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1. Introduction

In a two-dimensional carbon system for graphene (GP), three carbon electrons in four
hybridized bonding electrons (2s12p,12p,12p,!) form strong in-plane sp2 bonds consisting of
a honeycomb structure, and a fourth electron spreads out over the top or bottom of the layer
as a 1 electron. The m electrons play an important role in the coupling interactions of
multilayered GPs. A two-dimensionally spread C=C resonance structure and the hybridized
electrons confined in GP are directly related to graphene’s unique characteristics, such as its
ballistic electron conduction, high thermal conduction, and high mechanical strength (Geim
& Novoselov, 2007; Lee et al., 2008). These fundamental properties have been well studied
using high-quality graphene produced by the “top-down” physical exfoliation (McAllister
et al., 2007) and solvation-assisted exfoliation of graphite (Lotya et al., 2009) and GP thin
films produced using chemical vapor deposition (Kim et al., 2009; Obraztsov, 2009).
Meanwhile, thermally reduced GP from graphene oxide (GO) (Gao et al., 2009; Jeong et al.,
2009), produced from graphite using various chemical oxidation routes (Brodie, 1859;
Hummers & Offerman, 1958; Hirata et al., 2004), has attracted considerable attention as a
potential material for use in various industrial applications such as photovoltaic cells,
capacitors, sensors, and transparent electrodes (Geim & Novoselov, 2007; Stoller et al., 2008;
Wang et al., 2008; Liu et al., 2009). This is because of not only its potential in significantly
lowering the cost of mass-produced graphene but also the simple, nonchemical, thermal
conversion of GO powder or film to GP powder or film, respectively (Titelman et al., 2005;
(@) Jeong et al., 2009; (b)). However, the thermal reduction of GO is a very complex
phenomenon because of the thermal-energy-induced multistep removal processes of
intercalated H,O molecules and oxide groups of ~-COOH (carboxyl group), -OH (hydroxyl
group), and >O (epoxy group). It should be noted that in chemical reduction, individual GO
sheets in the solution phase are chemically reduced by the strong chemical base (Titelman et
al., 2005; Ju et al., 2010). Therefore, the thermal reduction of GO and resultant GP needs to
be studied in great detail.

In this research, X-ray diffraction (XRD) was used to probe the temperature-dependent
evolution of the interlayer distance (doo2) of GO/GP films and powders within temperature
ranges of room temperature (RT) to 1000°C and RT to 2000°C, respectively. XRD results
show a detailed thermal reduction of GO with the removal of intercalated H>O molecules
and oxide groups, defect formation, lattice contraction and exfoliation mechanisms of the
GO/GP sheets, the folding and unfolding of the GO/GP layers, and a bottom-up layer
stacking toward bulk graphite.
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2. Experimental

Graphene oxide was prepared using a modified Hummers” method (Hirata et al., 2004).
First, 5 g of natural graphite (99.995%, Alfa), 3.75 g of NaNOj3 (99%, Aldrich), and 310.5 g of
H>S04 (96%) were mixed in a 10-L pyrex reactor with a water cooling system; this mixture
was then stirred for 30 min. Next, 22.5 g of KMnOy (99%, Aldrich) was carefully added to
this mixture for 1 h. The resultant mixture was stirred for 5 days at room temperature, after
which 5 L of a HS0, aqueous solution (5%) was slowly added over a 1 h period. After
stirring for 2 h, 150 g of H2O> (30%, Aldrich) was added to the mixture. Upon centrifugation,
the GO slurry at the bottom was washed with a 3%-H>50,/0.5%-H>O; solution and then
rewashed with deionized water (Ju et al., 2010).

The final GO was obtained as a slurry or colloidal solution, which was then spin-coated on a
flat Pt XRD holder and dried at RT. The GO thickness was approximately 300 to 500 nm. The
GO film mounted on the Pt XRD holder was measured in situ in a vacuum (~103 torr,
obtained with a rotary pump) at RT to 1000°C using a high-temperature XRD instrument
(RIGAKU, D/MAX-2500, % = 1.54056 A (Cu Ky)). The heating rate was 5 °C/min.

To obtain the GO powder, the GO slurry was dried in a vacuum oven at 60°C for 24 h. Dried
GO powder (the brown color in Fig. 1b) mounted on a crucible was introduced into a quartz
furnace and thermally treated at RT to 2000°C for 1 h under a flow of laminar N> gas
(99.999%). The heating rate and N> flow rate were 5 °C/min and 50 ml/min, respectively.
GO and GP were further characterized using a field-emission scanning electron microscope
(FE-SEM: JEOL, JSM 6700F), FE-transmission electron microscope (FE-TEM, JEOL, JEM-
2000EX (200 keV)), Fourier transform infrared spectroscope (FT-IR; Jasco 4100), and a Cs-
corrected FE-TEM (JEOL/CEQOS) was used for measuring the in-plane carbon lattices. The
obtained products are denoted as GPremperature, €.8., GP200 0r GP1o00. The interlayer distances
(dooz) are denoted as diemperatures €.8., drT Or daggo.

3. Results and discussion

3.1 XRD theory and concept of interlayer distances of graphene and graphene oxide
The principle of XRD for materials is based on Bragg’'s law (Cullity, 1978), and it is
expressed by

nA = 2d(hk1)sin9 (1)

where A is the wavelength of the X-ray, 0 is the scattering angle, n is an integer representing
the order of the diffraction peak, d is the interplane distance of the lattices, and (hkl) are
Miller indices. If (002) planes of graphite or multi-layered graphene are given as in Fig. 1a,
the interlayer distance is denoted as doo2. The incoming X-rays are specularly scattered from
each GP plane. Since the angle 0 between the GP plane and the X-ray beam results in a path-
length difference that is an integer multiple n of the X-ray wavelength \, X-rays scattered
from adjacent individual GP planes will combine constructively. Therefore, the XRD peak of
the (002) facet of GP gives rise to a critical dop2 value as well as the information required for
the lattice size and quality. The GP thickness can be estimated using Sherrer’s equation
(Cullity, 1978), which is expressed by

Dy = KA / Bcoso 2)
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where Dy, is the thickness of crystallite (here, GP thickness), K is a constant dependent on
the crystallite shape (0.89), A is the X-ray wavelength, B is the full width at half maximum
(FWHM), and 6 is the scattering angle. From Sherrer’s equation, the number of GP layers
(Ngp) can be obtained using the following equation (Ju et al., 2010):

Nep = Dogz / dooa ®)
(@) X-ray (A wavelength) @ —
1 “"._ T d
: 0 / _______F,.‘_OX Ox
\‘E dox| = ¢
! d —_—
\N 002 Ox:-OH, >0, -COOH
N GPlayer If nanohole is large, dg, =dp;or dg, =dgp
(b) (e)
dgp
dcp

(1) Defect or nano-hole H,0 GO layer
(2) Empty space between GP junction

Model of interlayer distance : dgq > dg, > dpy > dgp > Graphite

Fig. 1. Bragg’s law for GP or graphite (002) planes (a), and models for dop2 of GO (e) and
thermally reduced GP (b-d). In this model, the order of interlayer distance becomes graphite
< dgp < dpf < dox < dco.

To understand the XRD pattern formed during the GO reduction as well as the resultant GP,
a simple, intuitive concept for various types of interlayer distances of graphene and
graphene oxide is considered, as shown in Figs. 1b through le. Because GP layers have
intrinsic nanocurvature distortions (Fig. 1b) (Fujimoto, 2003; Li et al., 2007) existing in a two-
dimensional single crystalline structure (McAllister et al., 2007, Gosselin et al., 2009), the
interlayer distance of GP (dgp) is slightly larger than that of bulk graphite. The reported dgp
and graphite are ~3.4 (Stankovich et al., 2007) and 3.348-3.360 A (Li et al, 2007),
respectively. Because GO has many defects or nanoholes, it is reasonable that thermally
reduced graphene would also have many defects and nanoholes (dp) (Fig. 1c). Therefore,
GO and GP can have oxide groups of C—Ox with an sp? bond in their defects and nanoholes
(dox) (Fig. 1d). Graphene oxide has the largest interlayer distance (dco) because of its
intercalated H>O molecules and various oxide groups (Fig. 1e). The dgo value is in the range
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of ~5 to 9 A, depending on the number of intercalated water molecules. It is rational to
assume that the interlayer distance order is dco > dox > dpr > dgp > graphite. If defects in the
layer are sufficiently large, oxide groups and H>O molecules can be considered to exist in
the empty space; thus, the order is dox = dpr or dox = dgp. On the basis of a model with
various interlayers, we expect that graphene oxide has an intermediate structure with dox
and dpf during thermal reduction, and through bottom-up layer stacking, the resultant
graphene evolves toward graphite as crystal growth with the removal of dox and dpr.

3.2 Images of GO/GP film and GO/GP powder

Figure 2a shows a digital image of GO slurry. Figure 2b shows an FE-SEM image of a GO
film with a thickness of ~300 to 500 nm, and demonstrating a soft carpet-like morphology
(c). An FE-TEM image of a GO film coated on a Cu TEM grid (Fig. 2d) shows a layered AB-
stacked structure. However, GP films obtained after thermal annealing at 1000°C have
surface microcracks and a shrunken thickness, as shown in Figs. 2e and 2f, respectively.
Figure 2g shows a digital image of dried GO powder. After undergoing thermal reduction at
1000°C, the brown-tinted GO lumps turn into fine black GP powder (Fig. 1h).

Fig. 2. A digital image of GO slurry (a), dried GO powder (g), and thermally reduced GP
powder (h). FE-SEM images of GO films (b, c), thermally reduced GP films (e, f), and FE-
TEM image of GO film (d).

3.3 Temperature-dependent XRD patterns of GO and GP films

All temperature-dependent XRD patterns of GO/GP films measured within the range of RT to
1000°C are completely plotted in Fig. 3. At increasing temperatures, the (002) peak of a GO
film (left side) moves continuously toward the right with a variance of intensity and FWHM.
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Fig. 3. Total plot for measured in situ XRD patterns of GO/GP films obtained at RT to
1000°C.

The individually-represented XRD spectrum shows important information regarding the
detailed temperature-dependent evolution of (002) peaks, as shown in Fig. 4. A GO film
with an AB stacked structure (Li et al., 2007; (b) Jeong et al., 2008) shows a typical XRD
pattern with a strong and sharp (002) peak at 26 = ~11° (Fig. 4a). The GO (002) peak
gradually shifts to the right with an increase in temperature and yields three types of (002)
peak series. The first peak series (Peak I) is the main change during the thermal reduction of
graphene oxide and shows a gradual shift to the right. The dco and dio values for Peak I
are 8.071 (Fig. 4a) and 3.453 A (Fig. 4t), respectively. In the second peak series (Peak II), a
peak at 20 = ~24° emerges at 140°C (Fig. 4d), with a slight shift to the right within the
temperature range of 140-600°C. Importantly, all Peak II values have a larger FWHM than
those of Peak I. The dis and dsgo values for Peak II are 4.034 (Fig. 4d) and 3.602 A (Fig. 4n),
respectively. Significantly, Peak II is combined to Peak I at 600°C (Fig. 40). The combined
peak of GPgy is very sharp, and deg is 3.593 A. The combined GPey is gradually moved to
the right with an increase in temperature, along with a broadening FWHM. However, peaks
above 700°C show a long-tailed structure because of small portions of peaks at 20 = ~23-24°,
which is denoted as a third peak series (Peak III). The centers of Peak IIl are changed
slightly, and their doo; values are far from graphite dop2. From these results and from the fact
that the intensities of all Peak III values are much lower (less than 100 cps) than those of
Peak I and Peak 1I, it is assumed that Peak III is amorphous-like carbon comprising many
defects, folding structures, impurities, and sp!, sp? and sp® hybridization structures. It
should be noted that GP1000 measured in situ at 1000°C (Fig. 4s) shows a very broad and left-
shifting structure compared to GPsy because of typical Debye-Waller effects induced by
atomic thermal vibration; thus, after the cooling of GPigo, GPrr is obtained after an XRD
measurement at RT (Fig. 4t). The dop and FWHM values, as well as induced errors, are
summarized for both Peaks I and II in Appendix 1.

Figures 5a and 5b show a plot of the dopz and FWHM values for both Peak I (solid blue
circles) and Peak II (hollow red circles), respectively, on the basis of the fitting (Lorentzian
function) XRD patterns shown in Fig. 4. The plots show four temperature-dependent
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tendencies: (1) RT-130°C, (2) 140-180°C, (3) 180-600°C, and (4) 600-1000°C. Within the RT-
130°C zone, only Peak I appears. The mild reduction of dgp; values and unchanging FWHM
(or a very slight increase) are attributed to a mild vaporization of intercalated H>O
molecules. Within the 140-180°C zone, both Peaks I and II appear. For Peak I, the doo> values
are largely reduced, and the FWHM values are maximally broadened. This is because of a
drastic vaporization of intercalated H>O molecules ((a) Jeong et al., 2009; (b)). In this process,
the sizes of the GO crystals estimated using Sherrer’s equation are reduced as the crystals
are exfoliated during a drastic escaping of H>O gases from stable GO-layered lattices,
resulting in Peak II with very broad FWHM. For Peak II, the doo2 and FWHM tendencies are
similar to those of Peak I. Thus, partial HO molecules exist in the exfoliated GO and are
then vaporized in a temperature range of 140-~180°C. Within the 180-600°C zone, the dop
and FWHM values are continuously reduced for both Peak I and Peak II. This is due to the
removal of the main oxide groups of COOH. However, above 600°C, although the don
values are continuously contracting and approaching graphite dop2, the FWHM values are
gradually broadening. This is a very complex phenomenon related to lattice relaxation and
disordering, which is detailed in section 3-5.
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Fig. 4. Individual XRD plot for Fig. 3.
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Fig. 5. FWHM (a) and doo2 (b) plots for XRD patterns of Fig. 4. The inset shows a magnified
image of (a).

3.4 Temperature-dependent XRD patterns of GO and GP powders

The XRD patterns of GO/ GP powders (Fig. 6) appear to be totally different from those of
GO/GP films with a range of RT-1000°C because there is only one peak type with a broad
FWHM. However, the peaks are very similar to Peak II of GO/GP films, as shown in the doo
and FWHM plots of Fig. 7. As a result, GP2 and GP4p have a fully exfoliated structure,
such as that in Peak I. Full exfoliation of GO powder at a relatively low temperature of
200°C depends on the GO drying process. To obtain a GO powder, a GO slurry is
extensively dried above 60°C in vacuum. The dop value (7.131 A) of the obtained GO
powder is smaller than dy (7.611 A) and is similar to dig (7.259 A) of a GO film (note that
Peak II emerges at 140°C in a GO film).

Therefore, extensively dried GO powder can be fully exfoliated when a large number of
intercalated H>O molecules escape at 200°C. Importantly, along with similar tendencies
compared to a GP film, the temperature-dependent XRD patterns of thermally reduced GPs
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Fig. 6. XRD patterns of GO/GP powders obtained after thermal annealing at RT to 2000°C.

from RT to 1000°C have two different zones with their boundary appearing at 600°C in
FWHM and doo; (Figs. 7a and 7b and Figs. 7c and 7d). FWHM sharpens as GP2p — GP400 —
GP600 and then broadens as GPego — GPsoo — GPlooo, shrinking as Gono — GP400 — GPego
and growing as GPsoo — GPsoo — GP1000. Above 1000°C, the quality of thermally reduced GP
powder increases because of the decreasing FWHM and doo2 approaching bulk graphite.
Furthermore, peaks above 1200°C show a long-tailed structure because of small portions of
peaks at 20 = ~23-26°, which is considered to be a similar structure as Peak III in GP films.
The measured dopz and FWHM values, along with induced errors, are summarized in
Appendix 1.

3.5 FT-IR, Raman, and FE-TEM results for GO and GP powder

From the FT-IR spectra of GO and GP powder (Fig. 8), typical peaks of intercalated free H,O
molecules are seen at ~3250 cm-1, and those of bound H,O molecules are observed at ~1612
cm? and ~1383 cm; peaks corresponding to COOH, OH, and epoxide groups and in-plane
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Fig. 7. FWHM (a) and doo2 (b) plots, and FWHM (c) and doo2 (d) co-plots for GO/ GP films
and powders. The inset shows a magnified image of (d).

C=C bonds are also observed at ~1730, ~1200, ~1040, and ~1510 cm, respectively. FT-IR
spectra indicate five types of GO and GP thermochemical reactions: (i) vaporization of
intercalated water molecules at RT to 200°C, (ii) removal of most carboxyl groups (-COOH)
at ~200-600°C, (iii) removal of residual carboxyl and partial hydroxyl groups (C-OH and
O-H) at ~800°C, (iv) near removal of residual hydroxyl groups and partial removal of the
epoxide group (>O) at ~1000°C, and (5) the removal (cracking) of aromatic C=C bonds at
1000°C.

Meanwhile, the Raman spectra (Fig. 9) show three different regimes of the D/G ratio
(disorder/order carbon), with their boundaries between 800 and 1000°C (Fig. 10). This ratio
remains at RT to 800°C and then drastically increases as GO/GP200-s00 (~1.5) — GP1g00 (~2.1),
which implies that the disordering portion of the two-dimensional carbon backbone is
increased in this temperature range. The XRD patterns and Raman spectra taken together
indicate that a change from GPago_e00 to GPgoo with a decrease in dop2 and an increase in
FWHM is not related to the number of defects, whereas a change from GPggp to GP1000 with
an increase in dop2 and an increase in FWHM is largely affected by an increase in the number
of disordered carbons.

Although GPso has a partial carboxyl group and numerous hydroxyl and epoxide groups,
as shown in the FT-IR spectra, it has high-quality crystallinity with depo = 3.392 A, which is
closest to a typical GP (doo2 = 3.4 A). This means that most of the residual oxide groups exist
on the edge or interlayer empty space of GPego; therefore, the oxide groups are not largely
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Fig. 8. FT-IR spectra for GO, GP200, GPaoo, GPsoo, GPsoo, and GP1o00 samples.

affected by the layered stacking structure. GPso has poorer crystallinity than GPego (see the
dooz and FWHM values). However, Raman data shows that both GPgp and GPsp have a
similar D/G ratio as well as a similar Raman pattern. The combined XRD and Raman data
in the range of 600-800°C are very abstruse. To solve this problem, two combination effects
are supposed: a lattice relaxation mechanism and the detachment of disordered carbon. At
600-800°C, residual carboxyl groups and a partial hydroxyl group are detached.

Although the carboxyl groups do not require an additional carbon source to decompose into
CO,, the hydroxyl groups need a carbon source to yield CO gas (Figueiredo et al., 1999). If
the carbon in CO gas comes from an ordered aromatic C=C structure, the D/G ratio will
increase. If the carbon in CO gas comes from a disordered C-C structure, the D/G ratio will
be unchanged. Many disordered carbons already exist in GO and GP200_600 as shown in the
Raman spectra (D/G = ~1.5). Therefore, the probable explanation for the unchanging
Raman spectra of GPgoo and GPg is that the carbon in CO gas is produced from disordered
carbon located at the edges and boundaries of nanoholes and empty spaces. The reason for
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Fig. 9. Corresponding Raman spectra samples for XRD patterns of Fig. 6.

degradation of crystalline quality as GPsio—GPsoo is explained by the lattice relaxation
mechanism of GPso; CO2 and CO gases produced from the removal of residual carboxyl and
partial hydroxyl groups, respectively, have high vibration and kinetic energy and pass
through stable layers of GPgp. However, GPspo is considered to be a relatively good GP
species because it has the smallest amount of oxide under an unchanging number of defects.
As shown in a representative image of a Cs-corrected FE-TEM, a six-layered structure is
observed at the edge of GPgg (Fig. 11a), and in-plane ordered lattice structures in the flat
zone between the microfolding areas are also observed (Fig. 11b).

GPio00 has the largest amount of disordered carbon as shown in the Raman spectra. This is
explained by the cracking of two bonds of >O, which causes the simultaneous destruction of
adjacent C=C aromaticity, as shown in the FT-IR spectrum. Furthermore, broad D and G
Raman peaks sharpen above 1000°C because of the thermal annealing effect. Between 1000
and 2000°C, the D/G ratio is continuously decreased, and it then approaches raw graphite
material, which is in accord with XRD data on the basis of the fact that the crystalline quality
increases and the crystal growth of GP layers is very effective owing to the thermal
annealing effect, implying an accompaniment with the removal of dox and Dpx (Fig. 1).
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Based on equation 3, if the defects are offset for GP200-s00,1400-2000, the numbers of layers of
GP200, GP400, GPs00, GPs0o, GP1400, GP1600, GP1s00, and GPago are estimated to be 4.1, 5.5, 8.3,
6.1, 9.3, 12.3, 14.0, and 16.3, respectively. In this estimation, GP1o00 and GP1200 are exceptions
because of the existence of disordered carbon in an amount larger than the base GO powder.
Further, we supposed that residual oxide groups do not exist in a well-developed interlayer
space, but rather at the edges or nanoholes. This supposition is reasonable given that the
maximum gap of 0.3 A between dao_so0,1400 2000 = 3.390-3.747, and dgraphite = 3.348 A is too
small to contain the ~1.25-A minimum epoxy group (Giordano et al., 1988; Mkhoyan et al.,
2009) or the ~2.75-A of H,O molecules (Graziano, 1998). However, various interlayer
distances are explained by the contribution of dpf and doy, as shown in Fig. 1. Furthermore,
because the estimated number of layers in GP1400_2000 is very large, they are considered to
have intermediate properties between typical graphene (less than 10 layers) and graphite.

3.6 Folding and unfolding processes of GO and GP powders

It is noteworthy that from the FE-SEM (left) and FE-TEM images (right) (Fig. 12), we
observed both folding and unfolding graphene: (1) GP2o_s00 With severely wrinkled or
folded structures in both macroscopic and microscopic views (Figs. 12a-12c) and (2) GPsoo
with slightly unfolded structures (Fig. 12d) and GP1o00 with a considerably unfolded and flat
structure except for microwrinkling (Fig. 12e).

GP200-600 have crater-like macropores surrounding the thick folded sheets owing to the
vaporization of intercalated H>O molecules, as shown in Figs. 12a-12c. It is possible that
during the drastic exfoliation of AB-stacked GO, individually exfoliated GO sheets are
unstable owing to a large number of defects (D/G = ~1.5), surface/edge dangling bonds,
high surface-to-volume ratio, and thermodynamic instability as intrinsic properties of two-
dimensional crystal; subsequently, for better stability, they tend to be coupled with each
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Fig. 11. Cs-corrected, high-resolution FE-TEM images for thermally reduced GPsp powder:
six-layered structures located at the edge (a) and in-plane ordered carbon structure (b).

other through a van der Waals interaction. In this layer-coupling process, interlayer partial
chemical or hydrogen bonds may be formed because of a large number of defects, dangling
bonds, and O/H atoms, which are the driving force behind microscopic and macroscopic
folding (Figs. 12a-12c). It should be noted that microscopic folding is an intrinsic
characteristic of GP layer produced via chemical reduction and top-down physical
exfoliation. Severely macrofolded GPau_s00 With porous structures are partially unfolded
during the formation of GPsp (Fig. 12d) and largely unfolded at 1000°C. The unfolding
process of GP1gp0 may be attributed to the coincident detachment of interlayer chemical and
hydrogen bonds owing to both the effects of thermal annealing and the removal of C/O
species. A schematic of the folding and unfolding processes during the thermal reduction of
GO is summarized in Fig. 13.
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22pm

LET)

100 nm

Fig. 12. FE-SEM (left) and FE-TEM images (right) for GP2qo (a), GP400 (b), GPs0o (c), GPsoo (d),
and GP1000 (e)
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Furnace (crucible), the heating rate of 5 °C/min, N, flow rate of 50 ml/min

Fig. 13. Schematic diagram of folding and unfolding processes of GP200_s00, GPso0, and GP1o00.

3.7 Proposed model for thermal reduction of GO film and powder

From the XRD, FT-IR, Raman, FE-SEM, and FE-TEM results for GO/GP films and powders,
a thermal reduction process for GO using five critical temperatures of 140, 180, 600, 800, and
1000°C is proposed, as shown in the schematic diagram of Fig. 14. In this model, the dop
value of large-sized GO crystal is gradually contracted within the range of RT-130°C during
mild vaporization of intercalated H,O molecules (S; state). However, the dorx value is
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greatly reduced within 140-180°C owing to a drastic vaporization of intercalated water
molecules (Sz), along with a partial exfoliation of GO sheets (S7). The GO (Sz) and exfoliated
GO (Sy) gradually reduce their lattices in the range 180-600°C because of the removal of the
main carboxyl groups (S3). Within 600-800°C, a partial lattice relaxation with a broadening
FWHM occurs owing to out-gassing formed from residual carboxyl and partial hydroxyl
groups (54). Within 800-1000°C, a large number of defects are produced during the removal
of the epoxide group, along with in-plane C=C cracking (S5). Within 1000-2000°C, bottom-
up layer stacking as crystal growth occurs with a decreasing number of defects (S6).
However, the thermal reduction processes for the GO films and powders always yield small
amounts of amorphous-like structures around 26 = ~23-25° within 140-2000°C, which is
explained by the complex folding structures, defects, impurities, and sp!, sp? and sp3
hybridization. Furthermore, folding and unfolding processes occur between GP2g_s00 and
GPso0_1000 depending on the presence of interlayer partial chemical and hydrogen bonds.

Sq S,
) )
RT-130°C 140-200°C

~,
o ~\
140 Cls7 \\
=
GO crystal . S . .
= ’ -
| e = B
— PR 800-1000 (:155
. /\’-r
Exfoliation % Cmmmmmmm e fo~—~—a—o
= e o]
Amorphous .
Thermal reduction processes of GO \\\ 1000-2000°C Se
Sl RT-130°C | graduallatticecontractionof GO, mild vaporizationof H,O \\
~,
Sz 140-180°C | Drasticlattice contraction of GO, drastic vaporization of H,O ~
Sg 180-600°C | graduallattice contraction,removal of main oxide group
S4 600—800°C | latticerelaxation, removal of residual oxide group
Ss 800-1000°C | latticerelaxation, defect formation, partial C-C cracking

55 1000—-2000°C]| lattice contraction,layer-by-layer grain growth, reducing the defects Thick GP

S7 140—600°C | exfoliation of GO due to dractic vaporization of H20, removal of residual oxide group
Ss 140-2000°C | Poor quality ofreduced GO and GP due to folding, defect, lattice dismatch, impurity, etc

Fig. 14. Schematic diagram of thermal reduction process of GO in the range of RT to 2000°C.

3.8 Application of partially reduced GO film for dye-sensitized solar cell

Graphene oxide cannot be used as a catalytic film in a dye-sensitized solar cell (DSSC),
because it is hydrophilic and water-soluble. A pure hydrophobic GP film is also not a good
candidate for a catalytic film in a DSSC, because it is easily destroyed during the forced
electric-field-induced penetration of iodide (I) ions. However, partially reduced GO shows a
relatively good catalytic property. Figure 15a shows an XRD pattern for a partially reduced
GO film with a partially reduced GP structure, which is produced by careful heating on a
hot plate at ~250-300°C for a short duration of around 2 min in air. The partially reduced
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GO film has an intermediate contact angle of o = 59° (water droplet film) (Fig. 15b) between
GO of a = 7° (Fig. 15¢) and GPespo of o = 85° (Fig. 15d). Although this film maintains the
hydrophilic property caused by a partial GO structure, it is water-insoluble owing to
sections of reduced GP. We obtained a solar power conversion efficiency (7) of more than
2%. Although 7 is relatively lower than that of a DSSC with a platinum catalytic thin film
(6.0%) under the conditions of this experiment, it is higher than that of a DSSC without a
catalysis (0.74%) and those of other reported types of DSSC (0.84%) (Liu et al., 2009) and
organic solar cell (1.1%) with conductive graphene electrode (Wang et al., 2008). The
catalytic effect is explained by the effect of the ion channel through the sections of
hydrophilic GO. This result implies that as an alternative to an expensive Pt catalyst,
partially reduced GOs have the potential for use in a DSSC as a cheap catalytic thin film.

©) GP2s0

Intensity (Arb. Unit)

- - P — ‘Q ;b!

Fig. 15. XRD pattern of partially reduced GO film (a) used as a catalytic film of a DSSC
(inset). Digital images of contact angles between water droplets and GO film (b), partially
reduced GO (c), and GP (d).

4. Conclusion

Using XRD, Raman, FT-IR, FE-SEM, and FE-TEM results, a thermal reduction process of
graphene oxide within a temperature range of RT to 2000°C was investigated in detail. The
thermal reduction process has six important temperature zones, RT-130°C, 140-180°C, 180-
600°C, 600-800°C, 800-1000°C, and 1000-2000°C. Within a temperature range of RT-130°C,
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continuous lattice contraction of GO crystal occurs extensively owing to a mild vaporization
of intercalated H,O molecules. Within the range of 140-180°C, GO crystals are partially
exfoliated because of the drastic vaporization of intercalated H>O molecules. Within the
180-600°C temperature range, the interlayers for all GO and GP types are contracted with
the removal of the main carboxyl groups. Within 600-800°C, a lattice relaxation of GP occurs
owing to out-gassing generated from the residual carboxyl and partial hydroxyl groups,
along with a broadening in FWHM. Within the 800-1000°C range, a large number of defects
are generated owing to in-plane C=C cracking during the removal of the residual hydroxyl
and partial epoxide groups. Within 1000-2000°C, a bottom-up layer stacking of GP as a
crystal growth is observed with a decrease in the number of defects. The folding and
unfolding processes of GO and GP are also observed at the boundaries of 140-600° and 800—
1000°C, respectively. Furthermore, a partially reduced GO thin film can be applied as a
catalytic thin film for a DSSC. These experimental results will be useful for the fundamental
understanding of GO and GP, including the thickness control of GP and bottom-up layer
stacking toward bulk graphite.

Appendix 1
XRD data for the GO/GP films and GO/GP powders
GO and GP thin films Go and GP powders
Peak I Peak II
In situ adooz | PFWHM | <doo; | FFWHM | Annealing T(°C) | °dooz | FWHM
measuring T(°C) (A) ©) (A) ©) (RT measuring) | (A) ©)
25 8.071 1.16 60 7.131 1.03
50 7.864 1.20 200 3.747 | 5.30
100 7.611 1.22 400 3.605 | 4.05
140 7.259 135 | 4.034 49 600 3.392 | 2.68
150 6.920 1.51 3999 | 5.96 800 3432 | 3.89
160 6.576 1.78 3945 | 5.08 1000 3498 | 4.60
170 6.053 232 3903 | 5.16 1200 3434 | 3.37
180 5.254 2.55 3.886 | 5.19 1400 3.427 | 1.65
190 4.990 1.93 3.829 | 5.17 1600 339 | 1.25
200 4.851 1.58 3.828 | 5.16 1800 3.393 1.10
250 4.553 149 |3.791 5.05 2000 3390 | 0.95
300 4.326 1.48 3.752 | 4.93
400 4.029 1.41 3.666 | 4.62
500 3.782 1.32 | 3.602 41
600 3.593 1.2
700 3.485 1.28
800 3.433 1.55
900 3.415 1.95
1000 3.453 2.53
25 after cooling | 3.385 2.35

error: a(£0.005), b(+0.2), ¢<(£0.05), 4(£0.3), ¢(x0.01), and f(£0.5).
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