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a b s t r a c t

Addition of reduced graphene oxide (RGO) to P25 TiO2 was made and its impacts on photocatalytic
oxidation of various organic substances were studied. Although the presence of RGO in TiO2 can enhance
certain TiO2-based photocatalytic reactions, it is not a universal observation that can be expected in all
types of organic substances. The factor of photocatalytic activity enhancement is strongly affected by the
various functional groups appeared in the organic substances. In this work, it is realised that the length of
alkyl chain in alcohols and carboxylic acids have the minimum influence on the overall activity while the
number of hydroxyl groups can promote the further activity enhancement in the presence of RGO.
© 2017 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Our previous studies have shown that functional groups of
Graphene, an atomic-layer thick two-dimensional (2D) carbon
nanostructure, has attracted tremendous research interests [1]. In
the field of photocatalysis, graphene in the form of graphene oxide
(GO) is composited with a photocatalyst to improve the photo-
catalytic properties of the materials. The composite can be pre-
pared by reducing GO through a number of techniques such as
chemical reduction using highly toxic hydrazine [2], thermal
reduction [3], electrochemical reduction [4,5], solvothermal
reduction [6] and photodeposition [7e10]. The final product usually
composes of incompletely reduced GO (RGO) with attached pho-
tocatalyst [11,12].

Enhancement imparted by the presence of graphene on a pho-
tocatalyst varies from one study to another depending on themodel
pollutant. For instance, Jiang et al. reported 7.4 times higher photo-
oxidative degradation rate of methyl orange over Aeroxide P25 [13].
Nguyen-Phan and co-workers also found improvement by intro-
duction of RGO. They reported 10% RGO loading increased rate
constant formethylene blue photocatalytic degradation by up to 8.5
times relative to that of pure TiO2 [14]. The later dye has been used
extensively as a model pollutant for studies on RGO-modified TiO2

with the improvement factor varied from one study to another [15].
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targeted organic pollutants affected the performance of Pt/TiO2 and
Ag/TiO2 [16,17]. The above literature survey shows while significant
research has been devoted to the study of RGO-modified TiO2 as a
composite photocatalyst, many studies usually consider dye
degradation (decolouration) as the probing substance of the pho-
tocatalytic examinations [18]. Limited studies have systematically
examined the influence of organic molecular structure on the ef-
fects provided by GO sheet on TiO2 as ameans of understanding the
role of RGO in photocatalytic activity [19]. This paper presents the
study on the influence of type and number of functional groups of
organic substances on the photocatalytic mineralisation by pristine
or RGO-modified TiO2. The RGO-modified TiO2 was prepared using
photocatalytic reduction technique [7e10].

2. Experimental

2.1. Chemicals

Graphite powder was purchased from Aldrich. Aeroxide® P25
comprising non-porous particles with specific surface area of
50 m2/g and an anatase to rutile ratio of 3:1 was as the source of
TiO2. Perchloric acid (Unilab, 99%), required for pH control, was
used after diluted to concentration of 2 M. Eighteen organics were
selected for this work based on their molecular structure (linear or
aromatic) and the type and number of hydroxyl and/or carboxylic
functional groups: methanol (Unilab, anhydrous), ethanol (Aldrich,
absolute), ethanediol (Ajax APS, 100%), propan-1-ol (BDH, 99%),
r B.V. This is an open access article under the CC BY-NC-ND license (http://
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propane-1,2-diol (Quest, 99%), propanetriol (Sigma, 99%), acetic
acid (Ajax, 99.7%), propanoic acid (SigmaeAldrich, 99%), butyric
acid (Aldrich, >99%), succinic acid (SigmaeAldrich, >99%), malic
acid (Sigma, >99%), tartaric acid (Aldrich, 99%), phenol (BDH, 99%),
resorcinol (Unilab, 100%) and 1,2,3-trihydroxybenzene (Sigma-
eAldrich, 100%). Standards for intermediate analysis on high per-
formance liquid chromatography (HPLC) are glyceraldehyde
(sigma, >95%) and 1,3-dihydroxyacetone (Sigma, 97%). All organics
were used as supplied and all solutions were prepared using
deionised water (Millipore Milli-Q).

2.2. Synthesis and characterisation of reduced graphene oxide-TiO2

GOwas prepared by amodified Hummers method [20]. Detailed
procedures can be found in our previous work [21]. Briefly, 1 g of
graphite was added to a mixture of concentrated H2SO4 and NaNO3
in an ice bath. A predetermined amount of KMnO4 solids was added
slowly to the suspension to prevent any violent reactions. The
suspension was subsequently removed from the ice bath and
heated to slightly 35e45 �C for an hour whereby grey-brown
vapour evolved from the suspension. The mixture was diluted
with water followed by 10% H2O2 at the completion of the reaction.
The resulting brown colour GO powder was filtered and washed at
least twice with a mixture of 5 mM H2SO4 and 5% H2O2 and fol-
lowed by twice with distilled water, respectively. The GO was
separated in the form of a dry brown powder.

The RGO-TiO2 composite photocatalyst was prepared by soni-
cating a predetermined amount of TiO2 and GO in ethanol for
30min. The loading of RGO was 5 wt% based on our previous work
[6]. The suspensionwas irradiated for a period of 3 h using a 200W
Hg arc lamp (Newport 60100) as a light source and continuously
purged with nitrogen gas to remove dissolved oxygen during the
course of GO reduction. The resulting RGO-TiO2 composite was
recovered by centrifugation (Beckmann Coulter Allegra 25R
Centrifuge) at 10,000 rpm for 20min. Transmission electron mi-
croscopy (TEM) images was obtained with a Phillips CM200 mi-
croscope. Zeta potential measurements were performed with
Brookhaven Zeta-PALS analyser.

2.3. Photocatalytic activity

Photocatalytic activities of the photocatalysts were assessed in a
50 mL slurry spiral photoreactor as described in our previous work
[16]. A 0.5 g/L photocatalyst suspension was sonicated for 15 min
Fig. 1. a) SEM image of photocatalytically-reduced graphene oxide/TiO2 composites, and b
and the pH was adjusted to 3 with 1 M perchloric acid. Adjusting
the suspension pH ensured the generated CO2 was expelled from
the solution for its detection during the course of the reaction. A
burn off period of 30 min was allowed to remove adsorbed organic
impurities from the catalyst surface. The UV-A source was a 20 W
NEC T10 blacklight blue lamp. The system was air equilibrated
followed by an injection of 100 mL of 20000 ppm of carbon (ppmC)
organic stock solution to the suspension. The suspension was
mixed for a period of 20 min to develop adsorption-desorption
equilibrium prior to exposure to UV irradiation. The reaction ki-
netics were monitored by detecting CO2 generation (mineralisa-
tion) via conductivity measurements (Jenway 3540).

2.4. Analytical methods

The extent of organic adsorption onto both TiO2 and RGO-TiO2
under dark conditions was determined by mixing 2000 mg carbon
of an organic in 50 mL of 2 g/L photocatalyst suspension (pH
adjusted to 3) and stirring for 20 min. The mixture was filtered
through a 0.2 mm Millipore cellulose acetate filter and the filtrate
was analysed for total organic carbon (TOC) content by a Shimadzu
TOC-V CSH Analyser. The difference between the initial amount of
the organic and the amount left in the filtrate was taken as the
amount adsorbed onto the particles. Samples for HPLC analysis
were taken from the reactor and subsequently filtered into glass
vials. The HPLC (Waters 2695) was equipped with a photodiode
array detector and an Aminex® HPX-87H column (9 mm,
7.8 mm � 300 mm) was used to identify organic compounds in
solution. The mobile phase was degassed water and acetonitrile in
ratio of 65:35 with 0.5 mM sulphuric acid. The analysis was per-
formed with a mobile phase flow rate of 0.5 mL/min under an
isocratic condition at 30 �C. Unknown organics were identified by
comparing the retention times and UV spectra with pure standards.
Linear calibration curves were obtained for organic concentrations
in the range 0e80 ppm C.

3. Results and discussion

3.1. Material characterisation

The RGO-TiO2 composites obtained using photocatalytic
reduction of GO on TiO2 have been comprehensively characterised
and documented in previous works [7e10]. In general, oxygen
functional groups on GO were effectively reduced by the
) zeta potential of RGO flakes measured in aqueous solution with adjusted pH range.



Table 1
Summary of molecular structure of organic compounds and its mineralisation rate
by RGO-TiO2 relative to pure TiO2.

Group Organic Molecular structure TiO2

(mg/C
min)

RGO-TiO2

(mg/Cmin)

Alcohols Methanol 24.2 26.4

Ethanol 52.5 50.7

Ethanediol 21.1 42.5

Propan-1-ol 49.6 48.8

Propan-1,2-diol 49.6 62.8

Propanetriol 21.7 35.4

Mono-
carboxylic
acids

Acetic acid 47.8 43.9

Propanoic acid 51.2 41.1

Butyric acid 55.4 60.4

Di-carboxylic
acids

Succinic acid

O
O

OH
OH

62.0 69.9

Malic acid 56.3 80.8

Tartaric acid 37.3 76.1

Aromatics Phenol 59.4 55.4

Resorcinol 75.0 58.7

1,2,3-
trihydroxybenzene

57.1 65.9
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photoexcited electrons from the illuminated TiO2 while the TiO2
component in the RGO-TiO2 composite remained unchanged in
terms of crystallinity. This has been evident by observing the
decrease of oxygen content in RGO-TiO2 composite compare with
bare GO (XPS analysis), the restoration of graphitic carbon (Raman
spectroscopy) and the unaffected TiO2 crystallinity and phases
(XRD analysis) [7e10].

Fig. 1a shows the SEM image of RGO-TiO2 composite. P25 TiO2
nanoparticles can be seen decorated on graphene flakes with
considerable integrated structure. This intimate interaction be-
tween TiO2 and RGO flakes can promote photocharge trans-
portation as well as concentrating the organic substrate around
TiO2 owing to the excellent electron conductivity and hydropho-
bicity of graphene flakes, respectively. However, it is reasonable to
observe such morphological structure due to its solid-state nature
under SEM examination. In order to ensure the similar vicinity
between TiO2 and graphene flakes is maintained in the acidic so-
lutions (pH 3) during the photocatalytic reactions, zeta potential of
graphene flakes were measured (Fig. 1b). Since the surface charge
of TiO2 is well-known to be positive in the acidic solutions inwhich
the isoelectric point located in the region of pH 5e7 [22], the
negative surface charge of RGO throughout the measured pH range
indicates that TiO2 nanoparticles will be attracted to RGO flakes in
the photocatalytic reactions performed in this work.

3.2. Photocatalytic activity of RGO-TiO2

At first, as generally practiced by researchers working on RGO-
photocatalyst composites, we confirmed that our RGO-modified
TiO2 shows improved activity over TiO2 for dye decolouration. A
quick test using methylene blue photodegradation demonstrated
that the RGO-modified TiO2 has 100% improvement over pristine
TiO2 for dye decolouration. These results are used as the indicator
that our RGO-TiO2 has performed at the comparable levels with
most of the literature reports. The data for this test is presented in
Fig. SI-1 in the supporting information.

Organic compounds in this study can be divided into five
groups: (1) alcohols including methanol, ethanol and propan-1-ol;
(2) polyols (alcohol with multiple eOH functional group) including
ethanediol, propane-1,2-diol and propanetriol (i.e. glycerol); (3)
mono-carboxylic acids including acetic, propanoic and butyric
acids; (4) di-carboxylic acids including succinic, malic and tartaric
acids; and (5) aromatics including phenol, resorcinol and 1,2,3-
trihydroxybenzene (1,2,3-THB). Table 1 provides photocatalytic
mineralisation rates of TiO2 and RGO-TiO2 for these organic com-
pounds with corresponding chemical structure. Varying molecular
structure of organics evidently has effects varied from neutral to
beneficial on RGO-TiO2 photocatalytic activities hence there exists
more complex relationship between RGO modification and the
types of organic compounds being mineralised rather than merely
improving electron-hole separation.

3.2.1. Effect of carbon chain length
The effect of RGO-modified TiO2 on mineralisation rate of

organic with increasing methyl group (carbon chain length) is
studied using organics in alcoholic and mono-carboxylic groups.
Fig. 2 depicts RGO-TiO2 has little or no enhancement over TiO2 for
singly hydroxylated alcohols (methanol, ethanol and propan-1-ol).
The dashed line at value 1 in the figure refers to the reference ac-
tivity of bare TiO2 in which value greater than 1 suggesting activity
enhancement. The results imply the addition of methyl group
within the molecule is neither detrimental nor beneficial for the
RGO-TiO2 composite. The presence of RGO sheets is generally
believed to improve charge separation on TiO2 by scavenging
photogenerated electrons away from TiO2 conduction band. This
action allows higher availability of photogenerated holes for pho-
tocatalytic oxidation (PCO) process. Wang et al. demonstrated the
abundance of photogenerated holes does not necessarily translate
to generation of more freely loose hydroxyl radicals in the solution
as the photocatalytic degradation of methylene bluewas unaffected
by the presence of hydroxyl radical scavenger (tert-butyl alcohol)
[23]. As shown in Fig. SI-2, methanol, ethanol and propan-1-ol do
not adsorb on TiO2 surface. It also depicts RGOmodification on TiO2
does not improve adsorption of the alcohols on the modified
photocatalyst. With improvement neither in adsorption of these
compounds nor generation of freely loose hydroxyl radicals, the
presence of RGO sheets is therefore envisaged to impart no bene-
ficial effect on photocatalytic oxidation of these organic
compounds.



Fig. 2. Enhancement factor for RGO-TiO2 (5 wt% loading) relative to TiO2 on alcohols and mono-carboxylic acids. Photocatalyst loading ¼ 0.5 g/L; suspension volume ¼ 50 mL;
carbon loading ¼ 2000 mg.
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Increasing number of methyl group also exhibits neutral effect
on photocatalytic oxidation of organic compounds in mono-
carboxylic acid group by RGO-TiO2 (Fig. 2). Mono-carboxylic acids
adsorbed sparingly on TiO2 and RGO-TiO2 (Fig. SI-2). Our previous
study also found little adsorption of mono-carboxylic acids on TiO2
and Pt-modified TiO2 [16]. Initial oxidation of mono-carboxylic
acids is generally believed to occur via a photo-Kolbe reaction
(Tran et al., 2006; Irawaty et al., 2011) that yields carbon-centred
radical (R�) and CO2 (eq. (1)) [24,25]. Subsequent steps involve re-
actions of the alkyl radical to form smaller molecule alcohol fol-
lowed by aldehyde and carboxylic acid, then recycling the above-
mentioned process and finally CO2. It is obvious that mineralisa-
tion of alcoholic compound is either slower or comparable to car-
boxylic acid with the equivalent number of carbons (Table 1). As
RGO-TiO2 does not improve photocatalytic mineralisation of alco-
holic compounds, RGO-TiO2 is also expected to affect insignificantly
mono-carboxylic acid PCO due to the slow subsequent steps of their
mineralisation to CO2.

RCOOH�
ðadsÞ þ hþ/R,þHþ þ CO2 (1)
Fig. 3. Enhancement factor for RGO-TiO2 (5 wt% loading) relative to TiO2 on selected organ
suspension volume ¼ 50 mL; carbon loading ¼ 2000 mg.
3.2.2. Effect of eOH functional group
The effect of eOH functional group addition was studied on

polyols and di-carboxylic acids. Fig. 3 indicates increasing eOH
functional group attached onto an alcoholic compound imparts
positive effects on photocatalytic activity of RGO-TiO2 composite.
For instance, mineralisation rate of RGO-TiO2 for ethanediol, which
has an additional OH functional group relative to ethanol, is higher
by 100% over that of TiO2. Likewise, mineralisation rate of RGO-TiO2
for propane-1,2-diol and propanetriol is increased by 27% and 63%,
respectively. Positive effect was also observed for malic and tartaric
acids, which have one and two additional eOH functional group
relative to succinic acid, respectively. In this instance, RGO-TiO2
registers 40% and 100% higher mineralisation rate for malic and
tartaric acids, respectively.

Increasing number of eOH functional groups on the molecular
structure of the organic compound results in improved adsorption
of the corresponding organic on RGO-TiO2 as shown in Fig. SI-3. For
instance, glycerol adsorbs negligibly on pristine TiO2, meanwhile it
shows significant adsorption on RGO-TiO2. Contrasting its adsorp-
tion on TiO2 and RGO-TiO2 reveals an increase by 250% for RGO-
TiO2. Similarly, adsorption of tartaric acid also improved by 49% on
RGO-TiO2. This improvement may be a consequence from partial
reduction of graphene oxide by TiO2. As reported earlier, the
ics with different number of eOH functional groups. Photocatalyst loading ¼ 0.5 g/L;



Fig. 4. Disappearance of glycerol and evolution of 1,3-dihydroxyacetone and glycer-
aldehyde during photocatalytic degradation of glycerol by: (a) TiO2; (b) and RGO-TiO2

with catalyst loading of 0.5 g/L.
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partially-reduced graphene oxide possesses hydroxyl, carboxyl,
carbonyl and epoxide functional groups on its surface. These
oxygen-containing functional groups can form hydrogen bonding
with multiple eOH functional groups of organic molecule to assist
its adsorption. The interaction then allows more rapid oxidation of
these organic molecules by photogenerated holes or surface hy-
droxyl radicals.

Here, we selected photocatalytic oxidation (PCO) of propanetriol
(glycerol) to be investigated further using HPLC analysis to under-
stand more the positive effect of eOH functional group on RGO-
TiO2 photocatalytic activity. Fig. 4 displays the disappearance of
Fig. 5. Mineralisation rates of organics on (a) TiO2; (b
glycerol and evolution of its intermediates during its PCO by TiO2
and RGO-TiO2. As shown in Fig. 4, main intermediates of glycerol
PCO detected by HPLC analysis in this study for both photocatalysts
are 1,3-dihydroxyacetone (DHA) and glyceraldehyde (GAD). Augu-
gliaro et al. and Maurino et al. also reported the two compounds as
the main intermediates during glycerol photocatalytic oxidation by
TiO2 [26,27].

The profiles of DHA and GAD for TiO2 (Fig. 4a) indicate that their
formation from glycerol photocatalytic oxidation occurs in parallel.
With TiO2, oxidation of glycerol to DHA appears to be more
favourable than to GAD as the concentration of the former is always
higher than the later throughout glycerol mineralisation to CO2
(Fig. 4a). Performing oxidation of glycerol by TiO2 at higher catalyst
loading such as 1 g/L (Fig. SI-4) also found similar finding, con-
firming that PCO of glycerol by TiO2 (Aeroxide P25) is more selec-
tive to DHA. Higher selectivity towards DHA for PCO of glycerol by
TiO2 was also reported by Augugliaro [26]. Ciriminna also reported
similar observation for glycerol oxidation by electrocatalytic tech-
nique [28]. As mentioned earlier, there is a lack of initial adsorption
of glycerol onto TiO2 surface which means its oxidation relies more
on �OH radical attack through OH addition to the organic molecule.
As DHA is the dominant intermediate in this instance, it is envis-
aged the OH addition occur at the secondary hydroxyl group of
glycerol.

Contrarily to TiO2, oxidation of glycerol by RGO-TiO2 reached
similar peak concentration for both GAD and DHA with no prefer-
ence to either of these intermediates (Fig. 4b). The peak concen-
tration for DHA was slightly increased by up to 20% relative to that
of pristine TiO2 due to the presence of RGO on TiO2. Interestingly,
peak concentration of GAD for RGO-TiO2 increased by approxi-
mately 200% as compared to TiO2, which was just approximately
2 ppm C. Fig. SI-5 depicts that the presence of RGO on TiO2 does not
only enhance adsorption of glycerol but also that of GAD and DHA.
This finding further strengthens previously indicated hypothesis
that organic compounds with multiple eOH functional group can
interact with oxygen-containing functional group of RGO sheets
through hydrogen bonding leading to a higher adsorption of the
organic on the photocatalyst.

It appears that the increase in GAD peak concentration can be
attributed to the improved initial adsorption of glycerol because of
RGO modification on TiO2. With enhanced initial adsorption of
glycerol, the dominance of DHA as glycerol intermediate is reduced
and generation of GAD prevails. Glycerol can adsorb on RGO surface
in form of a mono-dentate conformation through its primary hy-
droxyl group. As RGO is closely attached to TiO2 particles, the
adsorbed glycerol molecule can scavenge photogenerated hole and
) and RGO-TiO2 with catalyst loading of 0.5 g/L.
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oxidation of this glycerol molecule at the attached end yields GAD.
Glycerol can also form hydrogen bonding through its secondary
hydroxyl group, which yields DHA upon oxidation by photo-
generated hole. Nevertheless, because GAD generation which
occurred at earlier time than DHA was increased significantly due
to the introduction of RGO and that of DHA was just slightly
enhanced, it implies that the former route is more dominant. As
GAD is mineralised faster than DHA, which is particularly evident
for RGO-TiO2 (Fig. 5), formation of GAD is truly beneficial for glyc-
erol PCO by RGO-TiO2. In this instance, RGO benefits the photo-
catalytic activity of TiO2 by providing adsorption sites for quicker
oxidation pathway.

Fig. 3 shows although it is not as obvious as for polyols and di-
carboxylic acids, increasing eOH functional group on aromatic
compounds also has positive effect on the performance of RGO-TiO2
as relative to TiO2. As expected for phenol, the presence of RGO on
TiO2 has neutral effect. Resorcinol with two eOH functional group
unexpectedly shows slightly detrimental effect by up to 20%. The
positive effect with ~20% higher mineralisation rate was shown on
1,2,3-THB when it was photomineralised by RGO-TiO2. Phenol and
resorcinol do not adsorb on TiO2 and RGO-TiO2 (Fig. SI-3) as such its
oxidation is foreseen to be predominantly by �OH radical attack.
Tran et al. and Teoh et al. found negligible adsorption of phenol on
pristine TiO2 and modified TiO2 that they suggested its oxidation in
the presence of dissolved oxygen is primarily through �OH radical
attack [24,29]. Similarly, Lam et al. also found insignificant
adsorption of resorcinol on TiO2 through electrophoresis technique
[30]. Therefore it is also expected resorcinol oxidation will proceed
through �OH radical attack. As discussed earlier, RGO modification
does not improve �OH radical formation, thus phenol mineralisa-
tion by RGO-TiO2 is expected to be comparable with that by TiO2.
On the other hand, 1,2,3-THB adsorbs sparingly on TiO2 and its
capacity was increased by up to 40% due to the presence of RGO.
Because of the improved adsorption of 1,2,3-THB, it is envisaged
that PCO of 1,2,3-THB can benefit from the increase in photo-
generated hole availability due to the presence of RGO on TiO2.

4. Conclusion

The presence of graphene in TiO2 photocatalytic reactions can be
beneficial to the overall reaction rates attributed to the improved
charge transportation as well as the pre-adsorption of organic
substances adjacent to TiO2. It is noted that, however, the
constructive impact of graphene is not a universal observation in all
TiO2-driven photocatalytic reactions. The overall photocatalytic
activities are strongly influenced by the chemical structures (e.g.
hydroxyl functional groups, carboxylic functional groups, alkyl
chain etc) of the organic substances and it is not uncommon that
graphene can be detrimental to the photocatalytic activities when
the desired properties (e.g. localised high concentration of organic
substances adjacent to TiO2) are not met.

Acknowledgement

The authors thank the Australian Research Council (ARC) for its
financial support through Discovery Project (DP170102895).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jmat.2016.12.002.

References

[1] Huang X, Qi X, Boey F, Zhang H. Graphene-based composites. Chem Soc Rev
2012;41:666e86.
[2] Stankovich S, Dikin DA, Piner RD, Kohlhaas KA, Kleinhammes A, Jia Y, et al.

Synthesis of graphene-based nanosheets via chemical reduction of exfoliated
graphite oxide. Carbon 2007;45:1558e65.

[3] Schniepp HC, Li JL, McAllister MJ, Sai H, Herrera-Alonso M, Adamson DH, et al.
Functionalized single graphene sheets derived from splitting graphite oxide.
J Phys Chem B 2006;110:8535e9.

[4] Guo HL, Wang XF, Qian QY, Wang FB, Xia XH. A green approach to the syn-
thesis of graphene nanosheets. ACS Nano 2009;3:2653e9.

[5] An SJ, Zhu Y, Lee SH, Stoller MD, Emilsson T, Park S, et al. Thin film fabrication
and simultaneous anodic reduction of deposited graphene oxide platelets by
electrophoretic deposition. J Phys Chem Lett 2010;1:1259e63.

[6] Wang H, Robinson JT, Li X, Dai H. Solvothermal reduction of chemically
exfoliated graphene sheets. J Am Chem Soc 2009;131:9910e1.

[7] Ng YH, Lightcap IV, Goodwin K, Matsumura M, Kamat PV. To what extent
graphene scaffolds improve the photovoltaic and photocatalytic response of
TiO2 nanostructured Films? J Phys Chem Lett 2010;1:2222e7.

[8] Ng YH, Iwase A, Bell NJ, Kudo A, Amal R. Semiconductor/reduced graphene
oxide nanocomposites derived from photocatalytic reactions. Catal Today
2011;164:353e7.

[9] Ng YH, Ikeda S, Matsumura M, Amal R. A perspective on fabricating carbon-
based nanomaterials from photocatalysis and their applications. Energy En-
viron Sci 2012;5:9307e18.

[10] Yun JH, Ng YH, Wong RJ, Amal R. Reduced graphene oxide : control of water
miscibility, conductivity and defects by photocatalysis. ChemCatChem 2013;5:
3060e7.

[11] Bell NJ, Ng YH, Du A, Coster H, Smith SC, Amal R. Understanding the
enhancement in photoelectrochemical properties of photocatalytically pre-
pared TiO2-reduced graphene oxide composite. J Phys Chem C 2011;115:
6004e9.

[12] Yun JH, Wong RJ, Ng YH, Amal R. Combined electrophoretic deposition-
anodization method in the fabrication of TiO2 nanotube-reduced graphene
oxide photoelectrode. RSC Adv 2012;2:8164e71.

[13] Jiang G, Lin Z, Chen C, Zhu L, Chang Q, Wang N, et al. TiO2 nanoparticles
assembled on graphene oxide nanosheets with high photocatalytic activity for
removal of pollutants. Carbon 2011;49:2693e701.

[14] Nguyen-Phan TD, Pham VH, Shin EW, Pham HD, Kim S, Chung JS, et al. The
role of graphene oxide content on the adsorption-enhanced photocatalysis of
titanium dioxide/graphene oxide composites. Chem Eng J 2011;170:226e32.

[15] Zhang H, Lv X, Li Y, Wang Y, Li J. P25-graphene composite as a high perfor-
mance photocatalyst. ACS Nano 2010;4:380e6.

[16] Denny F, Scott J, Chiang K, Teoh WY, Amal R. Insight towards the role of
platinum in the photocatalytic mineralisation of organic compounds. J Mol
Catal A : Chem 2007;263:93e102.

[17] Tran H, Chiang K, Scott J, Amal R. Understanding selective enhancement by
silver during photocatalytic oxidation. Photochem Photobiol Sci 2005;4:
565e7.

[18] Zhang J, Xiong Z, Zhao XS. Graphene-metal-oxide composites for the degra-
dation of dyes under visible light irradiation. J Mater Chem 2011;21:3634e40.

[19] Gong X, Teoh WY. Modulating charge transport in semiconductor photo-
catalysts by spatial deposition of reduced graphene oxide and platinum.
J Catal 2015;332:101e11.

[20] Hummers WS, Offeman RE. Preparation of graphitic oxide. J Am Chem Soc
1958;80:1339.

[21] Ng YH, Iwase A, Kudo A, Amal R. Reducing graphene oxide on a visible-light
BiVO4 photocatalyst for an enhanced photoelectrochemical water splitting.
J Phys Chem Lett 2010;1:2607e12.

[22] Liu G, Liang S, Wu W, Lin R, Qing N, Liang R, et al. Template-free synthesis of a
CdSnO3.3H2O hollow-nanocuboid photocatalyst via a facile microwave hy-
drothermal method. Nanotechnology 2013;24:25.

[23] Wang Y, Shi R, Lin J, Zhu Y. Significant photocatalytic enhancement in
methylene blue degradation of TiO2 photocatalysts via graphene-like carbon
in situ hybridization. Appl Catal B Environ 2010;100:179e83.

[24] Tran H, Scott J, Chiang K, Amal R. Clarifying the role of silver deposits on
titania for the photocatalytic mineralisation of organic compounds.
J Photochem Photobiol A Chem 2006;183:41e52.

[25] Irawaty W, Friedmann D, Scott J, Pichat P, Amal R. Photocatalysis in TiO2
aqueous suspension: effects of mono- or di-hydroxyl substitution of butane-
dioic acid on the disappearance and mineralisation rates. Catal Today
2011;178:51e7.

[26] Augugliaro V, El Nazer H, Loddo V, Mele A, Palmisano G, Palmisano L, et al.
Partial photocatalytic oxidation of glycerol in TiO2 water suspensions. Catal
Today 2010;151:21e8.

[27] Maurino V, Bedini A, Minella M, Rubertelli F, Pelizzetti E, Minero C. Glycerol
transformation through photocatalysis: a possible route to value added
chemicals. J Adv Oxid Technol 2008;11:184e92.

[28] Ciriminna R, Palmisano G, Pina CD, Rossi M, Pagliaro M. One-pot electro-
catalytic oxidation of glycerol to DHA. Tetrahedron Lett 2006;47:6993e5.

[29] TeohWY, Denny F, Amal R, Friedmann D, M€adler L, Pratsinis SE. Photocatalytic
mineralisation of organic compounds: a comparison of flame-made TiO2
catalysts. Top Catal 2007;44:489e97.

[30] Lam SW, Chiang K, Lim TM, Amal R, Low GKC. ElectrophoresiseA new
approach for the determination of organic matters adsorption on irradiated
TiO2. J Photochem Photobiol A : Chem 2007;187:127e32.

http://dx.doi.org/10.1016/j.jmat.2016.12.002
http://dx.doi.org/10.1016/j.jmat.2016.12.002
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref1
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref1
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref1
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref2
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref2
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref2
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref2
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref3
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref3
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref3
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref3
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref4
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref4
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref4
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref5
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref5
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref5
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref5
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref6
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref6
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref6
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref7
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref7
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref7
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref7
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref8
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref8
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref8
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref8
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref9
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref9
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref9
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref9
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref10
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref10
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref10
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref10
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref11
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref11
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref11
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref11
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref11
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref11
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref12
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref12
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref12
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref12
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref12
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref13
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref13
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref13
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref13
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref13
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref14
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref14
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref14
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref14
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref15
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref15
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref15
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref16
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref16
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref16
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref16
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref17
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref17
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref17
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref17
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref18
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref18
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref18
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref19
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref19
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref19
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref19
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref20
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref20
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref21
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref21
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref21
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref21
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref21
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref22
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref22
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref22
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref22
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref22
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref23
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref23
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref23
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref23
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref23
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref24
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref24
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref24
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref24
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref25
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref25
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref25
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref25
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref25
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref26
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref26
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref26
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref26
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref26
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref27
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref27
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref27
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref27
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref28
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref28
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref28
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref29
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref29
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref29
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref29
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref29
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref30
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref30
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref30
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref30
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref30
http://refhub.elsevier.com/S2352-8478(16)30131-9/sref30


H.L. Tan et al. / J Materiomics 3 (2017) 51e57 57
Yun Hau Ng received his Ph.D. from Osaka
University in 2009. After a brief research visit
to Radiation Laboratory at University of Notre
Dame (Prashant Kamat's group), he joined the
ARC Centre of Excellence for Functional Nano-
materials at UNSW with the Australian Post-
doctoral Fellowship (APD) in 2011. He is
currently a senior lecturer in the School of
Chemical Engineering at UNSW. His research is
focused on the development of novel photo-
active semiconductors (particles and thin films)
for sunlight energy conversion. He received the
HondaeFujishima Prize in 2013 in recognition
of his work in the area of photodriven water
splitting. He has published over 80 peer-
reviewed research articles and is currently
serving as Editorial Board Member for Scientific
Reports.
Rose Amal is Australian Laureate Fellow and
Scientia Professor in the School of Chemical
Engineering at the University of New South
Wales. She has worked in the area of particle
technology for over 20 years with an emphasis
on fine particle aggregation, photocatalysis,
and nanoparticle synthesis. More recently, her
research focus has been on the design of pho-
tocatalysts and engineering systems for solar-
induced processes. Her research has produced
over 300 refereed publications. More informa-
tion on her research can be found at https://
research.unsw.edu.au/people/professor-rose-
amal.

https://research.unsw.edu.au/people/professor-rose-amal
https://research.unsw.edu.au/people/professor-rose-amal
https://research.unsw.edu.au/people/professor-rose-amal

	Reduced graphene oxide is not a universal promoter for photocatalytic activities of TiO2
	1. Introduction
	2. Experimental
	2.1. Chemicals
	2.2. Synthesis and characterisation of reduced graphene oxide-TiO2
	2.3. Photocatalytic activity
	2.4. Analytical methods

	3. Results and discussion
	3.1. Material characterisation
	3.2. Photocatalytic activity of RGO-TiO2
	3.2.1. Effect of carbon chain length
	3.2.2. Effect of –OH functional group


	4. Conclusion
	Acknowledgement
	Appendix A. Supplementary data
	References


