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Indium (In), one of the soft and malleable post-transition metals, was introduced along the broken edges
of graphitic nanoplatelets (GnPs) by mechanochemically ball-milling graphite in the presence of solid
state In beads. After completely leaching off unreacted In using royal water (aqua regia), the formation of
In—C bonds in the resulting In-doped graphitic nanoplatelets (InGnPs) was confirmed using various
analytical techniques, including atomic-resolution transmission electron microscopy (AR-TEM). Scanning
TEM (STEM) image shows that In elements instead of In clusters were uniformly distributed in the
InGnPs, suggesting the formation of In—C bonds. The content of In in the InGnPs was 0.34 at% (3.01 wt%),
as determined by X-ray photoelectron spectroscopy (XPS). The mechanochemically induced chemical
reaction was powerful enough to form In—C bonds. Further, the InGnPs demonstrated catalytic activity
toward the oxygen reduction reaction (ORR) comparable to commercial Pt/C catalysts, as well as
excellent durability and tolerance against impurities (methanol and CO) in alkaline medium.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Indium (In) is a member of the group 13 elements on the peri-
odic table, with an electron configuration of [Kr]4d'%5s%5p. It is a
soft and malleable post-transition metal, and leaves a visible line on
paper like a pencil lead, which is graphite. In is mostly used as a
component in indium tin oxide (ITO) thin films and in transparent
electrodes. Graphite, on the other hand, consists of a massive
number of graphitic layers. Individual graphitic layers are called
graphene, which are a unique example of an sp? carbon network
with a two-dimensional (2D) honeycomb lattice. Graphene exhibits
a wide range of important properties, including superior electrical
conductivity [1], large surface area [2], excellent mechanical flexi-
bility [3], and high thermal/chemical stability [4]. However, gra-
phene is relatively inert and has poor dispersibility in solvents,
which limits its applications. As a result, significant efforts have
been devoted to the functionalization of graphene and graphitic
nanoplatelets (<10 layers). Methods have used various functional
groups containing different elements [5—7] such as boron (B) [8],
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nitrogen (N) [9], sulfur (S) [10], phosphorus (P) [11], antimony (Sb)
[12], iodine (I) [13], selenium (Se) [14] and their mixtures [15,16].
The resulting array of functionalized graphene materials have been
utilized in different applications, including flame retardants [17,18],
energy conversion materials for the oxygen reduction reaction
(ORR) [19], the cobalt reduction reaction (CRR) and iodine reduc-
tion reaction (IRR) [14], and energy storage materials for lithium
(Li)-ion batteries [20,21]. To further expand the use of graphene
materials, it would be highly useful to develop a simple method of
forming In—C bonds. A facile method is essential for large scale
production, which is necessary for commercial applications.

In this study, In—C bonds were formed along the broken edges of
graphitic nanoplatelets (GnPs) by dry ball-milling graphite in the
presence of In beads. This approach is based on the method for
edge-selectively functionalized graphitic nanoplatelets (EFGnPs)
via mechanochemical reaction [12,14,20—24]. The formation of
In—C bonds was confirmed by atomic-resolution transmission
electron microscopy (AR-TEM), which showed that the In bonded
with GnPs at the element level, rather than in the form of In clus-
ters. The resulting InGnPs was tested as an electrocatalyst for ORR,
one of several potential applications. It showed competitive
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catalytic activity with excellent durability and tolerance against
impurities (CO and methanol) in alkaline medium.

2. Experimental section
2.1. Materials

Graphite was obtained from Alfa Aesar (Natural, —100 mesh,
99.9995% metals basis) and used as received. Indium (beads, diam.
2—5 mm, 99.999% trace metals basis) was purchased from Aldrich
Chemical Inc. and used as received. All other solvents were supplied
by Aldrich Chemical Inc. and used without further purification,
unless otherwise specified.

2.2. Preparation of InGnPs

The InGnPs was simply prepared using a ball milling approach.
Graphite (5.0 g) and indium (5.0 g) were placed in a stainless steel
container containing stainless steel balls (500 g, diameter 5 mm).
After sealing, pressure was reduced to remove atmospheric air. The
container was fixed on a planetary ball mill machine, then agitated
at 500 rpm for 48 h. The resulting product was repeatedly washed
with aqua regia to remove metallic impurities and any unreacted
indium (or nitro-hydrochloric acid). Finally, it was freeze-dried
at —120 °C under reduced pressure (0.05 mmHg) for 48 h to yield
5.89 g of dark black InGnPs powder (with an indium content of at
least 0.89 g).

2.3. Instrumentation

Elemental analysis (EA) was conducted using a Thermo Scien-
tific Flash 2000. The field emission scanning electron microscopy
(FE-SEM) was performed on an FEI Nanonova 230. The high-
resolution transmission electron microscopy (HR-TEM) was per-
formed on a JEOL JEM-2100F microscope, and atomic resolution
transmission electron microscopy (AR-TEM) was carried out on a
Titan Cubed G2 60—300 microscope. The TEM specimens were
prepared by dipping carbon microgrids (Ted Pella Inc., 200 Mesh
Copper Grid) into well-dispersed samples in ethanol. Time-of-flight
secondary ion mass spectrometry (TOF-SIMS) was carried out with
a TOF-SIMS V instrument (ION-TOF GmbH, Germany) using a
10 keV Bi" primary ion beam source. The surface area was
measured by nitrogen adsorption-desorption isotherms using the
Brunauer—Emmett—Teller (BET) method on a Micromeritics ASAP
2504 N. X-ray photoelectron spectra (XPS) were recorded on a
Thermo Fisher K-alpha XPS spectrometer. Thermogravimetric
analysis (TGA) was conducted on a TA Q200 (TA Instrument) under
air and nitrogen (N3) at a heating rate of 10 °C/min. Micro-Raman
measurements were made with a WiTec Alpha300S system with
532 nm wavelength laser light and a 50x objective. X-Ray diffrac-
tion (XRD) patterns were recorded with a Rigaku D/MAZX 2500V/
PC with Cu—Ka radiation (35 kV, 20 mA, A = 1.5418 A). Zeta-
potential values were determined using a Malvern Zetasizer
(Nano ZS, Malvern Instruments).

2.4. Electrochemical measurements

The electrochemical tests were carried out using a computer-
controlled potentiostat (1470E Cell Test System, Solartron Analyt-
ical, UK) and CompactStat.h as a bipotentiostat (Ivium Inc., NED)
and RRDE-3A (ALS Co., Japan) with a typical three-electrode cell.
Platinum mesh was used as a counter-electrode and an Ag/AgCl
(Saturated KCl) electrode was used as a reference electrode. Briefly,
InGnPs were dispersed in N,N-Dimethylformamide (DMF) and
ultrasonicated for 5 min to form uniform catalyst inks (2 mg/mL). A

total of 10 uL of a well-dispersed catalyst ink was loaded onto
a glassy carbon (GC) disk electrode (5 mm in diameter) polished
beforehand. After drying at room temperature, a Nafion (0.05 wt%)
stock solution (1 pL) in ethanol was loaded onto the surface of the
catalyst layer to form a thin protective film.

The cyclic voltammogram experiments were conducted in O,-
and N,-saturated 0.1 M aq. potassium hydroxide (KOH) solution for
ORR with various scan rates in the potential range from —0.9 V to
0.1 V at room temperature. Rotating disk electrode (RDE) mea-
surements were performed in the Oz-saturated 0.1 M aq. KOH so-
lution at a rotation speed varying from 600 to 2500 rpm and with a
scan rate of 10 mV/s from —0.9 to 0.1 V. The detailed kinetic analysis
was conducted according to Koutecky-Levich plots:

1 1 1
J i RS M

where ji is the kinetic current and B is the Levich slope:

B = 0.2nF(Dy,)**v=1/8C,, (2)

Here n is the number of electrons transferred in the reduction of
one O, molecule, F is the Faraday constant (F = 96485 C/mol), Do is
the diffusion coefficient of Oy (Do = 1.9 x 10~> cm?[s), » is the ki-
nematics viscosity for KOH (u = 0.01 cm?/s) and Co; is the concen-
tration of O, in the solution (Coy = 1.2 x 1076 mol cm’3). The
constant 0.2 is adopted when the rotation speed is expressed in rpm.
According to Equations (1) and (2), the number of electrons trans-
ferred (n) can be obtained from the slope of the Koutecky-Levich plot
of i1 vs. w . From published data for F (96485 C mol™"), Do,
(1.9 x 107> cm?/s ), vs. (0.01 cm?/s), and Cgy (1.2 x 1078 mol/ cm?),
B was calculated to be 0.144 mA/s'? at A = 019,625 cm? for a four-
electron exchange reaction (n = 4).

Rotating ring disk electrode (RRDE) experiments were carried
out in an Oy-saturated 0.1 M aq. KOH solution. The potential was
varied from 0.1 to —0.9 V at a potential sweep of 10 mV/s; the offset
potential was set to 0.4 V (vs. Ag/AgCl). The four-electron selectivity
of the catalyst was evaluated based on the Hy0, yield. The H,0;
yield and the electron transfer number (n) were determined using
the following equations:

5 _ Ip/N

% (Hy05) = 200 x 200 "y (3)
_ Ip/N

n=4 x I+ /N (4)

where Ip is the disk current, Iz is the ring current, and N is the
current collection efficiency of the Pt ring and is determined to be
0.424 [25,26].

The steady-state chronoamperometric response was tested at a
polarizing potential of —0.3 V at 2500 rpm in Oj-saturated elec-
trolyte by bubbling O, into the electrolyte. During this process, 3 M
methanol (2.0 mL) or flow of CO gas was introduced into the
electrolyte at 400 s to examine the methanol crossover and CO
poisoning effect, respectively.

3. Results and discussion

As schematically presented in Fig. 1A and Fig. S1, the formation
of In—C bonds was induced by a mechanochemical reaction, by dry
ball milling graphite in the presence of In beads. To exclude the
presence of free-standing In, the product InGnPs were repeatedly
washed with aqua regia, and further with hydrochloric acid. Field-
emission scanning electron microscopy (FE-SEM) images of the
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Fig. 1. (A) Schematic of indium (In)-doped graphitic nanoplatelets (InGnPs). (B) SEM image of InGnPs. (C) Atomic-resolution TEM (AR-TEM) image of InGnPs. (D) High-angle annular

dark field (HAADF) scanning transmission electron microscopy (STEM) image of InGnPs.

pristine graphite showed a flake type morphology with large grain
size (<150 um) (Fig. S2). After ball milling and work up procedures,
the grain size of the graphite was dramatically reduced to a few
hundred nanometers (nm) (Fig. 1B and S3), indicating that unzip-
ping of the graphitic C—C bonds had indeed occurred. Conse-
quently, active carbon species emerged along the broken edges of
the graphitic nanoplatelets (GnPs).

Similarly, In beads can also be cracked to produce active In
species. Both carbon and In active species are required to form In—C
bonds along the broken edges of the graphitic frameworks to yield
InGnPs. SEM energy dispersive X-ray (EDX) spectra were obtained
that showed the difference between the pristine graphite and
InGnPs. The characteristic In peak together with C and O peaks
were observed from the InGnPs, while only the C peak was
observed from the pristine graphite (Fig. S4B). The corresponding
element mapping images of C, O and In are presented in Fig. S4. The
content of In determined using SEM EDX was 0.78 at% (6.76 wt%,
Table S1).

To visually confirm the formation of In—C bonds in InGnPs,
atomic-resolution transmission electron microscopy (AR-TEM) was
utilized. At high magnification, the AR-TEM image of InGnPs shows
dark dot contrasts along the edges that correspond to elemental In
(pink arrows, black dots, Fig. 1C). High-resolution TEM (HR-TEM)
images also show similar results (white arrows, Fig. S5). High-angle
annular dark field (HAADF) scanning TEM (STEM) images from AR-
TEM with atomic Z-contrast also confirmed that elemental In (pink
arrows, Fig. 1D) was distributed at the atomic level, rather than
nanoparticles and clusters. The result indicates that In—C bonds
were formed by mechanochemical reaction as proposed in Fig. 1A.
Once again, the HAADF STEM images from HR-TEM showed that In
atoms were uniformly distributed on the indium-doped graphite
nanoplatelets (InGnPs) without In clusters or other metallic particle
debris (Fig. S6A-E).

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
clearly confirmed the existence of indium (In) in the InGnPs. Typical

positive ion mass spectra of the pristine graphite and InGnPs were
obtained using a bismuth ion (Bi* ion) beam. The pristine graphite
just showed various hydrocarbons peaks without related indium
(isotopes 3In* and In*), while the InGnPs spectra showed clear
Wp*t (m/z = 113) and ™In* (m/z = 115) peaks, isotopes of In
(Fig. 2A and S7). The In* peak was sharper and higher intensity
compared to the ®In* peak, because °In makes up to 95.7% of
bulk indium [27].

We estimated the In content in the InGnPs using thermogravi-
metric analysis (TGA) in air because the boiling point of In is
2070 °C [28]. The char yield of the pristine graphite at 1,000 °C was
23.7 wt% (Fig. 2B and S8), due to the high thermal stability of the
pristine, large grain size (<150 pm) graphite. However, the
maximum weight loss of the InGnPs occurred at about 400 °C due
to decomposition of the graphitic structure with small grain size
(<1 pm), and oxygen-containing functional groups at the edges.
Then, above 500 °C, the weight loss reached steady-state (6.9 wt%).
Considering the char yields of other edge-selectively functionalized
graphitic nanoplatelets (EFGnPs), which were about 0.0 wt% at
1,000 °Cin air [22,29], the content of In,03, which is the amphoteric
oxide form of indium (In oxidizes in air at elevated temperature),
was approximately 6.9 wt% at 1,000 °C (Fig. 2B). Hence, the actual
content of In was about 5.56 wt%, which is consistent with the
elemental analysis (EA) result (5.25 wt%, Table S1). The char yields
of the pristine graphite and InGnPs at 1000 °C in N, were 99.1 and
80.5 wt%, respectively (Fig. S8). This means the difference (18.6 wt
%) in weight loss between the pristine graphite and InGnPs is
associated with various oxygenated functional groups (e.g. —COOH,
—OH and —C=0) on the edges of the InGnPs.

X-ray photoelectron spectroscopy (XPS) was next utilized to
investigate the elemental compositions of the materials. The pris-
tine graphite showed a dominant C 1s peak with minor O 1s, which
is attributed to physically adsorbed oxygen on the surface of the
pristine graphite (Fig. 2C) [30]. InGnPs showed a clear characteristic
In 3d peak along with C 1s and O 1s peaks as well as physically
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Fig. 2. (A) Time-of-flight secondary ion mass spectrometry (TOF-SIMS) spectra. (B) TGA thermograms obtained at the heating rate of 10 °C/min in air. (C) XPS full-scale survey

spectra. (D) High-resolution XPS spectra of In 3d for InGnPs.

adsorbed N 1s and CI 2p peaks. Besides, the indium content of the
InGnPs was about 0.34 at% (3.01 wt%) (Table S1). In the high-
resolution XPS spectra, the C 1s peak of InGnPs was classified into
three components, sp° C—C (284.5 eV), C—0 (285.7 eV) and C=0
(288.5 eV), but the C—In peak did not appear, due to the overlap
with the C—C peak and very low content of C—In bonds (Fig. S9A).
The O 1s peak could be divided into two chemical bonds, C=0
(531.6 eV) and C—O (533.3 eV) (Fig. S9B), because the remnant
active carbon species were terminated with air/moisture (e.g.., O,
CO; and H,0) when the lid was opened.

In addition, the In 3d spectrum was divided into In 3dsp
(445.0 eV) and In 3d3; (452.5 eV) peaks (Fig. 2D). Each peak was
observed together with a shoulder peak, at 446.0 and 453.5 eV,
respectively. The former two peaks at 445.0 and 452.5 eV were
related to C—In>* bonds [31]. The latter two peaks at 446.0 and
453.5 eV correspond to C—In* bonds [32].

We can assume that the C—In" ionic bonds at the edges of the
InGnPs will provide excellent electrocatalytic activity for the oxy-
gen reduction reaction (ORR) compared with C—In3* ionic bonds,
since indium (In) compounds are often powerful reducing agents
[33,34].

The specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) plot of N, adsorption isotherms (Table S2).
The pristine graphite showed a very low specific surface area
(2.8 m?/g) due to the highly ordered multilayered graphitic struc-
ture. However, after ball milling, the specific surface area (419.0 m?/
g) of the InGnPs increased 150 times compared to the pristine
graphite, indicating that the graphite particles had significantly
exfoliated into graphitic layers during the edge-selective In doping
and delamination. Considering the maximum specific surface area
(Sger = 2630 m?/g) of a single layer, the average number of layers in

the InGnPs was calculated to be approximately 6.3 (2630/
419 = 6.3).

In addition, the InGnPs showed both type-I (P/P° = 0—0.5) and
type-1V (P/P° = 0.5—1.0) isotherms, indicating the presence of mi-
cropores [35] and mesopores [36], respectively (Fig. S10A). The
large surface area and co-existence of micropores and mesopores
are likely to enhance the electrocatalytic activity of the InGnPs for
ORR.

X-ray diffraction (XRD) patterns of the pristine graphite
(Fig. S10B) showed strong [002], [004] and [006] peaks, which
represent the direction perpendicular (c-axis) to the graphite
hexagonal planes [37,38]. After ball milling, InGnPs showed
only a [002] peak, shifted at 24.5° with very low intensity
(only 0.2% of the pristine graphite), indicating that most of the
graphite layers had delaminated into a few layers following
the doping, lifting, and delaminating the edges of the InGnPs.
This could have occurred because the atomic radius of In is
167 pm, which is approximately 2.3 times higher than carbon
(70 pm) [39].

Raman spectroscopy is widely used to characterize carbon ma-
terials. The pristine graphite, a highly ordered graphite, has only a
couple of Raman-active bands visible in the spectra. The in-phase
vibration of the graphite lattice (G band) appears at 1585 cm™!
with a negligible disordered band (D band) (Fig. S10C). However,
the G-band of InGnPs (1590 cm™!) was shifted to a higher fre-
quency (5 cm~! blue-shift) due to phonon confinement caused by
defects [40], which indicates the multilayered graphite crystal
turned into a few graphitic layers [41] and the isolated double
bonds resonate [42]. Furthermore, the InGnPs showed a high D-
band intensity at 1345 cm™! and a high Ip/I¢ ratio (1.19), due to the
increased contribution of the edge due to the decrease in grain size
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(see Fig. 1B) and edge-distortion produced by In-doping (see
Fig. 1C).

InGnPs were nicely dispersive in various solvents, including
methanol, acetone, tetrahydrofuran (THF), N,N-dimethylacetamide
(DMACc), N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP), and ethyl acetate (EAc) (Fig. S11). The good dispersibility
allowed the InGnPs to be used in various applications.

Zeta-potential measurements were conducted to test the sta-
bility of the InGnP dispersion in NMP (Fig. S10D), and obtained
values of —37.4 and —35.9 mV, respectively, at concentrations of
0.025 and 0.05 g/l. The results indicated the InGnPs were stably
dispersed in NMP, because an absolute Zeta-potential over 30 mV
signifies good dispersion stability [43].

The electrocatalytic activities of the InGnPs were measured by
cyclic voltammograms (CV) in N and O-saturated 0.1 M aq. KOH
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solutions, together with the pristine graphite and the commercial
Pt/C catalysts as references (Fig. S12A-C). In contrast to the
featureless CV curve in Ny-saturated condition, well-defined oxy-
gen reduction peaks emerged in the O,-saturated condition
(Fig. 3A). The inflection points for the pristine graphite, the com-
mercial Pt/C catalysts and InGnPs were located at —0.38, —0.22,
and —0.22 V, respectively, with corresponding current densities
of —0.16, —0.61 and —0.70 mA/cm?. The current density of the
InGnPs increased by 338% and 15% compared with the pristine
graphite and the commercial Pt/C catalysts, respectively. This
enhancement, compared to pristine graphite which is inert, in-
dicates that In doping was responsible for the high electrocatalytic
activity. More importantly, the cycle stability of the InGnPs was
greatly superior to that of the pristine graphite and the commercial
Pt/C catalysts (Fig. 3B and S12D-F). After 10,000 cycles in O»-
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saturated 0.1 M aq. KOH solution at a scan rate of 100 mV/s, InGnPs
showed only 4.5% capacitance loss, whereas the capacitances of the
pristine graphite and the commercial Pt/C catalysts suffered sub-
stantial decreases of about 12.7% and 18.2%, respectively. Hence, the
CV experiment indicates that In doping at the edges of the GnPs
play a crucial role in improving ORR electrocatalytic activity and
stability in alkaline medium.

To examine the electrochemical kinetics during the ORR process,
rotating disk electrode (RDE) measurements were also performed
in Oy-saturated 0.1 M aq. KOH solution at various rotating speeds
and a constant scan rate of 10 mV/s (Fig. S13A-C). The oxygen
reduction peak of the InGnPs was shifted more positively compared
with the pristine graphite and showed a much higher limiting
current density, —0.9 V, than both the pristine graphite and the
commercial Pt/C catalysts (Fig. 3C). This result suggests that the In-
doping reduced the ORR over-potential, thereby enhancing elec-
trocatalytic activity.

The electron transfer number per oxygen molecule involved in
the ORR was determined using the Koutecky-Levich equation, and
found to be in the range of —0.4 ~ —0.6 V (Fig. S13D-F and Table S3,
see details in the Experimental section) [44,45]. The experimentally
determined n value of the pristine graphite at a potential of —0.6 V
(Fig. 3D) was 2.0, indicating that the pristine graphite possessed a
nearly two-step, classical two-electron process for ORR, with the
production of a HO; intermediate. On the other hand, the electron
transfer number per O, molecule for the commercial Pt/C catalysts
and the InGnPs was close to 4.0, indicating a one-step, four-electron
reduction process, with the production of an OH™ intermediate.

To further investigate the electrocatalytic activity of the pristine
graphite, the commercial Pt/C catalysts and InGnPs, rotating ring
disk electrode (RRDE) measurements were performed in O,-satu-
rated 0.1 M aq. KOH solution at a rotation rate of 1600 rpm (Fig. 3E)
[46,47]. The measured HO3 yields for the pristine graphite, the
commercial Pt/C catalysts and InGnPs were 18.2—20.3%, 0.3—0.5%
and 1.9-9.0%, respectively, in the potential range of —0.6 ~ —0.9 V
(Fig. S14A). The corresponding electron transfer numbers were
calculated to be 2.5, 4.0 and 3.1-3.8, respectively (Fig. S14B). This is
consistent with the results obtained from the Koutecky-Levich
plots based on RDE measurements, indicating that InGnPs pro-
ceeds mainly by a four-electron ORR mechanism.

Tafel slopes of the pristine graphite, the commercial Pt/C cata-
lysts and InGnPs were 128, 59 and 66 mV/dec (decade being a unit
for measuring frequency ratios on a logarithmic scale, with one
decade corresponding to a ratio of 10 between two frequencies),
respectively, in 0.1 M aq. KOH solution (Fig. 3F). The good ORR ac-
tivity of the InGnPs was further confirmed by its much smaller Tafel
slope compared with the pristine graphite, and comparable to the

commercial Pt/C catalysts. The smaller Tafel slope corresponds to
more favorable ORR Kkinetics, reconfirming the contribution of In-
doping to the InGnPs’ ORR activity.

The material's tolerance to impurities, such as methanol and
carbon monoxide (CO), was evaluated by chronoamperometric
responses after the addition of methanol or CO gas to the O,-
saturated 0.1 M aq. KOH solution at a rotation rate of 2500 rpm
(Fig. 4). After adding 3 M methanol (2.0 mL), the current retentions
for the pristine graphite and InGnPs did not show an obvious
change, but the commercial Pt/C catalysts significantly decreased
(Fig. 4A). After injecting CO gas, the current retentions for the
pristine graphite and InGnPs similarly decreased to 61.3% and
68.9%, respectively, due to a decrease in O, concentration in the
electrolyte by bubbling CO gas. However, at the same time, the
current retention for the commercial Pt/C catalysts dramatically
decreased to 35.8% (Fig. 4B), because of Pt poisoning caused by CO,
in addition to the decrease in O, concentration in the electrolyte.
The results obviously indicate that InGnPs has superior selectivity,
long-term stability and tolerance against impurities, suggesting
that InGnPs would be a good alternative to Pt-based ORR catalysts
in alkaline media.

4. Conclusions

In summary, we carried out for the first time the formation of
In—C bonds using a mechanochemical reaction between graphite
and In beads in solid state. The formation In—C bonds in indium
(In)-doped graphitic nanoplatelets (InGnPs) was confirmed using
various analysis techniques including TEM, XPS, EDX, SEM, and
TOF-SIMS. The results suggest that high-speed moving metal balls
can deliver enough kinetic energy to generate active carbon and In
species. The reaction between active carbon species and active In
species resulted in the formation of In—C bonds at the edges of the
InGnPs. The atomic level In-doping at the edges of the InGnPs led to
highly enhanced electrocatalytic activity, excellent long-term sta-
bility and tolerance against methanol crossover and CO poisoning
for the oxygen reduction reaction (ORR) compared with pristine
graphite and commercial Pt/C catalysts. The results suggest that
InGnPs is a potential alternative to commercial Pt/C catalysts in
alkaline media.
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