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First, graphene is directly grown on nickel foil without additional catalysts by chemical vapor deposition (CVD). Next, the
graphene is modified by nitrogen-doping, and alumina is deposited onto the graphene by magnetron sputtering. The charge-
specific capacity of N-doped graphene is higher than that of graphene since 2 Theta of in situ XRD characteristic peaks for N-
doped graphene moves toward a lower angle (about 24) which is smaller than that (about 25) for graphene, and then the gap
between graphene layers for N-doped graphene is larger than that for graphene according to Bragg’s Law, and N-doped
graphene demonstrates the additional in situ XRD characteristic peak (LiC6) in comparison to graphene only with the in situ
XRD characteristic peak (LiC12). Furthermore, because 2 Theta of in situ XRD characteristic peaks for Al2O3/graphene also
moves toward a lower angle (about 24) and Al2O3/graphene also shows the additional in situ XRD characteristic peak (LiC6),
the charge-specific capacity of Al2O3/graphene is also higher than that of graphene.

1. Introduction

Lithium-ion batteries were applied to electric vehicles, por-
table electronic devices, etc. Compared with other batteries
(such as Ni-Cd, lead-acid, and Ni-MH), lithium-ion batte-
ries possess higher energy densities (100-150Whkg-1),
higher voltage, and lower maintenance [1, 2]. The perfor-
mance of lithium-ion batteries mainly depends on the
properties of anode and cathode materials [2]. In this
research, we focused on anode materials of lithium-ion
batteries.

In our previous study [3], carbon nanotubes, carbon
nanotubes/graphene composites, and graphene were
grown on nickel foil without additional catalysts by
one-step ambient pressure CVD at 700°C, 800°C, and
900°C, respectively. The plateaus in the discharge/charge

curves for graphene were more obvious than those for
carbon nanotubes and carbon nanotubes/graphene com-
posites during lithiation/delithiation processes; therefore,
graphene was chosen to study lithiation/delithiation pro-
cesses by in situ XRD. Furthermore, in our previous
research [2, 3], the carbon nanotubes/graphene composite
was doped by nitrogen, and alumina was deposited onto
the N-doped carbon nanotubes/graphene composite, so
graphene was modified by nitrogen-doping, and alumina
was deposited onto graphene. Finally, in situ XRD was
utilized to verify improvement of specific capacity for
graphene after nitrogen-doping or being covered with
alumina.

Dahn [4] observed scattering angles (2 Theta) in situ
XRD characteristic peaks for crystalline synthetic graphite
powder (KS-44) decreased with decreasing of predischarge
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Figure 1: Schematic illustration of the fabrication process of graphene, N-doped graphene, and Al2O3/graphene.
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Figure 2: Raman spectra of (a) graphene and (b) N-doped graphene.
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voltages, so gaps between graphite layers (d) increased
with decreasing of predischarge voltages due to d being
inversely proportional to 2 Theta of in situ XRD charac-
teristic peaks according to Bragg’s Law. Furthermore, there
are past studies that discuss nitrogen-doping. Wu et al. [5]
mentioned that (1) to compensate for the poor perfor-
mance of porous carbons, heteroatoms doping is consid-
ered to be an effective route to regulate corresponding
electronic states and facilitate electron transfer, in which
heteroatoms doping (such as N) is a common method to
tailor the electronic conductivity of porous carbons; (2)
the introduction of heteroatoms with different electronega-
tivities from carbon can induce the charge density redistri-
bution of carbon materials and lead to low band gap
energy and rapid electron transfer on graphene basal
planes; (3) heteroatoms possessing relatively large atomic
sizes can further distort carbon structures and enlarge
interlayer spacing to break balanced spin density and
expose more electroactive defects (please see the revised
manuscript). N-doped graphene possessed higher dis-
charge capacity than graphene since N-doping induced
defects and enlarged lattice spacing between graphene
layers [6]. Pyridine-like local structures showed higher Li
storage capacity because dangling bonds were formed by
the rearrangement of C and N atoms around the diva-
cancy sites that could stabilize intercalated Li atoms [7].
Moreover, literatures for alumina films were discussed.
Li1.2Ni0.2Mn0.2Ru0.4O2 (LNMR) with alumina coating as

cathode materials for Li-ion batteries could enhance dis-
charge capacity compared with uncoated LNMR [8].
LiNi0.4Mn0.4Co0.2O2 with alumina coating as cathodes
showed increase of d-spacing with charging, with a slight
delay in the onset of the increase state compared to the
bare [9]. Multiwalled carbon nanotubes (MWCNTs) were
grown on the Cu current collector by CVD, then alumina
was deposited on the MWCNTs by atomic layer deposi-
tion, and alumina films could improve lithium-ion interca-
lation capacity [2, 10].

The main aim of this research was to verify improve-
ment of specific capacity for graphene after nitrogen-
doping or being covered with alumina; gap changes
between graphene layers and difference of characteristic
peaks (LiC6 and LiC12) for graphene with/without doping
nitrogen and graphene being covered with/without alu-
mina were analyzed by in situ XRD during lithiation/
delithiation processes.

2. Materials and Methods

We followed the methods of Lin and Chang [3] to grow gra-
phene on nickel foil without additional catalysts through
one-step ambient pressure chemical vapor deposition
(CVD) at 900°C. Next, graphene was N-doped with a gas
mixture of NH3 (60 sccm) and Ar (250 sccm) for 2 h at
600°C [11]. Finally, alumina was deposited onto graphene

(a) (b)

(c)

Figure 3: The FESEM images of (a) graphene, (b) N-doped graphene, and (c) Al2O3/graphene.
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by RF magnetron sputtering at 60W for 10min according to
our previous research [2].

A solution of 1M LiPF6 dissolved in 1: 1: 1 (wt%)
ethylene carbonate-ethyl methyl carbonate-dimethyl car-
bonate from Ubiq Technology was used as the electro-
lyte [2]. The anode electrode (π × 0:65 × 0:65 cm2, Li
metal: 99.9%, 0.3mm thick, Ubiq Technology) was
assembled with the cathode electrode (π × 0:65 × 0:65
cm2, graphene or N-doped graphene or Al2O3/graphene)
into a coin cell with the 0.1-0.15ml electrolyte (1M
LiPF6) and the PP/PE/PP separator (Celgard 2325, Cel-
gard, USA) at room temperatures (about 293-303K) by
using a coin cell manual crimping machine (CR2032,
Taiwan) in an Ar-filled glove box [2]. Furthermore, the
assembly method of an in situ XRD coin cell is similar
to that of the coin cell except for one additional piece
of Be glass.

The D peak, G peak, and 2D peak for graphene and
N-doped graphene were investigated by a microscopic
Raman spectrometer (633 nm of wavelength; in Via,
Renishaw, England). Furthermore, the Pyrrolic-N (N-5)
and Pyridinic-N (N-6) XPS spectra of N-doped graphene
and the Al 2p XPS spectrum of Al2O3 for the Al2O3/gra-
phene were explored by XPS (Fison VG. ESCA210,
England). Moreover, the structure of graphene, N-doped
graphene, and Al2O3/graphene was conducted by field
emission scanning electron microscope (FE-SEM) (JEOL
JSM-6700F, Japan). Finally, cyclic voltammetry (CV) tests
for graphene, N-doped graphene, and Al2O3/graphene
were performed using an electrochemical analyzer (CH
Instruments CHI 608B, USA) with the CR2032 coin cell
over a potential range of 0.01-3.0V at a scan rate of
0.1mVs-1. Chronopotentiometry (CP) tests for graphene,
N-doped graphene, and Al2O3/graphene were performed
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Figure 4: XPS spectra of (a) N-5 as well as N-6 for N-doped graphene and (b) Al 2P for Al2O3/graphene.
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Figure 5: Continued.
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using an electrochemical analyzer (CH Instruments CHI
608B, USA) with the in situ XRD coil cell at 0.5 C.

3. Results and Discussion

Graphene grown on nickel foil by CVD and then graphene
modified by nitrogen-doping as well as alumina deposited
onto graphene by sputtering are shown in Figure 1. The
presence of the G peak and the 2D peak (see Figure 2(a))
indicates the typical Raman characteristics for graphene
(see the FESEM image of graphene in Figure 3(a)) [12].
Compared with Figure 2(a), Figure 2(b) shows the addi-
tional peak (D), which is attributed to defects of N-
doped graphene (confirmed by the FESEM image of N-
doped graphene in Figure 3(b) in comparison to the
FESEM image of graphene in Figure 3(a)) and is in good
agreement with the previous literature [13]. Compared
with N-doped graphene, graphene exhibits no noticeable
D peak at 1350 cm-1 (see Figures 2(a) and 2(b)) due to
fewer defects, which is similar to the previous literature
[13]. Furthermore, Figure 4(a) shows N-5 and N-6 XPS
spectra of N-doped graphene, which demonstrates that
the N species in the N-doped graphene are N-5 (13.7 area
%) and N-6 (86.3 area %) [11]. Figure 4(b) shows the Al
2p XPS spectrum of Al2O3/graphene, which demonstrates
the existence of Al2O3 in the composites (confirmed by
the FESEM image of Al2O3/graphene in Figure 3(c) in
comparison to the FESEM image of graphene in
Figure 3(a)) and is in good agreement with the previous

literature [14]. The FESEM image of graphene (see
Figure 3(a)) grown at 900°C is similar to the previous lit-
erature [3]. Compared with the FESEM image of gra-
phene, the FESEM image of N-doped graphene shows
more defects (see Figures 3(a) and 3(b)). Compared with
the FESEM image of graphene, the FESEM image of
Al2O3/graphene shows an Al2O3 coating layer, which is
similar to the previous literature [2].

Figures 5(a), 5(b), and 5(c) show the discharge/charge
profiles (0.1 C) of the coin cell for graphene, N-doped gra-
phene, and Al2O3/graphene. The appearance of the pla-
teaus in the predischarge curves can be assigned to
forming the SEI film on the surface of electrodes and the
degrading electrolyte [15]. The predischarge plateaus rap-
idly disappear in the following cycles (See Figures 5(a),
5(b), and 5(c)) which also are verified by the cathode
peaks (1.1V for graphene, 0.6V for N-doped graphene,
and 1.2V for Al2O3/graphene) happening during the 1st
(predischarge) cycle and disappearing in the subsequent
cycles (see Figures 6(a), 6(b), and 6(c)). The cathode peak
(1.2V) in the 1st (predischarge) cycle of Al2O3/graphene is
not sharper than the other cathode peaks (1.1V for gra-
phene and 0.6V for N-doped graphene) in the 1st (predis-
charge) cycles (see Figures 6(a), 6(b), and 6(c)) since
Al2O3 coating layer could act as a preformed SEI to block
the electrolyte and then suppress undesired side reactions
with the electrolyte and thus reduce SEI formation during
predischarging. So the potential plateau in the predis-
charge curve of Al2O3/graphene is not more obvious than
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Figure 5: The discharge/charge profiles (between 0.01V and 3V at 0.1 C) with different charge-discharge cycles of the coin cell for (a)
graphene, (b) N-doped graphene, and (c) Al2O3/graphene.
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those of graphene and N-doped graphene (see Figures 5(a),
5(b), and 5(c)). The cathode peak (0.6V) in the 1st (predis-
charge) cycle of N-doped graphene is sharper than the cathode
peak (1.1V) in the 1st (predischarge) cycle of graphene (see

Figures 6(a) and 6(b)) because compared with graphene, N-
doped graphene possesses the additional peak (D) (see
Figures 2(a) and 2(b)) which is attributed to defects then
increasing SEI formation during predischarging.
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Figure 6: Cyclic voltammograms (between 0.01V and 3V from the 1st cycle to the 3rd cycle) of the coin cell for (a) graphene, (b) N-doped
graphene, and (c) Al2O3/graphene.
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The average charge-specific capacity of 6th to 10th
cycles at 0.5 C is about 298 mAhg-1 for graphene (see
Figure 7); however, the average charge specific capacity
of 6th to 10th cycles at 0.5 C is about 687 mAhg-1 for
N-doped graphene (see Figure 7). The reason behind this
behavior may be explained as follows. 2 Theta of in situ
XRD characteristic peaks for graphene moved toward a
lower angle only about 25 (see Figure 8), but 2 Theta
of in situ XRD characteristic peaks for N-doped graphene
moved toward a lower angle about 24 (see Figure 9).
Since gaps between graphene layers (d) are inversely pro-
portional to 2 Theta of in situ XRD characteristic peaks

according to Bragg’s Law, then d for N-doped graphene
is larger than d for graphene, and thus, the average
charge-specific capacity (687 mAhg-1) for N-doped gra-
phene is larger than that (298 mAhg-1) for graphene,
which is similar to the previous literature [6]. It also
could be explained by this: compared with graphene, N-
doped graphene shows the additional in situ XRD charac-
teristic peak (LiC6) which possesses higher Li storage
capacity in comparison to the characteristic peak (LiC12)
[16] (see Figures 8 and 9). Furthermore, for Al2O3/gra-
phene, the average charge-specific capacity of 6th to
10th cycles at 0.5 C is about 321 mAhg-1 which is also
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Figure 8: (a) Chronopotentiometry graph and (b) in situ XRD pattern of graphene.
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larger than that (298 mAhg-1) for graphene (see
Figure 6). The reason behind this behavior may be that
2 Theta of in situ XRD characteristic peaks for Al2O3/
graphene moved toward a lower angle (about 24) (see
Figure 10) which is also small than that (about 25) for

graphene (see Figure 8), and Al2O3/graphene also demon-
strates the additional in situ XRD characteristic peak (LiC6)
which has higher Li storage capacity compared with character-
istic peak (LiC12) (see Figures 8 and 10). A similar result has
been published in previous literature [10].
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4. Conclusions

The presence of the G peak and the 2D peak indicates the
typical Raman characteristics for graphene. The N-5 and
N-6 XPS spectra of N-doped graphene demonstrate that
the N species in the N-doped graphene are N-5 and N-6.
The Al 2p XPS spectrum of Al2O3/graphene shows the exis-
tence of Al2O3 in the composites. Furthermore, since Al2O3

coating layer could act as a preformed SEI to suppress unde-
sired side reactions with the electrolyte and then reduce SEI
formation during predischarging, the cathode peak in the
predischarge cycle of Al2O3/graphene is not sharper than
the other cathode peaks of graphene as well as N-doped gra-
phene, and thus, the potential plateau in the predischarge
curve of Al2O3/graphene is not more obvious than those of
graphene as well as N-doped graphene.
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