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ABSTRACT

Fabricating conductive graphene films by assembling graphene oxide (GO)
sheets is highly desired for many applications, however a very high temperature
around 3000 K is usually required to repair the sp® structure for traditional
thermal annealing. Here, an electric field assisted Joule heating method was
developed to repair the sp” structure in GO at a temperature lower than 1500 °C.
The resulting free-standing graphene film shows a high electrical conductivity
(~ 1840 S/cm) and high C/O ratio (132), both of which are much higher than
those of thermally reduced GO films under the same temperature. These find-
ings provide new possibilities for fabricating high-quality graphene films in an
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energy-efficient and low-cost manner.

1 Introduction

Graphene has received more and more attention in
electronics and energy devices for its ultrahigh elec-
trical conductivity, lightweight, and excellent
mechanical performance [1-7]. So far, a lot of work
has been done in the preparation of graphene, but
limited success has been achieved in the preparation
of high-quality macro and thick graphene films.
Graphene oxide reduction method is widely accepted
in microelectronic field for its low-cost and large-
scale production. In recent years, a variety of reduc-
tion methods of graphene oxide have been employed
to assemble heat/electricity-conducting film in
microelectronic field, mainly divided into chemical
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reduction and thermal reduction according to the
reduction mechanism [8, 9]. Chemical reduction
usually achieved at lower temperature (< 150 °C), but
impurities are inevitably introduced in the reduction
process, resulting in poor conductivity of the film.
Thermal reduction method has the advantage of high
purity, but to obtain high-quality film, it often needs
to reach the graphitization temperature as high as
above 3000 K and a long-time reduction process,
resulting in a waste of resources and time. Therefore,
an efficient and energy-saving method to produce
excellent electricity/heating properties graphene is
imperative.

Lately, a new method named joule heating method
[10-14] was brought up to reduce graphene oxide.
Hu's [10] group developed a stable 3000 K joule
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heating method to produce the reduced GO (RGO)
film with less defects/impurities and larger graphitic
sp2 domains, which enables its record-high conduc-
tivity and mobility of 6300S/cm and 320 cm* V™' 57"
at room temperature. Gao et al. [13] applied joule
heating to effectively reduce GO at an ultra-high
temperature (~ 2750 K) in a short time, leading to
highly crystalline graphene structure and freestand-
ing RGO film with high dc conductivity of 3112
S/cm. Sang Ouk Kim'’s group [14] presented elec-
trothermal reduction (Joule heating) to restore the sp”
domain of GO fibers and achieved a high electrical
conductivity of 1020 S/cm. Although the joule heat-
ing method achieved high conductivity in the RGO
film, it is also accompanied by high temperature up
to 3000 K, which limits its application.

Although the effect of electric current on graphene
is rarely reported, the research on applying electric
current to metal is fruitful [15-18]. According to the
results in metallic materials, electric current can
effectively accelerate the atomic diffusion, phase
transformation, dissolution, chemical reaction, and so
on. Inspired by these results, we believe that it may
be able to reduce GO film at a lower temperature by
electric current.

In this work, we developed an electric field assisted
reduction (electro-reduction) method to reduced GO
film under a much lower temperature (< 1500 °C)
than those reported previously (~ 3000 K). The
resulting RGO film shows a high electrical conduc-
tivity of ~ 1840 S/cm and a C/O ratio of 132, both of
which are much higher than those of thermally
reduced GO films under the same temperature. These
findings open new possibilities for better reducing
GO and further utilizing it in electronic and energy
storage devices.

2 Experimental
2.1 Materials

All following reagents were used as received: A GO
dispersion was prepared by improved Hummer’s
method [19]. GO films were obtained by scanning
centrifugal casting method [20, 21]. Analytical-grade
reagents ferrous sulfate (FeSO,-7H,0), cobalt chlo-
ride (CoCl,-6H,0), polyethylene glycol (PEG-400),
hydrazine (N,H4-H,O) and cyclohexane (C¢Hi,) were
used for preparing magnetic particle.
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2.2 Reduction of GO film with direct
current and furnace

The GO film was thermally pre-reduced at 500 °C for
1 h in an argon-filled tube furnace with the heating
rate of 1 °C/min. The aim of pre-reduction is to
reduce the huge resistance of GO films due to the
presence of the oxygen-contained groups and trigger
the electro-reduction. The pre-reduced GO film (Pre-
RGO) is sandwiched between two pieces of quartz
glass and fix with a stainless-steel clip, with both
ends bonds to copper tapes. The reduction experi-
ment was conducted by applying direct current (dc)
to the film in a quartz tube full of argon, as illustrated
in Fig. 1. The current applied on the samples is 10A,
corresponding to current density 5 x 10’ A/m? and
the reduction time was set as 1 min, 10 min, 1 h and
8 h. The temperature of the samples was detected by
an infrared thermometer (E3MH-F2-L-0-0) and
recorded by the digital collector (HIOKI LR8401-21).
In order to verdict the non-thermal effect in the
electro-reduction process, thermal reduction was
performed at the same temperature as the electro-
reduction process. Due to the temperature change
during the electro-reduction process (caused by the
resistance change of sample), the temperature at 1 h
during the electro-reduction process was selected as
the reference temperature for the thermal reduction
(Fig. 2). The detail parameters of the electro-reduction
are shown in Table S1.
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Fig. 1 Schematic diagram of the experimental device
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2.3 Characterization

Morphology structures of GO, RGO film and mag-
netic particles were characterized using field emis-
sion-scanning electron microscope (SEM, FEI Quanta
600/SUPRA 55). Transmission electron microscopes
(TEM, FEI Tecnai F30/JEOL JEM-2100) were used to
characterize the degree of crystallization. Raman
spectra were collected on a WITec alpha300R with
laser excitation wavelength of 532 nm. X-ray diffrac-
tion (XRD, Cu Ka radiation, D8 Advance, BRUKER/
AXS, Germany), X-ray photoelectron spectroscopy
(XPS, PHI Quanta SXM) were applied to elements
analysis. The electric conductivity of the reduced film
was measured by a four-electrode method (RTS-9).

3 Results and discussion

The temperature profile of the samples under electric
current was recorded, as shown in Fig. 3. Insets are
optical images of the sample at different times. When
an electric current was applied to the sample, the
temperature of the sample first rises rapidly due to
the joule heat. When the temperature reaches equi-
librium, the resistance of the graphene film decreases
due to the electro-reduction, the temperature of the
sample gradually reduced. As time continue increa-
ses, the temperature curve turns to flat, and then
rises. This phenomenon may be caused by the reac-
tion [22] between quartzes and the graphene film (Fig
S1), which caused defects on the surfaces of RGO
films and the increase in resistance.

Si0, + C = SiC + CO (1)

In order to eliminate the influence of the reaction
between graphene and quartz glass, the top layer of
the sample was removed before the following
characterization.
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Fig. 3 Time versus temperature curve of the RGO film reduced at
10 A. Insets show the optical images of the RGO film during
electro-reduction

The surface morphology and cross-sectional SEM
images of the Pre-RGO sample and electro-reduced
sample are shown in Fig. 4a—d. It can be seen that a
lot of wrinkles, which were formed due to the over-
lap of adjacent flakes during the film forming pro-
cess, were observed on the surface of Pre-RGO
samples. Whereas after electro-reduction under 10A
for 1 h, the wrinkles on the surface of the film have
almost disappeared, as shown in Fig. 4b. The electro-
reduced sample has a much smooth surface and a
more compact stack than the Pre-RGO sample. As we
know, the overlap of adjacent flakes not only reduce
the compactness of the Pre-RGO film, but also hinder
the transport of the carrier (mainly electrons), making
the wrinkles regions have larger electric resistance.
During the electro-reduction, these areas will gener-
ate more joule heat, resulting in higher temperature,
so the overlapping flakes will be welded into larger
flakes. As a result, the wrinkles in the sample became
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Fig. 4 SEM images of Pre-
reduced sample and electro-
reduced sample. Surface
morphology of a Pre-reduced
sample and b electro-reduced
sample (10 A, 1 h); Cross-
section SEM images of ¢ Pre-
RGO film and d electro-
reduced sample (10 A, 1 h)

less and flatter after electro-reduction (Fig. 4b), which
is beneficial for the compactness of the film, as shown
in Fig. 4c and d. Figures 5a and b are high resolution
TEM (HRTEM) images of the Pre-RGO sample and
electro-reduced sample. The insets are their selected
area electron diffraction (SAED) patterns. The TEM
morphology of the Pre-RGO sample is disordered,
and its SAED shows a ring pattern corresponding to
the amorphous microstructure, which may be attrib-
uted to the presence of a varieties of oxygen-con-
taining functional groups in it, which leads to a very
high defect ratio. After electro-reduction, the sample
shows crystal stripes in HRTEM. The distance
between two stripes is ~ 0.21 nm, close to the lattice
spacing of graphene. The diffraction pattern shows of
it also indicates the high crystallization in the sample
after electro-reduction.

XRD patterns of the Pre-RGO sample and electro-
reduced (10 A-reduction) sample are shown in
Fig. 5c. The Pre-RGO sample shows a (0 0 2) char-
acteristic peak at 24.1° with a full width at half
maximum (FWHM) of 2.46°, while for the electro-
reduced sample, the (0 0 2) peak shifts to 26.09° and
becomes much narrower with a FWHM of 0.80°.
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According to Brag’s law, the interlayer distance (d-
spacing) of the Pre-RGO sample and electro-reduced
sample is 0.3673 nm and 0.3397 nm, respectively. The
smaller d-spacing indicates that the oxygen-contain-
ing functional groups were removed, and the nar-
rower and sharper characteristic peak indicate that a
more ordered structures and larger graphite domain
size, which is consistent with the results of SEM and
TEM.

XPS spectra denote the composition of the fabri-
cated RGO films. As shown in Fig. 6a, the ratio of
C/O0 increased from the original 3.79 (GO film: O%
atom = 20.86%) to 132.33 (10A-reduced RGO film:
O% atom = 0.75%), an increase of 35 times, which
confirms that the electro-reduction has removed the
oxygen-containing functional groups effectively. By
comparing the C 1s fine scan of the Pre-RGO film, the
1150 °C-thermal reduced film and the 10A-electro-
reduction film, the deoxidization is further discussed.
After reduction, the C-C/C=C (sp” carbon) peak at
284.6 eV increased while the C-O (~ 286.3 eV), C=0
(~ 2878 eV) and COOH (~ 289eV) [8, 23-25]
decreased in the both reduction method. After elec-
tro-reduction, the C=0 and COOH disappeared and
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Fig. 5 TEM images of samples before (a) and (b) after electro-reduction. ¢ XRD patterns of samples of before and after electro-reduction.

Insets of a and b show the diffraction patterns of (a) and (b)
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Fig. 6 XPS analysis. a XPS element survey scan of GO, Pre-

RGO, thermal reduction (1150 °C, 1 h) and electro-reduction
(10 A, 1 h), respectively (top to bottom); Element fine scan: b Cls

showed a more symmetric C peak compare with that
of thermal reduction. The content of oxygen-con-
taining functional groups of the reduced RGO films
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of Pre-RGO film, ¢ thermal reduced RGO film (1150 °C, 1 h) and
d electro-reduced film (10 A, 1 h)

by the two method are denoted in the Table.1.
Apparently, apart from C-C/C=C, content of various
oxygen-containing functional groups in electro-

@ Springer



11732

reduced sample were all less than those in thermal
reduced sample, which indicated that electro-reduc-
tion works more efficiently.

Raman spectra of the Pre-RGO sample, electro-re-
duced (10A-reduction) samples and thermal reduced
sample (1150 °C, 1 h) are shown in Fig. 7. Note that
the D, G and 2D characteristic band were shown
at ~ 1360, 1635 and 2675 cm ™" of the curve, and they
are related to defect-induced breathing mode, the
stretching mode of the C-C bonds and the degree of
crystallization in the graphene-like structure,
respectively [26, 27]. The D to G band intensity ratio
(In/Ig) is used to judge the proportion of defects in
the RGO films. Compare with the Raman spectrum of
the Pre-RGO, the G bands and 2D band of the electro-
reduced films are sharper (Fig. 7a). It indicates the
increase of sp2 domain size and crystallization, which
is contributed to the effective electro-reduction. In
addition, it is shown in Fig. 8b that the Ip/Ig first
increased and then decreased with the electro-re-
duction time. The Ip/Ig changed from 0.854 of Pre-
RGO to 0.99 of the electro-reduced film for 1 min, and
then decreases to 0.16 when the reduction time is 8 h.

In order to clarify the effect of electric current on
the repair of the sp” structure in GO, nano FeCo
magnetic particle loading test was carried out on the
reduced samples to characterize the defects on the
RGO film. The FeCo nano particles were synthesized
by using a modified chemistry technique (More
details about fabricating FeCo on RGO films are
shown in supplementary information) [28]. Figure 8a
shows the morphology of Pre-RGO film loaded with
nano FeCo magnetic particle. The surface is relatively
smooth, and FeCo aggregates are mainly distribute in
the wrinkle position. For the RGO film electro-re-
duced for 1 min, the FeCo aggregates loaded on the
surface were more numerous, almost a quarter of the
surface was covered by them, as show in Fig. 8b. For
the RGO films reduced for 10 min, 1 h and 8 h, as the
reduction times increased, FeCo aggregates loaded
on the surface gradually decreased, and the

Table 1 The content of oxygen-containing functional groups in
films after electro-reduction and thermal reduction

Methods C-C/C=C (%) C-O(%) C=0O COOH
10A, 1 h 88.26 11.74 0 0
1150 °C, 1 h  83.28 12.54 3.58%  0.60%
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distribution of them are more and more uniform, as
shown in the result of image processing (Table 52)
performed on Fig. 8c—e. In addition, the size of the
aggregates was characterized by an image analysis
software, and they are also getting smaller (Fig. S2).

It is believed that the size and the distribution of
the magnetic particle aggregates are inextricably
linked to the defects. In order to understand their
relationship, density functional theory (DFT) calcu-
lations were performed to investigate the nucleation
process of the magnetic particles on electro-reduced
RGO films with a monovacancy and 5-8-5 defect
(divacancy), respectively (More details are in sup-
plementary information). The nucleation process of
the FeCo particle on RGO films is simulated by
Cambridge Serial Total Energy Package (CASTEP).
The modules are shown in Fig. 9. The driving force
(the nucleation energy (Ey) is represented by the
difference of chemical potential (Ap):

Ex = Apt = Ergo/reco — ErGo — Ereco (2)

For RGO with monovacancy,

E'n = A'pt = E'rgoyreco — E'RGo — Ereco (3)

And for RGO with divacancy,

" " 1 14
E"N = A" = E"rGo/Feco — E'RGO — EFeco

The E'x (A'w), E'N (A1), E'rco/Fecor E"RGO/Fecos
E'rcor E"rRco/Feco and Epeco, are the nucleation
energy (chemical potential) of the reaction (3) and (4),
system energy of RGO with monovacancy and mag-
netic particle FeCo, system energy of RGO with
divacancy (5-8-5 defect) and magnetic particle FeCo,
energy of monovacancy-RGO, divacancy-RGO and
FeCo particle. Because the studied system involved in
condensed phases, we assume that the entropy A(TS)
and D(PV) terms have negligible contribution to the
chemical potential [29]. According to the calculated
result shown in Table.2, the divacancy has a more
negative value of Ap. Because a more negative value
of Ey indicates a more thermodynamically favorable
process, the FeCo magnetic particles were easier to
nucleate and grow up to cubic nano particles at larger
defect locations (Fig. 8g—i) [28], which means that the
distribution and size of FeCo aggregates positively
correlated with the distribution and size of the
defects. Therefore, the morphology of the FeCo
magnetic particles could be used to characterize the
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Fig. 7 Raman results of RGO films. a Raman spectra of Pre-RGO
and 10 A electro-reduced samples reduced for 1 min, 10 min, 1 h
and 8 h. b Intensity ratio of D peak to G peak (Ip/Ig) of RGO films

in (a). ¢ Raman spectrum of thermal reduced film (1150 °C, 1 h).
The temperature was set according to that of electro-reduction
(10 A, 1 h)

Cojkajl

Fig. 8 SEM images of a Pre-RGO (0 min), b 1 min, ¢ 10 min, d 1 h and e 8 h electro-reduced samples at 10A after loading magnetic
particles; £ EDS image of element map; Morphology of FeCo particles at the magnifications of g x2000, h x 10,000 and i x 100,000

defects on the RGO films. The results are consistence
with the results of Raman spectrum.

The reduction of graphene oxide includes the
removal of oxygen-containing functional groups and
the repair of the sp” structure. The removal of oxy-
gen-containing functional groups usually leads to the

increase of defects, including vacancies left after the
removal of oxygen-containing function groups and
defects caused by the escape of gas (H,O, CO, CO,)
generated during reduction [30-33], while the repair
of the sp” structure led to the decrease of defects.
During the electro-reduction process, the removal of
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Fig. 9 Optimized structures of
FeCo on RGO with
monovacancy (right) and
divacancy (left)

divacancy

Table 2 DEFT calculated energies of monovacancy and divacancy

system

Energy (eV) Divacancy Monovacancy
Erco — 11,030.61 — 11,192.57
Ereco — 1946.59 — 1946.59
ErGo/Feco — 12,995.85 — 13,154.32
Au(EN) — 18.64 — 15.15

oxygen-containing functional groups dominated in
the first stage, which caused the defects in the RGO
films increase, as shown in Fig. 8b. The increase of
Ip/Ig in the Raman spectrum also certified the
increase of defects in the RGO films. As the reduction
time increased, the removal of oxygen-containing
functional groups become slower, the repair of the
sp> structure dominated, which leads the defects in
the RGO film gradually decreased, as shown in
Fig. 8c and d. The Ip/Ig in the Raman spectrum also
decreased. Compared with the thermal reduction,
both the removal of oxygen-containing functional
groups and the repair of the sp” structure were
accelerated by current. The Ip/Is of the RGO film
reduced at 1150 °C for 1 h is 1.30 (Fig. 7c), which is
still higher than that of Pre-RGO film, while the RGO
film electro-reduced at 10 A for 10 min or 1h is
already lower than that of Pre-RGO film, which
means the removal of oxygen-containing functional
groups is much faster under electric current. After
electro-reduction at 10 A for 8 h, the Ip/I; reaches
0.16, indicating a successful reduction of the RGO
film. Therefore, the electro-reduction method may
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monovacancy

provide new possibilities for fabricating high-quality
graphene films in an energy-efficient and low-cost
manner.

The electrical conductivity of the electro-reduced
film is shown in Fig. 10. It is clear that the electricity
conductivity increases with the reduction time
(Fig. 10a). After electro-reduction at 10 A for 1 h, the
conductivity of the film reaches 1140 S/cm, while the
conductivity of the RGO film reduced at 1150 °C for
1h was only 563 S/cm. After electro-reduction at
10 A for 8 h, the electrical conductivity of the film can
reach 1840 S/cm. This result is better than the elec-
trical conductivity of most RGO films reduced below
2000 K (Fig. 10b and Table. 3). [14, 23, 24, 34-45]

4 Conclusion

A method of reducing graphene oxide film under dc
electrical current was reported. In this electro-re-
duction RGO film, the ratio of C/O reach as high as
132.33, and the conductivity is 1840 S/cm. The elec-
tro-reduction process includes two stages: removal of
oxygen-containing functional groups and the repair
of the sp” structure, both of which were accelerated
by electrical current. Therefore, electro-reduction can
achieve a better reduction effect in a lower tempera-
ture and a shorter time, which makes it an effective
way to reduce GO film.



J Mater Sci: Mater Electron (2021) 32:11727-11736 11735
2200F ;
(@)1800-{ [ —=— Electro-reduction (b) v chemical
—e— Thermal reduction .. 2000 reduction this work
€ 1gool| @ thermal *
u - .
Lo reduction 3
¥ 1600 % this work Fiberi24]
,? 1a00L! © others
2
B 1200 & ¢ Fiber[23]
g w Film[45)] . Fiber(24] @
T 1000
5
A 800 & Fiber(42]
©
O 600 i P4
,3 400L  Griberia0) Fiber[42] Fiber[42)
° <2 V Film[36] ~ Powder{38]
w 2°°’rnmgs, a7 = Fiber[42]
0—; v Saelsy ®9 OFiber[41]
Powder([34, 38] Fiber(42]
1 10 100 1000 0 200 400 600 800 1000 1200 1400 1600 1800
Time (min) Temperature (°C)

Fig. 10 a Conductivity of the thermal reduced sample and electro-reduced samples reduced for 1 min, 10 min, Il hand 8 hat 10 A. b The
dc conductivity of RGO reported by other literatures [14, 23, 24, 34-45].

Table 3 Comparison of dc conductivity ¢ by different methods

Ref. no Reduction method o(S/cm)
[34, 35, 37] Hydrazine/Hydrazine hydrate/Hydrazine monohydrate 2-99.6
[38] Chemical NaBH, solution/NaBH, solution + Concentrated H,SO4 0.8-16.6
[37, 39] 55% HI reduction/Vitamin C/wet drawing 202-410
[14, 23, 24, 41-44] Thermal T <2000 °C 5-1750
38, 45] Others Long-chainmbridging/Argon arc discharge 202-1192
- This work electric field + low temperature® 1840

This work mainly studies the electro-reduction with low temperature (< 1500 °C), other works by this method with high
temperature(> 2000 K) did not show up in this table
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