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high energy and power densities are
highly desired with the increased de-
velopment of mobile devices and low-emis-
sion vehicles such as hybrid electric vehicles
(HEVs), plug-in HEVs, and electric vehicles
(EVs)."“ltis generally believed that lithium
ion batteries (LIBs) using a bulk material
such as layered graphite or metal oxide as
an anode are capable of achieving a high
energy density by storing charges in the
bulk of the material, but suffer from a low
power density compared to another impor-
tant electrochemical storage device, electro-
chemical capacitors (ECs). The power capability
of a LIB depends critically on the speed at
which Li* ions and electrons migrate through
the electrolyte and bulk electrode. Strate-
gies to increase the rate performance of a
bulk material mainly include improving both
the electron and Li" ion transport at the
electrode surface or in its bulk or reducing
the path length over which the electrons
and Li* ions have to move by using nano-
materials.”” It is well accepted that the surface
and interfacial storage of charged species
on electrodes is the key to achieving very
high power rates in ECs.° Therefore, a pro-
mising strategy to create high-power LIBs is
to develop new materials with high electri-
cal conductivity for fast electron transport
and a large surface area and well-developed
porous structures with short diffusion dis-
tances for fast lithium ion diffusion, which is
expected to overcome the limited Li ion
diffusion and electron transport in conven-
tional bulk electrode materials,” such as the
Li intercalation mechanism of graphite and
conversion reactions of metal oxides.
Graphene, a one-atom-thick two-dimen-
sional (2D) carbon material, is expected to
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ABSTRACT One great challenge in the development of lithium ion batteries is to simultaneously

achieve high power and large energy capacity at fast charge and discharge rates for several minutes

to seconds. Here we show that nitrogen- or boron-doped graphene can be used as a promising anode

for high-power and high-energy lithium ion batteries under high-rate charge and discharge

conditions. The doped graphene shows a high reversible capacity of >1040 mAh g~ at a low rate of

50 mA g~ More importantly, it can be quickly charged and discharged in a very short time of 1 h to

several tens of seconds together with high-rate capability and excellent long-term cyclability. For

example, a very high capacity of ~199 and 235 mAh g~ was obtained for the N-doped graphene

and B-doped graphene at 25 A g~ (about 30 s to full charge). We believe that the unique two-

dimensional structure, disordered surface morphology, heteroatomic defects, better electrode/

electrolyte wettability, increased intersheet distance, improved electrical conductivity, and thermal

stability of the doped graphene are beneficial to rapid surface Li™ absorption and ultrafast Li"

diffusion and electron transport, and thus make the doped materials superior to those of pristine

chemically derived graphene and other carbonaceous materials.

KEYWORDS: doped graphene - anode - lithium ion batteries - high rate - nitrogen -

boron

be a good candidate as a high-power and
high-energy electrode material due to its
intrinsically superior electrical conductivity,
excellent mechanical flexibility, remarkable
thermal conductivity, and high surface area,
as well as the open and flexible porous struc-
ture of graphene powders2~'° The high chem-
ical diffusivity of Li, ~1077—107% cm? s ',
on a graphene plane also contributes to its
high-power applications.'"'? Several strategies
have been developed to produce graphene,'®
but currently only chemical exfoliation of
graphite is potentially capable of the large-
scale production of graphene to meet the
requirements for LIB applications.'*'> Chemi-
cally derived graphene exhibits a high re-
versible capacity up to 1264 mAh g ' at a
low rate (such as 50—100 mA g~ "),"* "8 but
is rate-limited at a high charge/discharge
rate (500 mA g~ ' or higher) with capacity
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fluctuations (Figure S1 in Supporting Information).
Such a capacity fluctuation is closely related to the
complex surface chemistry and electrochemical beha-
vior of graphene at the interface of the electrolyte and
electrode at a high starting current density (such as
500 mA g~ ).">?° The surface side reactions, in parti-
cular, the formation of solid electrolyte interphase (SEI)
on the interface at a high starting current density, play
an important role in the capacity fluctuation. When the
starting current is high, the surface side reactions related
to the active sites of oxygen-containing surface func-
tional groups are very active or even violent. The oxygen
released from the delithiated state because of the
decomposition of oxygen-containing functional groups
will partly oxidize the electrolyte and consequently in-
duce electrochemical instability of the electrode.

Here we report an electrode with extremely high
rate and large capacity made by heteroatom (N, B)-
doped chemically derived graphene. At a low charge/
discharge rate of 50 mA g, the doped graphene
electrodes exhibit a very high capacity of 1043 mAh g~
for N-doped graphene and 1549 mAh g~ for B-doped
graphene with greatly improved Coulombic efficiency
and cycle performance in comparison with undoped
graphene. More importantly, the doped graphene can
be quickly charged and discharged for a very short
time of 1 h to several tens of seconds, showing high
rate capability and excellent long-term cyclability at
the same time. For example, at an ultrafast charge/
discharge rate of 25 A g~' (~30 s to full charge), the
electrodes can still retain a significant capacity of
~199 mAh g~' for the N-doped graphene and
~235 mAh g~ for the B-doped graphene. These
results are far superior to those of chemically derived
graphene and other carbonaceous materials, indicat-
ing the great potential of N- and B-doped graphene
as high-performance LIB anode materials.

RESULTS AND DISCUSSION

The chemically derived graphene (<3 layers) was
synthesized by oxidation and thermal exfoliation of
natural flake graphite powder at 1050 °C in an Ar flow,
followed by H, reduction at 450 °C in a gas flow of
H, and Ar, which is called “pristine graphene” in this
paper.?! According to our previous study, the percen-
tages of monolayer, bilayer, and trilayer graphene
in the product were about ~35%, ~40%, and ~23%,
respectively.?' The tap density of pristine graphene
was measured to be 20.8—24.2 mg cm 3 (Figure S2),
which is much higher than the packing density of
graphene of 14.6—15.6 mg cm °. We carried out
further heat treatment of the pristine graphene in
N- and B-containing gases for N and B doping, respec-
tively. The N-doped graphene was prepared at 600 °C
for 2 hin a mixed gas of NHs and Ar (1:2 v/v) with a total
flow rate of 150 mL min~'. The B-doped graphene was
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prepared at 800 °C for 2 h in a mixed gas of BCl; and
Ar (1:4 v/v) with a total flow rate of 250 mL min~'
(see details in the Experimental Section).

Transmission and scanning electron microscopy
images show that the doped graphene still maintains
the 2D ultrathin flexible structure of the pristine gra-
phene, but has more corrugations and scrolling than
the pristine graphene (Figures $3—55).2"?? High-angle
annular dark-field scanning transmission electron micro-
scopy (STEM) elemental mapping (Figure 1a—f) reveals
that nitrogen or boron heteroatoms are homogenously
distributed in the graphene sheets. Moreover, the
doped graphene sheets are randomly distributed and
overlapped to form a flexible interconnected conduct-
ing network with a porous structure (Figures S4 and S5).
Figure S6 shows the nitrogen adsorption and desorp-
tion isotherms of the pristine graphene, N-doped
graphene, and B-doped graphene. The derived specific
surface area was 275 m? g~ ' for the pristine graphene,
290 m? g~ ' for the N-doped graphene, and 256 m?*g "
for the B-doped graphene. X-ray photoemission spec-
troscopy (XPS) measurements reveal that the doping
level is 3.06% in N-doped graphene and 0.88% in
B-doped graphene (Table S1 in Supporting Information).
Considering the low doping temperature, we consider
that there is no quaternary N formed.?> The N species in
the N-doped graphene are pyridinic N and pyrrolic N
(Figure 1g, see details in Supporting Information), =2’
which were formed predominately through substitut-
ing a carbon atom by N on edges or defect sites in the
plane because such carbon atoms are much more
chemically active than those within the plane of per-
fect graphene. Similarly, two fitted peaks at ~190.0 and
~192 eV are identified in the B1s XPS spectra of the
B-doped graphene, which correspond to the B—C bond
and B—O bond in BC; and BC,0 nanodomains, respec-
tively (Figure1h).?*?473% Importantly, we note that the
oxygen atomic percentage is reduced from 8.55%
for the pristine graphene to 3.13% for the N-doped
graphene and 6.06% for the B-doped graphene (Table
S1), indicating that some oxygen-containing functional
groups were removed during doping. This is because
the formation of C—N and C—B bonds and doping
are facilitated by the reaction of oxygen-containing
groups with NH5 and BCl;.>3

Figure 2 shows the G-band intensity normalized Raman
spectra of the pristine graphene, N-doped graphene,
and B-doped graphene. All the Raman spectra display
two prominent peaks of the D band and G band as well
as a very weak 2D band, which are typical character-
istics of chemically derived graphene.3' 33 The inten-
sity of the D band is strongly associated with the
disorder degree of graphene, while the G band corre-
sponds to the first-order scattering of the stretching
vibration mode E, observed for sp? carbon domains.
Generally, the intensity ratio of D band to G band (Ip//g)
is used to estimate the disorder of graphene’?3*
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Figure 1. (a) STEM image of the N-doped graphene sheets and (b) C- and (c) N-elemental mapping of the square region in (a).
(d) STEM image of the B-doped graphene sheets and (e) C- and (f) B-elemental mapping of the square regionin (d). (g) N1s XPS
spectrum of the N-doped graphene. Inset: schematic structure of the binding conditions of N in a graphene lattice showing
the pyridinic N (N1) and pyrrolic N (N2), indicated by magenta dotted rings. (h) B1s XPS spectrum of the B-doped graphene.
Inset: schematic structure of the binding conditions of B in a graphene lattice showing BC3 (B1) and BC,0 (B2), indicated by

magenta dotted rings.
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Figure 2. G-band intensity normalized Raman spectra of
the pristine graphene, N-doped graphene, and B-doped
graphene, taken with a laser energy of 1.96 eV. Inset: Raman
spectra of graphene and doped graphene at

1100-1700 cm ™.

As shown in Figure 2, the doped graphene sheets show
apparently higher Ip/Ig (1.42 for the N-doped graphene
and 1.29 for the B-doped graphene) than the pristine
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graphene (1.18). This suggests that the doped graphene
sheets are more disordered than the pristine graphene,
which is consistent with the corrugation and scroll-
ing structure observed by TEM and SEM. Moreover,
similar to the previously reported doped graphitic
materials,>3>~3® the D band and G band of B- and
N-doped graphene sheets shift because of the struc-
tural distortion of graphene caused by the different
bond distances of C—C and C—N or C—B. The larger
Io/lg and upshift of the D band and G band observed
for the N- and B-doped graphene in Figure 2 provide
further evidence for the N and B doping in graphene.

We then investigated the electrochemical perfor-
mance of the N- and B-doped graphene at a low
current rate of 50 mA g~ ' in a 1 M LiPFg electrolyte
(Figure 3). Note that the reversible capacity and cycle
performance of the doped graphene are greatly im-
proved in comparison with the pristine graphene.’
The Coulombic efficiency increases from 43.8% for the
pristine graphene to 49.0% for the N-doped graphene
and 55.6% for the B-doped graphene in the first cycle,
which demonstrates that the doping of nitrogen or
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Figure 3. (a) Galvanostatic charge—discharge profile and (b) cycle performance and Coulombic efficiency of the N-doped
graphene electrode at a low current rate of 50 mA g~ ' between 3.0 and 0.01 V versus Li"/Li. (c) Galvanostatic charge—
discharge profile and (d) cycle performance and Coulombic efficiency of the B-doped graphene electrode at a low current rate

of 50 mA g~ between 3.0 and 0.01 V versus Li"/Li.

boron can, to some extent, suppress the electrolyte
decomposition and surface side reactions of graphene
electrodes with the electrolyte to form a SEI film. The
N- and B-doped graphene electrodes exhibit reversible
capacities of 1043 and 1549 mAh g~ ', respectively, in the
first cycle and 872 and 1227 mAh g™ after 30 cycles, which
are much higher than those of the pristine graphene
electrode (955 mAh g~ in the first cycle and 638 mAh
g~ after 30 cycles).?” Consequently, the reversible capacity
retention is increased from 66.8% for the pristine graphene
to 83.6% for the N-doped graphene and to 79.2% for the
B-doped graphene after 30 cycles (Figure 3b,d).

The most important advantage of the N- and
B-doped graphene as electrode materials for LIBs is
their superior charge and discharge performance. The
samples were first charged/discharged at 0.5 A g™~ for
10 cycles; then the current rate was increased stepwise
toas highas 25 A g~ ', for 10 cycles at each rate (Figure
4). It can be seen that both N- and B-doped graphene
electrodes show very high capacity and good stability
at high current rates, without the capacity fluctuations
observed in pristine graphene (Figure S1). At a current
rate of 0.5 A g~ ', the N- and B-doped graphene can
be reversibly charged to 493 and 611 mAh g~ in about
1 h. For a charge time of several minutes (5 A g™ "), the
reversible capacity reaches 296 mAh g~' for the
N-doped graphene (~212 s) and 380 mAh g‘1 for
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the B-doped graphene (~273 s). More significantly, the
doped graphene electrodes can be fully charged very
fast, in tens of seconds. At a very high current rate of 25
A g7, corresponding to a charge time of ~28 s
(126 C) for the N-doped graphene and ~33 s (106 C)
for the B-doped graphene, the reversible capacity can
still reach 199 mAh g~ for the N-doped graphene and
235 mAh g ' for the B-doped graphene. These
results are far superior to those of the pristine
graphene (~100 mAh g~ " at 25 A g~ '; see Figure S7
in Supporting Information) and other anode materials,
such as graphite,*® porous carbon monoliths, carbon
nanotubes,* graphitized carbon nanobeads,*' and carbon
nanofibers,*? clearly demonstrating that the N- and
B-doped graphenes are promising high-rate and large-
capacity electrode materials for LIBs.

Moreover, the rate capability of the doped graphene
at high current rates can be further improved with
increasing doping concentration in graphene (Figure
S8, Table S2). For example, at a current rate of 25 A g",
the reversible capacity of N-doped graphene can reach
209 mAh g~ ! for an N-doping level of 3.18%. In addi-
tion, increasing the amount of conductive carbon black
in the composite electrode can increase its rate capability
at high current rates (Figure S9). This result reveals that,
although graphene sheets have good electrical conduc-
tivity, the junction resistance between neighboring
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Figure 4. (a, b) Galvanostatic charge—discharge profiles of (a) N-doped and (b) B-doped graphene electrodes. (c, d) Rate
capabilities and cycle performance of (c) N-doped and (d) B-doped graphene electrodes obtained over a wide range of high
current densities, from 0.5 to 25 A g~ '. The charge—discharge profiles in (a) and (b) correspond to the 10th cycle charge—
discharge profiles at each current density between 0.5 and 25 A g " in (c) and (d), respectively.

sheets is still large especially for randomly and loosely
stacked graphene sheets. Conductive carbon black is
nanoscaled particles with superior electrical conductivity.
Therefore, carbon black in a graphene-based composite
electrode can act as connectors between neighboring
graphene sheets to form a continuous electrically con-
ductive network in the electrode and consequently in-
crease the electrical conductivity and improve the
electrochemical performance of the graphene electrode.
The introduction of carbon black nanoparticles in the
space between neighboring sheets can also increase the
intersheet distance and modify the porosity of the elec-
trode, thereby improving the ionic diffusion and lithium
storage capacity, similar to the addition of acetylene
black nanoparticles in other carbon-based electrode
materials**** and incorporation of carbon nanotubes
and fullerenes in graphene-based electrodes.'”

The N- and B-doped graphene electrode materials
also show excellent cycling stability at a very high current
rate (Figure 4c,d and Figure S10). As shown in Figure 4c,
d, except for the initial 10 cycles, the cells maintain
good capacity retention when cycling at high current
rates, ranging from 1to 25 Ag ™. Furthermore, a capacity
of ~500 mAh g~' can be recovered once the rate is
restored to the initial 0.5 A g~ ', demonstrating a very
good reversibility. Other cells tested at a discharge/
charge rate of 0.5 A g~'/0.5 A g~ (70 cycles), at a
constant discharge rate of 5 A g~ ' and varying charge
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rates from 5, 10, 15, and 20 to 25 A g~ (100 cycles for
each rate), and at high discharge/charge rates of 5/5,
10/10,15/15,and 20/20 Ag ™' (100 cycles for each, with
aninterval of 0.5/0.5 Ag ™" for 10 cycles, see Supporting
Information Figure S10) also show excellent cycle per-
formance, high capacity retention, and good reversi-
bility, although their capacities slightly decrease after
hundreds of cycles.

To evaluate the possible use of doped graphene
anode materials, we calculated their power and energy
densities based on the single-electrode weight of active
materials, as shown in the Ragone plot in Figure 5. For
comparison, we also give the results for pristine gra-
phene, graphene oxide (GO), and thermally reduced
GO at 500 °C (GO500) in H,/Ar gas (see details in the
Experimental Section). The energy density Eand power
density P in a constant current charge—discharge
process were calculated using the following equation:

‘v 1 [t
E:/—dt,P:—/—dt

where I, V, m, and t are the current, voltage, mass of
active material, and charge time, respectively, in a
Li/doped graphene cell. That is, the energy density (E)
is the integration area of the charge curve of voltage (V)
versus capacity (mAh g~ ', or Ah kg™ "), and the power
density (P) is the energy density (E) divided by charge
time (t), corresponding to the charge curve. It can be
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Figure 5. Ragone plots for the pristine graphene, N-doped
graphene, B-doped graphene, GO, and GO500 based cells
with lithium metal as the counter/reference electrode. The
calculation of gravimetric energy and power density was
based on the active material mass of a single electrode.

found that the doped graphene delivers significantly
higher energy and power densities than the pristine
graphene, GO, and GO500 under fast charge and
discharge rates (<0.1 h to full charge). At a charge rate
of 0.5 A g™ (corresponding to about 1 h total charge),
the doped graphene electrodes deliver a maxium energy
density of 860 Wh kgejectrode | With a power density of
more than 580 W KQejectrode - More surprisingly, at
a very high charge/discharge rate in tens of seconds
(25 A g "), the power densities and energy densities
of the N-doped graphene (~29.1 kW Kgeiectrode '
and ~226 Wh kgejectrode ') and B-doped graphene
(~34.9 kw kgelectrode71 and ~320 Wh kgelectrode71)
are much higher than those of the pristine graphene
(26.3 kW KQelectroge | and 106 Wh kgejectrode ). The
fast charge and discharge capability in tens of seconds
for the doped graphene-based cells may tackle the
power limitation of LIBs for high-power applications,
similar to that of ECs.

All the above results well demonstrate that doped
graphene is an excellent electrode material for extre-
mely high power and energy LIBs at fast charge and
discharge rates. The superior electrochemical perfor-
mance of the doped graphene electrodes can be
explained as follows: First, N or B doping simulta-
neously increases the electrical conductivity and electro-
chemical activity of graphene in the high-rate electro-
chemical process. This assumption can be confirmed
by the electrochemical impedance spectroscopy (EIS)
measurements. The Nyquist plots obtained were mod-
eled and interpreted with the help of an appropriate
electric equivalent circuit (Figure 6a—c and Figure S11).
Itis revealed that the doped graphene electrodes have
much lower electrolyte resistances (Rq = 1.87 Q and
1.32 Q for N- and B-doped graphene, respectively) and
charge transfer resistances (Rct = 63.99 Q and 59.98 Q
for N- and B-doped graphene, respectively) than those
of the pristine graphene (Rg = 2.25 Q, Rcr = 87.33 Q).
According to the equation®> o = L/(RA), where L, A, and
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R are the thickness, area, and fitted resistance of
electrode pellets, the electronical conductivities (o)
of the electrode in assembled cells calculated are
1.82 x 107> S cm™ " for the pristine graphene, 2.48 x
107> S cm™" for N-doped graphene, and 2.65 x 107>
S cm ! for B-doped graphene. Second, these doped
graphene sheets show a higher thermal stability of
531 °C for the N-doped graphene and 588 °C for the
B-doped graphene than that of pristine graphene
(502 °C, Figure 6d,e) due to the simultaneous doping
and reduction during the doping process. Third, the
increased disordered surface morphology (such as
corrugations and scrolling, Figure S4, S5) also plays
an important role in impoving the electrochemical
properties.’®*’¢ We analyzed the capacity contribu-
tion rate of the pristine graphene and doped graphenes
below 0.5V and above 0.5V, as shown in Figure S12. It
is clearly seen that, starting from 20 and 2.5 A g ',
respectively, the N-doped and B-doped graphene show
higher capacity contribution above 0.5 V (a faradic
capacitance on the surface or edge sites of graphene
sheets'>*’) than those below 0.5 V (lithium intercala-
tion into the graphene layers'>*’), while the capacity
contribution of the pristine graphene below 0.5 V at
high current densities is always higher than, or the
same as, those above 0.5 V. These results suggest that
doping plays an important role in improving the
faradic capacitance on the surface or on the edge sites
of doped graphene nanosheets especially at a high
current density. Moreover, the topological defects
produced during the doping process may enable the
doped graphene to be favorable for Li storage and
consequently improve the reversible capacity of the
doped graphene,?’?** For example, it has been
demonstrated that the presence of the pyridinic N
atoms in the N-doped graphene®” and high-density
BC; nanodomains in B-doped graphene?®® were able
to improve the reversible capacity of the doped graphene
electrode. Fourth, the doped graphene sheets exhibit
higher hydrophobicity and better wettability toward
organic electrolytes than the pristine graphene (Figure
S13). This increased electrode/electrolyte wettability
can promote ion diffusion in the interface between the
electrode and electrolyte and the interior of bulk electrode,
thus improving the electrochemical performance.*®
Fifth, as we stated above, carbon black nanoparti-
cles in graphene-based composite electrode can act
not only as connectors between neighboring graphene
sheets to increase the electrical conductivity but also as
spacers to increase the intersheet distance to increase
the storage capacity.**** Last but not least, the doped
graphene sheets preserve the advantageous charac-
teristics of graphene, such as an ultrathin framework,
high surface area, open porous structure, mechanical
flexibility, and chemical stability."* '® All the above
characteristics make doped graphene favorable for fast
electron and ion transfer and consequently result in
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Figure 6. (a) Nyquist plots of pristine, N-doped, and B-doped graphene (inset, high-frequency region Nyquist plots).

(b) Modeled equivalent circuit of EIS. (c) Schematic of EIS, where R stands for the electrolyte resistance, Rct the charge
transfer resistance, Zyy the “Warburg”-type element related to Li ion diffusion, CPE the constant phase element, and C the
potential-dependent capacitance. (d) Thermogravimetry (TG) and (e) differential thermogravimetry (DTG) curves of pristine,

N-doped, and B-doped graphene.

superior rate capability, high capacity, and cycle per-
formance during the rapid charge—discharge process.

CONCLUSIONS

We have demonstrated that high power and energy
densities can be simultaneously achieved by using N-
or B-doped graphene anode electrodes. The 2D struc-
ture, disordered surface morphology, heteroatomic
defects, better electrode/electrolyte wettability, in-
creased intersheet distance, improved electrical con-
ductivity, and thermal stability of the doped graphene

EXPERIMENTAL SECTION

Synthesis of Doped Graphene. The pristine graphene sheets
(=3 layers) were synthesized by chemical exfoliation of natural
flake graphite powder (500 mesh) followed by thermal reduc-
tion, as previously reported.?’ The N-doped graphene (50 mg)
was prepared by heat treatment of the pristine graphene
loaded in a ceramic boat in a SiC tube furnace at 600 °C for
2 h in a gas mixture of NH3 (~99.0%) and Ar (1:2 v/v) with a total
flow rate of 150 mL min~". The B-doped graphene was prepared
by heat treatment of chemically derived graphene loaded in a
ceramic boat in the same tube furnace at 800 °C for 2 hin a gas
mixture of BCl3 (~99.99%) and Ar (1:4 v/v) with a total flow rate of
250 mL min~". For comparison, GO was prepared by sonication

WU ET AL.

allow rapid surface Li* absorption and ultrafast Li*
diffusion and electron transport, thus making this
material superior to conventional bulk electrode ma-
terials based on Li intercalation and conversion reac-
tions. We believe that the high power and energy
capabilities as well as the low cost and easy large-scale
preparation of doped graphene electrodes open up an
opportunity to develop high-performance electroche-
mical storage devices for powering HEVs, plug-in HEVs,
and EVs at high rates of several minutes to tens of
seconds.

exfoliation of graphite oxide prepared by the Hummers method in
an aqueous solution, followed by centrifugation and freeze-drying.
GO500 was prepared by thermal reduction of GO at 500 °C for 2 h
in a Hy/Ar (1:4 v/v) gas with a flow rate of 250 mL min~' and a
heating rate of 5 °C min~".

Materials Characterization. XPS measurements were per-
formed on an ESCALAB 250 with Al Ko radiation (15 kV, 150 W)
under a pressure of 4 x 10”8 Pa. High-angle annular dark-field
STEM mapping characterization was carried out using a Tecnai
F30 TEM with an accelerating voltage of 300 kV, and TEM images
were taken using a JEOL JEM 2010 TEM with an accelerating
voltage of 200 kV. For TEM and high-angle annular dark-field
STEM characterization, the as-prepared doped graphene was
first sonicated in ethanol (~0.02 mg mL~") for 10 min, and then
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a droplet of the dispersion was cast onto a TEM copper grid
followed by drying at room temperature. SEM measurements
were performed using a FEI Nova Nano 430 system. TG/DTG
measurements were carried out on a Netzsch-STA 449C from
30 to 1000 °C at a heating rate of 10 °C min~" in air. The specific
surface areas were determined by a Micromeritics ASAP 2010 M
at liquid nitrogen temperature. Raman spectra were measured
and collected using a 632.8 nm laser with a JY HR800 under
ambient conditions, with a laser spot size of about 1 um.
Electrochemical Measurements. Working electrodes were pre-
pared by mixing 70 wt % active material (graphene or doped
graphene), 15 wt % acetylene black (Super-P), and 15 wt %
polyvinylidene fluoride binder dissolved in N-methyl-2-pyrroli-
dinone. After coating the above slurries on Cu foils, the electro-
des were dried at 120 °C under vacuum for 2 h to remove the
solvent before pressing. Then the electrodes were cut into disks
and dried at 100 °C for 24 h under vacuum. The Li/doped
graphene cells were assembled in an argon-filled glovebox with
less than 1 ppm of oxygen and water, using lithium metal as the
counter/reference electrode, a Celgard 2400 membrane separa-
tor, and 1 M LiPFg electrolyte solution dissolved in a mixture of
ethylene carbonate and dimethyl carbonate (1:1 v/v). CR2032
(3 V) coin-type cells were used for electrochemical measure-
ments. Galvanostatic charge—discharge cycles were tested by a
LAND CT2001A electrochemical workstation at various current
densities of 50mA g~ " to 25 Ag™" between 3.0and 0.01V versus
Li*/Li at room temperature. EIS studies were carried out by
applying a perturbation voltage of 10 mV in a frequency range
of 100 kHz to 10 MHz during the first discharge—charge cycle,
using a Solartron 1287/1260 electrochemical workstation.
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