
Pillaring Chemically Exfoliated Graphene
Oxide with Carbon Nanotubes for
Photocatalytic Degradation of Dyes under
Visible Light Irradiation
Li Li Zhang, Zhigang Xiong, and X. S. Zhao*

Department of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, Singapore 117576

G
raphene is rapidly gaining interest
from a wide spectrum of research
fields owing to its remarkable

properties, such as high carrier mobility

(200 000 cm2/(V · s)),1 great mechanical

strength,2 and excellent thermal3 and elec-

trical conductivity.4 The sp2-hybridized car-

bon atoms within an ideal graphene sheet

are highly efficient in storing and shuttling

electrons.5 Therefore, graphene or

graphene-based materials hold a great

promise in applications requiring fast elec-

tron transfer, such as field emission displays

(FEDs),6 energy storage,7,8 and photo-

catalysis.9

We have observed an efficient electron

transfer process between a photon-excited

dye and reduced graphene oxide (RGO) un-

der visible light irradiation.9 The degrada-

tion of the dye was, however, observed to

be kinetically slow because of the recombi-

nation of the injected electron and the ex-

cited dye. We have also found that deposi-

tion of gold (Au) nanoparticles can greatly

accelerate the spatial separation of the in-

jected electron and the excited dye, thus

significantly improving the degradation of

the dye under visible light irradiation via a

mechanism different from that of traditional

semiconductor photocatalysis.9

While a high theoretical specific surface

area of graphene (2630 m2/g) has been pre-

dicted,10 experimentalists have yet suc-

ceeded in producing graphene with such a

high surface area in spite of numerous re-

search efforts.11,12 A recent computation

work of Froudakis and co-workers7 pre-

dicted that a three-dimensional (3D)

graphene nanostructure pillared by single-

walled carbon nanotubes possesses a sig-

nificantly enhanced hydrogen storage ca-

pacity. Inspired by this theoretical work, we

attempted to pillar layered graphene oxide

(GO) and RGO platelets with carbon nano-

tubes (CNTs) in the present work.

Scheme 1 illustrates the steps of prepar-

ing CNT-pillared GO and RGO 3D struc-

tures. First, chemically exfoliated GO or RGO

platelets were dispersed in water in the

presence of a surfactant. Then, a nickel ni-

trate solution was added under stirring at

room temperature. Upon drying at 60 °C,

Ni-containing GO or RGO platelets were ob-

tained and subsequently used as the cata-

lyst to grow CNTs using the chemical depo-

sition (CVD) method with acetonitrile as

the carbon source. Both the amount and

the length of the CNTs were controlled by

using amounts of Ni catalyst and CVD times.

The final samples are denoted as GOCNT-

X-Y or RGOCNT-X-Y for the CNT-pillared GO

and RGO composites, respectively. Here, X

represents CVD time (15 or 30 min) while Y

refers to the Ni catalyst loading expressed

using the mass ratio of Ni/C (here, Ni refers

to the amount of nickel nitrate and C refers
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ABSTRACT Graphene oxide (GO) and reduced graphene oxide (RGO) platelets were pillared with carbon

nanotubes (CNTs) by using the chemical vapor deposition (CVD) method with acetonitrile as the carbon source

and nickel nanoparticles as the catalyst, aimed to prepare graphene-based materials with a high surface area and

a good electrical conductivity. Characterization data showed that the composite materials with RGO layers pillared

by CNTs formed a robust three-dimensional (3D) porous structure of specific surfaces as high as 352 m2/g. The

amount and length of the CNT pillars connecting the RGO layers were controlled by changing the amount of the

nickel metal catalyst and the time of CVD. The CNT-pillared RGO composite materials exhibited an excellent visible

light photocatalytic performance in degrading dye Rhodamine B because of the unique porous structure and the

exceptional electron transfer property of graphene. Such CNT�RGO composites represent a new family of

innovative carbon materials for visible-light-activated photocatalysis.
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to the amount of GO or RGO used; see Supporting Infor-
mation for details). For example, sample GOCNT-15-17
was prepared using Ni-containing GO with a Ni/GO ra-
tio of 17 and the CVD time was 15 min, while sample
RGOCNT-30-2 was obtained from Ni-containing RGO
with a Ni/RGO ratio of 2 and the CVD time was 30 min.

Such 3D carbon structures are believed to display
unique electronic and catalytic properties due to the
synergetic effect between the RGO platelets and the
CNT pillars. Indeed, the RGOCNT composite materials
were found to exhibit an excellent performance in
photocatalytic degradation of dye Rhodamine B (RhB)
under visible light irradiation. To the best of our knowl-
edge, this is the first experimental demonstration of pil-
laring chemically exfoliated GO with CNTs and explora-
tion of such materials in photocatalytic degradation of
dyes under visible light irradiation.

RESULTS AND DISCUSSION
Figure 1 shows the typical field emission scanning

electron microscopy (FESEM) images of the GOCNT
and RGOCNT samples. It can be seen that most of the
CNTs grew perpendicularly to the normal of the GO and
RGO platelets. The cross-section views of the samples
clearly demonstrated a layered structure of the GO and
RGO with CNTs as pillars between the GO and RGO
platelets. It is also seen that increasing the amount of
Ni catalyst led to the growth of more CNTs in the 3D
nanostructure, while decreasing the CVD time resulted
in a shorter length of the CNTs. The wall thickness and
the inner diameter of the CNT were about 10 and 12
nm, respectively. The high-magnification transmission
electron microscopy (TEM) image depicted in Figure 1h
clearly shows the presence of straight graphene layers
paralleling the axis of the CNTs. These ordered
graphene layers with an interlayer distance of about
0.34 nm implied a high crystallinity of the CNTs, which
are favorable for electron transport along the axis of the
CNTs.13

The X-ray diffraction (XRD) patterns of the samples
shown in Figure S1 (Supporting Information) confirmed
the presence of pure metallic Ni (JCPDS No. 04-850),
suggesting that it was the Ni metal nanoparticles that
served as the catalytic sites for the growth of the CNTs
within the GO and RGO platelets. The white dots seen

from the FESEM images were Ni particles on the tips of
the CNTs, implying that the growth of the CNTs fol-
lowed the tip-growth model.14 According to this model,
the diameter of a CNT shall be comparable to the diam-
eter of the metal catalyst on which it has grown. To con-
firm this, a sample (named GO-Ni) was prepared by
treating a Ni-containing GO sample at 850 °C in the
CVD reactor under nitrogen flow of 30 mL/min (similar
to the experimental conditions of growing CNTs on the
Ni-containing GO sample except for the absence of car-
bon precursor acetonitrile). The TEM image of sample
GO-Ni shown in Figure S2 revealed that the sizes of the
Ni particles were in the range of 30�40 nm, which are
in good agreement with the diameters of the CNTs.

The Raman spectra of the CNT-pillared GO and RGO
composites are shown in Figure 2. It can be seen that
all samples exhibited the Raman peaks of the G band
at about 1580 cm�1 and the D band at about 1348
cm�1. The G band is a characteristic feature of gra-
phitic carbon layers corresponding to the tangential vi-
bration of the carbon atoms, whereas the D band is a
typical sign of the presence of defective graphitic car-
bon.15 The intensity ratio of the D and G peaks (ID/IG)
gives a measure of the degree of crystallization and the
alignment of the graphitic planes of the carbon materi-
als.15 The RGOCNT samples generally possessed a lower
ID/IG value than the GOCNT samples, indicating a better
crystallinity with less structural defects of the former.
This result suggests that the RGOCNT composite has a
better electrical conductivity than the GOCNT
composite.

The solution-based electrochemical impedance
spectroscopy (EIS) analysis data further supported the
above conclusion. The EIS data were analyzed using the
Nyquist plot method and are presented in Figure S3.
The negligible high-frequency resistor-capacitor (RC)
loops or semicircles for both of the GOCNT and the
RGOCNT samples indicated a good electrode contact.16

The 45° sloped portion of the Nyquist plots, the so-
called Warburg resistance,17 is a result of the frequency
dependence of ion transport in the system. It can be
seen that the RGOCNT sample possessed a smaller War-
burg region, indicating a lower ion diffusion resistance
and less obstruction of the ion movement, thus a bet-
ter ion transport than the GOCNT sample.

Scheme 1. Experimental steps of pillaring GO and RGO platelets with CNTs.
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The composite materials were analyzed by using

X-ray photoelectron spectroscopy (XPS), and the re-

sults are shown in Figure 3A. The two prominent peaks

seen on the C1s XPS spectra of sample GO clearly indi-

cated the presence of a considerable amount of oxy-

genated groups. After reduction (sample RGO), the

C�O bond diminished while the CAC bond domi-

nated, as evidenced by the presence of the peak at

about 284.5 eV.18 The GOCNT and RGOCNT samples dis-

played a C1s XPS spectrum similar to that of the RGO

sample, suggesting that the CVD process resulted in a

substantial loss in the oxygenated groups, especially for

Figure 1. FESEM images of (a) GOCNT-30-17, (b) GOCNT-15-17, (c) GOCNT-30-9, (d) GOCNT-15-9, (e) RGOCNT-15-4,
(f) RGOCNT-15-0.6 and TEM images of GOCNT-30-17 under different magnifications (g and h).
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the GOCNT composite. This observation is consis-
tent with that reported in the literature.19 The
chemical composition of the samples according
to the XPS results is summarized in Table 1. It can
be seen that the oxygen contents for all compos-
ite samples were less than 8% (atomic concentra-
tion), which is very close to that of the pristine
graphite. However, it should be noted that low
oxygen content does not necessarily mean a bet-
ter restoration of the ��� conjugated plane in
the final structure. Although thermal annealing re-
moved some of the oxygen-containing groups
from the GO sample, the process may not com-
pletely repair the holes and other defects may
form within the carbon sheet.20 Indeed, the Ra-
man data showed the presence of a large amount
of imperfections and defects on the GOCNT
samples.

The nitrogen adsorption�desorption isotherms of
sample RGOCNT shown in Figure 3B (sample GOCNT ex-
hibited a very similar isotherm to that of sample
RGOCNT, thus is not presented here) displayed a type
IV isotherm with a H2 hysteresis loop, indicating a me-
soporous structure.21,22 It can be seen from Table 1 that,
upon pillaring with CNTs, the surface area was signifi-
cantly increased. The most developed porosity was
found from the samples pillared with shorter CNTs. The
lower surface area and pore volume of the samples pre-
pared with longer CVD times were probably due to
the presence of dense CNTs in the samples.

The photocatalytic properties of the GOCNT and
RGOCNT composites were evaluated using Rhodamine
B (RhB) under visible light irradiation, and the results are
shown in Figures 4. It is seen that RhB was very stable
in the absence of a photocatalyst under visible light ir-
radiation. It is also seen that no obvious degradation oc-
curred in the dark, even with the presence of a photo-
catalyst. RhB was slightly degraded in the presence of
catalyst GOCNT. However, the degradation of RhB was
remarkably increased in the presence of the RGOCNT
catalysts, especially those with a shorter length of CNTs.
The photocatalytic reaction rates of the RGOCNT cata-
lysts were faster than that of commercial photocatalyst
P25. Table S1 (Supporting Information) summarizes the
photocatalytic performance and some related physical
properties of the photocatalysts. The highest photo-
catalytic degradation rate of RhB was calculated to be
about 2.1 � 10�2 min�1 for sample RGOCNT-15-0.6,
more than 4 times faster than that of P25 (4.9 � 10�3

min�1). The UV�visible absorption intensity of RhB was
gradually decreased with irradiation time (see Figure
S4) without any shift of the absorption wavelength,
suggesting a complete cleavage of RhB chro-
mophores.23 It is different from that carried out in a
TiO2 system, in which RhB was found to be gradually de-
ethylated with a concomitant wavelength shift of its ab-
sorption band.24

The mechanism for the degradation of dyes under

visible light irradiation over semiconductor (SC) photo-

catalysts, such as TiO2, ZnO, and CeO2,25,26 is described

as below: The dye is first excited by visible light, fol-

lowed by electron transfer from the excited dye (dye*)

to the conduction band of the SC. Then the electron is

trapped by surface-adsorbed O2 to generate various re-

active oxygen species (ROSs).24,27 The degradation effi-

ciency greatly depends on the adsorption of the dye,

the electron transfer between the dye* and the SC, and

the electron recombination between dye●� and

SC�.27,28 On the other hand, the rate of the electron in-

jection is determined by the redox potentials of the ad-

sorbed dye* and the SC.

In the present work, the electron transfer from the

excited dye (e.g., RhB*) to graphene occurred under vis-

ible light irradiation, and the electron injection rate

was much faster than that to TiO2.9 However, due to

the fast recombination between the RhB●� radicals and

the injected electron, the degradation was significantly

slowed. The Ni-containing CNTs are believed to be able

to reduce the accumulation of the electron on

graphene since the work functions of CNTs and Ni are,
respectively, about �4.8 and �5.15 eV,29,30 much

Figure 2. Raman spectra of (A) RGOCNT and (B) GOCNT samples.

Figure 3. (A) C1s XPS spectra and (B) nitrogen
adsorption�desorption isotherms of RGOCNT samples.
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higher than that of graphene. Thus, in the presence of

both CNTs and Ni, the injected electron on graphene

plane can continuously transfer to the CNTs and Ni par-

ticles, spatially separating the RhB●� radical and the

electron, thus effectively decreasing electron accumula-

tion, as schematically illustrated in Figure 5. Then the

electron moved to the Ni particles was trapped by O2

to produce various ROSs.

To prove the electron transfer between RhB and

the RGOCNT catalysts, the fluorescence lifetimes of

RhB were determined in different suspensions, and the

results are shown in Table S1.27 It can be seen that the

RhB solution had a strong fluorescence with a lifetime

of about 1.68 ns. Upon addition of TiO2, RhB adsorbed

on the surface of the TiO2. The fluorescence lifetime of

RhB thus decreased to 1.58 ns due to the electron trans-

fer from RhB* to TiO2.27 When RGO was added to the

RhB solution, the fluorescence lifetime decreased to

1.48 nm, indicating a faster electron transfer from RhB*

to RGO than to TiO2. For the CNT-pillared samples, the

electron could continuously move to the CNTs and Ni

particles. Thus, the fluorescence lifetimes were further

reduced to about 1.2 ns, indicating an enhanced elec-

tron transfer between RhB* and the RGOCNT catalysts.

On the basis of the above photosensitized degrada-

tion mechanism, the significantly different photoactiv-

ity between the GOCNT and RGOCNT catalysts can be

attributed to the following two important factors. First,

the adsorption of the dye on the GOCNT composites is

much lower than that on the RGOCNT composites (see

Table S1). Since the RGO platelets of the RGOCNT com-

posite have a giant �-conjugational plane, it is very

likely that RhB preferably adsorbed on the planar sur-

face via a ��� stacking with a face-to-face orienta-

tion.31 However, such a �-conjugated plane was de-

stroyed on the GO platelets of the GOCNT composite,

leading to a poor interaction between the GOCNT cata-

lyst and the dye. Second, the large amount of struc-

tural defects in the GO plane retarded the electron

movement. Hence, no efficient electron transfer oc-

curred between the excited dye and the GOCNT cata-

lysts, as evidenced by the longer fluorescence lifetime

of RhB*.

The length and amount of CNTs also greatly af-

fected the photosensitized degradation of the dye. As

is seen from Figure 4B, those RGOCNT photocatalysts

with a shorter length of CNTs (RGOCNT-15-0.6,

RGOCNT-15-2, and RGOCNT-15-0.6-4) were more reac-

tive than P25, while those with a longer length of CNTs

(RGOCNT-30-2 and RGOCNT-30-4) performed poorly as

compared to P25. This can be explained by the different

adsorption ability and the electron recombination

probability. The RGOCNT catalysts with a shorter length

of CNTs adsorbed more dye molecules than those with

a longer length of CNTs (see Table S1). The higher spe-

cific surface area of the RGOCNT samples with a shorter

length of CNTs (see Table 1) would be more advanta-

geous toward dye adsorption. In addition, the growth

of CNTs with a longer length on the RGO platelets inevi-

tably led to a low surface of the composite so as to de-

crease the exposure of the ��� conjugated plane in

the RGO platelets. Besides the different dye adsorption

abilities, the high probability of the electron recombina-

TABLE 1. Chemical Composition (atomic %) and Porosity of
Samples

samples C (%) O (%) C/O SBET (m2/g) Vtot (cm3/g)
CVD time

(min)

GOCNT-30-17 96.1 3.9 24.6 29 0.03 30
GOCNT-30-4 93.6 6.4 14.6 23 0.02 30
GOCNT-15-4 97.5 2.5 39.0 214 0.48 15
GOCNT-15-9 96.7 3.3 29.3 284 0.54 15
GOCNT-15-17 97 3 32.3 266 0.52 15
RGOCNT-30-2 94.1 5.9 15.9 26 0.04 30
RGOCNT-15-0.6 92.9 7.1 13.1 307 0.21 15
RGOCNT-15-2 91.5 8.5 10.8 352 0.38 15
RGOCNT-15-4 90.4 9.6 9.4 350 0.38 15

Figure 4. (A) Photocatalytic degradation for RhB under dif-
ferent experimental conditions with catalysts GOCNT-15-4
and P25. (B) Photocatalytic properties of different samples in
degrading RhB.

Figure 5. Energy diagram showing the proposed mecha-
nism of photosensitized degradation of RhB under visible
light irradiation.
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tion over the RGOCNT composite with longer CNT pil-
lars may collectively account for the poorer photo-
catalytic performance. During the electron movement
from the RGO surface to the long CNT chains, there is a
high possibility that the electron was recombined with
the RhB●� adsorbed on the surface of the CNTs. The
probability of such electron-radical recombination will
be significantly reduced along short CNT chains. More-
over, since the Ni metal particle presented at the end of
CNTs is a good electron mediator, surface-adsorbed O2

could easily trap the electrons from the Ni particles to
form various ROSs, leading to an efficient RhB
degradation.

CONCLUSIONS
In summary, we have demonstrated the prepara-

tion of 3D CNT-pillared graphene oxide and reduced
graphene oxide nanostructures with tunable length of
the CNTs. Such nanostructures exhibited an excellent

visible light photocatalytic performance in degrading
RhB dye in water. The important findings in the present
work include the following: (1) the growth of one-
dimensional (1D) CNTs can be controlled by control-
ling the catalyst loading and the CVD time; (2) the use
of the conducting carbon matrix such as reduced
graphene oxide platelets is highly desirable for many
applications requiring fast electron transfer such as ca-
talysis (including photocatalysis), ion transportation, en-
ergy conversion, and storage; (3) the synergetic effect
between the 1D CNTs and 2D reduced graphene oxide
platelets effectively reduces the dynamic resistance of
ion transport; and (4) the high adsorption ability toward
organic dyes, strong ��� interaction with dye chro-
mophores, efficient photosensitized electron injection,
and retarded electron-radical recombination enable the
composite material to be an excellent photocatalyst
for photoassisted degradation of dye pollutants in
water.

METHODS
Preparation of GO and RGO. The GO dispersion was prepared by

sonication of graphite oxide, which was obtained from natural
graphite using a modified Hummers method.32,33 Five grams of
graphite and 2.5 g of NaNO3 were mixed with 120 mL of H2SO4

(95 wt %) in a 500 mL flask. The mixture was stirred for 30 min
within an ice bath. While maintaining vigorous stirring, 15 g of
KMnO4 was added. The rate of addition was carefully controlled
to keep the reaction temperature below 20 °C. The ice bath was
then removed, and the mixture was stirred at room temperature
overnight. As the reaction progressed, the mixture gradually be-
came pasty, and the color turned light brownish. At the end,
150 mL of deionized (DI) water was slowly added to the mix-
ture under vigorous agitation. The reaction temperature was rap-
idly increased to 98 °C with effervescence, and the color changed
to yellow. The diluted suspension was stirred for 1 day. Then,
50 mL of 30% H2O2 was added to the mixture. For purification,
the mixture was washed by rinsing and centrifugation with 5%
HCl and then DI water for several times to obtain the graphite ox-
ide sample. The final GO dispersion was prepared by sonication
of graphite oxide.

Reduction of GO was conducted by using the sodium boro-
hydride reduction method: 0.3 g of GO was dispersed in 100
mL of DI water. The GO solution was sonicated for about 20 min;
0.4 g of sodium borohydride was then added, and the mixture
was heated in an oil bath at 100 °C for 24 h. The final RGO sample
was obtained after repeated washing with DI water followed by
centrifugation.

Preparation of GOCNTs. A series of GOCNT samples containing
different amounts and lengths of CNTs were prepared. In a typi-
cal preparation, 2 g of sodium dodecyl sulfate (SDS, Merck) was
dissolved in 40 mL of DI water. Twenty milliliters of GO dispersion
of concentration 5 mg/mL was added into the above solution.
The mixture was sonicated for about 20 min. Then, 1.74 g of
nickel nitrate hexahydrate (Ni(NO3)2 · 6H2O, Alfa Aesar) dissolved
in 20 mL of DI water was added dropwise under vigorous stirring.
The resulting mixture was diluted with DI water to have a total
volume of 120 mL and heated to 90 °C under stirring. After 16 h,
the mixture was evaporated and dried in air with a Petri dish at
60 °C for 24 h to obtain Ni-loaded GO platelets. To change the
loading of Ni catalyst on the surface of GO, the Ni/C ratio, namely,
the mass ratio of Ni(NO3)2 · 6H2O over GO, was varied to be 4, 9,
and 17. The amount of SDS was adjusted according to the
amount of Ni(NO3)2 · 6H2O added.

The growth of CNTs was conducted on the Ni-loaded GO
platelets at 850 °C using the CVD method with acetonitrile as

the carbon source as has been described previously.34 The CVD
deposition time was varied from 15 to 30 min to control the
length of CNTs. The final solid products are denoted as GOCNT-
X-Y, where X represents CVD time (15 or 30 min) while Y refers to
the Ni catalyst loading expressed using Ni/C ratio. For example,
sample GOCNT-15-17 was prepared using a Ni/GO ratio of 17 and
a CVD time of 15 min, while GOCNT-30-17 was obtained from
Ni/C ratio of 17 and CVD time of 30 min.

Preparation of RGOCNTs. The procedure for the preparation of
RGOCNT nanocomposites was very similar to that of GOCNT,
but with the addition of RGO dispersion rather than GO disper-
sion. The Ni/C ratio (mass ratio between Ni(NO3)2 · 6H2O and
RGO) was varied to be 0.6, 2, and 4. The growth of CNTs on the
Ni-loaded RGO platelets followed exactly the same procedure as
that described for GOCNT. The final products collected are de-
noted as RGOCNT-X-Y. For example, sample RGOCNT-15-2 was
prepared by using a Ni/C ratio of 2 and a CVD time of 15 min and
RGOCNT-30-2 was obtained from Ni/C ratio of 2 and CVD time
of 30 min.

General Characterization. The microscopic feature of the samples
was observed on a FESEM (JSM 6700F, JEOL Japan) operated at
10 kV and a TEM (JEM 2010, JEOL, Japan) operated at 200 kV. The
pore structure of the sample was investigated using physical ad-
sorption of nitrogen at the liquid-nitrogen temperature (77 K)
on an automatic volumetric sorption analyzer (NOVA1100, Quan-
tachrome). Prior to measurement, a sample was vacuum-
degassed at 200 °C for 5 h. The specific surface area (SBET) was de-
termined according to the Brunauer�Emmett�Teller (BET)
method in the relative pressure range of 0.01�0.2. The total
pore volume (Vt) was obtained from the volume of nitrogen ad-
sorbed at a relative pressure of 0.99. XRD patterns were collected
on an XRD-6000 (Shimadzu, Kyoto, Japan) with Cu K� radiation
(� � 1.5418 Å) as the X-ray source. XPS analysis was carried out
on an AXIS HSI 165 spectrometer (Kratos Analytical) using a
monochromatized Al K� X-ray source (1486.71 eV). The Raman
spectra were carried out using a WITEC CRM200 Raman system
with a 532 nm laser (2.33 eV) source and 100� objective lens.
The EIS was collected using an Autolab PGSTAT302N at room
temperature.

Measurement of Photoactivity Properties. Photocatalytic degrada-
tions were carried out in an open thermostatic photoreactor. Be-
fore irradiation, a suspension containing 100 mL of 5.3 � 10�3

mM RhB solution and 6.0 mg of solid catalyst was sonicated for
5 min and stirred for 30 min in the dark to allow sorption equi-
librium. Then, the mixture was irradiated with a 350 W xenon
lamp equipped with a 420 nm cutoff filter. At a given time inter-
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val of irradiation, 5 mL aliquots were withdrawn. The residual
concentration of RhB in the aliquots was analyzed using a Shi-
madzu 1601 PC UV�vis spectrophotometer.
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