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Effects of annealing conditions on the battery anode properties of 
multilayer graphene due to layer exchange
R. Ito,a K. Nozawa,a N. Saitoh,b N. Yoshizawa,c T. Suemasu,a and K. Toko *a 

The annealing conditoins of the layer-exchange synthesis of 
multilayer graphene significantly affected its crystallinity and 
lithium-ion battery anode properties. We demonstrated excellent 
capacity retention and fast charge–discharge properties in 
multilayer graphene synthesized at low temperatures (400 °C). 
These results could contribute to the realization of flexible thin-film 
batteries.

Thin-film batteries with solid electrolytes have attracted 
considerable attention as next-generation energy solution 
owing to their superior energy efficiency, cost-effectiveness, 
safety, and installation flexibility.1,2 Graphite, which is 
commonly used as an anode material in conventional liquid 
lithium-ion batteries (LIBs), exhibits stable properties even 
when paired with the other carrier ions3,4 or solid electrolytes.5 
The synthesis of graphite as a thin film on various substrates 
could provide a reliable anode for advanced thin-film batteries. 
However, the synthesis of bulk graphite on any substrate is 
challenging as the synthesis temperature is usually above 1000 
°C. Graphene, a two-dimensional sheet of graphite, has been 
synthesized at low temperatures using metal-catalyzed vapor-
phase growth6-10 or solid-phase growth.10-12 As an anode 
material, graphene has an extremely high specific capacity 
because of its high specific surface area.14-16 A stable operation 
over graphite has also been observed with multilayer graphene 
(MLG).17-21 However, the use of a thin MLG anode is impractical 
because of its limited capacity per area. Obtaining thick MLG 
(i.e., graphite thin film) through conventional low-temperature 
synthesis methods which involve heating the solid solution and 
cooling to precipitate carbon on metal catalysts remains 
challenging. 

Layer exchange (LE) is a technique for forming 

polycrystalline semiconductor thin films on various substrates 
by exchanging layers of metal and amorphous semiconductors 
during a heat treatment process.22-25 We discovered that eight 
different metals can induce LE with amorphous carbon (a-C), 
leading to the formation of MLG.26-28 The resulting MLG 
exhibited properties comparable to those of bulk graphite when 
used as an anode electrode for LIBs.29-31 The shape of the MLG 
conformed to that of the initial metal layer, allowing precise 
control of thickness control over a wide range.32,33 In this study, 
we investigated the effect of LE synthesis temperature on the 
anode properties of MLG. Lower synthesis temperatures 
resulted in better anode properties, and paved the way for the 
development of flexible thin-film batteries using plastic 
substrates. 

Fig. 1(a) illustrates the schematic of the LE process. We 
formed MLG using a Ni-induced LE with an inverted structure, 
which self-assembles into a Ni bottom electrode.24,29 We 
sequentially deposited Ni and a-C thin films, each with a 
thickness of 200 nm, on Mo foils. All depositions were 
performed using radio-frequency (RF) magnetron sputtering 
(Sanyu Electron SVC-700RF, base pressure: 3.0 × 10−4 Pa) with 
Ar plasma. The RF power was set to 50 and 100 W for Ni and a-
C, respectively. The samples were subjected to heat treatment 
at growth temperatures (Tg) of 800 °C for 10 min., 600 °C for 8 
h, and 400 °C for 15 h. For Tg = 600 °C and 800 °C, the samples 
were removed from the sputtering equipment and annealed in 
a furnace (Koyo Thermo Systems KTF035N1) with an Ar 
atmosphere. For Tg = 400 °C, the sample was annealed inside 
the sputtering equipment without exposure to the atmosphere, 
a method that prevents oxygen contamination of the a-C films 
and enables crystallization at low temperatures.24,34 We note 
that 400 °C was approximately the lower limit of annealing 
temperature at which layer exchange of carbon occurred, while 
carbon on the Mo substrate sublimated during annealing at 900 
°C. Therefore, Tg ranged from 400 to 800 °C. The samples, as 
depicted in Fig. 1(b), were analyzed using Raman spectroscopy 
(JASCO NRS-5100; spot diameter, 5 μm; wavelength, 532 nm), 
scanning electron microscopy (SEM, Hitachi High-Technologies 
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SU-8020), and transmission electron microscopy (TEM, FEI 
Tecnai Osiris) at 200 kV, equipped with energy dispersive X-ray 
(EDX). As shown in Fig. 1(c), coin-type cells were fabricated 
using the MLG electrode, pure Li metal foil, and a separator 
(Celgard 2400) immersed in an electrolyte. The electrolyte used 
was lithium hexafluorophosphate (LiPF6) (1 mol L−1) in ethylene 
carbonate (EC)/diethyl carbonate (DEC) (1:1 volume ratio). The 
characteristics of the anode were examined using an 
electrochemical measuring instrument (Meiden Hokuto 
HJ1001SD8).

Fig. 2(a) shows that the Raman spectra of all samples have 
peaks at approximately 1350, 1580, and 2700 cm⁻¹, which 
correspond to the D, G, and G' peaks in the graphitic structure, 
respectively.35 These results indicate that LE occurred in all Tg 
samples and that MLG was synthesized. Fig. 2(b) demonstrates 
that the G/D ratio, which corresponds to the crystallinity of 
MLG, is higher at lower Tg. For the sample synthesized at Tg = 
400 °C, the G/D ratio reached 13.7, which is higher than that of 
most low-temperature-synthesized MLGs.36-40 This trend in the 
G/D ratio is reasonable, considering that, in general, grain size 
expansion and orientation increase with lower temperatures in 
the LE process.23 Annealing in vacuum, avoiding atmospheric 
exposure, may also have been effective in improving MLG 
crystallinity. Fig. 2(c)–(e) show that the surface morphology of 
MLG varies with Tg. All samples exhibited common directional 
linear patterns originating from the polishing marks on the Mo 
foil. At Tg = 400 °C, voids were observed in the MLG, suggesting 
partially incomplete LE. At Tg = 600 °C, the MLG formed 
relatively uniformly. At Tg = 800 °C, the MLG was relatively 
rough, which could be attributed to Ni agglomeration during 
high-temperature annealing.

We investigated the detailed cross-sectional structure of the 
sample synthesized at Tg = 400 °C. Fig. 3(a) shows that the film 
formed on Mo exhibits a complex stacking structure, which 
differs from the structure typically obtained by standard 
inverted LE.23,24 Fig. 3(b) indicates that MLG was formed on the 
top surface, with the Ni layer positioned at the bottom through 
the LE, while MLG was also present within the Ni layer. A similar 
structure has been reported in the LE of the Si-Al system, which 
was attributed to nucleation occurring within the metal 
layer.41,42 Fig. 3(c)–(e) illustrates that the MLG layers are 
oriented parallel to the Ni interface, a common characteristic of 
MLGs with high interfacial energy anisotropy. Notably, the 
lattice image in Fig. 3(d) suggests that the MLG is highly 
crystalline despite its low synthesis temperature.

Fig. 4(a)–(c) show that, for all Tg, the samples exhibited clear 
charge/discharge operation over 100 cycles. The initial charge 
capacity was elevated owing to the formation of a solid 
electrolyte interface (SEI) at 0.73 V, which resulted in a faradaic 
reduction of the electrolyte.43 The quality of SEI would be 
roughly equivalent to bulk graphite, while there may be some 
heterogeneity due to the defects in the current MLG. Fig. 4(d) 
and (e) show a distinct peak around 0.06 V in the dQ/dV curve, 
which is a typical potential corresponding to the deinsertion of 
lithium ions into graphite.21,44 Fig. 4(f) illustrates the cycle 
characteristics derived from the charge-discharge 
characteristics. For all samples, the coulombic efficiency was 

relatively low in the first cycle owing to irreversible capacity 
formation but maintained a high value of nearly 100% during 
subsequent cycles. As the number of cycles increased, the 
discharge capacity gradually decreased for Tg = 600 °C and 800 
°C, whereas it remained almost constant for Tg = 400 °C. The 
discharge capacity at Tg = 400 °C was 6.53 μAh after 100 cycles, 
which corresponds to about 98% of the initial cycle discharge 
capacity. Fig. 4(g) shows the current rate characteristics of the 
discharge capacity. Similar to general anodes, the capacitance 
decreases with increasing current rate, which is dependent on 
Tg. The capacitance tended to be higher at lower Tg values, 
particularly at higher current rates. 

We observed the state of the MLG layers after 
disassembling coin cells that had undergone 100 
charge/discharge cycles. Fig. 5 shows that the surface 
morphology depends on Tg. For the Tg = 400 °C sample, the MLG 
layer shows a uniform surface texture (Fig. 5(a)), which is the 
same as that before charge/discharge operation. In contrast, 
the Tg = 600 °C and 800 °C samples show cracks and partial 
delamination of the MLG layer, respectively (Fig. 5(b) and (c)). 
These behaviors indicate that the MLG layer was damaged 
during the charge/discharge process, likely due to the volume 
change caused by the deinsertion of lithium ions. These results 
agree with the Tg dependent charge/discharge characteristics. 
Based on the Raman results, it appears that the high crystallinity 
of the MLG synthesized at low temperatures may be 
responsible for its excellent film strength.

Conclusions
The effect of annealing conditions of MLG anodes on the LIB 
properties of MLG anodes was studied. The LE method allowed 
MLG to be synthesized within the temperature range of 400-
800 °C. Raman measurements, electron microscopy, and 
charge-discharge analyses indicated that Tg affected the 
crystallinity and anode properties of MLG; a lower Tg resulted in 
higher crystallinity and improved charge-discharge properties. 
Notably, the MLG synthesized at 400 °C exhibited excellent 
cycle stability and current rate performance, highlighting its 
potential for practical applications in flexible thin-film batteries. 
This study demonstrates that low-temperature synthesis of 
MLG is crucial for developing next-generation energy solutions.
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Fig. 1. Sample outline of this study. (a) Schematic of the LE process. Photographs of the (b) sample after 

LE and (c) coin cell battery.

Layer exchangea

b c

5 mm 10 mm

Page 4 of 9Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
de

ce
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
5-

01
-0

4 
00

:3
7:

37
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00505H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00505h


Journal Name  COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

Fig. 2. Tg dependent growth morphologies. (a) Raman spectra obtained from the sample surface. (b) G/D 

intensity ratio of the samples determined by the Raman spectra shown in (a). SEM images of the samples 

for Tg = (c) 400 °C, (d) 600 °C, and (e) 800 °C.
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Fig. 3. Characterization of the cross-section of the sample for Tg = 400 °C. (a) Bright-field TEM image. (b) 

EDX elemental map. (c) Dark-field TEM image using the C{002} plane reflection. (d) High-resolution lattice 

images showing the lower part of the MLG layer. (e) Selected area electron diffraction pattern taken from 

the region including MLG with a selected area diameter of 200 nm.

10 nm

200 nm

200 nm

200 nm

MLG

Ni

Mo

MLG

Ni

Mo

C

Ni

Mo

Ni

{002}C

a b

d ec

MLG

MLG C
Ni Ni

MLG
Ni

Page 6 of 9Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
de

ce
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
5-

01
-0

4 
00

:3
7:

37
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00505H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00505h


Journal Name  COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

Fig. 4. Anode properties of the samples. Galvanostatic charge/discharge cycles of the samples for Tg = (a) 

400 °C, (b) 600 °C, and (c) 800 °C, where the current density is 13 µA cm–2. dQ/dV plots of (d) charge and 

(e) discharge for the 10th cycle. (f) Discharge capacity and coulombic efficiency as a function of cycle 

number. (g) Current-rate testing of the samples at current densities ranged from 2.7 to 133 µA cm–2, 

every 10 cycles.

0 5
0.0

0.5

1.0

1.5

2.0

Vo
lta

ge
[V

]

Capacity [µAh]
1510

1st

2nd

10th

50th

100th

5th

0 5
0.0

0.5

1.0

1.5

2.0

Vo
lta

ge
[V

]

Capacity [µAh]
1510 0 5

0.0

0.5

1.0

1.5

2.0

Vo
lta

ge
[V

]

Capacity [µAh]
1510

a b c

400 °C 600 °C 800 °C
1st

2nd

10th

50th

100th

5th

1st

2nd

10th

50th

100th

5th

00

100

200

300

Di
sc

ha
rg

e 
ca

pa
ci

ty
 [m

Ah
g−1

]

Cycle number
8070605040302010

g

2.7
6.7

27

67

133

2.7

13

13

[μA cm−2]

0

dQ
/d

V
[a

.u
.]

Voltage [V]
1.51.00.5 2.0

e

discharge
800 °C

600 °C

400 °C

0

dQ
/d

V
[a

.u
.]

Voltage [V]
1.51.00.5 2.0

d

charge
800 °C

600 °C

400 °C
f

0 20
0

4
6
8

12

Di
sc

ha
rg

e 
ca

pa
ci

ty
 [μ

Ah
]

Cycle number
8060

2

10040

10

0

20

60

80

100

Coulom
bic efficiency [%

]

40

800 °C
600 °C
400 °C800 °C

600 °C
400 °C

Page 7 of 9 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
de

ce
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
5-

01
-0

4 
00

:3
7:

37
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00505H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00505h


COMMUNICATION Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Fig. 5. Surface SEM images of the samples after 100 cycles of charge/discharge at the current density of 

13 µA cm–2, where Tg = (a) 400 °C, (b) 600 °C, and (c) 800 °C.
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