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We report the synthesis of a range of high surface area graphene

oxide derived carbons (GODCs) and their applications toward

carbon capture and methane storage. We obtain largely increased

surface areas up to nearly 1900 m2 g�1 for GODC samples from 10

m2 g�1 of precursor graphene oxide (GO). Our GODCs reveal

favourable gas adsorption capacities compared to other high surface

area carbons. We show that producing high surface area carbons

from GO precursor is a viable method, and the porosity parameters

are easily tuneable for their potential gas adsorption applications.
1. Introduction

Graphene oxide (GO) with its highly flexible layered structure and

easily tuneable porous properties has been fascinating many

researchers for its possible use in energy applications,1–10 such as

electrode material in electrochemical energy devices,1–6 and gas

storage, hydrogen storage and carbon capture.7–15 In order to be

applicable toward alternative energy, gas storage, and carbon
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Broader context

Nanoporous solid adsorbents are considered one of the key materi

particular, use of the high-capacity gas adsorption properties of thes

energy storage. In this study, we describe a method to obtain a wid

activation of exfoliated graphene-oxide (exf-GO) precursors with K

adsorption capacity of this new class of GO derived carbons (GO

carbons and metal–organic frameworks (MOFs), we show that our

We found that the carbon dioxide and methane adsorption capacit

with respect to their BET surface area up to 3000 m2 g�1. On the othe

3000 m2 g�1, suggesting MOFs with higher surface area are not

reported here clearly demonstrate that GODCs are very promising s

synthesis, tunable pore size/volume, high chemical stability and low

This journal is ª The Royal Society of Chemistry 2012
capture, the material should possess high porosity and high surface

area. So far, by using simple chemical methods, improved porosity

and accessible surface areas are realizable from GO sheets.1,7–15 The

initial results on gas adsorption and storage in these chemically

modified GO sheets are encouraging but not sufficient for large-scale

industrial applications due to the limited accessible surface area and

pore development. Ideally, GO sheets could display a high surface

area of about 2600 m2 g�1, however, the experimentally obtained

results are very low.1,4,7–15 This might be due to the reordering and

development of graphitic structure or retention of functional residue

between graphene sheets in the chemically modified/reduced GO

sheets. For instance, well-known thermal exfoliation or chemical

reduction of GO leads to the development of graphitic structure, thus

the reduced interlayer separation largely limits the effective molecular

adsorption. In other attempts, the interlayer space between graphene

sheets was developed by pillaring graphene layers using covalent

functionalization or esterification ofGO layer surfaces.7,8,13,16–19These

hybrid structures pose limited porosity and surface area due to

increased interlayer functional groups. As gas adsorption capacities

are highly dependent on the surface area, pore structure and pore

development in adsorbents, it is highly desirable that the GO sheets

be processed further in newways to obtain tailored porositywith high

surface area. To approach this problem, herein we present a study on

the preparation of porous carbons from the GO precursor and their

application as adsorbents, especially for high pressure carbon capture

and methane storage. Currently, gas adsorption by highly porous

solid adsorbents is considered a very promising approach.20–24 In this
als to solve many energy and environment related problems. In

e materials is a very promising approach for carbon capture and

e range of highly porous carbon adsorbents through chemical

OH. By comparing porous properties with respect to the gas

DCs) with a range of other porous solids including activated

GODCs have a greater potential in gas adsorption applications.

ies of the porous solids maintain, approximately, a linear trend

r hand, the gas adsorption byMOFs seems to saturate at around

necessarily better for gas absorption applications. The results

olid adsorbents for gas adsorption applications due to their easy

cost production.
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study, various well-ordered porous activated carbon materials (we

call GO derived carbons, GODCs) with a range of high surface areas

were prepared through chemical activation of GO with KOH.

Chemical activation is well-known for developing high porosity

carbons from different carbon precursors.25,26 We explored the effect

of activation temperature and KOH concentration upon the devel-

opment of porosity in resultant carbons. The detailed porous prop-

erty analysis is carried out with N2 adsorption/desorption isotherms

at 77 K. The methane storage and carbon capture capacities have

been estimated by measuring high pressure excess adsorption

isotherms that are essential for the pressure swing adsorption

process.21 By comparing porous properties with respect to the gas

storage capacity of this new class of GODCs with a range of other

porous solids, we show that our GODCs have a greater potential in

gas adsorption applications.
2. Experimental details

The porous GODCs were produced by chemical activation with

KOH from thermally exfoliated GO (exf-GO) and solvothermally

reduced GO (rGO) precursors. First, GO was synthesized by

oxidizing graphite powder in a strong acidicmediumusing amodified

Hummer’s method described in detail in our earlier publications.7,8

The, as synthesized, GO was thermally exfoliated at 250 �C under

ambient air. The rGO was obtained by solvothermal synthesis at

150 �C for 48 h in methanol.7 The GODCs were produced through

two different methods of KOH activation. In the first method,

exf-GO (or rGO) was thoroughly mixed with KOH in 1 : 4, 1 : 6 and

1 : 9 weight ratios using an agate mortar. The mixture was later

activated at different temperatures between 600 �C and 900 �C for

60 min under N2 atmosphere. The heating rate was controlled at

around 5 �C per minute. The samples produced by this method were

designated as GODC4-T and GODC9-T for 1 : 4 and 1 : 9 weight

ratios of exf-GO : KOH, respectively, where T denotes the activation

temperature. The samples were labelled as rGODCn-T in the case of

the rGO precursor, here n is KOH to rGO ratio¼ 4, 6 and 9. In the

second method, the exf-GO/KOH mixture was obtained through

a KOH solution as described by Zhu et al.6 In this method, the exf-

GO (400 mg) was mixed with 20 ml KOH (7 mol) solution. This

mixture was stirred for 6 h at room temperature then left soaking

overnight to ensure an intimate contact of the precursor and the

activator, KOH. Later, the solution was removed and the mixture

was then dried at 70 �C in an oven. The dried mixture again shows

approximately 9 KOH/GO,6 more or less equal to the hand-milled

method. The mixture was transferred to a horizontal quartz tube

furnace for activation. The activation conditions are similar to the

simple, hand-milled method. The samples produced in the solution

method are denoted as GODCsol-T, where T is the activation

temperature. The following steps are involved in the overall activa-

tion process: (i) constant N2 flow was maintained throughout the

whole activation process, (ii) heating the furnace to the final activa-

tion temperature of 600–900 �Cat a rate of 5 �Cmin�1, (iii) holding at

the activation temperature for 60 min, and then (vi) cooling to room

temperature. After the activation, all the samples were washed with

distilled water until the pH value reached approximately 7. The wet

samples were then dried at 100 �C overnight in air.

The GO, exf-GO, rGO and produced GODCs were characterized

using powder X-ray diffraction (XRD), infrared spectroscopy

(FTIR) and volumetric gas sorption analysis. XRD patterns were
6454 | Energy Environ. Sci., 2012, 5, 6453–6459
recorded using Cu-Ka radiation on powder samples in ambient air.

FTIR spectra were collected using the KBr/sample pellet method.

Before the gas sorption analysis, the samples were outgassed at

150 �C for 24 h under vacuum. The porous characteristics of the

samples were obtained using nitrogen adsorption–desorption

isotherms at 77 K, measured on a Quantachrome Autosorb-1-C.27

The specific surface area was measured from the adsorption data in

the relative pressure range between 0.005 and 0.05, according to the

Brunauer–Emmett–Teller (BET) method. The total pore volume was

estimated from the amount adsorbed at a relative pressure of

0.99. The pore size distribution was calculated from desorption

branchesof the isothermsusing thenon-localdensity functional theory

(NLDFT) that has been applied for detailed pore size analysis. The

volumetric method was used to determine the high-pressure excess

adsorption–desorption isotherms at various constant temperatures.28
3. Results and discussion

The experimental data of powder XRD and FTIR on GO, exf-GO,

rGOand producedGODCs are given in the ESI (Fig. S1 and S2†). In

Fig. S1†, GO shows a single diffraction (0 0 1) peak at a 2q of ca.

11.1�, corresponding to the c-axis interlayer distance (d-spacing) of

0.79 nm between GO layers. The exf-GO and rGO exhibit a weak

broad (0 0 2) graphitic peak around 24.65� and 24.85�, respectively,
which corresponds to a largely decreased d002-spacing of around

0.36 nm. This represents a single to few layer restacked graphene

sheets. The similar XRD profiles are seen for all the GODCs, which

exhibit further veryweak, broad peaks compared to exf-GO, centered

around 26� and 44�, the reflection from graphitic (0 0 2) and (1 0 0)

planes, respectively. The d002 is around 0.34 nm, close to that of

graphite (0.335 nm). The increased low-angle scattering in GODCs

might be due to the presence of high porosity.6 Fig. S2† shows the

FTIR spectra of precursor GO, exf-GO and GODCs. The FTIR

spectrumofGO showed a few vibrational bands at ca. 3410 cm�1 due

to hydroxyl stretching vibrations inCOOHand/or intercalatedwater,

1720 cm�1 due to the C]O stretching vibration of the carboxyl

group, 1630 cm�1 owing to aromatic C]C, 1380 cm�1 due to O–H

bending from hydroxyl/phenol groups and 1053 cm�1 due to alkoxy

C–O stretching vibrations.7 The exf-GO, rGO and GODCs show

considerably reduced or missing oxygen-containing groups: C]O,

C–O and hydroxyl/phenol bonds suggesting a considerable de-oxy-

genation. A band at about 1557 cm�1 due to skeletal vibration is seen

in exf-GO. The vibrational bands (at ca. 3410 cm�1) present in these

samples are likely due to moisture adsorption from air before the

measurements.

The porosity characteristics of the samples were investigated by

measuring the N2 adsorption–desorption isotherms at 77 K and are

shown in Fig. 1, S3 and S4†. The corresponding pore size distribu-

tions of the samples are shown in Fig. 2. The negligibleN2 adsorption

in GO and rGO is indicative of the filled interlayer galleries in GO

and the restacked graphitic structure in rGO. The exf-GO shows

a continuous increase inN2 uptake and also exhibits a large hysteresis

at relative pressure above 0.5, which indicates the presence of mes-

opores. In contrast, all the GODCs exhibit a relatively high adsorp-

tion. The major uptake occurs at a relatively low pressure, indicating

the formation of highly microporous materials. With increasing

activation temperature and/or KOH concentration the samples gain

pore volume in mesopores. The samples display the hysteresis effect

and slope of the plateau with a significant increase in the nitrogen
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 N2 adsorption–desorption isotherms of GO, rGO, exf-GO and

GODCs produced under different activation conditions, measured at 77

K. The solid and open data points represent adsorption and desorption

isotherms respectively.

Fig. 2 Pore size distribution of exf-GO and GODCs produced under

different activation conditions. The data are derived from the N2

adsorption isotherms shown in Fig. 1.
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uptake through the entire pressure range. Analysis of the isotherms

indicates that the main differences between the samples are devel-

opment in their pore volumes and their pore size distribution. The

porosity parameters obtained from N2 adsorption isotherms of the

samples are summarized in Table 1. In terms of pore size distribution

(Fig. 2), the exf-GO shows only mesoporosity. However, the GODC

samples at low activation temperature and KOH concentrations

(GODC4-600, GODC9-600 and GODC4-700) show a pore devel-

opment in the microporous region, while increasing the activation

temperature and KOH concentration (GODC9-700, GODC9-800,

GODCsol-800) results in a large proportion of pore development in

both the microporous and mesoporous regions (>2 nm). The low

temperature and/or low KOH concentration activated samples

show BET surface area and pore volume between 600 m2 g�1 and

1300 m2 g�1, and 0.36 cm3 g�1 and 0.72 cm3 g�1, respectively, with

dominant microporosity with an average pore size around 1.5 nm.

Under rigorous activation conditions (high activation temperature
This journal is ª The Royal Society of Chemistry 2012
and/or high KOH concentrations) the samples exhibit high specific

surface area between 1300 m2 g�1 and 1900 m2 g�1 and high pore

volume between 1.00 cm3 g�1 and 1.65 cm3 g�1 with an average pore

size around 2.5 nm. The effect of activation temperature and KOH

concentration on BET surface area is compared in Fig. S5† for all

the samples. It can be seen that the optimal conditions to obtain

the highest BET surface area and pore volumes are 800 �C and

1 : 9 GO/KOH, which is in good agreement with Zhu et al.6 The low

temperature is not favourable to increase porosity due to the slow

reaction rate between the activator, KOH and exf-GO. This might be

the reason for producing a lower surface area in sample GODC9-600

than GODC4-600. The high temperature activation probably

damages the pores formed at the previous stage, thus samples acti-

vated at 900 �C show poor pore development. The exf-GO exhibits

a high pore volume of 1.4 cm3 g�1 and a pore size of 0.40 nm due to

the highly wrinkled nature of single to few layer graphene sheets. The

highly decreased pore size of theGODCs compared to that of the exf-

GO is caused by the severe shrinkage and restructuring of the wrin-

kled graphenes. From the analysis it is very clear that the activation

temperature and KOH concentration play a critical role in deter-

mining the specific surface area and pore volume of the resultant

carbons. The pore structures with high surface area can be developed

by rigorous evolution of gaseous by-products during KOH activa-

tion. According to the chemical activation mechanism,26 it is sug-

gested that during the activation, the chemical reaction between

KOH and carbons proceeds as 6KOH + C ¼ 2K + 3H2 + 2K2CO3,

followed by either decomposition ofK2CO3 or reaction ofK/K2CO3/

CO2 with carbon. Thus with increasing activation temperature and

KOH concentration, simultaneous pore opening and pore widening

are observed. Above the optimum activation temperature, 900 �C,
the samples show decreased surface area and pore volume due to

further reaction of the porous carbon, thus the samples produced at

this temperature also have very low yield.

It is important to note that from Fig. S4† the rGODCs exhibit

significantly reduced pore development when compared to the

GODCs for the similar activation conditions. The maximum BET

surface area �920 m2 g�1 of rGODC9-800 is far less than �1700 m2

g�1 ofGODC9-800. This explains the importance of the type of initial

GO used in obtaining highly porous carbons. It is very often the

precursor carbon that is the key to obtaining higher surface areas. In

general, porous carbon materials consist of randomly oriented

defective graphite nanoflakes, and the thickness of the graphite

nanoflakes can determine the SSA of the products. Thus the

restacked graphene layers in rGO might be the reason the resultant

carbons exhibit a lower surface area. It is also worthy to note that our

GODCsol-800 sample made with the Zhu et al.method exhibits less

surface area,�1900m2 g�1 than�2500m2 g�1 reported in ref. 6. This

can be attributed to the extent that the GO is exfoliated.

The high pressure CO2 adsorption excess isotherms at 300K for all

the samples are shown in Fig. 3. It can be seen that the samples with

highest BET surface area show highest adsorption. The slope of the

isotherms is also comparatively similar to the N2 adsorption

isotherms, where the BET surface area, pore volume, and pore size

distribution play major roles in the high pressure adsorption behav-

iour of the isotherms. Fig. S6† represents the CO2 adsorption

isotherms of the samples up to 1 bar. The adsorption capacity versus

BET surface area, total pore volume and average pore size is plotted

in Fig. 4. It is observed that the high pressure CO2 adsorption trend is

more or less linearly dependent on the BET surface area, total pore
Energy Environ. Sci., 2012, 5, 6453–6459 | 6455
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Table 1 GODCs with synthesis conditions (KOH/exf-GO concentration and activation temperature), yield by weight of precursor exf-GO, the porosity
parameters: BET surface area, average pore size, porosity based on a skeleton density of 2 g cm�3, and high pressure CO2 and methane adsorption
capacities at 20 bar and 35 bar, respectively, at 300 K

Sample
Yield by
weight (%)

BET surface
area/m2 g�1

Total pore
volume/cm3 g�1

Average pore
size/nm Porosity (%)

CO2 adsorption/
mg mg�1

Methane adsorption/
mg mg�1

GODC4-600 54 916 0.48 1.30 49 0.390 0.096
GODC9-600 36 619 0.36 1.54 42 0.360 0.084
GODC4-700 53 1096 0.56 1.54 53 0.480 0.119
GODC9-700 28 1326 1.10 1.85 69 0.555 0.137
GODC4-800 38 1276 0.72 1.60 59 0.497 0.126
GODC9-800 26 1704 1.65 2.60 77 0.652 0.163
GODCsol-800 33 1894 1.60 2.40 76 0.721 0.175
GODCsol-900 10 1272 0.99 1.86 66 0.525 0.137

Fig. 3 The room temperature (300 K) CO2 excess adsorption isotherms

of GODCs produced under different activation conditions.

Fig. 4 The low pressure (1 bar) and high pressure (20 bar) CO2

adsorption capacities at 300 K with respect to the BET surface area (a),

total pore volume (b) and average pore size (c). Around room tempera-

ture (298–300 K) the CO2 adsorption capacities at 20 bar of our GODCs

and a range of other porous carbons are compared with respect to the

most important porosity parameter, BET surface area, that defines the

adsorption capacities of most of the porous solids (a) (ref. 35). ‘‘+’’

represents the commercial activated carbons.

6456 | Energy Environ. Sci., 2012, 5, 6453–6459
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volume, and average pore size. The low pressure (�1 bar) adsorption

behaviour is almost independent of the surface area similar to the

most of porous carbons.29 The narrow pore size distribution in the

micropore region appears to produce better uptake values at 1 bar

but these isotherms tend to saturate at low tomoderate pressures due

to pore filling. The high pressure isotherms show improved adsorp-

tion capacities over other activated carbons.20,21,29–35 For instance,

Fig. 4a and S7† compare the high pressure CO2 adsorption capacities

of our GODC samples with a range of other high surface area

carbons. Our GODC samples definitely show improved adsorption

capacities for CO2 storage. It can be observed that a general trend

exists for all the materials, the higher the surface area, the higher the

adsorption capacity. Only amine functionalized or microwave irra-

diated carbons can reach the storage capacity of GODCs.32

Fig. 5 shows the high-pressure methane excess adsorption

isotherms of GODCs at 300 K. Fig. S8† represents the low pressure

methane adsorption isotherms of the samples up to 1 bar. The

adsorption capacity against the BET surface area, total pore volume

and average pore size is plotted in Fig. 6. Similar to CO2 adsorption,

methane adsorption capacities increase with porous parameters.

With respect to the BET surface area, again the improved perfor-

mance in high pressure methane uptake is seen in our GODCs

compared to most of the other porous carbons30,35–42 (Fig. 6a). The

high adsorption capacities of our GODCs can be directly related to
Fig. 5 The room temperature (300 K) methane excess adsorption

isotherms of GODCs produced under different activation conditions.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The low pressure (1 bar) and high pressure (35 bar) methane

adsorption capacities at 300 K with respect to the BET surface area (a),

total pore volume (b) and average pore size (c). Around room tempera-

ture (298–300 K) the methane adsorption capacities at 35 bar of our

GODCs and a range of other porous carbons are compared with respect

to the BET surface area (a) (ref. 35). ‘‘+’’ represents the commercial

activated carbons.

Fig. 7 The room temperature (298–300 K) and high pressure CO2 (a)

and methane (b) adsorption capacities at 20 bar and 35 bar, respectively,

of our GODCs and a range of other porous organic frameworks

compared with respect to the BET surface area.
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the hierarchical pore structure with large pore volume. At moderate

surface area (<1500 m2 g�1), GODCs and activated carbide derived

carbons42 show similar methane adsorption capacities due to the very

narrow pore size distribution in the micropore range. Fig. S9 and

S10† compare the carbon dioxide and methane high pressure

adsorption isotherms of GODCs and commercial Maxsorb and

Norit R1 carbons. It is worthy to note that from the given surface

areas, our GODC samples perform better in gas adsorption

applications.

We further compared the CO2 and methane adsorption capacities

of GODCs with other porous coordinated framework materials.

Fig. 7 represents the comparison of high-pressure CO2 and methane

adsorption capacities of GODCs, metal–organic frameworks

(MOFs)23,43–49 and covalent–organic frameworks (COFs)24 against

their BET surface area. The organic frameworks are well-known for

their large surface areas, wide pore structures, and versatile chemical

compositions. They are widely investigated for their possible usage

toward alternative energy, gas storage applications and carbon

capture. On comparing with respect to the surface area, fromFig. 7 it

is very clear that none of these MOFs surpass the CO2 and methane

adsorption capacities of the GODCs at given pressures. It is worthy

to note that from the comparison of CO2 and methane adsorption

capacities of the porous solids with respect to their BET surface area,

one can estimate the adsorption capacities based on the BET surface

area only up to a certain limit around 3000 m2 g�1, below this limit

most of the solids exhibit a more or less linear trend between high

pressure adsorption capacity and BET surface area. Only some of the

MOFs exhibit comparable CO2 and methane uptake capacities to

those ofGODCs in the limited surface areas up to about 3000m2 g�1.

Even though some of the MOFs exhibit very high surface areas up

to over 6000 m2 g�1, their gas adsorption capacities appear not to

be significantly better than the solids with surface areas around

3000m2 g�1. Thismight be due to the existence of very large pore sizes

that are not effectively providing further increase in gas adsorption
This journal is ª The Royal Society of Chemistry 2012
capacities. Thus targeting ultra-high surface area materials may not

be a key factor for optimum gas adsorption.Nevertheless some of the

MOFs exhibit very good carbon dioxide and methane adsorption

capacities under ambient conditions compared to known porous

carbons. Additionally, the chemical stability of these organic frame-

works, that is whether these solids maintain their structural integrity

and functionwhen subjected to the harsh environment of combustion

gases, is under debate.22,23,50,51 Flue gas, containing moisture and acid

gases (SOx and NOx), may lead to the degradation of the framework

stability.22,23,50,51 In addition, most of these solids developed through

expanded links, which often yield fragile frameworks, and self-

interpenetration thereby losing accessible surface area. Therefore, it is

important for the potential adsorbents to be stable in the presence of

acid gases. In this regard, porous carbon materials with the rigid

pores, good chemical resistance, high surface areas and tuneable pore

volume could play a promising role as high pressure adsorbents.51,52

The other advantage is that the costs associated to produce porous

carbons are low and they are easily synthesized in mass quantities

with tailored pore structure by simply controlling the activation

conditions (KOH/GO concentration and temperature). Finally,

GODCs also exhibit a sufficiently moderate heat of adsorption
Energy Environ. Sci., 2012, 5, 6453–6459 | 6457
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(Fig. S11 to S14†) to play a useful role in large-scale, reversible

carbon capture. Thus these combined properties of GODCs can be

conveniently used in pressure swing adsorption. It is a promising

process that could be applied immediately for the removal of CO2

from industrial point sources because it is energy efficient and suitable

for a large-scale CO2 capture system.21

4. Conclusions

We report the synthesis of high surface area porous carbons from

graphene oxide precursor with KOH chemical activation. The

optimum activation condition is found to be 800 �C and 1 : 9 GO to

KOHratio to obtain a porous carbonwith a highestBET surface area

of1900m2g�1 andthemaximumtotalporevolumeof1.65cm3g�1.We

have shown that the specific surface area, pore volume and pore size

distribution are tuneable with KOH concentration and activation

temperature. GODCs with hierarchical pore structure have the

potential for carbon dioxide andmethane adsorption applications. In

addition, these carbons also exhibit a sufficiently low heat of adsorp-

tion to play a useful role in large-scale, reversible gas adsorption. The

observed results clearly demonstrate that GO could become a reliable

route to prepare a highly porous carbon material with high surface

area and tailored micro/mesopores which would play an important

role in obtaining high adsorption capacities for industrial use.
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