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Reduction of graphite oxide using alcohols†‡
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A method for reducing graphite oxide using a variety of commercially available alcohols is described.

The carbon products were found to exhibit high C : O ratios (up to 30 : 1, as determined by elemental

combustion analysis), high conductivities (up to 4600 S m�1), and good specific capacitances (up to 35 F

g�1) when tested as electrode materials in ultracapacitors.
Introduction

Because of its remarkable electronic, optical, mechanical, and

catalytic properties, graphene has emerged as a material of great

interest.1–9 Although relatively few methods for preparing gra-

phene on large scales have been demonstrated, one of the most

promising is based on the chemical reduction of graphite oxide

(GO).10–12 Since Boehm and co-workers’ early report, methods

which reduce GO13,14 using various chemical reagents have been

central to the synthesis and manipulation of single- and multi-

layered carbon species.12 Typically, strong reductants such as

anhydrous hydrazine,15 hydrazine monohydrate,10 or sodium

borohydride16,17 are used to transform aqueous dispersions of

GO or its exfoliated monolayer, graphene oxide, into a highly

reduced material that resembles graphene. A persistent challenge

surrounding these methodologies, however, is achieving high

extents of reduction. It is known that GO exhibits a C : O ratio of

approximately 2 : 118 and exposure of this material to one or

more of the aforementioned chemical reductants often affords

a carbon product with a C : O ratio as high as 15 : 1.12 Although

pristine graphene should theoretically exhibit an infinite C : O

ratio, recent calculations suggest that achieving ratios of 16 : 1 or

higher may be difficult because of the relative inertness of the

partially reduced product.19 While combining the use of chemical

reductants with thermal annealing has been shown to increase

the C : O ratio of the reduced product to 250 : 1 or higher,20

multi-step procedures are required. Hence, the development of

a convenient method that uses a safe and non-toxic reductant to

effectively reduce GO and graphene oxide in a single step is

warranted.

Recently, we reported that GO may be used to catalyze the

oxidation of a variety of benzylic and aliphatic alcohols. In our

preliminary study, it was believed that atmospheric oxygen may

have functioned as the terminal oxidant.1 Regardless, in light of

these results, we envisioned that alcohols may serve as effective

reductants for GO. Further inspiration stemmed from reports
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which detailed the use of hydroquinone as a reducing agent for

graphene oxide.21,22 In these studies, it was surmised that

hydroquinone (a diol) was likely oxidized to quinone (a dike-

tone). Hence, we reasoned that other activated alcohols

(e.g., benzyl alcohol) may also undergo oxidation and ultimately

reduce GO as well as graphene oxide in the process. Indeed, as

described herein, we have found that a variety of inexpensive,

relatively non-toxic alcohols effectively reduce GO and graphene

oxide, and afford carbon products with higher conductivities and

higher C : O ratios than those obtained using strong reductants

(e.g., hydrazine) that have been previously used for such

purposes (Scheme 1).
Results and discussion

In our initial report,1 we found that heating 200 wt% GO in

benzyl alcohol (BnOH) for 24 h at 100 �C under an atmosphere

of air resulted in partial reduction of the carbon material. The

C : O ratio increased from approximately 2 : 1 (measured for the

GO starting material) to 7 : 1 in the product, as determined by

elemental combustion analysis; likewise, the powder conductivity

increased from 2 � 10�5 S m�1 to 15 S m�1, respectively, as

measured by a two-point probe technique performed on powder

samples.10 Absorbances in the FT-IR spectrum attributable to

the O–H, C]O and epoxide groups in the starting material were

attenuated or completely disappeared, and the absorbances

associated with aromatic and olefinic species became distin-

guishable in the isolated carbon product. As a further indicator

that the GO was successfully reduced, the isolated product could

not be re-dispersed in water or other polar solvents, even upon

prolonged sonication and heating.10 Despite these promising

results, neither the C : O ratio nor the powder conductivity of the

reduced GO product were as high as has been demonstrated with

other reductants, such as hydrazine.10 However, the inherent

advantages of this reduction method (e.g., low temperature, low

cost, and relatively low toxicity) were encouraging and prompted

us to explore the process in greater detail.

Our first modification of the aforementioned reduction

method was to increase the volume of BnOH used. Decreasing

from 200 wt% of GO in benzyl alcohol to 10 wt% under other-

wise identical conditions resulted in a product that exhibited

a C : O ratio of 15 : 1 and a conductivity of 2200 S m�1. The

increase in volume of BnOH used in this variation of the

reduction reaction proved to be important as it is believed that

the oxidation process (and subsequently the reduction of the GO)
J. Mater. Chem., 2011, 21, 3443–3447 | 3443
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Scheme 1 The reduction of graphite oxide or graphene oxide using alcohols under mild conditions afforded highly reduced carbon products.

Table 1 Characterization of the products obtained by reducing graphite
oxide using various alcoholsa

MeOH EtOH iPrOH BnOH

BET surface 5.8 35.9 10.4 9.6
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may be catalytic in alcohol.1 As such, the use of small amounts of

BnOH may be insufficient to drive the reaction to completion;

rather, excess reductant may be necessary to achieve maximal

reduction.

In an effort to further improve the extent of reduction, aliquots

of GO were heated in the presence of even larger volumes of GO

and for longer periods of time. In particular, a mixture of 200 mg

of GO in 25 mL of BnOH (0.8 wt% GO) was stirred for 5 days at

100 �C.x The resulting dispersion was then poured into ethanol to

facilitate precipitation, and the product was collected via filtra-

tion and dried under vacuum.{ The conductivity of this material

was measured to be 4600 S m�1 (Table 1) and the C : O ratio was

found to be 30 : 1. To the best of our knowledge, this C : O ratio

is the highest reported for any material obtained via the chemical

reduction of GO or graphene oxide. In further support of an

effective reduction reaction, FT-IR analysis of the BnOH-

reduced product showed a significantly attenuated peak at

3400 cm�1 (Fig. 1), which was consistent with a near-complete

disappearance of hydroxyl functionality, as well as water.

However, the surface area of the product was found to be rela-

tively low (9.6 m2 g�1 as determined using the BET method;23k see

Fig. S1–S5 and Table S2, ESI†) and comparable to the surface

area measured for (non-reduced) GO as well as materials

prepared by the reduction of graphene oxide with hydroquinone

or NaBH4.22**

We believe the origin of the low surface area observed in the

product of the aforementioned reduction reaction may be

understood in terms of the kinetics, as well as the compatibility of

GO and reduced graphite oxide with BnOH. While the reduction
x While such prolonged reaction periods may not be practical, this
experiment was designed to explore the potential of using alcohols as
non-conventional reductants of GO.

{ Greater than 95% of the BnOH was found to be unreacted and was
successfully recovered after the reaction via distillation. Given the low
vapor pressure and low flammability of BnOH, this reduction method
is highly scalable and relatively safe, and we have performed reactions
analogous to those reported herein on scales greater than 2.5 g without
incident.

k In an effort to improve the surface area, an aqueous dispersion of
graphene oxide was prepared37,38 by sonicating 100 mg of GO for 3 h
in 100 mL of water at room temperature, followed by addition of
10 mL of BnOH (no precipitation was observed). After heating the
resulting stable dispersion at reflux for 5 days, the product precipitated
from solution. The material was isolated by vacuum filtration and did
not show an improvement in the extent of reduction (as determined by
elemental combustion analysis; C : O ratio ¼ 10.4 : 1) or surface area
(as determined by the BET method; 15.1 m2 g�1). However,
benzaldehyde and benzoic acid were observed (as confirmed by 1H
NMR spectroscopy) to phase separate, indicating that aqueous
dispersions of graphene oxide share similar catalytic properties as GO.1

** For comparison, carbon materials with surface areas of
300–700 m2 g�1 are commonly observed when hydrazine is used as the
reductant of aqueous dispersions of graphene oxide.3,18

3444 | J. Mater. Chem., 2011, 21, 3443–3447
proceeds rapidly (minutes, upon heating) when hydrazine or

other strong reductants are used on aqueous dispersions of

graphene oxide, the reduction of GO using BnOH was found to

proceed much slower (hours). This sluggishness may afford

opportunities for the reduced lamellae to restack in solution,

forming small, graphite-like agglomerates, as supported by the

relatively large particles observed by scanning electron micros-

copy (SEM). These images (Fig. S12–S14, ESI†) showed thick,

agglomerated particles on the order of tens of microns in diam-

eter, rather than the isolated monolayers (either lamellar or

crumpled) often observed when other reductants are used. Since

both the oxidized and reduced products were found to form

appreciably stable dispersions in BnOH, transient exfoliation

followed by reduction and agglomeration may be occurring

during the reaction. However, we cannot discount the possibility

that the alcohols intercalated into the stacked structure of GO (as

has previously been demonstrated24), reduced the lamellae

without effectively exfoliating the carbon, and then were expelled

as their oxidized analogues (e.g., aldehydes and acids).

As shown in Fig. 2, transmission electron microscopy (TEM)

revealed that the recovered, BnOH-reduced GO was largely

unexfoliated and exhibited a lamellar morphology (consistent
areab/m2 g�1

C : O ratioc 4.0 : 1 6.0 : 1 6.9 : 1 30 : 1
Powder

conductivityd/S m�1

3.2 � 10�5 1.8 � 10�4 1019 4600

Id/Ig ratioe 1.15 1.10 1.25 1.20
Interlamellar

spacingf/�A
8.11, 3.74 7.02, 3.90 3.75 3.54

Specific
capacitanceg/F g�1

— — 2.8 35

a Material prepared by heating GO in neat alcohol (indicated in table) at
8 mg mL�1 for 5 days at 100 �C (or at reflux) in an open vessel with an
attached condenser. The product was isolated by precipitation into
EtOH followed by filtration. b Measured using nitrogen as the
adsorbate. c Determined via elemental combustion analysis.
d Determined using a two point probe technique (ESI†). e Determined
from the relative peak heights in the Raman spectra. f Determined via
powder X-ray diffraction (25 �C). As seen in Fig. S11 (ESI†), two
diffraction peaks were observed for the products reduced by MeOH
and EtOH. g Determined using cyclic voltammetry (scan rate: 25 mV s�1)
and a galvanostatic charge–discharge technique (current: 10 mA) on
a two-plate apparatus (Fig. S21, ESI†) with KOH as the electrolyte.
Ultracapacitor cells fabricated using carbons obtained by reduction of
GO with methanol and ethanol showed negligible capacitance under
these conditions.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Overlayed FT-IR spectra (KBr) of GO (gray, top) and reduced

graphite oxide obtained by reduction with benzyl alcohol (black,

bottom).
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with SEM imagery). Furthermore, structural disorder was

evident from the lattice fringe patterns seen in the diffraction

pattern (Fig. 2 inset; see ESI† for an enlargement of the pattern,

as well as additional high resolution imagery). These results were

in contrast with those observed in other solution-phase reduction

processes, where crumpling and agglomeration of the reduced

materials altered most of the lamellar structure.10 Moreover,

Raman analysis revealed an ID/IG ratio of 1.20 (Fig. 3), which

was consistent with a substantial degree of disorder in the

restacked system.25 The morphological differences between the

BnOH-reduced GO and materials obtained via the reduction of

GO using other methods may be due to the dissimilar rates of the

reduction reactions involved, as described above.
Fig. 2 High resolution TEM image and diffraction pattern (inset) of the

material obtained by the reduction of GO with benzyl alcohol. Sheet-like

graphitic stacking was observed from the diffraction pattern (see ESI† for

an enlargement).

This journal is ª The Royal Society of Chemistry 2011
Under the aforementioned conditions (200 mg of GO in 25 mL

of alcohol [0.8 wt% GO] heated at 100 �C for 5 days), benzal-

dehyde and benzoic acid1 were observed by NMR spectroscopy,

suggesting that the reduction process involved BnOH. However,

since elevated temperatures were required, thermally mediated

processes may also contribute to the reduction.26 To investigate,

a series of control experiments was performed wherein GO was

heated under otherwise identical conditions in a variety of non-

alcoholic solvents, including propylene carbonate (PC), water,

anisole, benzonitrile, and diphenyl ether. These five solvents were

chosen for their structural and/or chemical similarities (e.g.,

solubility parameters [dD, dp, dH]27) to BnOH, and for their

chemical inertness to GO (confirmed by 1H NMR spectroscopy).

The C : O ratios and powder conductivities determined for the

products obtained after 5 days of heating GO in these solvents at

100 �C were indicative of inferior reduction processes compared

to BnOH (see Table S4, ESI†). Water and PC proved to be the

most effective solvents, though the carbon products obtained

from these reactions were measured to possess C : O ratios of

only 4.3 : 1 and 4.8 : 1 and powder conductivities of 149.7 and

96.8 S m�1, respectively. These results suggested to us that

although thermal effects may be partially responsible for the

reduction of GO and graphene oxide, BnOH was critical to

obtaining high extents of reduction under these conditions.

After determining that BnOH was effective in reducing GO,

efforts shifted toward exploring the potential of other widely

available alcohols, including methanol (MeOH), ethanol

(EtOH), and isopropanol (iPrOH), to function similarly. Key

characterization data obtained from the respective reduced

materials (prepared by heating 200 mg of GO in 25 mL of the

alcohol [1.0 wt%] to reflux for 5 days) are summarized in Table 1.

In all tested metrics (surface area, C : O ratio, powder conduc-

tivity, ID/IG ratio, and specific capacitance), the three non-

aromatic alcohols studied proved to be less effective in facili-

tating the reduction of GO when compared to BnOH, though the

carbon material reduced in the presence of iPrOH exhibited

a relatively high C : O ratio and conductivity. Notably, GO was

found to disperse in iPrOH (but not MeOH or EtOH), suggesting
Fig. 3 Raman spectra of materials obtained by the reduction of GO in

methanol (black, top), isopropanol (IPA) (dark gray, 2nd from top),

ethanol (gray, 2nd from bottom) and benzyl alcohol (light gray, bottom).

J. Mater. Chem., 2011, 21, 3443–3447 | 3445
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Fig. 4 Cyclic voltammogram (25 mV s�1) of an ultracapacitor incor-

porating electrodes fabricated from GO reduced by benzyl alcohol. A

specific capacitance of ca. 35 F g�1 was calculated from these data.
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GO and iPrOH may be compatible with each another, and thus

facilitate a more efficient reduction process.

To explore the structural properties (in particular, the inter-

layer spacing and stacking behavior) of the materials obtained

via the reduction of GO using various alcohols, a series of

powder X-ray diffraction (PXRD) analyses (Fig. S11, ESI†) was

performed. The diffraction pattern for the material obtained via

the reduction of GO with BnOH revealed an interlamellar

d-spacing of 3.54 �A, a value consistent with a highly reduced

product.22,28,29 PXRD analyses of the MeOH-reduced GO (8.11,

3.74 �A) and EtOH-reduced GO (7.02, 3.90 �A) suggested to us

that a mixture of reduced and non-reduced products was present

(the larger d-spacings were consistent with non-reduced GO30),

though these alcohols may be inserting into the interlamellar

space.24 The diffraction pattern obtained from the PXRD anal-

ysis of the material prepared by reducing GO with iPrOH

exhibited a similar interlayer d-spacing as the BnOH-reduced GO

material (3.75 �A).

To demonstrate that the aforementioned alcohol-reduced

products may be implemented in useful applications, electrodes

were fabricated from the materials obtained via the reduction of

GO using iPrOH and BnOH, and incorporated into two-elec-

trode ultracapacitors using methods previously reported.31 The

specific capacitance was quantified using both cyclic voltamme-

try (scan rate: 5–100 mV s�1; Fig. 4) and galvanostatic charge–

discharge measurements (current: 5–20 mA; Fig. S21, ESI†)

using aqueous KOH as the electrolyte. Specific capacitances as

high as 35 F g�1 were measured for samples reduced by iPrOH

and BnOH, and higher values are expected if the surface areas of

the materials can be improved.†† These specific capacitances are

consistent with those that have been reported for other ultra-

capacitors which contain carbons obtained either by the
†† Frequency response analysis (FRA) performed on the ultracapacitor
incorporating BnOH-reduced GO as the electrode material revealed
a cell resistance of 0.20 U at 62 kHz and 0.51 U at 15 kHz (see Fig. S22
(ESI†) for the respective Nyquist plot), consistent with other highly
reduced graphene-like materials used as electrodes.31

3446 | J. Mater. Chem., 2011, 21, 3443–3447
chemical31,32 or thermal33 reduction of GO, or other carbon

allotropes such as carbon nanotubes.34–36
Conclusions

In conclusion, we have shown that the treatment of GO with

various alcohols under mild conditions afforded highly

reduced products. Though low surface areas were measured

via the BET method (and confirmed by TEM and SEM), bulk

powder conductivities as high as 4600 S m�1 and C : O ratios

as high as 30 : 1 were obtained when BnOH was used as

a neat reductant. These results are surprising given that alco-

hols are not commonly used as reductants and such atypical

reactivity may reflect chemical pathways unique to GO, and,

perhaps, other chemically modified graphenes or carbon

materials.1 The development of an increased understanding of

these processes as well as the exploration of other reductants

that may also facilitate access to reduced carbon-based mate-

rials is underway.
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