support materials.
Before XPS analysis, all samples were dried in vacuum at 80 °C «0  The greatly increased volume (see Fig. S1 in ESI for detailst) of

s overnight. The take-off angle of the sample to analyzer was 45° C@g-C3N,; NS composite sample indicates the bulk g-C;N, shell is
and the Al X-ray source was operated at 250 W. Survey spectra exfoliated to layered g-C;N, nanosheets at the decomposition
were collected at a pass energy (PE) of 187.85 eV over a binding temperature of g-C;N,, which have larger surface areas than bulk
energy range from 0 eV to 1300 eV. High binding energy g-C3N,? The chemical structures of the samples were further
resolution multiplex data for the individual elements were s analyzed by FTIR and the results were shown in Fig. 1. The board

10 collected at a PE of 29.55 eV. During all XPS experiments, the

pressure inside the vacuum system was maintained at 1310~ Pa. 100 b o
2.3.4. Fourier transform infrared (FT-IR) spectra. FT-IR
spectra of the C@g-C;N,4 was recorded on Nicolet Magna 550 FT- X 90F
IR spectrometer. The samples for FT-IR studies were prepared by 7 Té
15 suspending approximately 6 mg of composite support in 15 ml £ 80
isopropyl alcohol by sonication for several minutes. One drop of % ol :
this solution was sprayed onto silicon wafer and a uniform thin E ;
film on the IR transparent silicon substrate was thus obtained. FT- 60 L i
IR studies were carried out in the range of 400-4000 cm™ in the s — a o
20 absorbance mode. so — b o
: L . L o Wienmbersin’ )
. . 0 1000 2000 3000 4000
3. Results and discussion Wavenumbers/om”

Scheme 1 shows the four principal steps for preparation of the Fig. 1 FTIR spectrum of the C@bulk g-CsNy (a) and C@ g-C3Ny NS (b).

PtRu/C@g-C3N4 NS catalyst as follows: (1) the mixing of Vulcan 0

XC-72R carbon black and urea, (2) the preparation of C@bulk g- * P eak537between 3000 and 3500 cm * corresponded to thi N-H
2 C;N, precursor by thermal polymerizing of urea, (3) the band.. The peaks at 1'251, 1325,' 1419, 1571, and 1639 cm ~ were

exfoliating of bulk g-C;N, shell to form g-C;N4 nanosheets at the conFr.lbuted to the typ l.cal' stretchlr'lg modes of CN l.letero?ycles. In

decomposition temperature of g-CsN, and finally (4) the ad(i}flf)n, the char';llcterlstlc breath'lng mode of triazine un'lts. at 810

deposition of PtRu NPs onto the C@g-CsN; NS support. Although cm  is observed.” Compared with the strong characteristic peak

carbon nitride has been demonstrated as a promising support * of g'C3N4 between 1200 cmil.and 1700 c,m-l for C@bl.llk g-CN,,™
;0 material due to its excellent mechanical resistance and which of the C@g-C;N; NS is weak. This can be attributed to the

. . e o S . thermal decomposition of bulk g-C;N, shell after heating at 600 °C
anticorrosion ability in acidic and oxidative environments ) : ;
. . . . for 2h, which lead to the reduction of g-C3N, content in sample.
comparing with the carbon black, its non-conductive nature and ) . : >
XRD analysis was carried out to investigate the crystal structure
o0 of the samples. Fig. 2 shows the XRD patterns of the as-prepared
PtRu/C and the PtRu/C@g-C;N; NS catalysts. In each XRD

35 Polymerization Exfoliation R R -
- pattern, besides the diffraction peak of C(002) at 24.7, 20 values of
550°C, 2k 600°C, 2k
) o5
g-C,N, (002)
40
® urea
HC-TIR ]
PiFu = x __. z
— e VR T busgo :
RS RN < g-Cibynannshests 10 g
3 4 o
i (3) 4 £
Scheme 1 Schematic illustration of the PtRu/C@g-CsN4 NS preparation
process.
low surface areas still exist and impede its application injes ) . ) . ) . ) . )
electrocatalyst field. For solving this problem, the C@bulk g-C3N, 0 20 40 60 80 100
so precursor has been controllability exfoliated to C@g-C;N4 NS at 20/°

the decomposition temperature of g-C3N, about 600 °C. Through F ig. 2 XRD patterns of the PtRu/C catalyst (a) and the PtRu/C@g-C;Ny NS
this method, the Vulcan XC-72R carbon black was uniformity catalyst (b).

coated with layered g-C;N,4 nanosheets as shown in Scheme 1 (3).
In addition, PtRu NPs were designed to deposit more on g-CsN,
ss nanosheets in Scheme 1 (4) due to the fact that the abundant Lewis
acid and base sites of g-C;N4 augment deposition sites for PtRu

110 the other four peaks correspond to the (111), (200), (220), and (311)
crystal planes of crystalline face-centered cubic Pt.** Therein, no
recognisable diffractions of metallic Ru and/or Ru oxides are

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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consisted with our precious work.”’ As shown in Fig. 2, PtRu
nanoparticles Pt (111) peak at 39.8° slightly shifted to higher 20 ¢ _
which corresponds to a decrease in lattice constant compared to
that of pure platinum at 39.6°, implying that the Ru may slightly
enter Pt fec lattice to form PtRu alloy.*' And moreover, it is
reasonable to confirm that the Ru mostly exists as amorphous
metallic state Ru and an amount of hydrous ruthenium oxides in ¢ ¢
the catalyst, but they are not clearly detected by XRD. Guo et al.¥ |
also reported that some of Ru belongs to an amorphous phase in
polyol-synthesised PtRu/C or commercial PtRu/C catalysts. In
addition, the strong peak at ~ 27.5° for the PtRu/C@g-C;N4 NS
corresponds to a repeat distance of ~ 0.32 nm that correlates with 7o
the (002) reflection usually observed for graphitic materials, which
usually indicates the existence of g-CsN,.*#

Fig. 3 shows the TEM images of PtRu/C@g-C;N, NS and as-
prepared PtRu/C catalysts before and after accelerated potential
cycling tests (APCT).** And the TEM image of the C@bulk g- 7s ;
C;N,is shown in Fig. S2 (in ESI for detailst). From Fig. S2, it can
be clearly seen that the Vulcan XC-72R is totally encased in bulk
g-C;N, that consisting of layered solid agglomerates with a size of
several micrometers. However, by heating at 600 °C for 2 h, the
bulk g-C;Ny shell is exfoliated to g-C;N, nanosheets about 38 nm so
estimated from Fig. 3A and Fig. 3B. Combining with the fact of
Fig. S1, it can be concluded that the layered g-C;N,4 nanosheets
have been synthesized through a thermal exfoliation method. g-
C;N, nanosheets with a large surface area not only can improve its
electron conductivity by decreasing the charge—transfer ss
resistance,”” 4 but benefit the deposition of PtRu NPs. Therefore,
it can be obviously seen from Fig 3A and Fig. 3B that the PtRu
NPs deposit on C@g-C3Ny4 NS surface more uniformly than as-
prepared PtRu/C catalyst in Fig. 3C and Fig. 3D. With regard to
the catalysts after APCT, the average sizes of PtRu NPs for o §
PtRu/C@g-CsN4 NS and PtRu/C catalysts grow from initial 2.5
and 2.2 nm to 4.0 and 2.6 nm, increasing by 18% and 60%,
respectively. Thus the extent of layered g-C;N, effectively anchors
the crystallites and inhibits migration and agglomeration
(coalescence) of the PtRu NPs because of its abundant Lewis acid os #
and base sites or the stronger metal-support interaction (SMSI).

XPS is an efficient method to analyze chemical state
information of elements. The wide-scan XPS spectrum and the

curves fitting of Pt 4f, Ru 3d, and N 1s peaks of the X-ray Fio. 3 TEM i d the size distributi £ PRWC@g-C:N: NS (A, B)
ig. images and the size distributions o 2-C3Ny ,
photoelectron spectra for PtRu/C@g-C;Ng NS and as—preparedloo and as-prepared PtRu/C (C, D) catalysts before (A, C) and after (B, D)

PtRu/C catalysts are shown in Fig. 4. The curves fitting of Pt 4f, C  ApTC

1s, and O 1s peaks of the X-ray photoelectron spectra for samples

are in accordance with our previous work.>* The surface elemental ~binding energy to the direction of higher energies by about 0.19 eV
compositions of both catalysts are provided in Table 1. Compared in comparison with that of as-prepared PtRu/C catalyst, indicating
with the surface atomic ratio of Pt/Ru for PtRu/C catalyst, that of further the SMSI between Pt nanoparticles and g-C3N, support.
the PtRu/C@g-C5N4 NS is more close to 1:1 leading a high-tos This result is consistent with the results of previous studies of
performance for methanol electrooxidation. This is possibly ~PtN-modified carbon catalysts systems due to the proposed
because of the strong interaction between nitrogen and metal —occurrence of electron-donation from nitrogen defects to Pt in N-
atoms during the MAPP. Furthermore, the nitrogen atomic doped systems.** Moreover, the content of P(IV) decreases by
concentration of PtRu/C@g-C5N4 NS is about 15.22%. The N 1s  5.83%, demonstrating that PtRu/C@g-C3N4 NS has higher stability
peak (see from Fig. 4B) of PtRu/C@g-C5N4 NS consists of fourto relative to as-prepared PtRu/C catalyst because of more corrosion
components centred at 399.07, 400.14, 401.43 and 405.1 ¢V, which  resistance of Pt(0) and Pt(II) than that of Pt(IV).*’ As for the curve
can be attributed to C=N, C-N, —NH, and =NH, respectively. The fitting results of Ru 3p in Table 3, ruthenium is largely present in
results of the Pt 4f fitted peak positions and compositions obtained  its oxide forms, which is consisted with the result of XRD in Fig. 2.
from the XPS analysis are summarized in Table 2. Not surprisingly, The presence of hydrous ruthenium oxide in the practical
the Pt(0) peaks of PtRu/C@g-C;N, NS shows a shift of the Pt 4f 115 nanoscale Pt-Ru electrocatalysts offers more important

Mean size = 2.2 nm|

0 15 2.0 25 3.0 35
Size / nm

Mean size = 2.6 nm

Count/ %

0
1.0 15 2.0 25 3.0 35 4.0 45
Size / nm

Mean size = 2.5 nm

0
05 10 15 20 25 30 35 40 45 50
Size /nm

2 Mean size =4.0 nm

Count / %
T

0
20 25 30 35 40 45 50 55 60
Size / nm

20_nm
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contributions to the electrocatalytic oxidation of methanol than Ru
alloy.*® * In addition, the Ru 3p peaks of PtRu/C@g-CsN; NS
catalyst shows a stronger shift of higher energies in comparison 3s
with that of the as-prepared PtRu/C, which correspond to Pt 4f
fitting results.

Intensity/a.u.
Intensity/a.u.

Table 1 Fitting results of the XPS survey spectrum. Values are reported PtRu/C

in % of the elements content. 40
Sample C N (¢} Pt Ru T T T T T
1000 800 600 400 200 0 410 408 406 404 402 400 398 3%
PtRu/C 84.94 — 10.71 2.62 1.73 Binding Energy/eV Binding Energy/eV
PtRu/C@g-C3N4 NS 71.10 15.22 9.40 2.22 2.06

s ¢ Peaf,, P L Pl prar
Table 2 Results of the fits of the Pt 4f spectra.
. Binding . Relative ; 3
Catalysts Spe Cl)rbllta energy/e Asmgtnmen content/ £ g
cies spin v o g g
45, 71.77 Pt 23.60 s =
As- 4fsn 75.07 Pt 17.70 \
repared Pt Af 4f5, 72.64 PtO 15.54
P Ru/C afy, 7594 PtO 11.65 - -
tRu, 4f5, 74.59 PtO, 18.01 8 84 8 8 78 76 74 72 70 68 66 8 84 8 80 78 76 74 72 70 68 66
4fs, 77.89 PtO, 13.50 Binding Encrgy/eV Binding Encrgy/eV
45, 71.96 Pt 21.62
55
415, 75.26 Pt 16.21 E Ru3p
PtRu/C@ 4f5, 73.18 PtO 20.83
Pt 4f
2-C5N; NS 4f5, 76.48 PtO 15.62 ; 5
4 75.11 PtO, 14.69 : :
4fy, 78.41 PtO, 11.02 g £
0= E
Table 3 Results of the fits of the Ru 3p spectra. b !'l TN
Catalvsts Spec  Orbital Binding Assignme 1:::3’;2;7 475 40 45 40 455
Y ies spin energy/eV nt % Binding Energy/eV
312 146176 Ru 3279 6s Fig. 4 XPS survey spectrum of PtRu/C and PtRu/C@g-C;N,s NS catalysts
As-prepared  Ru 3pin 464.12 RuO, 742 (A); XPS core level spectra of PtRu/C: (C) Pt 4f; (E) Ru 3p; XPS core level
PtRu/C 3p 3pis 467.20 RuO,H, 9.79 spectra of PtRu/C@g-C;N4 NS: (B) N 1s; (D) Pt 4f; (F) Ru 3p
PRWC@ R 3pin 462.58 Ru 48.40
tRu u
2-C;Ns NS 3p 3pin 465.11 RuO, 40.65 s
3pin 468.84 RuOH 10.95 —— PRWC 1 @| 10f ®
——PRWC@zCN,NS |
. . . 70 PtRw/C@bulk g-C\N, 09
Fig. 5A shows the CV curves for the methanol electro-oxidation = 'f B .
reaction (MOR) in an Ar-saturated solution of 0.5 mol L' H,SO, & % \ \.
containing 0.5 mol L' CH;OH at a scanning rate of 50 mV s ' at Zos| 1507 . '\39.50/
25 °C. The forward peak current densities on the PtRu/C@g-C;N, & 06f \. "
NS and PtRu/C catalysts are 1.14 and 0.54 A mgpfl, respectively, ol — 05t img@mm \'\-53;5"/
indicating that the catalytic activity of the PtRu/C@g-C;N, NS S S S 04l o . M .
00 02 04 06 08 10 12 0 200 400 600 800 1000

greatly increased, which is a factor of 2.1 times higher than that of E/V (vsRHE) Cyclemrber

PtRw/C. In addition, that of the PtRu/C@bulk g-C;N, sample is ;5 Fig. 5 A) Cyclic voltammograms of methanol electro-oxidation on the as-
almost close to 0 A mgp, !, indicating the fact that bulk g-C;N, prepared PtRu/C, PtRu/C@g-C:N4 NS and PtRu/C@bulk g-C;N, catalysts
cannot be used as PtRu support material due to its low electron in an Ar-saturated solution of 0.5 mol L' CH;0H and 0.5 mol L™ H,80, at
conductivity. However, it has been effectively solved by 25°C. Scanning rate:.OAO'S V s . B) The normalized peak current plots of
. . methanol electro-oxidation for the PtRu/C@g-C;Ns NS and PtRu/C
exfoliating g-C;N, shell of C@bulk g-C;N4 materials to layered g- catalysts.

C;N4 nanosheets, which coated carbon black uniformly.

For the anodic oxidation of methanol, the forward peak current the catalyst surface. As calculated from Fig. 5A, the PtRw/C@g-
density (I is generally regarded as methanol oxidation on non- C3;N4 NS has a much higher Iyl value (1.73) than PtRu/C (1.05),
poisoned catalysts, while the backward peak current density (I,) is ~ confirming that methanol molecules can be far more effectively
associated with methanol oxidation on regenerated catalysts (after ~oxidized to CO, on PtRuw/C@g-C;N, NS catalyst.
the removal of the carbonaceous intermediate).® Thus, a higher ss  Fig. 6 shows the CO,q stripping voltammograms for PtRu/C@g-
ratio indicates more effective removal of the poisoning species on ~ C3N4 NS and as-prepared PtRu/C catalysts. The electrochemical

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00—00 | 5
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active surface area (ESA) is calculated with the recognised method

contributions of inductive components at the high frequencies.

based on the CO-stripping voltammetry curve.”’ The EAS of the « This can be ascribed to the external circuit inductance and usually

PtRu/C and PtRu/C@g-C3N4 NS catalysts are about 73.4 and 96.8
m’® g, The increased electrochemical active surface area (ESA) or
the remarkably high oxidation current for the PtRu/C@g-C;N4 NS
compared to PtRu/C is directly related to the existence of g-C3Ny,
producing more sites for anchoring and deposition of Pts
nanoparticles and reducing dissolution corrosion of support in
acidic and oxidative environments. The specific activities of
catalysts have also been given in Fig. S4 (in ESI for detailst),
which of the PtRu/C@g-Cs;N, NS is 1.6 times higher than PtRu/C,
comparing a lower factor of 2.1 times for the mass catalytic 7
activity. This indicates the enhanced activity of PtRu/C@g-C;N,
NS partly due to the increase in the surface area in presence of
oxides, as well as the stronger metal-support interaction between
PtRu NPs and composite support. In addition, the onset potential
for oxidation of adsorbed CO on PtRu/C@g-C;N, NS catalyst shift »
to a lower electrode potential by 128.0 mV compared with the as-
prepared PtRu/C. The negative potential shift should originate
from the strong interaction between metal nanoparticles and
nitrogen atoms and the changed electron structure of Pt is more
appropriated for electrooxidation of adsorbed CO molecules on s
PtRu/C@g-C;sN4 NS catalyst. This is consists with the fact that the
PtRu/C@g-CsN4 NS catalyst has a much higher Iy1, ratio than as-
prepared PtRu/C.

54| —PRuC 8
— PtRu/C
16F
’*E 128-mVe
- 08F
=00} 9
-08F
-Lop . . L L . .
0.0 0.2 04 0.6 0.8 1.0 12
E/V (vs RHE)

Fig. 6 The CO, stripping voltammetry on as-prepared PtRu/C and
PtRu/C@g-CsN4 NS catalysts in a solution of 0.5 mol L ' H,S04 at 25°C.
Scanning rate: 50 mV s

The long-time stability behavior of PtRu/C@g-C;N, NS and
PtRu/C catalysts toward methanol electro-oxidation
investigated by the continued CV cycles (see Fig. S3 in ESI for'®
detailst) as previously reported®* and the normalized peak current
densities are presented in Fig. 5B. It is particularly informative that
PtRu/C has a sharp decline at 100 cycles and lost nearly 53.5% of
its activity at 1000 cycles, compared with only 39.5% for
PtRu/C@g-CsN, NS. This result indicates that the latter behaves!'®
better catalytically and has stable properties for methanol oxidation,
as is consistent with the CV above, chronoamperometric curves
also result that PtRu/C@g-C;N, NS catalyst has the excellent
catalytic performance for methanol oxidation (see Fig. S5 in ESI
for detailsT).

EIS was considered to investigate the properties of the new
composite, including conductivity, structure, charge transfer and
diffusion at the carbon—electrolyte interface. The Nyquist plots for
PtRu/C@g-CsN4 NS and PtRu/C at 0.65 V potentials are shown in
Fig. 7. It can be clearly seen that spectra exhibited strong

are
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5

0

S

5

0

5

S

doesn’t involve electrochemical process.”> The large arc that
appears at the medium frequency range relates to the electro-
oxidation of methanol, and at the low frequency, this arc extends
into the fourth quadrant and forms an induction loop that
represents the electro-oxidation of (CO).™ ** An equivalent
circuit representing the impedance behavior of the electrode was
employed in this study and is shown in the inset of Fig. 7.
According to the simulated parameters, the charge-transfer
resistance (Ry) in PtRu/C@g-CsN, NS (30.7 Q cm?) is much lower
than that of PtRw/C (53.6 Q cm?), which reveals that the rates of
oxidation removal of the CO, by OH,4 are rapid on the
PtRu/C@g-CsN, NS catalyst.”® In addition, comparing the fitting
curves, the flattening measured spectrum is observed. The reason
for this distortion is believed to be the roughness of the catalytic
layer®®, or a current constriction effect®’.

50 L1 Pu Ret
= PRu/C —
40re  PRWC@g-CN,NS E>—
30}
£ 20t
S
$§ 10
0_
10+
20
0 10 20 30 40 50 60 70
Z /Qem’

real

Fig. 7 Nyquist plots of EIS for PtRu/C and PtRu/C@g-CsNs NS catalysts
recorded in 0.5 M CH;0OH and 0.5 M H,SO, at potential of 0.65 V; The
inset is the equivalent circuit used for fitting the experimental data; the
solid lines show fitted curves.

4. Conclusions

A novel approach to prepare graphitic carbon nitride nanosheets
coated carbon black composite material for the first time has
presented in this paper. It was characterized and tested as catalyst
support materials for methanol electro-oxidation in an acidic
medium. The results present the mass catalytic activity of the
PtRu/C@g-CsNy NS catalyst greatly increased, which is a factor of
2.1 times higher than that of PtRu/C catalyst. The excellent
electrocatalytic ability and the unusually high poison tolerance due
to the inherently excellent mechanical resistance and stability of g-
C3Ny NS in acidic and oxidative environments, the increased
electron conductivity of support by forming a core-shell structure
of C@g-C3N, NS, as well as the strong metal-support interaction
between metal nanoparticles and composite support. Furthermore,
the decrease of Pt(IV) composition in PtRu/C@g-CsN, NS catalyst
is also propitious to the improvement of the catalyst stability. Full
testing of these supported catalysts in single cell fuel cells is in
process. Based on this novel C@g-CsN, NS hybrid nanostructure,
many other interesting applications might also be discovered in
areas such as heterogeneous catalysis, energy conversion and fuel
cells, etc.
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PtRu/C@g-CsN4 NS exhibits the excellent performance due to the inherently excellent

mechanical resistance and stability of g-CsN4 NS and the strong metal-support interaction.
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