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Abstract: Carbon-based metal-free electrocatalysts for the
oxygen reduction reaction (ORR) in alkaline medium have
been extensively investigated with the aim of replacing the
commercially available, but precious platinum-based catalysts.
For the proper design of carbon-based metal-free electro-
catalysts for the ORR, it would be interesting to identify the
active sites of the electrocatalyst. The ORR was now studied
with an air-saturated electrolyte solution droplet (diameter ca.
15 um), which was deposited at a specified position either on
the edge or on the basal plane of highly oriented pyrolytic
graphite. Electrochemical measurements suggest that the edge
carbon atoms are more active than the basal-plane ones for the
ORR. This provides a direct way to identify the active sites of
carbon materials for the ORR. Ball-milled graphite and carbon
nanotubes with more exposed edges were also prepared and
showed significantly enhanced ORR activity. DFT calculations
elucidated the mechanism by which the charged edge carbon
atoms result in the higher ORR activity.

The oxygen reduction reaction (ORR) is a key process in
fuel cells and metal-air batteries. However, the poor reaction
kinetics of the ORR have significantly limited the commerci-
alization of fuel cells and metal-air batteries.!! With different
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electrocatalysts, the ORR process could proceed either
through an efficient four-electron pathway or a less efficient
two-step, two-electron pathway.” A direct four-electron
ORR would lead to high-performance fuel cells and metal-
air batteries. Industrially, the most commonly used electro-
catalysts for the ORR are precious platinum-based nano-
materials.”! However, such electrocatalysts, which are derived
from precious-metal resources that suffer from limited
availability and high costs, exhibit less than ideal kinetics
for the ORR, susceptibility to fuel crossover, and poor
stability, which have tremendously limited the development
and application of such systems.">* Alternatively, numerous
studies have been performed to design and prepare metal-free
or precious-metal-free electrocatalysts with comparable elec-
trocatalytic activity towards the ORR.P!

Carbon-based materials that are doped with heteroatoms
have been extensively investigated as efficient metal-free
electrocatalysts for the ORR.1®! Previously, we have success-
fully prepared nitrogen-doped carbon nanotubes (CNTs),
nitrogen-doped graphene, and dual-atom-doped CNTs and
graphene as efficient metal-free electrocatalysts for the
ORR." Our experimental characterization and theoretical
calculations have pointed out that the improved activity of
doped carbon materials was attributed to the electron-
accepting or electron-donating behavior between hetero-
atoms and adjacent carbon atoms, which alters the charge
distribution on the carbon atoms in the carbon plane.
Although the heteroatom-doped carbon materials have
shown reasonable activity towards the ORR, the preparation
of doped carbon materials usually requires high temperatures
or complicated equipment.® There is significant need to find
a more facile way to alter the charge distribution on the
carbon atoms in carbon-based electrocatalysts.”) To find
a general principle for the design of efficient metal-free
electrocatalysts for the ORR, a fundamental understanding of
the ORR activity of these carbon materials is crucial.

Herein, we tried to identify the active sites in graphite and
provide direct evidence that the edge of graphite is more
active than the basal plane for the ORR. In the present work,
a micro apparatus was developed and used for electrochem-
ical studies on the oxygen reduction reaction with highly
oriented pyrolytic graphite (HOPG) as the working electrode.
An air-saturated droplet with a diameter of approximately
15 um was deposited at a specified location on the HOPG
surface using a microinjection system. The ORR was studied
with the HOPG as the working electrode, the air-saturated
droplet as the electrolyte, and the Pt wire and a Ag/AgCl wire
in a capillary tube connected with the droplet as the counter
and reference electrode, respectively.'” With this technique,
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we could deposit the air-saturated droplet at any specified
location on the HOPG surface to investigate the ORR
activity at different locations. Particularly, we compared the
ORR activities of the edge and the basal plane of HOPG and
found that the edge is much more active than the basal plane.
The conclusion that the edge is much more active than the
basal plane of graphite led us to design a bulk graphite
powder with enriched edges as an efficient metal-free
electrocatalyst for the ORR. The graphite powder, which
was prepared by ball-milling, indeed showed significantly
enhanced catalytic activity for the ORR." DFT calculations
were also performed to investigate the effect of the edge
carbon atoms, confirming that the higher charge densities on
the edge carbon atoms contributed to the improved catalytic
activity for the ORR. This work clearly indicates where the
active sites are on graphite for the ORR.

Figure 1a illustrates how the ORR testing was carried out
at specified locations on HOPG. The ORR testing was
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Figure 1. a) Micro apparatus for the ORR electrochemical experiment.
b) Optical photograph of the HOPG as the working electrode with the
air-saturated droplet deposited on the edge of the HOPG. c) The air-
saturated droplet was deposited on the basal plane of the HOPG
electrode. d) LSV curves of the ORR tested for a droplet located either
on the edge (as shown in Figure 1b) or on the basal plane (as shown
in Figure 1c¢) of the HOPG.

performed inside a deposited droplet of aqueous KOH
solution (1M) on the specimen surface using a micromanipu-
lator-microinjection system, which consisted of a micropip-
ette held by a motorized manipulator (Siskiyou MX7630) and
was connected to the micro-injector (PV820 Pneumatic
PicoPump, WPI) by the pipette holder with suitable Luer
fittings. It should be pointed out that a KOH solution with
a concentration of 1M was used instead of the typically used
0.1m KOH solution for ORR testing in alkaline medium to
minimize the immediate evaporation of such small droplets.
Two representative locations on the HOPG were selected for
ORR testing: the edge (Figure 1b) and the basal plane
(Figure 1¢). It could be observed that the air-saturated
droplet (diameter: 15 um) was precisely deposited at the
specified location. Once the droplet had been deposited at the

Angew. Chem. 2014, 126, 10980-10984

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

specified location, linear sweep voltammetry (LSV) was
performed at a scan rate of 10mVs™' (Figure 1d). The
current obtained by the LSV was normalized by the area that
the droplet covered to reflect the real activity (mA cm~?) for
the ORR (Figure 1d). It can be seen that the ORR on the
edge proceeded with a more positive onset potential (where
the ORR commences) and a higher current density than that
on the basal plane of HOPG, indicating that the edge of
graphite is more active than the basal plane. We also studied
the ORR by depositing the air-saturated droplet at various
different locations and obtained similar results. However,
once the working electrode area that the droplet covered had
comparatively fewer edges, the ORR activity difference
between the edge and the basal plane would be very small,
as shown in the Supporting Information, Figure S1. These
results provide direct evidence that the edge is more active
than the basal plane of graphite for ORR, and that the activity
is strictly related to the fraction of edges present in the
graphite. This conclusion could provide a general principle for
the design of efficient carbon-based metal-free electrocata-
lysts for ORR. It is expected that carbon materials with more
exposed edges may show efficient electrocatalytic activity for
ORR. To validate this hypothesis, we prepared a series of
ball-milled graphite materials with more exposed edges and
investigated their electrocatalytic activities for the ORR, as
discussed below.

We chose a commercial graphite material (100 mesh) as
the starting point for the subsequent ball-milling treatment
for different periods of time (0-96 h). Figure 2 shows the
scanning electron microscopy (SEM) images of graphite
materials that had been ball-milled for different periods of
time. Obviously, with increasing ball-milling time, the average
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Figure 2. a—e) SEM images of graphite material that had been ball-

milled for 0 (a), 24 (b), 48 (c), 72 (d), and 96 hours (e). f) Dependence

of the average particle size of the graphite on the duration of the ball-

milling process. Scale bars: 10.0 pm.
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particle size decreased gradually (as shown in Figure 2 f),
implying that more and more edges were exposed after ball-
milling. Raman spectroscopy was used to monitor the change
in the electronic structure of graphite with ball-milling time
(Figure S2). The intensity ratio between the D band and the
G band was used as an indicator of the edge/defect ratio of the
carbon material. Upon ball-milling, the I/ ratio showed an
apparent increase from 0.19 for pristine graphite to 1.12 for
graphite that had been ball-milled for 96 hours, and the ratio
increased gradually with the ball-milling time. The Raman
characterization indicated that more and more edges were
exposed with increased ball-milling time.

Electrochemical characterizations were performed to
investigate the ORR activity of the ball-milled graphite to
understand how the exposed edges affected the catalytic
activity. The cyclic voltammograms (CVs) obtained at a scan
rate of 50 mVs~!in O,- or N,-saturated 0.1m KOH solution on
graphite are shown in Figure 3. With the O,-saturated 0.1m
KOH solution, clear oxygen reduction peaks were observed
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Figure 3. a—e) CV curves of graphite that had been ball-milled for 0 (a),
24 (b), 48 (c), 72 (d), and 96 hours (e) in nitrogen- (——-) or oxygen-
saturated (—) aqueous KOH electrolyte solutions (0.1 Mm). Scan rate:
50 mVs™.

for all of the graphite electrodes, but not with the N,-saturated
solution. For the ORR, the CV curve of pristine graphite
showed a reduction peak potential of —0.51 V. Upon ball-
milling, the reduction peak potential of the ORR shifted
towards positive values (Figure 3 f), and this trend is similar to
the decrease in the average particle size (Figure 2 f) and to the
increase in the Ip/[; ratio observed by Raman spectroscopy
(Figure S2). In particular, graphite that had been ball-milled
for 96 hours (denoted as G100-BM-96) showed the most
positive reduction peak potential, confirming that G100-BM-
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96, which features more exposed edges than pristine graphite,
is much more active. To further investigate the ORR
performance and its kinetic properties, we performed linear
sweep voltammetry (LSV) measurements on a rotating disk
electrode (RDE) with the graphite cast as the working
electrodes. As shown in Figure S3, the ORR process on the
pristine graphite electrode commenced at around —0.30 V
(onset potential), whereas the ORR onset potential of the
ball-milled graphite significantly shifted towards more pos-
itive values with an increase in ball-milling time. Meanwhile,
the diffusion current density also increased gradually. Similar
to the CV observations in Figure 3 f, the LSV curves also
demonstrated that the ORR activity of graphite increased
with an increase in ball-milling time, as shown in Figure S3 f.

Of all the ball-milled graphite materials, G100-BM-96
showed the best ORR electrocatalytic activity. To fully
understand why the ball-milled graphite showed higher
ORR activity, we performed more extensive physical and
electrochemical characterizations of G100-BM-96 and pris-
tine graphite to relate the structural properties to their
electrocatalytic activity. X-ray photoelectron spectroscopy
was used to identify the chemical states of pristine graphite
and G100-BM-96. Figure S4 shows the XPS spectra of pristine
graphite and G100-BM-96. For the Cl1 s spectra in Figure S4a,
it could be found that the full width at half maximum for
G100-BM-96 is wider than that for pristine graphite, indicat-
ing that more edges are exposed by the ball-milling process.!'?!
Rotating ring disk electrode (RRDE) testing was performed
to confirm the electron transfer number of the ORR on
pristine graphite and G100-BM-96. As shown in Figure 4a,
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Figure 4. a) RRDE experiments with pristine graphite and G100-BM-96
in O,-saturated KOH electrolyte solution (0.1 M.). b) The dependence
of the electron transfer number on the potential. ———: 96 hours; —:
0 hours.

similar to the results of the RDE experiments, the LSV curves
obtained by the RRDE testing also confirmed that G100-BM-
96 was more active than pristine graphite in terms of its onset
potential and the diffusion current density. The dependence
of the electron transfer number per O, molecule (n), as
calculated according to Eq. S1, on the potential is plotted for
pristine graphite and G100-BM-96 in Figure 4b. Clearly,
G100-BM-96 shows a significantly higher electron transfer
number in the kinetic potential region of the ORR. As the
electron transfer number of the ORR is higher for ball-milled
graphite than for pristine graphite, it can be deduced that the
reaction kinetics of the ORR are more efficient on ball-milled
graphite with more edges exposed. On the other hand, the
kinetic current density of the ORR could mostly reflect the
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intrinsic catalytic activity of the electrode materials.!
According to the Koutecky-Levich equation [Eq. (S2)],?*!4
the kinetic current densities at a potential of —0.4 V were
calculated to be 0.25 and 2.15 mA cm ™ for pristine graphite
and G100-BM-96, respectively, confirming that the ball-
milled graphite is more active than pristine graphite in the
ORR. It is worth noting that the ball-milling process would
generate more edges as well as a higher surface area for the
ball-milled graphite. Indeed, for ball-milled graphite, larger
Brunauer—Emmett—Teller (BET) surface areas were mea-
sured (Figure S5). To more precisely investigate the contri-
bution of the exposed edges, the kinetic current at —0.4 V was
normalized by the BET surface area to obtain the true kinetic
current densities of the graphite material per BET surface
area (mAcmgpr °). After the normalization, the kinetic
current density of the ORR on ball-milled G100-BM-96 was
2.5 times higher than that for pristine graphite (0.047 vs.
0.019 mA cmgg;2). The higher normalized kinetic current
density of G100-BM-96 reflects the true contribution of the
edges to the enhanced ORR activity (Figure S6). Besides, the
efficient G100-BM-96 catalyst also showed excellent meth-
anol tolerance and durability in the ORR, as discussed in the
Supporting Information (Figure S7 and Figure S8).

The ball-milling strategy to improve the ORR activity of
graphite materials also applies to other carbon materials. For
example, we also used the ball-milling approach to treat
carbon nanotubes (CNTs). The Raman spectra of CNT before
and after the ball-milling treatment confirmed the presence of
more edges after the ball-milling process (Figure S9). Electro-
chemical LSV characterization, as shown in Figure S10, also
demonstrated that ball-milled CNT is more active than
pristine CNT for the ORR. Therefore, the conclusion that
the edge is more active than the basal plane for the ORR also
applies to other carbon materials. More directly, we compared
the ORR activity of commercial graphite with different
average particle sizes to determine how the edges affect its
performance. Indeed, electrochemical experiments confirmed
that graphite with smaller particle sizes shows higher ORR
activity (Figure S11-S13).

The physical and electrochemical characterization of the
bulk powder graphite materials successfully validated the
conclusion based on the results of the ORR on the electro-
chemical micromanipulator/microinjection system, confirm-
ing that the edge of graphite is more active than the basal
plane. Finally, to unveil the mechanism of this activity
difference, we performed DFT calculations on a graphene
model (Figure S14) to study the charge distribution on the
carbon atoms. It was found that the basal-plane carbon atoms
carry negligible charge (Figure S14). However, higher charge
densities were observed on the edge carbon atoms. According
to Xia’s report’”! and our previous work,™! the carbon atoms
with higher charge densities are more likely to serve as
catalytically active sites. Therefore, the edge carbon atoms of
graphene with higher charge densities could provide more
active sites than the basal-plane carbon atoms to catalyze
ORR. Therefore, the as-observed higher ORR activity of the
edge carbon atoms could be attributed to the higher charge
density on the edge carbon atoms, resulting in enhanced ORR
activity.
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In summary, by studying the ORR reaction in an air-
saturated micro-droplet at a specified location either on the
edge or on the basal plane of HOPG using the electro-
chemical micromanipulator-microinjection system, we pro-
vide the first direct evidence that the edge of the carbon
materials is more active than the basal plane for the ORR,
which is in contrast with Unwin’s work."™ To validate this
finding, we successfully prepared bulk graphite powder with
controlled edges by a ball-milling method. Our physical and
electrochemical results confirm that the ball-milled graphite
with more exposed edges shows a much better electrocatalytic
performance for the ORR. This ball-milling strategy also
applies to other carbon materials, such as carbon nanotubes.
Our DFT calculations demonstrated that the higher ORR
activity of the edge carbon atoms originates from the
delocalized charge distribution on the edge carbon atoms.'!
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