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a b s t r a c t

A systematic comparison between graphene (GR)–semiconductor CdS and its analogs fullerene (C60) and
carbon nanotube (CNT)–semiconductor CdS composite photocatalysts for selective oxidation of alcohols
has been carried out based on a reasonable benchmark framework. The results reveal that GR cannot
manifest its unique advantage over its carbon allotropes in enhancing the photoactivity of semiconductor
CdS. The primary roles of these carbon allotropes (C60, CNT, and GR) are found to be quite similar in terms
of structure–photoactivity correlation analysis. Overall, this work highlights that (i) the exponential
increase in publications on GR–semiconductor photocatalysts has not been matched by increases in
our knowledge regarding the similarity and difference of these carbon allotropes in relation to improving
the photocatalytic performance of semiconductors; (ii) efforts should be more rationally focused on how
to make the best use of remarkable properties of GR in designing more efficient GR-based semiconductor
composite photocatalysts, thereby advancing the sufficient realization of GR’s potential in constructing
efficient GR–semiconductor photocatalysts for solar energy conversion.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Carbon materials have attracted ever-increasing research atten-
tion since over 20 years ago, when zero-dimensional fullerene (C60)
and one-dimensional carbon nanotubes (CNTs) were discovered
[1–10]. In 2004, the successful isolation of monolayer two-dimen-
sional graphene (GR) ignited a profound worldwide revolution
aiming to utilize the unique structural and electronic properties
of GR to improve the performance of GR-based composite materi-
als for target applications [11–21]. Among numerous utilizations of

GR-based composites, the synthesis of GR–semiconductor photo-
catalysts for conversion of solar to chemical energy, such as, degra-
dation of organic pollutants [13,17,22–25], synthesis of fine
chemicals [13,26–31], or water splitting to hydrogen [13,32–36]
has been attracting immense interest. Notably, research available
in this respect often attributes the photoactivity enhancement of
GR-semiconductor composites to the so-called excellent electron
conductivity of GR for the effective separation of electron–hole
pairs photogenerated from semiconductors [13,36–38]. This status
is very similar to that of its forebears, C60– or CNT–semiconductor
photocatalysts [4,7,8]. However, these carbon-semiconductor
photocatalysts are often studied separately; a necessary and sys-
tematic comparison based on a reasonable benchmark framework
is scarce, which inevitably causes incomplete or exaggerated infor-
mation on the contribution of GR to enhancing semiconductor
photoactivity [29,39–42].

In a previous report, our group has demonstrated that TiO2-re-
duced graphene oxide (RGO is also called GR in the literature
[13,22–38,41]) nanocomposites obtained by a hard integration of
solid P25 nanoparticles with RGO is in essence the same as its
TiO2–CNT counterpart with respect to photoactivity enhancement
of TiO2 [22]. Afterward, a more efficient RGO–TiO2 photocatalyst
was achieved by establishing intimate interfacial contact between
RGO and TiO2 [29], which exhibits significantly enhanced
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photoactivity over that of CNT–TiO2 with poor interfacial contact.
Thus, increasing interfacial contact between carbon and semicon-
ductors is one promising way to improve the photoactivity of car-
bon-semiconductor composite photocatalysts. On the other hand,
recent work has shown that the photocatalytic performance of
TiO2–GR can also be improved by minimizing the covalent defect
density of the graphene matrix by using solvent exfoliated graph-
ene (SEG) [26,31]. Hersam’s group [28] reported that 2D–2D graph-
ene–titania nanosheet composites with low carbon defect
densities (SEG–TiNS) exhibit enhanced photoactivity toward selec-
tive reduction of CO2 compared to 1D–2D carbon nanotube–titania
nanosheet composites (SWCNT–TiNS), suggesting that carbon
nanomaterial dimensionality is a key factor determining the spec-
tral response and reaction specificity of carbon–titania nanosheet
composite photocatalysts.

Although much progress has been made in recognizing the key
importance of GR’s advantageous properties to improving the pho-
tocatalytic performance of TiO2–GR nanocomposites, the exponen-
tial increase in publications on GR-semiconductor photocatalysts
has not been matched by expected increases in our knowledge
regarding the similarity and difference of these carbon allotropes
with regard to improving the photocatalytic performance of semi-
conductors [12,13,15–17,26,28,29,41,43]. It is worth noting that
previous comparisons between GR-semiconductor and CNT-semi-
conductor were based on composite materials in which the degree
of carbon-semiconductor interfacial contact is remarkably differ-
ent [22,28,29,40,41,44]. In other words, a rational and systematic
comparison among the carbon materials on the basis of a reasonable
benchmark framework, in which all the carbon–semiconductor
composites with close interfacial contact are realized, is still lack-
ing. In such circumstances, it is insufficient for us to affirm that GR
is able to manifest its truly unique and outstanding advantage over
its forebears (C60 and CNT) in enhancing the photocatalytic perfor-
mance of semiconductors.

Here, we have prepared a series of cadmium sulfide (CdS)–
carbon (C60, CNT, and GR) nanocomposites, all with intimate inter-
facial contact, via a simple solvothermal method, as illustrated in
Scheme 1. For the purpose of sufficient comparison, the precursors
of GR include both graphene oxide (GO) having higher defect den-
sity and solvent exfoliated graphene (SEG) having lower defect
density. Based on such a desirable system, a comparison among
these CdS–carbon nanocomposites featuring analogous and close
interfacial contact has been conducted, which demonstrates that
GR fails to manifest its unique and outstanding advantage over
its forebears (C60 and CNT) in enhancing semiconductor photocat-
alytic performance in selective oxidation of alcohols under ambi-
ent conditions. On the contrary, the role of these different carbon
allotropes in the nanocomposites of CdS–carbon is quite similar.

Thus, this work represents a first systematic comparison study in
a reasonable benchmark framework among semiconductor-carbon
(C60, CNT, RGO, and SEG) composite photocatalysts. Importantly,
our critical comparison study highlights the mismatch between
the exponential increase in publications on GR-semiconductor
composite photocatalysts and our knowledge regarding the simi-
larity and difference of these carbon allotropes in tuning the mor-
phology and improving the photocatalytic performance of
semiconductors [13,22,25–31,33,34,38,40,41,43–45]. Together
with recalling the development history of C60– and CNT–semicon-
ductor composite photocatalysts [6–8], this work strongly indi-
cates that ongoing efforts should be more rationally made to
focus on how to make the best use of the remarkable properties
of GR instead of on a graphene-based gold rush.

2. Experimental

2.1. Chemicals

Cadmium acetate (Cd(CH3COO)2�2H2O), dimethyl sulfoxide
(C2H6OS2, DMSO), graphite powder, sulfuric acid (H2SO4), nitric
acid (HNO3), hydrochloric acid (HCl), potassium persulfate
(K2S2O8), phosphorus pentoxide (P2O5), potassium permanganate
(KMnO4), hydrogen peroxide, 30% (H2O2), ethanol (C2H6O), N,N-
dimethylformamide (C3H7NO, DMF), ammonium oxalate ((NH4)2-

C2O4�H2O, AO), benzoquinone (C6H4O2, BQ), silver nitrate (AgNO3),
and tert-butyl alcohol ((CH3)3COH, TBA) were purchased from Sin-
opharm Chemical Reagent Co., Ltd. (Shanghai, China). Carbon
nanotubes were obtained from Shenzhen Nanotech Port Co., Ltd.
(China). High-purity C60 (99.9%) was supplied by Yongxin Chemical
Reagent Company (Henan, China). All materials were used as re-
ceived without further purification. Deionized (DI) water used in
the preparation was from local sources.

2.2. Photocatalysts preparation

2.2.1. Synthesis of graphene oxide
Graphene oxide (GO) was fabricated from natural graphite pow-

der by a modified Hummers method that involves a strong oxida-
tion process in solution [46]. The details of the typical process can
be seen in our previous research work [22,30]. GO prepared in this
way is widely used as a precursor of graphene (GR) to synthesize
reduced graphene oxide (RGO)-semiconductor composite photo-
catalysts described in the literature [13,14,22,25,27,29,34].

2.2.2. Fabrication of solvent exfoliated graphene
SEG with lower defect density was synthesized from natural graph-

ite powder via an exfoliation method in N,N-dimethylformamide

Scheme 1. The schematic flowchart for preparation of CdS–carbon (C60, CNT, and GR) nanocomposites.
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