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Oxygen reduction reaction (ORR) with efficient activity and stability is significant for fuel cells. Herein, platinum

(Pt) nanoparticles dispersed on nitrogen-doped reduced graphene oxide (N-rGO) were prepared by

a hydrothermal and carbonized approach for the electrocatalysis of ORR. Polyvinylpyrrolidone plays

a significant role in the reduction and dispersion of platinum particles (about 2 nm). The obtained Pt—N-

rGO hybrids exhibited superior activity with an electron transfer number of ~4.0, onset potential 0.90 eV of
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ORR, good stability and methanol tolerance in alkaline media. These results reveal the interactions between

Pt—N-rGO and oxygen molecules, which may represent an oxygen modified growth in catalyst preparation.
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1 Introduction

Oxygen reduction reaction (ORR) catalysts are significant
barriers to the widespread use of fuel cells.*® Platinum (Pt)-
based materials are the state-of-the-art ORR catalysts, which
endow better catalyst performance with CO poisoning, high
cost, agglomeration, Pt dissolution, and less availability.”**
Hence, great efforts have been made to resolve these issues of
ORR catalysts, which can enhance the activity and stability of Pt
hampered by its agglomeration and diameter size."*™® Some
researchers have designed to replace Pt nanoparticles with
uniform distribution on porous carbon materials, which are
inexpensive, easily obtained, good biocompatibility and large
specific surface area."*

Pt nanoparticles (Pt NPs) were prepared by various methods
to obtain uniform size of Pt NPs and enhance the ORR activity.
Huang® reported Pt nanocrystals synthesized in an aqueous
solution at 85 °C by a fresh NaBH, solution. When carbon black
particles were inserted into the reduced graphene oxide (rGO)
sheets, the stacking of rGO can be effectively prevented, which
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The excellent electrocatalysis may lead to the decreased consumption of expensive Pt and open up new
opportunities for applications in lithium air batteries.

can promote diffusion of oxygen molecules through the rGO
sheets to improve the ORR electrocatalytic activity. Li** reported
a mild and environmental friendly reductant, ethylene glycol,
which was used as both a reductive and dispersing agent for the
deposition of Pt nanoparticles on GO sheets, which show higher
electrocatalytic activity. Yamauchi** reported mesoporous Pt
nanorods synthesized by a electrochemical method, which also
exhibited high activity and CO-tolerant performance in the
electro-oxidation of methanol. Chen* reported that Pt NPs can
be stabilized by trifluoromethylphenyl groups (Pt-Ar-CFs;),
which show the highest catalytic activity and high ORR specific
activity. This enhanced activity is attributed to the weakened
oxygen adsorption by the electronegative ligands. Although
various preparation methods from Pt nanoparticles were re-
ported, the polyvinylpyrrolidone (PVP) reduction of platinum
particles has rarely been reported.

A series of heteroatom-doped carbon materials as the
support of Pt NPs is applied to enhance catalytic activity.>**
Wang** reported nanocarbon-wedged N-doped graphene
(NWGN) can provide numerous between-plane electrolyte
diffusion channels to favor the transport of water and reaction
species. The doped N atoms in the carbon sheets can further
provide more binding sites for Pt NPs on NWGN surfaces. With
loading on graphene, the troubles of dissolution, sintering, and
agglomeration of Pt NPs during electrochemical processes can
be efficiently avoided. However, the high surface area and effi-
cient heteroatoms doping for Pt-heteroatom-doped carbon
materials are urgently needed in the fuel cell field.
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Herein, the Pt NPs of uniform size dispersed on N-doped
reduced graphene (Pt-N-rGO) were successfully obtained by
a hydrothermal and carbonized approach. More importantly,
PVP plays a significant role in preparation and evenly dispersing
on the reduced graphene of Pt NPs (about 2.0 nm), which
attributes to the dispersibility and reduction from PVP. There-
fore, the Pt-N-rGO hybrids are used as ORR electrocatalysts and
exhibit excellent activity with an electron transfer number of
~4, onset potential (0.90 eV), good stability and methanol
tolerance in a KOH solution. The high ORR performance,
convenient preparation, large surface area and high N content
of Pt-N-rGO indicate the promising potential in fuel cell and
lithium air battery fields.

2 Experimental
Materials

Polyvinylpyrrolidone (PVP, M,, = 300 000) was acquired from
J&K scientific Chemical Co., Ltd. Chloroplatinic acid hexahy-
drate (H,PtCls-6H,0) was bought from Shanghai Titanchem
Co., Ltd. Potassium hydroxide (KOH), dicyandiamide, ethanol
and methanol were purchased from Sinopharm Chemical
Reagent CO., Ltd. A 5 wt% Nafion® solution was purchased
from E. I. DuPont Company. All solutions used in the electro-
chemical experiments were freshly prepared with Millipore
water (resistivity = ~18.2 MQ).

Apparatus

Transmission electron microscope (TEM, JEM-2010HT), scan-
ning electron microscopy (SEM, JEOL2100F) (both from Elec-
tron Optics Laboratory Co., Ltd., Japan), powder X-ray
diffractometer (XRD, Bruker, German, APLX-DUO), Raman
spectrometer (Thermo Fisher H31XYZE-US), X-ray photoelec-
tron spectroscopy (XPS, AXIS UltraDLD), Brunauer-Emmett—
Teller (BET, ASAP 2460), electrochemical workstation (Autolab
PGSTAT302N, Metrohm, Switzerland and CHI 660D, Chenhua,
China), inductively coupled plasma emission spectrometer
(ICP, Avio 500, PerkinElmer, Singapore).

Synthesis of reduced graphene oxide (rGO)

We used high-purity nitrogen as protective ambient to anneal
a mixture of GO. The detailed procedure is as follows: GO
powders were placed at the center of a quartz tube under
nitrogen flow. Before the furnace was heated to 900 °C, N, gas
was flowed for about 20 min. When the center of the furnace
reached the designed reaction temperature for 1 h, the sample
was cooled to room temperature under N, ambient to obtain
products (65.0%).

Synthesis of Pt-rGO and Pt-N-rGO hybrids

0.1 g GO, H,PtCl; (5.30 mL, 1 g/100 mL), 0.1 g PVP and 40 mL
deionized water were successively added into a 100 mL Teflon
stainless steel autoclave, which was treated by a hydrothermal
way at 110 °C for 24 h. Then, the mixture was obtained after
drying at 80 °C in an oven. Stabilization and carbonization of
the above mixture were placed in the center of a quartz tube
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under N, flow. After carrying out N, flow for 20 min, the dried
mixture was heated to 900 °C and annealed for 2 h, and then
cooled to room temperature to obtain Pt-rGO hybrids (63.0%).

In addition, dicyandiamide (45.00 mg) was added in the
hydrothermal treatment. Pt-N-rGO hybrids (60.0%) were ob-
tained according to the above Pt-rGO hybrid procedure. For
comparison, the Pt-rGO-2 (64.0%) and Pt-N-rGO-2 (62.0%)
hybrids were prepared according to the above Pt-rGO hybrids
procedure, without PVP.

Preparation of rGO, Pt-rGO and Pt-N-rGO hybrids modified
electrode

Before use, the glassy carbon electrode (GCE, ¢ = 3 mm) was
polished with Al,O; powders and washed thoroughly with
deionized water to remove Al,O; residues, and then dried at
room temperature. 4 uL of 1 mg mL ™" sonicated rGO, Pt-rGO
and Pt-N-rGO hybrids with ethanol and water suspension
(8 : 2) and Nafion solution (10 pL, 5.0 wt%) was dropped on the
pretreated bare GCE or GC disk using a micropipet tip and dried
in air.

Cyclic voltammograms (CV) measurement

CV measurement was conducted at 25 °C using an Autolab
PGSTAT302 (Metrohm) electrochemical test system using satu-
rated RHE as the reference electrode, a Pt wire as the counter
electrode and the sample modified glassy carbon electrode as
the working electrode. A 0.1 M KOH aqueous solution was used
as the electrolyte, which was saturated with O, by bubbling it
prior to the start of each experiment. A flow of O, was main-
tained over the electrolyte during the recording of CVs in order
to ensure continuous O, saturation. The working electrode was
cycled at least 5 times before data recorded at a scan rate of
10 mV s~ '. CV measurements were also performed under N,
atmosphere in control experiments.

Rotating disk electrode (RDE) measurement

For the RDE measurement, catalyst inks were prepared by the
same method as that of CV analysis described above. 4 uL of
5 mg mL ™" ink was loaded on a glassy carbon RDE (¢ = 3 mm).
The working electrode was cathodically scanned at a rate of
10 mV s~ with varying rotating speeds from 400 to 2000 rpm.
The ORR current was determined by subtracting the N, current
from the O, current. Koutecky-Levich (K-L) plots were analyzed
at various electrode potentials. The slopes of their best linear fit
lines were used to calculate the electron transfer number (n) on
the basis of the K-L equation:

B = 0.62nFCy(Do)**v"Y8Jy = nFkC,

where J is the measured current density, Jx and J;, are the kinetic
and diffusion limiting current densities, respectively, w is the
angular velocity, n is the transferred electron number, F is the
Faraday constant (96 485 C mol %), C, is the bulk concentration
of 0, (1.2 x 10> mol cm™3), Dy, is the diffusion coefficient of O,
(1.9 x 107°), v is the kinematic viscosity of the electrolyte (0.01
m” s~ "), and £ is the electron-transfer rate constant.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion

The Pt NPs loaded on N-doped reduced graphene (Pt-N-rGO)
were synthesized by a hydrothermal treatment and then
carbonization at 900 °C under nitrogen atmosphere,* yielding
the final sample Pt-N-rGO hybrids. As shown in Fig. 1, rGO and
Pt-rGO hybrids showed a wrinkled surface, and then the Pt-N-
rGO hybrids clearly showed that Pt NPs evenly dispersed on
the N-rGO micro-morphology via scanning electron microscopy
(SEM). The diameter of the Pt NPs is about 2 nm, which is
beneficial to improve the electrocatalytic activity. Furthermore,
the energy dispersive spectroscopy (EDS) spectrum (Fig. 1E) of
Pt-N-rGO hybrids also indicates the presence of N (10.8 wt%)
and Pt elements. Furthermore, the precise determination of the
Pt content of Pt-rGO and Pt-N-rGO hybrids was 15.4 wt% and
14.1 wt%, respectively, obtained from the ICP experiments,
which confirmed that the nitrogen doping graphene did not
influence the Pt deposition, indicated its better charge
conductivity and offered active sites for ORR. These results
further confirm the Pt decorated on the N doping of rGO.
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The porosity and pore volume from those hybrids are of great
importance for the enhanced ORR performance. BET
measurements of rGO, Pt-rGO and Pt-N-rGO hybrids were per-
formed to obtain the N, isotherms and their pore size distri-
bution curves. As shown in Fig. S1-S3,7 the surface area of Pt-N-
rGO hybrids is 287.16 m* g~ ', which is higher than that of rGO
(75.84 m* g ') and Pt-rGO (242.63 m* g~ ). Moreover, the pore
size of Pt-N-rGO is smaller, compared with that of rGO and Pt-
rGO hybrids. Those results indicated that there are numerous
active sites to improve the ORR performance.

From the high-resolution transmission electron microscopy
(HRTEM) images of Pt-N-rGO hybrids (Fig. 2), the diameter
sizes and shape distribution of Pt NPs were about 2 nm, which
were evenly loaded on N-rGO. Moreover, Fig. 2C shows the
lattice fringes with a d-spacing of 2.28 A, indicating the crystal
growth of face-centered cubic (fec) Pt {111} planes loaded on N-
rGO.** The Pt-rGO and Pt-N-rGO hybrids were obtained without
PVP. From the TEM images of PtrGO-2 and Pt-N-rGO-2
(Fig. S47), uneven size and dispersion of Pt nanoparticles were
loaded on rGO. In particular, the size of Pt nanoparticles is from
5.5 to 28.0 nm. Therefore, PVP plays an important role in the

N 10.8 wt%

Fig. 2
hybrids.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(A—C) TEM images of Pt—N-rGO hybrids at different magnifications; inset image is the particle size distribution of Pt NPs in Pt—N-rGO
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Fig. 3 The (A) XRD and (B) Raman spectra of rGO, Pt-rGO and Pt—N-rGO hybrids.

uniform size and dispersion of Pt nanoparticles on rGO. These
results sharply contribute to improve the catalytic activity of
ORR performance.

The preparation of Pt-N-rGO hybrids was successfully vali-
dated by X-ray diffraction (XRD) patterns. It can be seen from
Fig. 3A that the peak located at 25.7° is evident for rGO, N-rGO,
and Pt-N-rGO hybrids, which are attributed to the graphite

crystalline plane. Moreover, all Pt peaks located at 40.2, 46.3,
67.8 and 81.2° appeared from PtrGO and Pt-N-rGO
(JPDS#PDF#65-2868), which are consistent with the typical
face-centered-cubic (111), (200), (220) and (311) crystalline
planes of Pt NPs,* respectively, and identified from the
diffraction pattern of the resulting rGO. The Raman spectra of
rGO, Pt-rGO, and Pt-N-rGO hybrids are also observed in Fig. 3B.

1.0x10° 6000
A B N1s
8.0x10* ] Pyridinic-N
' 5300
Pyrrolic-N
6.0x10° |
4600 Graphitic-N
4.0x10° M’\
| . . g
WO e L«wku’ 30004 o
2.0x10*
-
c
3 Lﬂwvr‘
o 0.0 T T T T 3200 T T T
2 1200 900 600 300 0 409 405 401 397 393
[}
S 1500 9000
£ C Ptaf D Ots
1200 |
7500 4
532.3 eV
900 - 530.8 eV
6000 + Y
600 -
45004, .
300 -
0 T T T 3000 T T T
84 80 76 72 68 540 536 532 528

Binding energy (eV)

Fig. 4 XPS spectra of the (A) survey scan, (B) N 1s region, (C) Pt 4f region and (D) O 1s region of the Pt—N-rGO hybrids.
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All the samples displayed three Raman peaks located at 1357
and 1580 cm ™', which correspond to the disordered (D band)
and graphitic (G band) of carbon. The I,/I; band intensity ratio
of Pt-N-rGO is 1.17, which is lower than that of rGO (1.41) and
Pt-rGO (1.27), and indicated the sharp graphitization, suggest-
ing a large amount of N and Pt atoms could be doped in rGO.*
Such an improved graphitic structure would offer enhanced
conductivity of Pt-N-rGO, which is conductive to the ORR
performance.

To validate N and Pt codoping in rGO, the XPS survey spec-
trum of Pt-N-rGO hybrids clearly exhibited the presence of N 1s
and Pt 4f peaks (Fig. 4). As shown in Fig. 4B, the typical N 1s
spectrum can be deconvoluted into four types: pyridinic-N
397.7 eV (35.2%), pyrrolic-N 399.7 eV (24.4%), graphitic
nitrogen-N 400.7 eV (35.8%), and oxidized nitrogen-N 402.7 eV
(4.3%), respectively, indicating that pyridinic-N and graphitic
nitrogen-N are predominant in Pt-N-rGO hybrids and
contribute to the adsorption of oxygen molecules and provide
much more active sites due to the higher positive charge and
spin density of carbon atoms to offer better ORR performance.

Moreover, in the spectrum of Pt 4f (Fig. 4C), there are two
peaks, which can be deconvoluted into two types. The peak
binding energies of Pt 4f,,, and 4fs, of Pt (0) at 70.3 eV and

View Article Online
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73.8 eV, respectively, result from Pt NPs. Two weaker doublets at
71.5 eV and 74.8 eV of Pt(u) species (such as PtO) are also
present,*” which can be attributed to the slight oxidation of Pt
NPs upon exposure to air. These results suggest that metallic Pt
(0) is the predominant species in the Pt-N-rGO hybrids. In
addition, the peak at 530.8 eV probably corresponds to the
oxygen species (PtO), and that at 532.3 eV is assignable to the
residual oxygen containing groups (such as OH and COOH) on
the surface of Pt-N-rGO hybrids (Fig. 4D). The XPS results of Pt-
N-rGO hybrids further confirm the successful preparation of Pt-
N-rGO hybrids.

To get more catalytic activity information of rGO, Pt-rGO and
Pt-N-rGO catalysts in ORR, cyclic voltammograms (CVs) and
electrochemical measurements on a RDE were performed. As
shown in Fig. 54, rGO, Pt-rGO and Pt-N-rGO exhibited electro-
catalytic ORR activity. There is a more positive ORR of Pt-N-rGO
hybrids with an onset potential at 0.72 V than that of rGO (0.68
V) and Pt-rGO (0.67), indicating synergistic ORR catalytic
activity of nitrogen and Pt NPs in the Pt-N-rGO hybrids.***

To further reveal the reaction kinetics for rGO, Pt-rGO and
Pt-N-rGO hybrids, linear sweep voltammograms (LSVs) were
performed at a scan rate of 10 mV s ! in an O,-saturated 0.1 M
KOH electrolyte using a rotating disk electrode (RDE) (Fig. 5B
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(A) Cyclic voltammograms of rGO, Pt-rGO and Pt—N-rGO hybrids recorded in an O,-saturated 1 M KOH solution at a scan rate of 10 mV

s7L LSVs of (B) Pt—N-rGO hybrids at different rotation speeds and (C) rGO, Pt-rGO and Pt—N-rGO hybrids in the O,-saturated 0.1 M KOH
solution at a scan rate of 10 mV s™1. (D) Chronoamperometric response of Pt—N-rGO hybrids is kept at 0.62 V in the O,-saturated 0.1 M KOH
solution, inset spectrum: chronoamperometric response of Pt—N-rGO hybrids is kept at 0.62 V with 3 wt% methanol addition at 200 s. The

rotation speed is at 1600 rpm.
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and C). The rGO, Pt-rGO and Pt-N-rGO hybrids showed an
increasing ORR performance with onset potentials at 0.83 V,
0.83 V and 0.90 V, respectively. The half-wave potentials were
0.62 V, 0.63 V and 0.64 V, respectively, due to the synergistic
effects of N doping, rGO and Pt NPs, more activity sites and
effective electrical conductivity.*

Moreover, RDE curves of rGO, Pt-rGO and Pt-N-rGO at
various rotation speeds were performed to validate its ORR
kinetic performance in 0.1 M KOH (Fig. 5B, S5 and S7t). The
linearity and parallelism of the Koutecky-Levich plots sug-
gested reaction kinetics towards the concentration of dissolved
oxygen and electron transfer numbers (n) for ORR at different
potentials (Fig. S6, S8 and S97). The n of rGO, Pt-rGO and Pt-N-
rGO were calculated to be 2.76, 2.60 and 3.90, respectively, at
0.2 V from the slopes of K-L plots, indicating those materials
can favour the ~4e oxygen reduction process.

Furthermore, the long-term stability of catalysts plays an
important role in fuel cell technology. The durability of Pt-N-
rGO catalysts was tested at a constant voltage of 0.62 V for
10 000 s in O,-saturated 0.1 M KOH (Fig. 5D). The chro-
noamperometric response of Pt-N-rGO under alkaline condi-
tions also retained a higher relative current of ~83.4%. The
better durability of Pt-N-rGO hybrids is ascribed to the unique
Pt NPs within rGO, which not also enhance their interfacial
contact, but suppress the agglomeration of Pt NPs, to facilitate
the transport of electrolyte ions. In addition, when the meth-
anol solution was injected into the 0.1 M KOH solution at 200 s,
the chronoamperometric curves y of Pt-N-rGO hybrids showed
no change (Fig. 5D inset spectrum), indicated that Pt-N-rGO
hybrids possess better tolerance, due to the accumulation of
methanol oxidation reaction intermediates did not happen on
the Pt-N-rGO surface.

4 Conclusions

In summary, Pt-N-rGO hybrids were easily synthesized by
hydrothermal treatment and carbonization method, for oxygen
reduction reaction materials. Pt NPs evenly dispersed on N-rGO.
Interestingly, Pt NPs were successfully reduced and dispersed
by PVP. The N-rGO endows Pt NPs with uniform distribution
and much more specific surface area. These results indicated
Pt-N-rGO exhibited great electrocatalytic activity and better
durability for ORR in alkaline electrolytes. This is attributed to
the synergistic effects of N doping, rGO and Pt NPs. This
synthetic strategy of Pt-N-rGO hybrids may be further extended
to prepare other metal or metal oxides/carbon-based materials
for various applications, such as fuel cell, lithium-air battery,
and supercapacitor fields.
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