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Efficient Reduction of Graphite Oxide by Sodium
Borohydride and Its Effect on Electrical Conductance
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Jae-Young Choi,* and Young Hee Lee*
The conductivity of graphite oxide films is modulated using reducing agents.

It is found that the sheet resistance of graphite oxide film reduced using

sodium borohydride (NaBH4) is much lower than that of films reduced using

hydrazine (N2H4). This is attributed to the formation of C�N groups in the

N2H4 case, which may act as donors compensating the hole carriers in

reduced graphite oxide. In the case of NaBH4 reduction, the interlayer

distance is first slightly expanded by the formation of intermediate boron

oxide complexes and then contracted by the gradual removal of carbonyl and

hydroxyl groups along with the boron oxide complexes. The fabricated

conducting film comprising a NaBH4-reduced graphite oxide reveals a sheet

resistance comparable to that of dispersed graphene.
1. Introduction

Graphite oxide (GO) has recently attracted much interest for
several reasons. GO has been reported to have a high dispersion
stability at pH values over 9,[1] enabling the fabrication of films
possessing large surface areas. GO films can be reduced to
obtain a graphene-like sheet. Several reduction techniques, such
as thermal or chemical reduction, have been used to convert
insulating GOs to conducting graphene-like layers.[2–11] Thermal
reduction has been highly effective in producing graphene-like
films with a C:O ratio of up to 9 and minimal defect
formation.[2,3] However, this approach is limited by the choice
of substrate; i. e., typical transparent plastic substrates cannot be
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used due to its low glass transition
temperature. On the other hand, chemical
reduction is very simple, but it usually
generates graphene-like film exhibiting a
relatively low C:O ratio and a considerable
amount of residual functional groups,
resulting in a highly resistive film.[4–9] In
general, the reduction mechanism by
chemical reducing agents has been
unclear. The production of graphene by
GO reduction presumably has a high
activation barrier, which is supported by
the improved reduction achieved by
combining chemical and thermal tech-
niques.[10,11] Even though oxygen atoms
are mostly effectively removed by com-
bined reduction techniques, some remaining oxygen atoms and
additional functional groups introduced during chemical
reduction may result in the scattering of electrons, increasing
the sheet resistance of the film. Therefore, it is necessary to
develop a more effective chemical reduction method to produce
graphene-like film with high electrical conductivity.

Up to now, many researchers have used hydrazine (N2H4) to
reduce GO. Unfortunately, this chemical approach gave rise to
high sheet resistance, which would be too high for actual
applications.[10–12] Furthermore, N2H4 is toxic; it has been
suggested that some C�N groups incorporated during reduction
remain in the sample.[4–8] However, a direct correlation between
the presence of these functional groups and the sheet resistance
has not been observed.

In this study, we introduce the use of the reducing agent,
sodium borohydride (NaBH4), in elucidating the underlying
reduction mechanism of GO. A similar reduction of N2H4 was
also performed for comparison. The C:O ratio and information
regarding any functional groups of the reduced GO (RGO) were
investigated by X-ray photoelectron spectroscopy (XPS). The
formation of intermediate complexes, the interlayer distances,
and the work function of the RGO were systematically
investigated as functions of molar concentration of the reducing
agent by X-ray diffraction (XRD) and ultraviolet photoelectron
(UPS), UV-vis, and Raman spectroscopy. Electrical properties
were characterized by current–voltage, I–V, measurements.
Application of RGO as transparent conducting films demon-
strated that the high sheet resistance of N2H4-reduced GO arises
from the presence of C�N groups, which was confirmed by XPS
studies.
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Figure 1. XRD patterns of GO, graphite (G), and reduced GOs obtained

using various molar concentrations of NaBH4.

1988
2. Results and Discussion

2.1. Comparison between the Reducing Effect of N2H4 and

NaBH4

N2H4 has been used by several groups as a reducing agent to
improve the conductivity of GO film.[4–8,10–11] Although chemical
reduction gave rise to improvements in film conductivity, the
underlying reduction mechanism has not been clearly under-
stood. For this purpose, we used the two reducing agents, N2H4

and NaBH4, without thermal reduction. Table 1 summarizes the
differences of the RGO films in terms of elemental composition
and resulting sheet resistance, given in kV sq�1 where sq
represents square. The atomic ratio of carbon and oxygen was
obtained by taking the ratio of C 1s to O1s peak areas in XPS
spectra (Fig. S1, Supporting Information). This ratio represents
the degree of reduction, and it could be altered varying the
dipping time of the sample in the desired solution. In order to
directly compare the effects of the reducing agent, sheet
resistance was measured for RGO films having similar C–O
composition. In both cases, reduced sheet resistance was
observed with decreasing oxygen content. We emphasize here
that the sheet resistance of NaBH4-reduced GO films was much
lower than that of N2H4-reduced films of similar C–O
composition. The decrease of the heterocarbon component in
the C 1s peak, such as that arising from hydroxyl (C�O), epoxy
(C�O�C), and carbonyl (C¼O, O�C¼O) groups, was consistent
with the increase of the C:O ratio in NaBH4-reduced GO films. It
is of note that in N2H4-reduced films, the heterocarbon
component of the C 1s peak that includes carbon in C�N
groups changed slightly with the dipping times in spite of the
gradual increase of the C:O ratio.[4,5] Also, the N 1s peak near
399.8 eV was visible, and an increase in N 1s peak intensity was
observed with increasing C:O ratio (Table S1 and Fig. S2, S3,
Supporting Information). This implies that the C�N component
should increase with increasing dipping times.We interpret these
results to indicate that N2H4 treatment results in a continuous
accumulation of nitrogen atoms and a removal of oxygen atoms in
the GO films. Generally, while N2H4 reduction is known to form
hydrocarbons from carbonyl groups,[13] NaBH4-reduction forms
residual hydroxyl functional groups.[14] Therefore, N2H4 is
Table 1. Sheet resistance and elemental composition of reduced GO films u

NaBH4 (10mM)

XPS

Sheet

resistance

[kV sq�1]

Total elemental

C:O ratio

Heterocarbon

component of

C 1s peak [%]

To

elem

C:O

2.8 [a] 74.1 – 2.8

4.3 27.9 – 3.9

4.9 16.2 79 4.5

5.3 13.4 59 5.0

6.2

[a] GO sample.

� 2009 WILEY-VCH Verlag GmbH &
expected to be a better reducing agent than NaBH4 for GO.
Nevertheless, in our work, the formation of hydrocarbons from
carbonyl functional groups in GO by N2H4-reduction was not
effective, and resulting RGO films had some C�N groups.
Compounds containing nitrogen have been known as n-type
chemical dopants.[15–17] Therefore, the nitrogen complex of N2H4

behaves as a donor compensating p-type holes.[18–20] This resulted
in the conclusion that use of 10mM NaBH4 as the reducing agent
is more beneficial than 50mM N2H4 in lowering sheet resistance.
Nevertheless, the sheet resistance of NaBH4-reduced GOwas still
relatively high due to a low C:O ratio in comparison to that of
graphite. In order to further decrease sheet resistance, the molar
concentration of NaBH4 was increased to 150mM. In this case,
dipping times were shortened to two hours to avoid the self-
oxidation of NaBH4 in water.
2.2. XRD Patterns, UV-Vis Spectra, and Raman Spectra of

NaBH4

Figure 1 shows the XRD patterns of films reduced using various
molar concentrations of NaBH4. The interlayer distance obtained
from the (002) peak was 3.38 Å (2u¼ 26.48) in graphite. This was
markedly expanded to 8.27 Å (2u¼ 10.78) with oxidation to form
GO (Fig. 1, top pattern).[21,22] The large interlayer distance has
been attributed to the formation of hydroxyl, epoxy, and carboxyl
groups. With reduction, the interlayer distance is expected to
sing NaBH4 or N2H4, as the reducing agents.

N2H4 (50mM)

XPS

Sheet

resistance

[kV sq�1]

tal

ental

ratio

Heterocarbon

component of

C 1s peak [%]

N 1s peak

intensity [%]

[a] 74.1 – –

26.4 1.3 69 000

19.0 2.1 12 000

18.6 2.6 3 460

14.5 2.4 780

Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1987–1992
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Figure 2. The C 1s peak in the XPS spectra of GO (a), reduced GO obtained using 15 (b), 50 (c),

and 150mM NaBH4 (d), and graphite (f); the curve was fitted considering the following

contributions: C¼C (sp2; peak 1), C�C (sp3; peak 2), C�O/C�O�C (hydroxyl and epoxy groups;

peak 3), C¼O (carbonyl groups; peak 4), O�C¼O (carboxyl groups; peak 5), and p-p� (peak 6).
e) The B 1s peak in the XPS spectrum of the reduced GO obtained using 15mM NaBH4.
contract due to the removal of such functional
groups. The interlayer distance, however, was
further expanded to 9.31 Å (2u¼ 9.58) by
15mM NaBH4 reduction. Further increasing
the molar concentration of the reducing agent
resulted in a slightly expanded interlayer
distance of 9.72 Å (2u¼ 9.18), and the intensity
of the (002) peak was significantly reduced,
while a small bump appeared near 3.80 Å
(2u¼ 238). Using 150mM of the reducing
agent, the peak of the large interlayer distance
disappeared completely and a broad peak near
3.73 Å (2u¼ 23.98) became visible. This
implied that most of the functional groups
were removed, and it should be noted that XRD
pattern was similar to that of graphite. The
peak, however, was rather broad and slightly
different from that observed in the graphite
XRD pattern.

Figure 2a shows theC1speak,which consists
of two main components arising from C�O
(hydroxyl and epoxy, �286.5 eV) and C¼O
(carbonyl, �288.3 eV) groups and two minor
components from C¼C/C�C (�284.6 eV) and
O�C¼O (carboxyl, �290.3 eV) groups.[21–24]

Using 15mM NaBH4, the spectra indicated that
carbonyl groups were first transformed into
C�O bonds (286.1 eV; hydroxyl groups), while
some carboxyl groups were partially removed.
Using 50mM NaBH4, all of the carbonyl groups
were nearly removed, and the C�O bonds were
reducedaswell.[4,5,21,22]Nosignificant reduction

of the oxygen-related functional groups was observed at the higher
NaBH4 concentration of 150mM. Some amount of oxygen atoms
was retained in the film even after treatments involving highmolar
concentrations.Areas of the contributing peaks are listed inTable 2.
The presence of epoxy and hydroxyl groups in GO and
disappearance of such functional groups in RGO were also
confirmed by 13C NMR spectroscopy (Fig. S4, Supporting
Information). It is of particular note that boron oxide complexes
were visible in films treated with 15mM NaBH4 (Fig. 2f). These
complexes were not noticed in samples treated using other molar
concentrations. The presence of boron oxide complexes can
account forwhy the interlayerdistanceexpanded further insamples
reducedusing15mMNaBH4 (Fig. 1).At lowmolar concentrationof
NaBH4, boronoxides formedand interactedwith functional groups
Table 2. The C 1s peak position and the relative atomic percentage of various
molar concentration of NaBH4.

Fitting of the C 1s peak Bind

C¼C (sp2) C�C (sp3) C�O/C�O

GO 284.6 (11.3) 286.5 (21

15mM 284.6 (17.8) 286.1 (51

50mM 284.8 (61.6) 285.6 (14.8) 286.5 (15

150mM 284.8 (63.3) 285.6 (15.0) 286.5 (13

Graphite 284.8 (77.0) 285.7 (19.3)

Adv. Funct. Mater. 2009, 19, 1987–1992 � 2009 WILEY-VCH Verl
of the GO, slightly expanding the interlayer distance. Higher
NaBH4 concentrations resulted in the removal of the boron oxide
complexes alongwith other functional groups in GO, and thus, the
interlayer distance was reduced.

Figure 3a shows the UV-vis spectra of GO and three RGO
films. The absorption peak of GO around 230 nm was gradually
red-shifted towards 260 nm in films treated with higher
concentrations of NaBH4. The peaks of GO at �300 and
360 nm evidently disappeared. This indicated the formation of
highly conjugated structure like that of graphite.[25] The
formation of defects were monitored by the ratio of the intensities
of the D and G bands (D:G) in the Raman spectra, as shown in
Figure 3b and 3c. The number of defects slightly increased at low
concentrations of the reducing agent, but a drastic increase was
functional groups in GO, graphite, and RGO films obtained using different

ing energy [eV] (relative atomic percentage [%])

�C C¼O O�C¼O p-p�

.7) 288.3 (56.8) 290.3 (10.2)

.6) 288.1 (25.8) 289.6 (5.1)

.0) 287.8 (3.9) 289.3 (4.7)

.8) 287.6 (4.2) 289.6 (3.6)

291.1 (3.7)

ag GmbH & Co. KGaA, Weinheim 1989
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Figure 3. a) UV-vis and b) Raman spectra of GO and RGO films and c) the dependence of the

D:G ratio on the NaBH4 concentration in the RGO films.

1990
observed when 150mM of NaBH4 was used; this observation is
contrary to the general belief that defects should decrease during
the reduction process by the removal of oxygen atoms followed by
the formation of double bonds.
2.3. Structure-Related Electrical Properties of Reduced GO

The electronic properties of RGO are closely related to its
structural properties. Figure 4a shows the conductivity and C:O
ratio as a function of the molar concentration of NaBH4. The
behavior of the conductivity and C:O ratio were very similar to
each other the NaBH4 concentration was increased. Conductivity
of the film was directly related to the oxygen content. Complete
removal of residual oxygen content even when using high NaBH4

concentrations was the key factor in further reducing the sheet
resistance. The presence of oxygen atoms also affects the
Figure 4. a) Dependence of the conductivity on the C:O ratio and b) the valence band structure of

GO films obtained using various concentrations of NaBH4.

able 3. Electrical properties of the RGO films obtained using various concentrations of NaBH4 and their related work functions.

NaBH4

XPS Electrical Properties UPS

C:O ratio Resistivity [Vm] Conductivity [S m�1] Sheet resistance [V sq�1] Work function [eV]

O – 2.2 1.5 Eþ7 6.8 E-8 – –

GO 15mM 2.6 6.5 Eþ3 1.5 E-4 – –

50mM 7.1 5.9 E-4 1.7 Eþ1 7.6 Eþ3 4.198

150mM 8.6 2.2 E-4 4.5 Eþ1 2.6 Eþ3 4.388

raphite 72.5 – 1.0 Eþ3� 1.4 Eþ5 [26] – 4.400
R

T

G

R

G

� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
electronic density of states, as shown in
Figure 4b. An oxygen-related peak (O 2s)
appeared near 27.0 eV in the density of states of
GO. This peak was retained even when high
NaBH4 concentrations were used to reduce the
films, enabling a good contrast with the valence
band structure of graphite. Furthermore, the
intensity of the GO p states less than 5 eV from
the Fermi level did not fully recover to similar
values as observed in graphite even when using
high concentrations of the reducing agent. As
shown in Table 3, the C–O composition of the
RGO obtained using 150mM NaBH4 was very
different from that of graphite. Therefore, the
conductivity of RGO did not reach the value typically observed for
graphite. Table 3 also shows how the work function, as measured
by UPS, varied in the different samples. The work function
gradually increased with the C:O ratio; as expected, it approached
that of graphite.

2.4. Characteristics of RGO as a Transparent Conducting Film

Figure 5 shows how sheet resistance varied with respect to the
transmittance for different film thicknesses. Our NaBH4-reduced
GO films exhibited the lowest sheet resistance compared to all
other RGO sheets, which were reduced using N2H4.

[10,11] For
instance, at a transmittance of 83%, the sheet resistance of our
RGO film was 5.2 kV sq�1 (Table 4); this is significantly smaller
than 1500MV sq�1 or 100 kV sq�1, which were observed for
samples that had been additionally thermally annealed at 200 8C
under nitrogen (or vacuum) in spite of a 3% reduction of
transmittance.[11] Samples annealed at 1100 8C
exhibited a significantly low sheet resistance of
5 kV sq�1 at 80% transmittance,[10] which is
similar to our results. The data clearly show a
consistent improvement in RGO film con-
ductivity with NaBH4 reduction. We empha-
size here that the presence of C�N groups is
the source of high sheet resistance in N2H4-
reduced GO. Recently, a transparent conduct-
ing film was fabricated from dispersed
graphene obtained by using exfoliated graph-
ite,[12] as shown in Figure 5. The sheet
resistance of this film was still higher than
our result. After NaBH4 reduction of GO, the
film was further doped by AuCl3. Sheet
resistance consistently dropped by more than
Adv. Funct. Mater. 2009, 19, 1987–1992
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Table 4. Percent transmittance (%T ) at 550 nm and sheet resistance (Rs [kV sq�1]) of RGO films in this study and other related studies.

Present work Becerril et al. [10] Eda et al. [11] Li et al. [12]

Reduced by

NaBH4

Reduced by

NaBH4 and

Doped by AuCl3

Reduced by

N2H4 and

annealed at

400 8C

Annealed at

1100 8C
Reduced by N2H4 Reduced by N2H4

and annealed at

200 8C

Dispersed

Graphite

%T Rs %T Rs %T Rs %T Rs %T Rs %T Rs %T Rs

93.6 26.6 93.7 9.9 93.0 1000000

91.2 22.6 91.3 9.1 90.0 1000 92.0 150.0

86.3 8.6 85.9 3.6 84.0 20.0

83.0 5.2 82.8 2.3 83.0 1500000

81.0 4.4 80.8 2.1 80.0 50.0 80.0 5.0 80.0 100.0 79.0 8.0

77.9 2.8 76.8 1.4

73.0 20000

63.0 90.0

Figure 5. Sheet resistance versus transmittance at 550 nm for NaBH4-

reduced GO films before (open circles) and after (solid circles) Au-ion

doping andN2H4-reducedGO films reported by others (Becirril, Eda, and Li

correspond to references 10, 11, and 12, respectively).
50%, independent of the thickness of the film. Au3þ ions
deposited onto the RGO extract electrons from the film, thus
increasing hole carrier concentration. This phenomenon is
similar to that of carbon nanotube doping.[27]
3. Conclusions

We have reported the effects of reducing agents on the sheet
resistance of GO films. The sheet resistance of NaBH4-reduced
films was much lower than that of N2H4-reduced films exhibiting
similar C–O composition. This result was attributed to the
continuous accumulation of nitrogen atoms from hydrazine and
the removal of oxygen atoms in the N2H4-reduced films. Nitrogen
atoms behaved as donors compensating p-type hole carriers,
which resulted in high sheet resistance when N2H4 was used as
the reducing agent. We have investigated the underlying
reduction mechanism of the alternative reducing agent, NaBH4,
and have studied the electrical properties in RGO films obtained
using various concentrations of NaBH4. The improved sheet
Adv. Funct. Mater. 2009, 19, 1987–1992 � 2009 WILEY-VCH Verl
resistance in NaBH4-reduced GO films should open up more
practical uses for RGOs.
4. Experimental

Synthesis and Dispersion of GOs: GOs were synthesized from pure
graphite (99.999% purity, �200mesh, Alfar Aesar) via a modified Brodie
method [28]. Pure graphite (1 g) and sodium chlorate (8.5 g) were mixed in
fuming nitric acid (20mL) at room temperature without subsequent aging
and stirred for up to 24 h. The following processes, such as washing,
filtration, and cleaning, were carried out as in the Brodie method. The
synthesized GO (10mg) was dispersed in a aqueous NaOH solution
(30mL) at pH¼ 10. The prepared GO solution was sonicated in a bath-type
sonicator (RK 106, Bandelin electronic, Germany) for 1 h at a power level of
240W. After ultrasonication, samples were immediately precipitated by a
centrifuge (4239R-V4, ALC International Srl, Italy) at 8000 rpm for 10min.
The stable supernatant solutions with well-dispersed GO was carefully
extracted to make films.

Film Preparation and Reduction of GOs: GO films were prepared by
spray equipment (NVD-200, Fujimori, Japan) using a specific volume of a
dispersed GO solution on a polyethylene terephthalate (PET) substrate. To
compare the effect of the reducing agents, NaBH4 and N2H4, GO films
were dipped in aqueous NaBH4 (10mM) and aqueous N2H4 (50mM)
solutions for various dipping times. In order to confirm the effect of the
NaBH4 reducing agent, GO films were dipped in NaBH4 solutions of
different concentrations (15, 50, and 150mM) for 2 h.

Film Measurements and Electrical Characterization: The XPS spectro-
meter (QUANTUM 2000, Physical electronics, USA) was performed using
focusedmonochromatized Al Ka radiation (1486.6 eV) in order to determine
changes in the atomic ratios of carbon to oxygen and the existence of
functional groups. The XPS spectra were fitted by using Multipak V6.1A
software in which a Shirly background was assumed, and fitting the peaks of
the experimental spectra were completed by considering a combination of
Gaussian (80%) and Lorentzian (20%) distributions. The sheet resistance of
the RGOfilmswasmeasured by a four-point probemethod (ChangMin, LTD,
CMT-SR2000N, Korea). Powder XRD (D8 FOCUS 2.2 KW, Bruker AXS,
Germany) with a Cu anode (1.54 Å) was used to measure the interlayer
distance of the RGOs. Absorbance of RGO films was obtained by a UV-vis
spectrometer (Varian Cary 5000, USA). Raman spectroscopy with an
excitation energy of 1.96 eV (633nm, Arþ ion laser) with a Rayleigh-line-
rejection filter was used to study the defect formation. 13C magic angle
spinning (MAS) NMR spectra with 1H decoupled spectra of GO, RGO
(reduced using 150mM of NaBH4), and graphite were recorded on a Bruker
ag GmbH & Co. KGaA, Weinheim 1991



F
U
L
L
P
A
P
E
R

www.afm-journal.de

1992
AVANCE III instrument(Germany) at 150.9MHz and an MAS probe head
with zirconia rotors 2.5mm in diameter. The samples were spun in a 2.5mm
rotor at 15 kHz. Chemical shifts were calibrated indirectly through the glycine
COsignal recordedat176.0 ppmrelative to tetramethylsilane (TMS).ForXRD
and Raman studies, GO films were formed directly on a Si wafer, and these
films were reduced using the samemethod as that used for samples on PET.
Metal electrodes were formed on the RGO/PET film to measure I–V
characteristics. The electrode sources of Cr (50 Å) and Au (500 Å) were used.
The width and length of a channel were 1000 and 100mm, respectively. The
work functions of the RGO films were measured by UPS (Gammadata VUV
5050, Sweden) using aHeI discharge lamp (hn¼ 21.2 eV). Thework function
was determined from the secondary electron cutoff of the UPS spectra using
gold metal as a reference. The position of the Fermi level was calibrated by
measuring the Fermi edge of the gold.

Preparation of Transparent Conducting Films: GO films were prepared
on PET as indicated above, by controlling the volume of the dispersed GO
solution. The films were reduced by dipping them in an aqueous NaBH4

solution (150mM) for 2 h. To remove excess NaBH4, the RGO films were
washed with water after reduction. A nitromethane solution of 15mmAuCl3
was spin-coated onto the RGO films at 2000 rpm for 30 s. Transmittance of
the RGO films was measured using the Varian Cary UV-vis spectrometer,
and their sheet resistance was measured again by four-point probe
method.
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