
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 9
:2

4:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Impact of sp2 ca
aDepartment of Applied Chemistry, Graduate

2-1 Yamada-oka, Suita, Osaka 565-087

kuwabata@chem.eng.osaka-u.ac.jp
bDepartment of Chemical Engineering, Natio

22 Yata-cho, Yamatokoriyama, Nara 639-10
cDepartment of Materials Science, Graduate

University, 1-33 Yayoicho, Inage-ku, Chiba 2
dInnovative Catalysis Science Division, In

Research Initiatives, Osaka University, 2-1 Ya

† Electronic supplementary infor
https://doi.org/10.1039/d2ra01330d

Cite this: RSC Adv., 2022, 12, 14268

Received 28th February 2022
Accepted 2nd May 2022

DOI: 10.1039/d2ra01330d

rsc.li/rsc-advances

14268 | RSC Adv., 2022, 12, 14268–14
rbon material species on Pt
nanoparticle-based electrocatalysts produced by
one-pot pyrolysis methods with ionic liquids†

Yu Yao,ab Qingning Xiao,a Masafumi Kawaguchi,a Tetsuya Tsuda, *ac

Hirohisa Yamadab and Susumu Kuwabata*ad

Pt-nanoparticle-supported graphene nanoplatelets (Pt/GNPs) andmultiwalled carbon nanotube composite

(Pt/MWCNTs) electrocatalysts for the oxygen reduction reaction (ORR) can be prepared using a one-pot

method through the pyrolytic decomposition of the platinum precursor, platinum(II) bis(acetylacetonate)

(Pt(acac)2) in 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([C4mim][Tf2N]) or N,N,N-

trimethyl-N-propylammonium bis(trifluoromethanesulfonyl)amide ([N1,1,1,3][Tf2N]) ionic liquids (ILs) with

the target sp2 carbon support. In this one-pot pyrolysis method, which does not require any reagents to

reduce Pt metal precursors or stabilize Pt nanoparticles, Pt nanoparticles are readily immobilized onto

the sp2 surface by a thin IL layer formed at the interface, which can work as a binder. We used three

types of sp2 carbon materials with different geometric shapes (graphene nanoplatelets with <3 (GNPs-3)

and 18–24 layers (GNPs-20) and multiwalled carbon nanotubes (MWCNTs)) to investigate Pt

nanoparticle formation and anchoring. All the electrocatalysts, especially Pt/MWCNTs, showed higher

durability than the commercial catalyst owing to the combined effect of the IL binder and sp2 carbon

materials. Our findings strongly suggest that the original carbon surface properties are also an important

factor for creating high-performance ORR electrocatalysts.
1. Introduction

Rationally designed Pt-nanoparticle-supported carbon (Pt/C)
electrocatalysts have been used to expedite the sluggish
oxygen reduction reaction (ORR) on the cathode for polymer
membrane electrolyte fuel cells (PEMFCs), which are clean and
high-power density solutions for powering vehicles.1,2 However,
such Pt/C catalysts are required to further reduce the over-
potential for the ORR and increase the durability. The latter is
regarded as an unavoidable issue owing to the dissolution3 and
Ostwald ripening4 of Pt nanoparticles under harsh operating
conditions. In addition, catalyst degradation is induced by
carbon support corrosion. The most commonly used carbon
support is carbon black (e.g., Vulcan® X72), which has a high
specic surface area and many functional groups that can easily
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anchor Pt nanoparticles. Unfortunately, carbon black is gradu-
ally oxidized and deformed during PEMFC operation, especially
during start-up and shut-down.5–8 This aggravates Pt detach-
ment and aggregation. sp2-hybridized carbon materials
composed of two-dimensional hexagonal carbon planes such as
carbon nanotubes (CNTs) and graphene analogs, e.g., graphene
nanoplatelets (GNPs), have emerged as promising candidates to
replace the widely used carbon black in PEMFC catalysts. These
materials have attracted considerable attention in recent years
owing to their unique physicochemical properties, including
excellent electrical and thermal conductivities, high corrosion
resistance, and large specic surface area.9,10 The application of
corrosion-resistant carbon materials substantially reduces Pt
nanoparticle-related carbon oxidation and degradation.5,11–13

However, anchoring Pt nanoparticles onto the smooth and
chemically inert surface of sp2 carbon materials is difficult. In
most cases, the honeycomb sp2 structure is destroyed by the
addition of functional groups when immobilizing Pt nano-
particles onto carbon materials14,15 and heteroatoms are
embedded into the sp2 structure.16,17 These approaches are
accompanied by a high risk of lowering the expected stability of
CNTs and GNPs. Wrapping a carbon surface with a polymer,
which is categorized as a physical conjunction method, is
another approach to xing Pt nanoparticles onto the surface.18,19

We have previously reported a similar concept, but using an
ionic liquid (IL) as the binder.20–22 In this manner, highly
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Preparation conditions and characterization data for specimens 1–6 and Pt–C

Specimens Ionic liquidsa Carbon materials Mean particle size/nm Pt loading amount/wt%

1 [C4mim][Tf2N] GNPs-3 2.1 (0.3)b 25.4
2 [C4mim][Tf2N] GNPs-20 2.5 (0.5)b 25.0
3 [C4mim][Tf2N] MWCNTs 2.7 (0.5)b 26.5
4 [N1,1,1,3][Tf2N] GNPs-3 3.3 (0.5)b 25.5
5 [N1,1,1,3][Tf2N] GNPs-20 3.8 (0.5)b 24.5
6 [N1,1,1,3][Tf2N] MWCNTs 4.3 (0.7)b 25.3
Pt–C — — 2.6 (0.7)26 23.7 (ref. 26)

a 5 mmol L�1 Pt(acac)2 was added as a Pt metal precursor. b Values in parentheses are standard deviations.
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durable Pt/C electrocatalysts for the ORR are easily produced by
heating and/or agitating the Pt-nanoparticle-dispersed IL with
the carbon support.23–25 In electrocatalysts, small quantities of
the IL, which can remain even aer electrochemical cleaning,
impede direct contact between Pt nanoparticles and the carbon
surface, thereby inhibiting carbon support corrosion.

Inspired by this approach, we recently established a simple
and mass-producible one-pot pyrolysis method with IL (IL one-
pot pyrolysis method) for preparing composite Pt and PtNi
alloy-nanoparticle-supported multiwalled carbon nanotube
composite (MWCNT) electrocatalysts for the ORR.26 Unlike
commonly used colloid methods, wherein the size and shape of
nanoparticles are directly controlled by capping, stabilizing,
and reducing agents,27–29 no additional agents are needed for
the IL one-pot pyrolysis method. In this study, to investigate the
impact of sp2 carbon material species on the ORR performance
of electrocatalysts, we applied this IL one-pot pyrolysis method
to graphene-based carbon materials, graphene nanoplatelets
with <3 (GNPs-3) and 18–24 layers (GNPs-20) and MWCNTs.
Using two types of ILs, 1-butyl-3-methylimidazolium bis(tri-
uoromethylsulfonyl)amide ([C4mim][Tf2N]) and N,N,N-tri-
methyl-N-propylammonium bis(triuoromethanesulfonyl)
amide ([N1,1,1,3][Tf2N]), we revealed the key factors responsible
for controlling and maintaining the Pt nanoparticle size, which
are directly related to the electrocatalytic performance.
2. Experimental
2.1 Preparation of the specimens

We prepared all specimens by a one-pot pyrolytic process under
an N2 atmosphere. The reaction medium for the one-pot
process was composed of 2 mL IL ([C4mim][Tf2N] (Kanto
Chemical Co., Inc.) or [N1,1,1,3][Tf2N] (Kanto Chemical Co., Inc.),
Fig. S1 (ESI†)), 5 mmol L�1 platinum(II) bis(acetylacetonate)
(Pt(acac)2 (Mitsuwa Chemicals Co., Ltd.)), and 1.25 g L�1 of sp2

carbon materials. The carbon materials were graphene powder
(Sigma-Aldrich Co., LLC., thickness: <3 graphene layers; lateral
size: 0.5–5 mm (GNPs-3)), graphene nanoplatelets (Strem
Chemical Co., Inc., thickness: 6–8 nm (18–24 graphene layers);
lateral size: 5 mm (GNPs-20)), and multiwalled carbon nano-
tubes (Sigma-Aldrich Co., LLC., outer diameter � length: 6–
13 nm � 2.5–20 mm (MWCNTs)). Prior to the pyrolytic process,
we agitated the prepared reaction media at room temperature
overnight to uniformly disperse the Pt (acac)2 and sp2 carbon
© 2022 The Author(s). Published by the Royal Society of Chemistry
materials. Subsequently, we heated the mixture at 573 K for 4 h
and washed the resulting samples (Pt/GNPs-3, Pt/GNPs-20, and
Pt/MWCNT) several times with anhydrous acetonitrile and
dried them overnight in vacuum. We prepared specimens 1–6
under the six conditions described in Table 1. We used
a commercially available Pt/C electrocatalyst (Pt–C, TEC10V30E,
Tanaka Kikinzoku Kogyo Co., Ltd.) as the reference.
2.2 Characterization

We observed the morphologies of specimens 1–6 using a Hita-
chi H-7650 transmission electron microscope (TEM). We
analyzed the amount of Pt nanoparticles loaded on the sp2

carbon materials using inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (Shimadzu ICPS-7510). We
evaluated the Brunauer–Emmett–Teller (BET) surface area
using nitrogen adsorption–desorption analysis (Quantachrome
Instruments). We characterized the original carbon materials
and specimens 1–6 using a Nanophoton RAMANview Raman
spectrometer.
2.3 Electrochemical measurements

We examined the electrocatalytic activities of specimens 1–6
using a computer-controlled Hokuto Denko HZ-7000
potentiostat/galvanostat. We obtained electrochemical
measurements using a three-electrode cell with a 0.1 M HClO4

aqueous solution. We used a glassy carbon rotating disk elec-
trode (GC-RDE, surface area ¼ 0.196 cm2), Pt mesh electrode,
and reversible hydrogen electrode (RHE) as the working,
counter, and reference electrodes, respectively. We ionically
connected the RHE to the electrolyte in the main cell
compartment via a Luggin capillary tip positioned close to the
working electrode (WE). Each sample prepared in this study was
dispersed in an i-propanol solution with a weight concentration
of 1.48 g L�1. We added a 10 mL solution onto the GC-RDE
(5 mm diameter) and allowed it to dry naturally. Finally, we
covered the GC disk with 10 mL Naon® i-propanolic solution
(0.1 wt%) to x the samples using a thin Naon® layer. We
conducted voltammetric experiments at 10 mV s�1 between
0.050 and 1.20 V (vs. RHE) at �298 K. Prior to the experiments,
we electrochemically cleaned the working electrode with 40–100
potential sweeps between 0.050 and 1.20 V at a scan rate of
50 mV s�1 under a N2 atmosphere until the cyclic voltammo-
grams (CVs) stabilized. Depending on the experimental
RSC Adv., 2022, 12, 14268–14277 | 14269
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purpose, we deaerated the electrolyte by bubbling with N2 or O2

for at least 30 min.
We determined the electrochemical surface area (ECSA) of

the Pt nanoparticles by hydrogen adsorption or desorption
coulombic charge in the cyclic voltammogram under N2 atmo-
sphere aer subtracting the double-layer charge current. We
calculated the ECSA (m2 g�1) using the following equation:

ECSA ¼ QH

2:1�MPt

(1)

where QH (C) is the charge of the hydrogen adsorption/
desorption. An average value for the charge associated with
Fig. 1 TEM images and Pt nanoparticle size distribution of specimens
described in Table 1.

14270 | RSC Adv., 2022, 12, 14268–14277
a hydrogen adsorption/desorption monolayer formed on
smooth polycrystalline Pt is 2.1 C m�2.30 MPt (g) is the Pt mass
on the GC working electrode.

We investigated the ORR performance of the samples using
rotating disk electrode linear sweep voltammetry (RDE-LSV) in
the anodic direction at a sweep rate of 10 mV s�1 under ve
different RDE revolution speeds (200, 400, 800, 1200, and 1600
rpm) in an O2 atmosphere. The resultant voltammograms were
examined using the Koutecký–Levich equation.

1

I
¼ 1

Ik
þ 1

Bu1=2
(2)
(a–f) 1–6, respectively, prepared under the experimental conditions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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B ¼ 0.62nFAC*D2/3v�1/6u1/2 (3)

where I is the experimentally measured current at 0.85 V, Ik is
the kinetically limited current, u is the angular frequency of
rotation (s�1), n is the electron transfer number, F is the Faraday
constant, A is the electrode surface area, C* is the O2 concen-
tration in the electrolyte, D is the diffusion coefficient of O2 in
the electrolyte, and v is the kinematic viscosity of the electrolyte.
We estimated Ik from the intercept of the Koutecký–Levich plot
(I�1 vs. u�1/2). For each catalyst, we normalized Ik to the Pt
loading to obtain the mass activities.

We conducted the durability tests for the samples using the
standard evaluation method recommended by the Fuel Cell
Commercialization Conference of Japan.31 This test overloads
the cathode for a proton-exchange membrane (PEM) fuel-cell
system by potential sweeps between 1.00 and 1.50 V (vs. RHE)
at 500 mV s�1, which easily causes the carbon support materials
to corrode. Therefore, this electrochemical approach enables
a quick durability evaluation of the cathode catalyst. To obtain
further insight into the deterioration behavior, we estimated the
catalytic activity retention rates for the ECSA and mass activities
using the following equations:

Catalytic activity retention rate for ECSA ð%Þ

¼ ECSA estimated at each cycle ðm2 gPt
�1Þ

initial ECSA ðm2 gPt
�1Þ � 100 (4)

Catalytic activity retention rate for mass activity ð%Þ

¼ mass activity estimated at each cycle ðA gPt
�1Þ

initial mass acitvity ðA gPt
�1Þ � 100

(5)

3. Results and discussion
Fig. 1 shows the TEM images and Pt nanoparticle size distri-
bution of specimens 1–6 that we prepared using the IL one-pot
pyrolysis method under the conditions listed in Table 1. The ILs
we used were [C4mim][Tf2N] with an unsaturated ve-
membered ring cation with two heteroatoms and [N1,1,1,3]
[Tf2N] with a saturated alkylammonium cation. The loading
amounts of Pt and mean particle sizes of the nanoparticles
deposited on the samples are summarized in Table 1. Regard-
less of the preparation conditions, the loading amounts were
nearly the same (�25 wt%), but this was not the case for the
mean particle size. For the graphene-nanoplatelets-based
carbon supports, when we used the same IL, the Pt nano-
particles modied on GNPs-3 were smaller (2.1 nm for [C4mim]
[Tf2N] and 3.3 nm for [N1,1,1,3][Tf2N]) than those on GNPs-20
(2.5 nm for [C4mim][Tf2N] and 3.8 nm for [N1,1,1,3][Tf2N]).
According to the product information, the specic surface area
of GNPs-20 is 120–150 m2 g�1.32 A similar, at, sheet-like, and
ultrathin carbon material, GNPs-3, has a much larger specic
surface area of 1243 m2 g�1, which is calculated from the typical
H3-type nitrogen adsorption–desorption isotherm curve of
GNPs-3 (Fig. S2a (ESI†)). This higher specic surface area is
extremely likely to result in smaller Pt nanoparticles, because
GNPs-3 can provide more anchor points for Pt nucleation in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
Pt(II) reduction process. However, the impact of specic surface
area on Pt particle size seems to be limited, because the size
variation is less than 0.5 nm even though the surface area is
nearly 10 times larger. A schematic illustration of this plausible
Pt nanoparticle formation mechanism is depicted in Fig. 2a and
b. In addition, the geometric shape can affect the size of the
nanoparticles. MWCNTs have completely different shapes but
are sp2 carbon materials, as are GNPs-3 and GNPs-20. Although
the MWCNTs we used in this study had a higher surface area,
i.e., 210 m2 g�1 (Fig. S2b (ESI†)), than GNPs-20, the Pt nano-
particles on the MWCNTs were slightly larger (2.7 nm for
[C4mim][Tf2N] and 4.3 nm for [N1,1,1,3][Tf2N]) than those on the
GNPs-20. This result suggests that MWCNTs have fewer anchor
points suitable for Pt nucleation. This may be associated with
the curved surface shape of MWCNTs.

The difference in the IL species had a more noticeable effect
on the Pt particle size in specimens 1–6. As summarized in
Table 1, the nanoparticles deposited became larger by changing
the IL from [C4mim][Tf2N] (specimens 1–3) to [N1,1,1,3][Tf2N]
(specimens 4–6). Nanoparticle growth in [C4mim][Tf2N] was
hampered. Similar behavior was also conrmed by Pt nano-
particle preparation using the same IL one-pot pyrolysis method
but without carbon supports (Fig. S3 (ESI†)). The mean particle
sizes of the Pt nanoparticles we obtained for [C4mim][Tf2N] and
[N1,1,1,3][Tf2N] were 3.5 and 6.9 nm, respectively. Because the
surface of the Pt nanoparticles prepared in ILs is positively
charged, the Pt nanoparticles are considered to be stabilized by
anionic supramolecular aggregates, for example, [(organic
cation)x(Tf2N)1+x]

�.33 In the present case, the accessibility of Pt
metal precursors and/or atoms to the nanoparticle surface was
directly controlled by the cationic steric effect.34 Thus, a larger
volume cation, [C4mim]+, could effectively block further Pt
deposition on the nanoparticles. As a result, Pt nucleation was
stimulated at other anchor points on the carbon supports,
leading to less nanoparticle growth. A plausible process of Pt
nanoparticle growth during the IL one-pot pyrolysis method is
schematically summarized in Fig. 2c.

We collected further information on the carbon structure
using Raman spectroscopy for specimens 1–6, and the as-
prepared samples are shown in Fig. S4 (ESI†). Two character-
istic peaks, the D band at 1350 cm�1 and G band at 1580 cm�1,
are associated with defects or disorders and sp2-bonded
carbons, respectively.35 We noted little difference between the
Raman spectra before and aer the Pt nanoparticle modica-
tion, indicating that the IL one-pot pyrolysis method employed
in this research had no effect on the surface structure of the sp2

carbon materials.
As expected from the characterization of the specimens,

their electrochemical performance differed signicantly. Fig. 3
shows the cyclic voltammograms before and aer 15 000
potential cycle durability tests recorded at the GC electrodes
with specimens 1–6 prepared by the one-pot pyrolysis method
in a N2-saturated 0.1 M HClO4 aqueous solution. The several
commonly observed redox waves concerning the hydrogen and
oxygen electrochemical reactions are recognized at potentials
ranging from 0.10 to 0.35 V and 0.60 to 1.00 V, respectively. The
ECSAs for specimens 1–6 estimated from the voltammograms
RSC Adv., 2022, 12, 14268–14277 | 14271
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Fig. 2 Schematic illustration of the plausible impact of carbon materials with (a) smaller and (b) larger surfaces and (c) the organic cationic
species in [N1,1,1,3][Tf2N] and [C4mim][Tf2N] on Pt nanoparticle size in the process of the IL one-pot pyrolysis method.
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for hydrogen adsorption–desorption are shown in Table 2.
These values are lower than those of commercial Pt–C catalysts.
The H2 adsorption was highly likely hampered by the IL
remaining on the Pt nanoparticle surface.36–38 Aer the dura-
bility test, we found that the ECSA retention rates for the gra-
phene nanoplatelet-based samples, 1 (51.2%), 2 (47.6%), 4
(26.9%) and 5 (65.2%), were inferior to that of Pt–C (71.1%).
Conversely, specimens 3 (75.1%) and 6 (92.8%), prepared using
MWCNTs, showed higher retention rates than Pt–C. Consid-
ering the larger number of defects or disorders on the
MWCNTs, corroborated by the Raman spectra derived from the
G-band (Fig. S4 (ESI†)), we deduced that their presence trig-
gered slower nanoparticle aggregation during the durability
test, that is, a higher retention rate of ECSA by Pt/MWCNTs.

To evaluate the catalytic ability of specimens 1–6 toward the
ORR, we measured the RDE-LSVs at the GC-RDEs with each
specimen in an O2-saturated 0.1 M HClO4 aqueous solution
14272 | RSC Adv., 2022, 12, 14268–14277
before and aer 15 000 potential cycle durability tests (Fig. S5
(ESI†)). Before the durability test, the increase in current ow
for O2 reduction initiated at ca. 1.05–1.10 V, as observed for
commonly used electrocatalysts for the ORR. Koutecký–Levich
plots at 0.85 V were constructed using the RDE-LSVs obtained at
speeds of 200–1600 rpm. The mass activities of the specimens
that we calculated from the Koutecký–Levich plots and the
mean Pt particle sizes before the durability tests are summa-
rized in Table 2 and Fig. 4. The mass activity decreased with
increasing nanoparticle size. We obtained the highest mass
activity, 329.9 A g�1, for specimen 1, which had the smallest
mean nanoparticle size of 2.1 nm, corresponding to the size that
can obtain more Pt (111) facets.39 As focusing on Pt/GNPs-3 and
Pt/GNPs-20, which are at, sheet-like carbon supports, would
provide an opportunity to discuss the effect of Pt nanoparticle
density on catalytic ability, we prepared two extra GNPs-20-
based specimens by the same procedure using [N1,1,1,3][Tf2N]
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cyclic voltammograms recorded at glassy carbon electrodes with the specimens (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6 and (g) Pt–C in a N2-
saturated 0.1 M HClO4 aqueous solution (—) before and (----) after the durability test. Scan rate was 10 mV s�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 14268–14277 | 14273
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Table 2 Summary of ECSA and mass activity data for specimens 1–6 and Pt–C

Specimens
ECSA (original)/
m2 g�1

ECSA (aer)/
m2 g�1

Retention rate
of ECSA/%

MAa @ 0.85 V
(original)/A g�1

MAa @ 0.85 V
(aer)/A g�1

Retention rate of
MAa @ 0.85 V/%

1 31.1 15.9 51.2 329.9 243.4 73.79
2 26.1 12.4 47.6 221.7 137.4 61.99
3 35.4 26.6 75.1 177.5 173.1 97.52
4 16.7 4.49 26.9 205.3 172.9 84.20
5 45.1 29.4 65.2 202.5 189.4 93.52
6 33.7 31.3 92.8 190.9 265.4 139.02
Pt–C 72.7 51.7 71.1 561.2 283.8 49.64

a MA: mass activity.

Fig. 4 Comparison of mass activity and mean Pt nanoparticle size of
specimens 1–6.
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but with different Pt precursor concentrations of 1 and
2.5 mmol L�1. TEM observation of the GNPs-20 prepared with 1,
2.5, and 5 mmol L�1 Pt(acac)2 revealed that the mean particle
sizes were 3.8 � 0.6 nm, 3.6 � 0.7 nm and 3.8 � 0.5 nm,
respectively (Fig. 5). In other words, size does not depend on the
precursor concentration. However, the Pt loading varied with
precursor concentration. From these ndings, we concluded
that the number density of Pt nanoparticles on GNPs-20
increases with increasing precursor concentration. The mass
Fig. 5 TEM images of the Pt/GNPs-20s prepared in [N1,1,1,3][Tf2N] with diff
5 mmol L�1.

14274 | RSC Adv., 2022, 12, 14268–14277
activities of these three specimens are shown in Fig. 6a as
a function of Pt loading. The mass activities increase with
increasing Pt loading, but are nonlinear. Because their particle
sizes are almost the same, the differences in their mass activi-
ties are not dependent on size. This nonlinear behavior should
be linked to the number density of the Pt nanoparticles on the
GNPs-20. Watanabe et al. reported that the active area territory
on the Pt surface is an important factor in attaining higher mass
activity.40 As illustrated in Fig. 6b, oxygen accessibility reduced
when the Pt nanoparticle number density was too high.

Based on the RDE-LSVs aer the 15 000-cycle tests (Fig. S5
and S6 (ESI†)), the mass activity data estimated at 0.85 V for
specimens 1–6 and Pt–C are provided in Table 2. A comparison
of all the mass activity data obtained in this study, with the
catalytic activity retention rates, is presented in Fig. 7. All the
specimens prepared showed a higher mass activity retention
rate than Pt–C (49.6%). In particular, specimens 3 and 6,
resulting from the MWCNTs, showed a much higher durability.
The results of Raman spectroscopy indicated that, as more
functional groups exist on MWCNTs than on the other two sp2

carbon materials, MWCNTs would suppress the displacement
and aggregation of the Pt nanoparticles. Although the catalyst
durability is improved by the IL binding between the Pt nano-
particles and the carbon material surface, the results here
provide evidence that the original carbon surface properties
also affect durability.
erent Pt metal precursor (Pt(acac)2) concentrations: (a) 1, (b) 2.5, and (c)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Comparison of mass activities with different Pt loading amounts on Pt/GNPs-20s prepared in [N1,1,1,3][Tf2N] with different Pt metal
precursor (Pt(acac)2) concentrations: 1, 2.5, and 5 mmol L�1. Pt particle size remained almost the same. (b) Schematic illustration of the effect of
Pt nanoparticle number density deposited on GNPs-20s on mass transfer of oxygen during ORR.

Fig. 7 Comparison of mass activity and mean Pt nanoparticle size of
specimens 1–6 and Pt–C: (filled bar) before and (diagonal bar) after
15 000-cycle test.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In this study, we successfully synthesized Pt-nanoparticle-
modied sp2 carbon materials by the IL one-pot pyrolysis
method using three different sp2 carbon supports, GNPs-3,
GNPs-20, and MWCNTs, without any pretreatment. The
higher surface area of the carbon supports led to the formation
of smaller Pt nanoparticles. The cation size in the IL also
signicantly affected the Pt nanoparticle size. We obtained the
highest mass activity when the Pt nanoparticle size was �2 nm.
All the resulting specimens showed higher durability in terms of
mass activity than the commercial catalyst. The samples
prepared from MWCNTs had a much higher retention rate.
More defects on theMWCNTs resulted in a stronger ability to x
the nanoparticles and prevent nanoparticle aggregation. This
study provides useful information on the IL one-pot pyrolysis
method for the synthesis of ORR electrocatalysts with high
activity and durability.
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