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T
he electrochemical performance of
fuel cells is greatly affected by the
oxygen reduction reaction (ORR) at

the cathode because of its sluggish reaction
kinetics.1 To efficiently catalyze the ORR,
platinum-loaded carbon is the most com-
monly used electrocatalyst. However, its
large-scale production for commercial ap-
plications has been hindered by the high
cost of Pt as well as by the time-dependent
drift and CO deactivation problems of Pt-
based electrodes.2,3 Consequently, inten-
sive research is underway to develop new
ORR electrocatalyst alternatives tominimize
or replace Pt; examples include Pt-based
alloys,4,5 inorganic/nanocarbon hybrid mate-
rials,6 and heterocyclic polymers.7 In parti-
cular, heteroatom (N, B, S, and P)-doped
nanocarbon materials (carbon nanotubes,
graphene, ordered mesoporous graphitic
arrays, and carbonnanofibers) have attracted
great interest due to their low-cost, high
electrocatalytic activities, selectivity, and
stability.1,8�13 Further, it was found that co-
doping carbon with two heteroatoms, B and
N, can effectively create more catalytically

active sites than singularly doped counter-
parts, resulting from synergistic coupling ef-
fects between heteroatoms.14�16

Recently, significant developments have
been made on zero-dimensional graphene
quantum dots (GQDs) associated with quan-
tum-confinement and edge effects, leading
to applications in photovoltaics, supercapaci-
tors, bioimaging, and sensors.17,18 The edge-
abundant features of GQD are particularly
advantageous for electrocatalysts as reac-
tions are more readily electrochemically cat-
alyzed at the edge planes than the basal
plane.19�21 Though nitrogen-doped GQDs
have been demonstrated to be electrochemi-
cally active toward ORR,22,23 the enhanced
electrocatalytic activity is limited; this may be
due to the low electrical conductivity of the
electrode made using small GQD with high
percolation threshold values, an important
factor in determining theORR electrocatalytic
performance.
In spite of tremendous efforts in develop-

ing precious-metal-free and entirely metal-
free ORR electrocatalysts, it still remains a
challenge to develop efficient catalysts that
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ABSTRACT The scarcity and high cost of platinum-based electrocatalysts for the

oxygen reduction reaction (ORR) has limited the commercial and scalable use of fuel

cells. Heteroatom-doped nanocarbon materials have been demonstrated to be

efficient alternative catalysts for ORR. Here, graphene quantum dots, synthesized

from inexpensive and earth-abundant anthracite coal, were self-assembled on

graphene by hydrothermal treatment to form hybrid nanoplatelets that were then

codoped with nitrogen and boron by high-temperature annealing. This hybrid

material combined the advantages of both components, such as abundant edges and doping sites, high electrical conductivity, and high surface area, which

makes the resulting materials excellent oxygen reduction electrocatalysts with activity even higher than that of commercial Pt/C in alkaline media.
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are comparable or even superior to commercial
Pt/C. Here, we first synthesized graphene quantum
dot/graphene (GQD/G) hybrid nanoplatelets by hydro-
thermal self-assembly and then codoped the GQD/G
with boron and nitrogen to obtain BN-doped GQD/-
G(BN-GQD/G) hybrid nanoplatelets by annealing at
high temperature for different time periods. The opti-
mized samples show excellent ORR electrocatalytic
activity with more positive onset potential than com-
mercial Pt/C, and they also have large current densities.

RESULTS AND DISCUSSION

The preparation of BN-GQD/G is illustrated in Figure 1.
The GQDs were synthesized through a facile and in-
expensive method,24 recently developed in our group,
by oxidizing anthracite coal in H2SO4/HNO3 acid
(see Experimental Section for details). The GQDs were
readily dispersible in water. A typical transmission
electron microscopy (TEM) image of GQDs is shown
in the Supporting Information (Figure S1) with a size
of∼15�20 nm. TheGQDsweremixedwith an aqueous
suspension of graphene oxide (GO) at a mass ratio
of 2:1 and hydrothermally treated for 14 h. During the
hydrothermal self-assembly process, GO with high
surface area acted as a two-dimensional template to
direct the assembly of GQDs; the strong interactions
between the hydroxyl and carbonyl functional groups
of GO and GQDs ensured the compact packing
between them, leading to the formation of GQD/G
hybrid nanoplatelets. After this self-assembly process,
the mixture precipitated (Supporting Information
Figure S2), indicating that the hydrothermal process
reduced the GQDs and GO, rendering them insoluble
and allowing efficient assembly between GQDs and
GO. The morphology of the resulting GQD/G hybrid
nanoplatelets was examined by scanning electron
microscopy (SEM) and TEM. SEM images (Supporting
Information Figure S3) clearly show the uniform flake-
like structure with dimensions similar to the graphene
sheets, but the surface observed from the higher
magnification SEM image appears to be rougher when
compared to that of graphene alone (Supporting
Information Figure S4) due to the decoration of parti-
cle-like GQDs on the reduced GO sheets. The forma-
tion of the flake-like structure was further confirmed
by TEM (Figure S5). The mass ratio of GQD to GO was
found to be critical in the formation of flake-like
structures. For example, when the GQD/GO ratio
was decreased to 1:1, the flake-like structures were
moregraphene-like (Figure S6); however, when the ratio
was increased to 3:1, severe aggregation took place
(Figure S7) and no flake-like structures were observed.
This is probably due to the insufficient surface area
provided by GO to support the GQDs when the GQD
amount is excessive. The GQD/G hybrid nanoplatelets
were converted to BN-GQD/G by annealing at 1000 �C
for different time periods using ammonia and boric acid

asnitrogenandboron sources, respectively. The samples
annealed for 10, 30, and 60min are denoted as BN-GQD/
G-10, BN-GQD/G-30, and BN-GQD/G-60, respectively.
Boron- and nitrogen-codoped graphene (BN-G-30),
nitrogen-doped GQD/G (N-GQD/G-30), and dopant-free
(yet annealed) GQD/G (DF-GQD/G-30) were also pre-
pared as control samples.
Figure 2a,b shows the SEM and low-magnifica-

tion TEM images of BN-GQD/G-30; it can be seen that
the flake-like structures were retained with no obvious
aggregation after high-temperature treatment at 1000 �C.
From high-magnification TEM (Figure 2c), small domains
of defective graphitic structures were observed. The 2D
features and thicknesses of the hybrid nanoplateletswere
further characterized by AFM (Figure 2d), which revealed
that the average thicknesses of the flakes were ∼7 nm.
In the as-described architecture, graphene sheets

not only behave as 2D platforms to allow the uniform
distribution of GQDs but also, because of their higher
electrical conductivity, they act as conductive sub-
strates for efficient electron transfer to interconnect
the GQDs. The GQDs are too small to provide a suffi-
cient percolative network for good conductivity. In
addition, the porous scaffold formed by the flake-like
BN-GQD/G hybrid nanoplatelets allows facile transport
of electrolyte and electro-reactants/products. More
importantly, GQDs with their abundant exposed edges
and oxygen-containing functional groups allow the
easy incorporation of dopants, which are potential
active sites for electrocatalytic reactions. These factors
together suggest BN-GQD/G with good ORR perfor-
mances as will be discussed later.
X-ray photoelectron spectroscopy (XPS) was used

to determine the doping content and chemical state of

Figure 1. Illustration of the preparation procedure for the
BN-GQD/G nanocomposite.
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nitrogen and boron in the BN-GQD/G samples. Sup-
porting Information Figure S8 shows the survey spec-
tra of three BN-GQD/G samples with different doping
times, along with BN-G-30, N-GQD/G-30, and dopant-
free DF-GQD/G-30. In all of the BN-GQD/G samples,
peaks characteristic of carbon, oxygen, boron, and
nitrogen are present, and the peaks for boron and
nitrogen become more pronounced as the doping
time increases. This indicated that the BN doping
process using boric acid and ammonia was effec-
tive, and the doping contents can be tuned by varying
the doping time. For example, 30 min doping gave
∼18.3 atom % nitrogen and ∼13.6 atom % boron. In
comparison, there was no boron in the N-GQD/G-30
sample, and both boron and nitrogen were absent in
the DF-GQD/G-30. The chemical composition of these
samples is summarized in Supporting Information
Table S1. Figure 3 shows the high-resolution spectra

of N 1s and B 1s for the BN-GQD/G samples. The N 1s
spectra were deconvoluted into three peaks assign-
able to N�B bonding and pyridinic nitrogen (398.3 eV),
pyrrolic nitrogen (399.8 eV), and quaternary nitrogen
(401.1 eV).16,25,26 The B 1s spectra were deconvoluted
into two peaks with one peak at 191.0 eV for N�B�C
moieties and another at 192.3 eV for BCO2 species.

16

Careful analysis of the XPS data revealed that the N 1s
and B 1s peaks are both dominated by N�B bonding
species at 398.3 and 191.0 eV, respectively, and this
dominance became more significant with the increase
in doping time. This indicated that N and B tend to exist
as pairs when the doping content was increased.
The codoping of N and B and their concentration will
be shown to have important roles in affecting the ORR
electrocatalytic activities.
The ORR electrocatalytic properties were first exam-

ined by cyclic voltammetry (CV) in 0.1 M KOH solution

Figure 2. (a) SEM image of flake-like BN-GQD/G-30 nanoplatelets. (b) TEM image of a typical individual BN-GQD/G-30
nanoplatelet. (c) Higher magnification TEM image of BN-GQD/G-30. (d) AFM image of a partially stacked BN-GQD/G-30
nanoplatelet.
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saturated with Ar or O2 within the potential range from
0.2 to �1 V vs Ag/AgCl at the scan rate of 100 mV s�1.
Figure 4a shows the cyclic voltammograms for BN-
GQD/G-30, and it can be seen that a featureless current
response was observed in Ar-saturated solution with
large double-layer charge capacitance due to its high
surface area. In strong contrast, a distinct cathodic peak
appeared with substantial increase in current density
when the solution was saturated with O2, indicating
pronounced catalytic activity toward ORR. In addition,

the onset potential of BN-GQD/G-30 determined from
CV was comparable to Pt/C (Figure S9, both at ∼0 V).
To gain further insight into the ORR, rotating disk

electrode (RDE) voltammetry was performed in O2-
saturated 0.1 M KOH aqueous solution with a scan rate
of 5 mV s�1. Figure 4b shows the RDE voltammograms
for ORR of the BN-GQD/G-30 electrode at different
rotating speeds. These data show typical increas-
ing current densities with larger rotating speeds due
to the shortened diffusion length at higher speeds.27

Figure 3. High-resolution (a) XPS N 1s and (b) XPS B 1s of BN-GQD/G-10, BN-GQD/G-30, and BN-GQD/G-60. All binding
energies are referenced to C 1s at 284.5 eV.

Figure 4. (a) Cyclic voltammograms of ORR on BN-GQD/G-30 in Ar- and O2-saturated 0.1 M KOH solution at a scan rate of 100
mVs�1. (b) RDE linear sweep voltammogramsofORRonaBN-GQD/G-30 electrode at different rotating speeds inO2-saturated
0.1 M KOH solution with a scan rate of 5 mV s�1. (c) Koutecky�Levich plots of BN-GQD/G-30 derived from RDE
voltammograms in (b) at different potentials. (d) Rotating ring disk electrode voltammograms of ORR on a BN-GQD/G-30
electrode with a scan rate of 5 mV s�1.
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The kinetic parameters, including electron transfer
numbers (n) and kinetic current density, were analyzed
using the Koutecky�Levich (K�L) equations.28 The
linearity of the K�L plots (j�1 vs ω�1/2, Figure 4c) and
near parallelism of the fitting lines indicated first-order
kinetics toward the concentration of dissolved O2 and
similar n values at different potentials.29 Remarkably,
the average n for BN-GQD/G-30 hybrid nanoplatelets
calculated from the slope of the K�L plots equals 3.93
in a potential range of �0.3 to �0.5 V (Figure 4c). This
was further confirmed by a rotating ring disk electrode
measurement that monitors the peroxide species
(HO2

�) produced during the ORR process.30 The result
(Figure 4d) shows that the ring current (Ir) was negli-
gible compared to the disk current (Id); the HO2

� yield
(Figure S10) was below ∼4% over the potential range
from�0.2 to�0.12 V andgave annof∼3.95, suggesting
a one-step, four-electron oxygen reduction pathway. In
addition, the durability of the BN-GQD/G-30 was exam-
ined using the chronoamperometric technique. Contin-
uous operation at �0.3 V gives a 73% current retention
after 20 000 s (Figure S11), indicating its good stability
in the alkaline medium. Cyclic and RDE voltammograms
at different rotating speeds for the other samples
(BN-GQD/G-10, BN-GQD/G-60, N-GQD/G-30, DF-GQD/
G-30, BN-G-30, and commercial platinum on carbon
black Pt/C) are in Figures S9 and S12.
Figure 5a shows the RDE voltammograms at

900 rpm for all samples. Except for the DF-GQD/G-30,
which had a two-stage characterized ORR process, all
other samples showed the typical one-stage processes,
indicating the efficiency of incorporating dopants into
the GQD/G hybrid nanoplatelets in enhancing ORR
activity. Also, it was clear that the ORR activity was
significantly influenced by doping time and the dopant
concentration, with BN-GQD/G-30 having the most
positive onset potential (0 V vs Ag/AgCl) and largest
current density through the entire potential range.
The relatively inferior ORR activities, less positive
onset potentials, and smaller current densities of both
BN-GQD/G-10 and BN-GQD/G-60 are supportive of the

assertion that lower BN doping content results in a
lower number of electrocatalytic sites. Likewise, higher
BN doping content would produce B and N dopant
pairs (as illustrated by the XPS analysis), which were
found to be inactive toward ORR.16 In addition, exces-
sive B and N doping would decrease the electrical
conductivity, as revealed by the impedance measure-
ments (Figure S13),28 which also contributes to the
observed ORR activity degradation with the increase
of doping time. To show the synergistic effects of dual
B and N doping, N-GQD/G-30 was also included for
comparison; it has a much more negative onset po-
tential and smaller current density than BN-GQD/G-30
with the same doping time. To show the important role
of GQD in improving ORR activity, BN-G-30 was tested
and shows much inferior activity. When compared
to commercial Pt/C, it is remarkable that the onset
potential of BN-GQD/G-30 measured from the RDE
voltammograms was ∼15 mV more positive than that
of Pt/C. In addition, the diffusion-limited current density
and current density in the potential range of 0.20 to
�0.15 V of BN-GQD/G-30 was also larger than those of
Pt/C at the same mass loading, suggesting the higher
ORR activity of BN-GQD/G-30 than Pt/C. Figure 5b sum-
marizes n and kinetic current densities (JK) obtained
from the K�L equation for all samples. BN-GQD/G-30
with its nearly full four-electron ORR process (n = 3.93)
and large kinetic current (JK = 11.1 mA cm�2) outper-
formed DF-GQD/G-30 (n = 2.56, JK = 2.1 mA cm�2),
N-GQD/G-30 (n = 2.62, JK = 5.4 mA cm�2), BN-G-30 (n =
3.25, JK = 5.6 mA cm�2), BN-GQD/G-10 (n = 2.70, JK =
4.3 mA cm�2), and BN-GQD/G-60 (n = 2.62, JK =
7.2 mA cm�2), highlighting the importance of tuning
doping concentration and the synergistic codoping ef-
fects. More importantly, the kinetic current of BN-GQD/
G-30was even larger than that of Pt/C (JK = 9.6mA cm�2).

CONCLUSION

In summary, with inexpensive and earth-abundant
coal and graphite as raw materials, the low-cost pro-
duction of boron- and nitrogen-codoped graphene

Figure 5. (a) RDE linear sweep voltammograms of ORR on DF-GQD/G-30, N-GQD/G-30, BN-GQD/G-10, BN-GQD/G-30, BN-
GQD/G-60, BN-G-30, and Pt/C at a rotating speed of 900 rpmand scan rate of 5mV s�1. (b) Electrocatalytic activity given as the
kinetic current density at �0.5 V for all samples in (a).
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quantum dots/graphene hybrid nanoplatelets by hy-
drothermal reaction and postannealing treatment was
demonstrated. With enriched edge and BN doping
sites from graphene quantum dots and high electrical

conductivity fromgraphene, the optimizedhybrid nano-
platelets exhibit excellent ORR activity with ∼15 mV
more positive onset potential and similar current density
when compared to commercial Pt/C.

EXPERIMENTAL SECTION
Synthesis of GO and GQD. GO was synthesized from graphite

flakes (∼150 μm flakes) using the improved Hummers
method.31 GQDs were synthesized from anthracite using
our published procedure.24 Briefly, 300 mg of anthracite coal
(Fisher Scientific, catalogue number S98806) was suspended in
concentrated H2SO4/HNO3 (60 mL/20 mL) and then bath-soni-
cated (Cole Parmer, model 08849-00) for 2 h. The mixture was
stirred and heated at 100 �C for 24 h. The reaction was allowed
to cool to room temperature and poured into a beaker contain-
ing 100 mL of ice, followed by addition of NaOH (3 M) until the
pH reached∼7. The obtainedmixture was then filtered through
a 0.45 μm polytetrafluoroethylene membrane, and the filtrate
was dialyzed in a 1000 Da dialysis bag for 5 days.

Synthesis of GQD/GO Hybrid Nanoplatelets. GQD/GO hybrid nano-
platelets were prepared by a hydrothermal process. In a typical
process, 20 mg of GQD and 10 mg of GO were added to 5 mL of
DI water and bath-sonicated (Cole Parmer, model 08849-00)
for 2 h to form a stable aqueous suspension. The resulting
mixture was sealed in a Telfon-lined autoclave and hydrother-
mally treated at 180 �C for 14 h. Finally, the obtained samples
were freeze-dried to obtain the powder product.

Synthesis of BN-GQD/GO. The BN doping process was per-
formed using a CVD oven. Typically, GQD/GO was placed on a
quartz boat in a standard 2.54 cm quartz tube furnace, and solid
boric acid was placed in a lower temperature zone as a boron
source. Then, the quartz tube was evacuated to ∼100 mTorr,
and Ar/NH3 (300 sccm/30 sccm) was turned on as a nitrogen
source. After that, the temperature was increased to 1000 �C
within 30 min, and the reaction was allowed to proceed for
another 10, 30, or 60min togive BN-GQD/GO-10, BN-GQD/GO-30,
or BN-GQD/GO-60, respectively. For comparison, DF-GQD/GO-30
and N-GQD/GO-30 were prepared using the same procedure
with 30 min doping except no BN or B sources were provided,
respectively. BN-G was prepared using the same procedure
except no GQDs were added during the hydrothermal reaction.

Characterization. SEM was performed using FEI Quanta 400
high-resolution field emission scanning electron microscope in
high-vacuum mode. TEM was performed using JEOL 2100 field
emission gun transmission electron microscope. XPS spectra
were taken on a PHI Quantera SXM scanning X-ray microprobe
with a monochromatic 1486.7 eV Al KR X-ray line source, 45�
take off angle, and a 200 μm beam size. XPS spectra were taken
on a PHI Quantera SXM scanning X-ray microprobe. Al anode at
25Wwas used as an X-ray source with a pass energy of 26.00 eV,
45� take off angle, and a 100 μm beam size. A pass energy of
140 eV was used for survey and 26 eV for atomic concentration.
Raman spectroscopy (Renishaw inVia) was performed at
514.5 nm laser excitation at a power of 20 mW.

Electrochemical Characterization. CV and RDE studies were con-
ducted in a home-built electrochemical cell using a Ag/AgCl
electrode as the reference electrode and a Ptwire as the counter
electrode. For preparation of the electrode, BN-GQD/GO cata-
lyst (2 mg) and 2 mL of 0.5 wt % Nafion aqueous solution were
mixed and dispersed by sonication until a homogeneous ink
was formed. Then, 16 μL of the catalyst ink was loaded onto a
glassy carbon electrode (5mm in diameter). The catalyst inkwas
dried slowly in air. A flow of O2wasmaintained in the electrolyte
during the measurement to ensure continuous O2 satura-
tion. Commercial 20 wt % platinum on Vulcan carbon black
(Pt/C from Alfa Aesa) was used for comparison, with all the
testing parameters kept the same as that used for the BN-GQD/
GO electrode.
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