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ABSTRACT: Specific capacity and cyclic performance are critically 22 _ -
important for the electrode materials of rechargeable batteries. Herein, a ey
capacity boost effect of Li- and Na-ion batteries was presented and 211 G
clarified by nitrogen-doped graphene sheets. The reversible capacities
progressively increased from 637.4 to 10504 mAh g~' (164.8%
increase) in Li-ion cell tests from 20 to 185 cycles, and from 187.3 to
247.5 mAh g~' (132.1% increase) in Na-ion cell tests from SO to S00
cycles. The mechanism of the capacity boost is proposed as an
electrochemical induced cascading evolution of graphitic N to pyridinic
and/or pyrrolic N, during which only these graphitic N adjacent
pyridinic or pyrrolic structures can be taken precedence. The original 0 25 50 75 100 125 150 175
and new generated pyridinic and pyrrolic N have strengthened binding Cycle number

energies to Li/Na atoms, thus increased the Li/Na coverage and
delivered a progressive capacity boost with cycles until the entire
favorable graphitic N transform into pyridinic and pyrrolic N.
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Bl INTRODUCTION

For developing advanced rechargeable batteries, the capacity

and cyclic performance of electrode materials is particularly ‘ o -
-3 . - thus increase the lithium/sodium coverage, whereas the
concerned. Graphene and its derivatives have been

intensively researched as a high-performance electrode material grap hitic N. dop ?d I grap hene str1.1 ctures can .weaken 'the

for both lithium-ion>~'° and sodium-ion batteries.!' ™" lithium/sodium binding and is not desirable for lithium/sodium
: 14,25,35,36 : 3 :

Graphene sheets can increase the lithium and sodium storage storage. In our previous work,” we developed a facile

capacities by ameliorating electrolyte infiltration and shortening bottom-up strategy to fabricate hlgh-consentratlon nitrogen-
the ion diffusion distance within active materials.">~"” In spite doped graphene (NDG) sheets, the nitrogen dopants in

of this, the lithium and sodium coverage on a single graphene graphene s.h_eets were determined to be pyridinic N’_ p yrrf)lic_ N,
layer leaves much than expected, because of the lower binding and graphitic N structures, and for electrochemical lithium

Theoretical results indicated that the pyridinic N and the
pyrrolic N doped in graphene structures can strengthen the
binding energies of lithium/sodium to the graphene layer and

energies of lithium/sodium atoms to the graphene plane and
the strong Coulombic repulsion of the lithium/sodium atoms
on the opposite sides of the graphene sheet.'™*' Con-
sequently, heteroatom doping has been proposed to increase
the binding of lithium and sodium to graphene layers.”*~*°
Nitrogen is one of the most attractive such dopants because
its electronegativity (3.04) is higher than that of carbon (2.55)
and its atomic diameter (71 pm) is close to that of carbon (75
pm).””~*” The nitrogen atoms doped in graphene lattice are
mainly formed as pyridinic, pyrrolic, and graphitic struc-
27973 However, not all nitrogen-doped structures can

i ; o 25,34—37
improve the electrochemical capacities of graphene.””

-4 ACS Publications  © 2016 American Chemical Society

storage, the NDG sheets displayed gradual capacity growth with
charge—discharge cycling. The interesting phenomenon of
capacity boost with cycles has been widely reported for
transition metal oxides, and the increase of interfacial capacitive
capacity with electrochemical cycles is generally under-
standed.””**~*" The effect of capacity boost was also reported
for carbonaceous materials and it is ascribed to the defects
proliferation of materials during electrochemical cycling.**"**
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In this work, NDG electrodes were investigated for lithium
and sodium storage, the long-term cyclic performance was
determined, and the structural evolution of the NDG was
investigated by ex situ X-ray photoelectron spectroscopy
combined with first-principles calculations. It was found that
the graphitic N in NDG sheets can gradually transform into
pyridinic N and/or pyrrolic N structures during charge—
discharge cycling, thus increasing the Li/Na coverage of NDG
sheet and exhibited a cascading capacity boost effect during the
initial hundred cycles until all graphitic N with the favorable
structures of adjacent pyridinic N and pyrrolic N transform into
pyridinic N and pyrrolic N.

B METHODS

Synthesis of NDG. Dicyandiamide (99.5%) and monohydrate
glucose (analytically pure) were used without further purification. In a
typical synthesis, Dicyandiamide (48 g) and monohydrate glucose (2.4
g) were completely dissolved in deionized water under vigorous
stirring and then removed from the water. After drying, the obtained
powder was enclosed in a tube furnace under an argon atmosphere,
and was heated to 580 °C and preserved at this temperature for 4 h.
The temperature was then raised to 850 °C and maintained at this
temperature for 6 h. The NDG formed after cooling.®

Material Characterizations. Transmission electron microscopy
(TEM) images were captured on a JEOL-2010 instrument at an
acceleration voltage of 200 kV. Elemental mapping images of a single
NDG sheet were scanned by energy filtered TEM (EFTEM) (JEM-
ARM200F). The surface area and porosity were studied by standard
nitrogen adsorption isotherms at 77 K using an automated Micropore
gas analyzer ASAP 2020 (Micromeritics Instruments). Raman spectra
were obtained with a high-resolution, dispersive Raman spectrometer
system (Horiba-Jobin Yvon LabRam HR) equipped with a visible laser
excitation of 514 nm. Further, the surface chemistries and the nitrogen
doping structures of NDG were determined by X-ray photoelectron
spectroscopy (XPS) (ESCALAB 250 Xi; Al anode X-ray source). The
NDG electrodes after charge—discharge cycling for the XPS analysis
were prepared by charging the electrodes to 3.0 V and equilibrating at
that potential for 1 h to attain steady-state condition, then washing
with dimethyl carbonate (DMC), drying, and transferring to the XPS
apparatus with argon gas shielding. Argon-ion etching was used to
obtain concentration-depth profiles of the NDG electrodes, which
provided structural information on the solid-electrolyte interphase
(SEI) and the NDG electrode.

Electrochemical Measurements. Working electrodes were
prepared by spreading a mixture of NDG (70 wt %) and
polyvinylidene fluoride (PVDF, 30 wt %, Kynar FLEX 900, EIf
Atochem) dissolved in N-methylpyrrolidone (Fluka Inc, St. Louis,
MO) onto a Cu foil (thickness: 20 m) current collector. The mass
loadings of active material in the working electrodes are 0.3—0.5 mg
cm™2 The electrolyte consisted of 1 M LiPFy in a mixture of isometric
ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl
carbonate for the Li-ion cell and 1 M NaClO, in a mixture of isometric
EC and DMC for the Na-ion cell. The electrochemical character-
izations were conducted in 2025-type coin cells using Li foil (99.9%,
China Energy Lithium Co. Ltd, Tianjin) and Na foil (99.5%,
Sinopharm Chemical Reagent, Co., Ltd., Shanghai) as the counter
electrodes. The charge—discharge experiments were conducted on a
battery testing system (Neware, Shenzhen) over a voltage range of
0.05—3 V. The reported specific capacities are all normalized to the
weight of the active materials.

Theoretical Calculations. The first-principles calculations were
performed by using the plane-wave projector-augmented wave
method, as implemented in the Vienna ab initio simulation package
(VASP). The electron—ion interactions were described by the
projected augmented wave (PAW) method. To obtain reliable
optimized structures, the maximum residual force was set to less
than 0.001 eV/A, energies were converged to within 1 X 107° eV per
atom, and the k-point mesh was set to 7 X 7 X 1 (5 X 5 X 1 supercell).

The structural configurations were optimized through fully relaxing the
atomic structures to minimize their total energies. To ensure the
accuracy of the calculated results, an energy cutoff of 450 eV was used
in all cases. A vacuum of 20 A was set to isolate graphene sheets for
reducing the interactions between each sheet. The exchange-
correlation potential was calculated based on the local density
approximation.

B RESULTS AND DISCUSSION

The morphology of the NDG sheets was investigated by TEM,
as shown in Figure 1. The NDG sheet displays a conspicuous

Figure 1. Elemental mapping of the NDG sheet: (a) TEM, (b)
HRTEM, (c) survey image for EFTEM, (d) selected area low-loss
EELS spectrum image, (e) C—K (279.0—331.5 eV) mapping, and (f)
N—K (393.0—443.5 eV) mapping.

wrinkled appearance with homogeneous distribution of C and
N elements. The wrinkle is common in graphene materials,
which could be due to vertically aligning of graphene layers. For
NDG, because of the different bond lengths of C—N and C—C
bonds, and the interactions of lone pair electrons of the N
atoms, there could be some inner stress in graphene layer, the
stress could also lead to the twisting of graphene layer and
generated additional out-of-plane wrinkles. The high resolution
TEM (HRTEM) image (Figure 1b) reveals more disordered
domains in the graphene sheet, which is an intrinsic feature of
heteroatom doping of graphene materials.” Because of the
much higher N doping degree (N content is 13.1% determined
by XPS) of NDG in this work, there could be higher
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concentration of N defects and other imperfections in the
graphene domains, and thus exhibited the lower crystallinity of
NDG,” which can be confirmed by the XRD results (Figure S
1d). The broad D (1360 cm™), G (1580 cm™), and 2D
(~2800 cm™") bands of Raman spectroscopy (Figure Sle) also
confirm this disordered structure.**~*® The intensity ratio of D
to G is 2.47, indicating a considerable number of structure
defects in NDG."” The type H3 hysteresis loop of nitrogen
adsorption—desorption isotherm (Figure S1f), suggesting the
slit-shaped pores between parallel graphene layers of NDG.>**
The calculated Brunauer-Emmett- Teller (BET) specific surface
area of NDG is 398 m* g_l, verified that the NDG are the few-
layer graphene sheets. The lower crystallinity, more defects, and
favorable porosity could enhance the interfacial process of
NDG electrode with electrolyte and improved the diffusion of
lithium/sodium ion between graphene layers, thus exhibiting a
superior rate performance.”

The N content and structure of NDG could be optimized by
changing the synthesis conditions (Supporting Information,
section 1). XPS indicated that the C, N, and O atomic
percentages of the NDG (Figure Sla and Table S1, sample-4)
are 82.5%, 13.1%, and 4.4%, respectively. The sharp peak at
binding energy of 284.6 eV could be resolved from the high-
resolution XPS C 1s spectra (Figure S1b), illustrating the sp*
hybridized graphitic carbon framework in NDG. The other
peaks at higher band energies could be assigned to the oxygen-
and/or nitrogen-containing groups attached to the aromatic
ring of the graphene plane.””***"*’ From the high-resolution
N 1s spectra of NDG (Figure Slc, Table SS), the main N
components could be resolved as pyridinic N (398.2 eV),
pyrrolic N (400.5 eV), and graphitic N (401.2 eV),
correspondin3g to the percentage of 54, 30, and 16%,
respectively.””*°~>® To systematically analyze the N structure
of NDG, we uniformly used the same binding energy value for
N Is spectra deconvolution in the following sections.

The electrochemical charge—discharge performance of NDG
electrode was investigated by galvanostatic charge—discharge
cycling in Li- and Na-ion coin cells at current density of 100
mA g~ over the voltage range of 0.05—3 V. As shown in Figure
2, the discharge/charge specific capacities of NDG electrodes
are 2134.6/751.4 mAh g_1 in Li-ion half cells and 1349.6/375.4
mAh ¢! in Na-ion half cells, respectively. The large capacity
losses in the first cycle are attributed mainly to excessive surface
reactions on the SEI films;>'®"” irreversible discharge reactions
at the graphitic nitrogen doping sites, or the other undesirable
dopants which can cause large capacity loss.”* As discussed
earlier,” the discharge curves started from 3.0 V without distinct
voltage plateaus, and the charge profiles displayed appreciable
voltage hysteresis, indicating that the extraction of lithium/
sodium ions from the slit-shaped micropores has to pass
through graphene crystallites over the entire voltage range. The
charge—discharge behavior of the NDG electrodes is further
reflected in detail by the oxidation—reduction peaks in the
differential capacity (DC) versus voltage (dQ/dV) plots in
Figure 2¢, d derived from the voltage profiles in Figure 2a, b
inset. Although it exhibited similar charge—discharge behaviors,
the differential capacities of the NDG electrode in Na-ion cell
are far less than those in Li-ion cell, this is ascribed mainly to
the larger size and poor bonding characteristics of sodium
ions.”* Especially worth noting is the specific capacity upturn
with charge—discharge cycling (Figure 2e, f). It gradually
increases from 637.4 (25th cycle) mAh ¢! to 1050.4 (185th
cycle) mAh g™ (164.8% increase) for the Li-ion cell and from
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Figure 2. (a, b) Charge—discharge profiles of the first and (inset) the
following cycles, (c, d) corresponding charge—discharge dQ/dV plots,
and (e, f) cyclic performance of NDG electrodes in (a, ¢, e) Li-ion and
(b, d, f) Na-ion half cells at current density of 100 mA g™' over the
voltage range of 0.05—3 V. SC and CE denote specific capacity and
Coulombic efficiency, respectively.

187.3 (50th cycle) mAh g™' to 247.5 (500th cycle) mAh g™
(132.1% increase) for the Na-ion cell. When cycling in even
longer term (at current density 1 A g™'), the appearance of
gradual capacity boost terminates after 300 cycles, and then the
capacity can be maintained in the follow cycling (Figure S6).
To further survey this striking phenomenon of capacity
boost, the NDG electrodes after cycling were investigated by ex
situ XPS. The cycled NDG electrodes were washed with DMC
and etched with argon ions to scratch the SEI layers. The real
time XPS spectra were collected at various etching time, we
monitored the N content to ascertaining the exposing of active
materials. The concentration-depth XPS spectra showed that
there are extraneous C 1s and O 1s information on PVDF
binder and SEI layers, but the N 1s spectra presented simpler
signal only about the NDG active materials (Supporting
Information, section 4). At the beginning of etching, the N
element of the cycled NDG electrode of the Li-ion cell cannot
be detected until the etching time is up to 380 s (Table S3),
indicating that there is not any N-containing component in the
SEI layers, and the NDG is well-coated by SEI layer. When
etched 380 s, the N element was detected for the first time with
the percentage of 0.65%, which then increases up to 1.38% in
the further etching. Compare with that of the fresh NDG
electrode, the XPS C 1s results of cycled NDG (Figure 3c, e)
reveal the much more nonaromatic C components (285.7—
2914 eV), indicated there is still some SEI layer covered on the
NDG even after 380 s etching (for Li-ion cell, and it is 280 s
etching for Na-ion cell). Whereas the partly exposed NDG
could not be seriously affected, therefore, the XPS N 1s results
at these etching levels (380 s etching for cycled in Li-ion cell,
and 280 s etching for cycled in Na-ion cell) can be used for
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Figure 3. High-resolution (left panels) C 1s and (right panels) N 1s
XPS results of (a, b) fresh NDG electrode and of the NDG electrodes
after cycled in (c, d) Li-ion cell (etching 380 s) and (e, f) Na-ion cell
(etching 280 s). BE denotes the binding energy.

analyzing the structure evolution of NDG electrode. As shown
in Figures 3, the XPS peaks ascribing to the pyridinic N (398.2
eV) and pyrrolic N (400.5 €V) can be deconvoluted from the N
1s spectra of cycled NDG electrode.” Besides, a new peak at
399.5 eV is also deconvoluted, which could be ascribed to the
Li/Na protonized pyridinic N structures.”®>>>> Most notice-
ably, the peak corresponding to graphitic N (401.2 €V) cannot
be identified almost from the N 1s spectra of NDG electrode
after cycled in ether the Li- or Na-ion cells, whereas there is not
any other N-containing component in the testing-cells or the
SEI layers except the NDG, and thus the total N content of
NDG could not change. Therefore, we conclude that the
graphitic N of NDG could transform into pyridinic or pyrrolic
N structures during the electrochemical cycling.

Theoretical calculations were also employed to study the
structural evolution of NDG. We surveyed the lithium
adsorption in the NDG sheet by first-principles calculations,
the structural models of pristine graphene (PG), pyridinic
NDG (PIG), pyrrolic NDG (PRG), and graphitic NDG (GG)
were constructed according to the experimental results and
literatures.'****® The particular situation of GG adjacent to
lithiated PIG (Li-GG) was also considered. A single lithium
atom was added to the different structural models, and the
optimal lithium storage sites were determined by theoretical
calculations. As shown in Figure 4, from the side view, the
lithium atoms are adsorbed out of the graphene plane for all
models; from the top view, the lithium atoms are at the center
sites of a hollow or defect in the symmetrical structures but
diverge from the center in the asymmetrical structures, whether
nitrogen doping or not. The average adsorption energy (E,q)
can reveal more detailed interactions of the Li atom to
graphene sheet, which is given by the formula

E,q = Eyy_np — (B + Expg) (1)

Top view Side view
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Figure 4. Most stable lithium storage sites in (a) PG, (b) PIG, (c)
PRG, (d) GG, and (e) Li-GG. The brown, blue, and green spheres
denote carbon, nitrogen, and lithium atoms, respectively. The C—N
bonds with the biggest change in asymmetric structure are marked
with black circles, and the corresponding bond length change data are
presented in Table 1.

Where Ep;, Expg, and Ejjnpg are the total energies of the
isolated Li atom, the nitrogen doped structural model, and the
Li-graphene interacting system, respectively. The more negative
E,4 means a stronger binding interaction between lithium atom
and the graphene plane. Calculations of the E_4, shown in Table
1, indicate that PIG is the most suitable for lithium storage,
PRG is the second best, PG is the third, but the GG and Li-GG
show much poorer lithium-storage ability. These results are

Table 1. Most Stable Site, Average Adsorption Energy (E,;),
and Biggest Change in C—N Bond Length (Ap,) after a
Single Lithium Atom Adsorbed in Different Models of
Graphene Sheet

structure most stable site (f;?) Ag (pm)
PG center of hollow site —1.65 0.9 (C-C)
PIG center of defect —5.30 1.1
PRG defect site, near pyrrolic nitrogen atom  —4.58  —0.5
GG hollow site, away from graphitic —-1.20 2.1
nitrogen atom
Li-GG  hollow site, away from graphitic —-1.22 3.5

nitrogen atom

“The C and N atoms are marked with black circles on the
corresponding structure model in Figure 4.
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consistent with the literature.*>®°® Furthermore, the data in

Table 1 revealed that the C—N bond was stretched (Ag = 2.1
pm) when a lithium ions was put in GG, and this stretching
became even larger in Li-GG (Ag = 3.5 pm). To understand
the interaction mechanism and hybridization degree of C—N
bonds, the partial density of states (PDOS) with p, and p,
orbitals of C and N from GG and Li-GG without Li atom
absorption at GG site (left panel in Figure 4d, e) are calculated
and shown in Figure S. The p, and p, orbitals of N in GG are

o
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Figure 5. PDOS: The px, py orbitals of (a, (b) C and (¢, d) N atoms
in (a, ¢) GG and (b, d) Li-GG without Li atom; the px + py orbitals of
C, N, and Li atoms in Li-GG (e) before and (f) after adsorbing
another Li atom. The C and N atoms are marked with black circles on
the corresponding structure model in Figure 4. The dashed line at zero
eV indicates the Fermi level.

almost the same while these orbitals for GG-type N are
evidently different in Li-GG without Li atom. The differences of
the p, and p, orbitals of C are more obvious for the peaks of p,
and p, orbitals, which are staggered in Li-GG. These changes
illustrate that C—N bonds are deviated from sp2 bonding in Li-
GG. Bader charge analysis can give quantitative results of
charge on C and N atoms. As listed in Table 2, for all
structures, the GG-type N atom is quite negative, with a charge
of about 1.2 ¢, because N is a radical and more electronegative
than C. We notice that C bonded with GG-type N shows
negative charge in Li-GG absorbed a Li atom while it shows

positive in other structures, ie., in Li-GG, after absorbing a Li
atom at GG site, the Coulomb force between the adjacent C
and N changes from attraction to repulsion, which is consistent
with the enlarged C—N bond length. Thus, the C—N bonds of
GG structure of NDG could be weakened due to lithium/
sodium atom adsorption during electrochemical cycling,*
indicating the easier process for C—N bond broken and
transformed into PIG and/or PRG, which supports the
experimental XPS observation that the structure of graphitic
N evolves to pyridinic N and pyrrolic N during the
electrochemical cycling. Because the stretching of C—N
bonds are much larger (by a factor of 67%) for GG structures
adjacent to lithiated PIG than those not adjacent to lithiated
PIG, we can conclude that this transformation occurs
preferentially at the GG structures adjacent to the PIG. This
conclusion is reasonable because the defected PIG site can
release the stress induced by the stretched C—N bonds of GG
structures more conveniently, thus leading to more enlarged
C—N bonds of GG structure adjacent to it. As discussed above,
the GG is electronically sufficient and cannot contribute to the
lithium/sodium storage capacities, whereas the PIG and the
PRG structures can increase the lithium/sodium coverage in
the graphene layers and generate more capacity for both
lithium and sodium storage. After the entire graphitic N with
favorable structures transformed into pyridinic N or pyrrolic N,
the NDG could delivered the maximum capacity and then
maintained it during the subsequent cycling (Figures S6 and
S7).

According to these results, we proposed a model to explain
the capacity boost for NDG sheets. As shown in Figure 6, the

Figure 6. Schematic illustration for the capacity boosting of NDG
sheets during charge—discharge cycling. The gray, blue, yellow, red,
and green spheres denote C, pyridinic N, pyrrolic N, graphitic N, and
Li/Na atoms, respectively; the new added storage sites in each stage
are marked with pink squares.

Table 2. Bader Charges on N and C Atoms in GG and Li-GG Model before and after a Li Atom Adsorbed

GG (e) Li-GG (e)
atom before after change before after change
N —1.2381 —1.2641 —0.026 —1.1744 —1.1339 0.0405
C 0.0537 0.1661 0.1124 0.1811 —-0.0126 —0.1937

“The C and N atoms are marked with black circles on the corresponding structure model in Figure 4.
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pyridinic N, pyrrolic N, and graphitic N structures in a single
graphene layer of NDG sheets were marked with blue, yellow,
and red spheres, respectively. For the initial discharge, the
lithium/sodium atoms could perch on the PIG and PRG sites.
After several cycles, the graphitic N (GG-1) adjacent to PIG
structures broken and transformed into a PIG structure, and
generated a new storage site. During another follow cycles, the
graphitic N (GG-2 and GG-3) gone through the evolution
process as GG-1, and generated another two storage sites.
During long-term electrochemical cycling, the GG with
different surrounding structures could progressively transform
in to PIG or PRG, and thus delivered a cascading capacity boost
effect. After all of the graphitic N atoms with favorable
structures have transformed into pyridinic N and/or pyrrolic N,
the NDG electrode can achieve the maximum capacity and
maintained it during the subsequent cycling.

B CONCLUSIONS

In summary, nitrogen-doped graphene sheets with three types
of N structures (pyridinic N, pyrrolic N and graphitic N) were
investigated for lithium and sodium storage, the prominent
appearance of gradual capacity increase during long-term
charge—discharge cycling displayed. The reversible lithium
and sodium storage capacities increased from 637.4 to 1050.4
mAh g~' (164.8% increase) over 20 to 185 cycles, and from
187.3 to 247.5 mAh g_1 (132.1% increase) from 50 to 500
cycles, respectively. By ex situ XPS combine with first-principles
calculations, the capacity boost is confirmed to the cascading
evolution of graphitic N to pyridinic N and/or pyrrolic N. The
evolution is mostly affected by the adjacent structures
(especially the pyridinic N) of the graphitic N, the original
and new generated N structures are posited to have
strengthened the binding energies of Li/Na atoms to graphene
sheet, thus increased the Li/Na coverage of NDG sheet and
delivered a progressive capacity boost during the initial hundred
cycles. This capacity boost of NDG is continued until all of the
graphitic N with favorable structures transformed into pyridinic
N and/or pyrrolic N. This work confirmed the electrochemical
induced N structure evolution of NDG sheets, which provide a
good deal of insight into the capacity boost of NDG electrode,
and it may also present a fresh perspective for using nitrogen-
doped graphene materials in various applications beyond
batteries.
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