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ABSTRACT Photocatalysts possessing high efficiency in degrading aquatic organic
pollutants are highly desirable. Although graphene-based nanocomposites exhibit excellent
photocatalytic properties, the role of graphene has been largely underestimated. Herein, the
photothermal effect of graphene-based nanocomposites is demonstrated to play an
important role in the enhanced photocatalytic performance, which has not been considered
previously. In our study on degradation of organic pollutants (methylene blue), the
contribution of the photothermal effect caused by a nanocomposite consisting of P25 and
reduced graphene oxide can be as high as ~38% in addition to trapping and shuttling

photogenerated electrons and increasing both light absorption and pollutant adsorptivity.

The result reveals that the photothermal characteristic of graphene-based nanocomposite is vital to photocatalysis. It implies that designing graphene-

based nanocomposites with the improved photothermal performance is a promising strategy to acquire highly efficient photocatalytic activity.
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he reduction of graphene oxide (GO)
Tis a popular and efficient way to syn-

thesize graphene,'? and the reduced
graphene oxide (rGO) has many potential
applications.>~® For example, nanocompo-
sites composed of rGO exhibit excellent
photocatalytic properties such as degrada-
tion of dyes, reduction of CO,, and water
splitting.”~2° Although the role played
by rGO in photocatalytic performance has
been extensively investigated,’>™?° the
complexity of the rGO structure including
sp? and sp® hybridized carbon atoms, var-
ious functional groups, and defects makes it
difficult to well understand some electrical
and optical properties,®?' 23 and thus some
new explorations in developing highly effi-
cient photocatalysts have been hampered.
Lee et al. suggested that more sunlight in
the visible range was harnessed due to the
upconversion introduced by graphene thus
leading to enhanced photocatalytic deg-
radation.”® However, our recent work con-
firmed that the so-called upconversion
photoluminescence (PL) from rGO excited
by noncoherent light was artificial and
only photons of a pulsed laser could be
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up-converted;** hence, the enhanced
photocatalytic degradation cannot be at-
tributed to the upconversion PL. The three
common and important functions of rGO in
the photocatalysis of rGO—semiconductor
nanoparticle composites, widely discussed
so far, are trapping and shuttling of photo-
generated electrons, increasing adsorption
of pollutants, and extending light absorp-
tion,"> '8 but these cannot fully explain the
photocatalytic activity. We know that rGO
has a strong photothermal effect (PTE)
which may also be a key factor in the
photocatalytic performance but up until
now it has completely been ignored.

In PTE, which has been employed to
kill cancerous cells,>>~?® photoexcitation
creates thermal energy (heat). Traditional
photothermal materials are mainly based
on gold nanostructures,® but recently, bio-
compatible rGO which has excellent photo-
thermal properties has been increasingly
used in cancer therapy.”’?® In the photo-
degradation of pollutants, although the
temperature of the reaction vessel is kept
approximately constant, rGO still gener-
ates thermal energy continuously under
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irradiation thus affecting the transportation of the
photogenerated carriers on the rGO sheet. This will
significantly improve the photocatalytic activity. In this
work, the photodegradation of methylene blue (MB) by
the P25(TiO,)-rGO nanocomposites is studied, and the
contribution of PTE, which is induced by near-infrared
(NIR) light, is evaluated to be as high as ~38% in the
whole degradation action of organic pollutants. This
suggests that PTE plays a crucial role in the photo-
catalytic performance of rGO-based nanocomposites.
It is well-known that NIR light is an important part of
sunlight, but it is directly absorbed only with difficulty
by regular semiconductor. Thus, our work shows an
effective route to improve utilization efficiency of solar
energy through PTE.

RESULTS

The P25—rGO nanocomposites were fabricated
using established procedures.'”'® The GO was synthe-
sized by the Hummers method,?® and the structural
characterization is described elsewhere.?**® A one-
step hydrothermal method was employed to reduce
GO and combine with P25. Figure 1a shows the
transmission electron microscopy (TEM) image of a
P25—rGO nanocomposite comprising 5 wt % rGO
[P25—rGO (5 wt %)]. The P25 nanoparticles (black
arrow) with a diameter of about 20 nm are attached
to the rGO sheet (white arrow). (More structural char-
acterization of the P25—rGO nanocomposites by X-ray
diffraction (XRD), Fourier transform infrared (FTIR), and
diffusion reflectance absorption spectra is described in
the Supporting Information, Figure S1.) The structural
characterization confirms the reduction of GO and
combination of P25 with rGO. The results also show
that the P25—rGO nanocomposites are similar to those
reported previously,'”'® and so a valid comparison can
be made.

The P25 and P25—rGO powders were used as photo-
catalysts to degrade MB. First, the powders were added
to the MB solution separately and stirred overnight to
reach adsorption equilibrium. Figure 1b shows the
initial and remaining concentration fractions of MB
after the adsorption equilibrium. More dye molecules
are observed to adsorb onto the surface of P25—rGO
validating its higher absorption efficiency which is
crucial to the photocatalytic performance of rGO-
based materials.'”®

Degradation of MB by P25 and P25—rGO is per-
formed on the experimental setup illustrated in Sup-
porting Information, Figure S2a. The vessel was
immersed in a sink in which the water is kept at a
nearly constant temperature of ca. 25 °C. A 200 W
xenon lamp was used as the irradiation source, and a
filter was used to select the wavelength range. By using
a 720 nm short-pass (SP) filter, nearly all the light in the
NIR region is removed and visible light (Vis) is also
partially attenuated. The irradiation condition is labeled
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Figure 1. (a) P25—rGO (5 wt %) with the white and black
arrows indicating the rGO sheets and P25 nanoparticles,
respectively. (b) Remaining MB concentrations in the initial,
P25, and P25—rGO solutions, respectively, after reaching
adsorption equilibrium by stirring overnight in darkness.

as ultraviolet (UV)+Vis. The transmission spectrum of
the SP filter is shown in the Supporting Information,
Figure S3. In the second scenario, by using a 720 nm
long-pass (LP) filter, only NIR light is allowed to pass,
and this condition is designated as NIR. The average
results of three independent photodegradation experi-
ments are shown in Figure 2a. Curve 1 does not show
obvious MB degradation by P25—rGO under irradia-
tion of NIR, indicating that no chemically reactive
electrons are generated by the NIR light. Curve 1 also
confirms that the adsorption equilibrium has been
reached before photodegradation and self-degradation
of MB is negligible. Curves 2 and 3 illustrate MB
degradation by P25 and P25—rGO under UV+Vis light,
respectively, and curves 4 and 5 correspond to the
degradation of MB by P25 and P25—rGO when illumi-
nated by a xenon lamp covering the entire wavelength
range. Comparison between curves 4 and 5 shows that
P25—rGO has higher catalytic activity and by compar-
ing curves 2 and 4 or 3 and 5, the degradation rate is
reduced in the presence of the SP filter. It is noted that
the gap between curves 3 and 5 is much larger than
that between curves 2 and 4.

The temperature rise detected from the P25 and
P25—rGO suspensions under NIR light exposure is
depicted in Supporting Information, Figure S4. The
experimental conditions including the sample concen-
tration, stirring time, irradiation power, and time are
the same as those in the previous photocatalytic
experiments but no external cooling water is used.
The temperature variations measured from pure water
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Figure 2. (a) Photocatalytic degradation of MB on P25 or
P25-rGO. (b) Photocatalytic degradation of MB on P25 and
P25—rGO illuminated by two lamps. Lamp 1 with a fixed
power provides light in the whole wavelength range and
the power of lamp 2 (NIR) is varied (inset).

and P25 suspension are almost the same, whereas the
temperature increase of the P25—rGO suspension is
faster due to the PTE of rGO. An additional temperature
increment of 2.2 °C is observed within an irradiation
time of 30 min owing to the introduction of the rGO
compared to the situation of pure water and P25
suspension. More than 924 J is calculated to be gener-
ated by the rGO. Concerning the degradation of MB,
the following situation possibly occurs. As shown in
Supporting Information, Figure S3, when a light beam
passes through the SP filter, not only is the NIR portion
cut off, but also the visible light in the range of
600—720 nm is attenuated partially. The gap between
curves 2 and 4 arises from reduction in the visible light
caused by the SP filter, and the decreased NIR light can
be ignored. With regard to curves 3 and 5 of P25—rGO,
the PTE of rGO under NIR exposure is also weakened by
the filter in addition to light attenuation in the range of
600—720 nm. However, the PTE is positive, and the SP
filter results in a bigger gap between curves 3 and 5.
To verify the above hypothesis, photodegradation
experiments are performed by irradiation with two
lamps. In the experimental setup shown in the Sup-
porting Information, Figure S2b, a 550 W xenon lamp
(lamp 1) without afilter is placed on the side to provide
UV-+Vis+NIR irradiation with a fixed power density.
Alternatively, lamp 2 exports NIR light. The power of
lamp 2 can be adjusted (0, 100, 200 W) to study the
impact of NIR on the photocatalytic process. As shown
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in Figure 2b (curves 1—3), degradation of MB by P25 is
independent of the power of lamp 2. In other words,
NIR irradiation does not affect the chemical reaction.
Curves 4—6 in Figure 2b show that the photocatalytic
performance of P25—rGO improves with the power of
lamp 2. The difference between curves 4—6 is obvious
during the initial irradiation duration of 20 min (gray
region). After 20 min of irradiation, ~70% of the MB is
degraded, and the residual amount of MB is largely
reduced. This implies that the amount of MB captured
by P25—rGO is also obviously reduced, which makes
the degradation rate independent of the NIR irradia-
tion, and the difference between curves 4—6 becomes
inconspicuous. Hence, NIR irradiation plays an impor-
tant but auxiliary role in the enhanced photo-
catalytic performance of P25—rGO, since the NIR light
alone cannot produce photodegradation (curve 1 in
Figure 2a).

The auxiliary function of NIR in the enhancement
caused by rGO is studied. However, the change in the
MB concentration during photodegradation is non-
linear and degradation slows gradually. The total de-
gradation rate is defined as Rp = Am/time. Since the
time (30 min) is fixed in the experiments, the differ-
ences in Am are compared. Am represents the de-
graded amount of MB and contains two parts, variation
in the solution (Am,,) which can be obtained from
Figure 2a and mass variation of MB on the surface of
the photocatalysts (Amg,), where Amg, = Mmaq — Mye;
m,q represents the mass of MB adsorbed by the
photocatalysts after reaching adsorption equilibrium
shown in Figure 1b, and m,. is the mass of residual MB
on the surface of the photocatalysts after photodegra-
dation experiments. The values of m,. are estimated
from the TGA results, and the details are presented in
the Supporting Information, Figure S5. The calculation
of MB degradation by P25 irradiated by the xenon lamp
without NIR light (curve 2 in Figure 2a) is shown here as
an example: Amy,., = (1 — 58.2%) x 90.5% x 5 ppm x
200 mL =378.29 ug, and m,q.2 = (1—90.5%) X 5 ppm x
200 mL = 95 ug. Hence, Am; = Amy,, + Amg,, =
AMgo3 + Magp — Mye 2 =37829 + 95 — 33.2=440.09 ug.
Similarly, Ams; = 608.55 ug, Am, = 524.85 ug, and
Ams = 846.60 ug are obtained. The proportion of the
auxiliary function of NIR light in the enhancement
caused by rGO is calculated as follows: P = (3. — f x
Op)/0, where 6, = Ams — Am, represents the en-
hancement between P25—rGO and P25, 6, = Am, —
Am,, reflects the influence caused by the SP filter for
P25. Figure 2b confirms that NIR irradiation does not
affect the degradation by P25 (more discussion is
presented in Supporting Information, Figure S6), and
so Op, mainly reflects the light attenuation in the visible
part caused by the SP filter. 6. = Ams — Ams is the
difference caused by the SP filter for P25—rGO. o
contains two parts, light attenuations in NIR and visible
light. f = Ams/Am, is the MB degradation rate ratio
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Figure 3. Contribution of graphene in the enhanced photo-
catalytic activity. There are four main factors for the en-
hanced photocatalytic performance introduced by rGO. In
our study of the degradation of MB, the contribution of PTE
caused by P25—rGO can be as high as ~38%.

between P25—rGO and P25 under UV+Vis exposure.
Thus, P = 37.6% is obtained. Here, we should point out
that MB can absorb photons at about 650 nm (the
sensitization of MB) (the absorption spectrum of MB
solution is shown in Supporting Information, Figure S7).
This sensitization effect has been included in d,, which
has been subtracted in our above calculation. To further
rule out the influence of the sensitization effect, we have
also studied the photocatalytic activities of P25—rGO in
2-hydroxy terephthalic acid by calculating the amount
of OH radicals®' and estimated the photothermal con-
tribution (Supporting Information, Figure S8). A ~34%
photothermal contribution is obtained after a careful
calculation.®” This indicates that the photothermal effect
is really dominant.

As shown in Figure 3, the increasing adsorption
of pollutants, extended light absorption range, and
charge transportation and separation are indeed re-
sponsible for the enhanced photocatalytic perfor-
mance.'”'® However, besides these factors, our experi-
ments clearly reveal that the auxiliary function of NIR
light is also crucial to the photocatalytic performance
and this has not been understood in the literature. Here
we would like to mention that we have also fabricated
the P25—rGO nanocomposites with different wt % of
rGO and carried out the corresponding photodegrada-
tion testing (Supporting Information, Figure S9). Com-
pared to the case from P25, the enhanced photode-
gradation rates over P25—rGO (1 wt %) and P25—rGO
(10 wt %) are not big enough, while the photodegrada-
tion over P25—rGO (5 wt %) is the most efficient.
This result is well consistent with the previous report
by Zhang et al.’® Since the photothermal contribution
is just one part of the enhancement, we only used the
P25—rGO (5 wt %) to estimate the photothermal
contribution in this work.

As shown in Supporting Information, Figure S4,
PTE is important during the NIR light irradiation of
rGO. Although the additional temperature increment
caused by rGO is just 2.2 °C, the heat energy, which is
initially localized around the rGO/TiO, composite, is as
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Figure 4. HRTEM image of a rGO sheet. The rGO sheet
contains graphene islands (black circles) separated by dis-
ordered regions.

large as 924 J by our calculation. If considering the
relatively small amount of rGO (about 1.25 mg), the
heat generated by a single rGO sheet will increase the
local temperature up 36 °C after 60 min of irradiation,
which is a substantial amount much higher than the
external cooling water especially at the early stage
(Supporting Information, Figure S6). Even though the
degradation of MB is performed at a nearly constant
external temperature, such local thermal energy by the
rGO still has a significant influence on the chemical
reaction. Since NIR light cannot excite either P25 or
dyes, almost no electrons can be generated, and the
dyes are thus not degraded by NIR light alone. How-
ever, in conjunction with UV+Vis light, the heat gen-
erated by NIR light can accelerate the degradation
process remarkably. Conversely, the photothermal
effect of rGO under UV and visible irradiation is not
noticeable (Supporting Information, Figure S4).

DISCUSSION

At present, very little is known about the inherent
mechanism of PTE in rGO, although the phenomenon
is utilized in cancer therapy.”® =22 Similar to noble metal
nanostructures, PTE of rGO under NIR irradiation is
mainly caused by surface plasmon resonance (SPR).
The lattice acquires energy from the incident electro-
magnetic wave and vibrates dramatically. Plasmon
describes the collective oscillation of electrons and as
reported previously, electrons in graphene are two-
dimensional (2D) massless electrons (so-called Dirac
Fermions).3*** The light and plasmon coupling from
Dirac Fermions in graphene is remarkably strong and
the integrated oscillator strength of graphene plasmon
is an order of magnitude larger than that observed
from conventional 2D electron systems.>? Figure 4
shows the high resolution TEM (HR-TEM) image of a
single rGO sheet. The rGO sheet contains graphene
islands separated by disordered regions consistent
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with previous reports.’>** The electrons in the gra-
phene islands behave like Dirac Fermions and the
plasmon of rGO produces an ensemble effect of col-
lective oscillation of electrons confined in various
graphene islands with different sizes. For plasmon of
graphene with a limited lateral size (graphene nano-
ribbons and nanodisks), the scaling of the plasmon
frequency wp follows the following relationship: wp o<
(E/D)'?, where D is the lateral size and E; is the Fermi
level that can be deduced by n = (|E|/hvy)*/x, where
vs &~ 108 m/s is the Fermi velocity and n is the carrier
concentration.3>33 Therefore, the plasmon frequency
is determined by the graphene island size and carrier
concentration. Assuming that the carrier concentration
is on the order of 10'> cm ™2 and the island size is about
1—10 nm, the SPR wavelength is estimated to be about
1000 nm.3? Since the plasmon resonance of Dirac
Fermions has remarkably large oscillator strengths,
room-temperature optical absorption peaks can be
observed." The extinction spectrum of the rGO suspen-
sion is shown in Supporting Information, Figure S10 in
which several notable absorption peaks in the range of
700—1300 nm can be observed. They originate from
plasmon oscillation of the graphene islands confined in
the rGO sheets with different sizes.

The role played by PTE in enhanced photodegrada-
tion of MB is described in the following. The crucial role
of the photocatalytic process is the separation and
transfer of photogenerated charge carriers. First, the
temperature variation may affect the carrier mobility in
the rGO sheet. Generally speaking, massless Dirac
Fermions of the ideal graphene sheet have ultrahigh
mobility, but for chemically derived rGO sheets, the
carrier mobility is lower than that of pristine graphene
by about 2—3 orders of magnitude.?” The chemically
derived rGO sheet constitutes a structurally and
electronically inhomogeneous system. As shown in
Figure 4, a single rGO sheet contains both graphene
islands and disordered regions. The carriers in the
graphene islands act like delocalized state carriers,
but for these disordered regions with localized states,
conduction is mainly realized by hopping.?*** The
conductance of a rGO sheet can be described by the
two-dimensional variable range hopping (2D VRH)
mechanism with the following relationship: G(T) =
G, exp (—B/T""3). The hopping parameter B depends
on the density of states N(Ef) near the Fermi level and
localization length L, of the electronic wave functions.
In 2D VRH, the dependence is given by B = (3/kN(E)LD) ">,
where k is Boltzmann's constant.?>** Hence, a higher
carrier mobility is expected at higher temperature.>3*
A higher carrier mobility of rGO sheets raised by the
PTE can be the most dominant factor that causes the
enhanced photocatalytic performance of P25—rGO
nanocomposites.

Second, the enhanced photocatalytic performance
is possibly due to the variation of the photoexcited

GAN ET AL.

Figure 5. Mechanism of MB degradation over P25—rGO.
Surface plasmon resonance (SPR) under NIR irradiation
leads to PTE of rGO. Thermal energy promotes carrier
mobility on rGO sheets and thus results in the improved
photodegradation activity.

efficiency in P25 during the temperature rise. The
carrier-photogenerated rate G under irradiation with
a power density of Jis G = a(hw)J/w, where a(hw) is the
optical absorption coefficient. For P25 containing rutile
and anatase TiO,, both direct and indirect transitions
coexist. Regarding direct transition, only photons with
energy hiw > E4 can be absorbed. The absorption
coefficient is ahw) = A(hw — Eg)'?, which is indepen-
dent of the temperature. For indirect transition, a
phonon with energy of E, is involved and o’ (hw) is
positively related to the temperature. However, usually
o'(hw) < a(hw) and the overall optical transition
process of P25 is nearly independent of temperature.
Finally, the hot carrier relaxation in rGO during the
temperature variation is discussed. The relaxation of
photogenerated carriers usually consists of several
processes such as carrier—carrier interaction, carrier—
phonon scattering (mainly optical phonon emission),
Auger recombination, and carrier trapping.3>® Ruzicka
et al. have revealed that the relaxation of a hot carrier
in rGO is independent of the temperature,®® and the
carriers have a hot distribution immediately after
photoexcitation. Consequently energy relaxation is
dominated by carrier-phonon scattering. A large num-
ber of optical phonons are emitted giving rise to
significant deviation of the phonon distribution in
the excitation spot away from the equilibrium distribu-
tion dictated by the sample temperature. Regarding
the photothermal process, it is a collective electronic
effect so that the lattice temperature reaches equilib-
rium rapidly. Therefore, the hot carriers experience a
much higher lattice temperature than the temperature
of other parts of the sample, and the finite temperature
variation has no influence on the carrier dynamics.
On the basis of the above results and discussions, we
can explain the high photocatalytic performance of
P25—rGO as follows (Figure 5). Under solar light or
xenon lamp illumination, the UV part excites P25 while
both UV and visible light excite MB. Both processes
generate electron—hole pairs, and the separation of
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electrons and holes will be favored due to the shuttling
of rGO sheets. NIR irradiation heats up the rGO sheets
because of PTE. This causes the electrons to obtain
more energy and move faster on the hot rGO sheets. As
aresult, PTE promotes the degradation of pollutants on
the nanocomposites. It is believed that similar effects
also occur in other graphene-based nanocomposites
and are important to photocatalysis in environ-
ment and energy applications including degradation
of dyes, reduction of CO,, and water splitting. Recently,
enhanced photothermal effects of graphene-based
nanocomposites have been reported.3”*® Our result
implies that such nanocomposites with improved
photothermal performance have more favorable
applications.

METHODS

Sample Preparation. P25 (20% rutile and 80% anatase TiO,)
was purchased from Degussa (Germany), and GO was synthe-
sized by the Hummers method. The P25—5% rGO was fabri-
cated by a hydrothermal technique as follows: 31.5 mg of GO
and 0.6 g of P25 were dissolved in a solution of deionized water
(60 mL) and ethanol (30 mL), stirred, and treated ultrasonically.
The suspension was placed in a 100 mL Teflon-sealed autoclave
and kept at 120 °C for 24 h. The products were washed by
deionized water and ethanol several times and dried at 60 °C.
Here we stress that if there is no special description, the
“P25—rGO" represents the “P25—rGO (5 wt %)".

Characterization. The FTIR spectra were recorded on the
NEXUS 870 spectrometer, and X-ray diffraction (XRD) was
performed on the ARL X' TRA X-ray diffractometer. TEM was
conducted on P25—rGO on the JEOL-2100F electron micro-
scope and the HR-TEM images of the rGO were acquired on an
aberration corrected TEM (FEI Titan 80-300). The diffusion
reflectance absorption spectra were obtained on a Shimadzu
UV-2550 spectrometer with an integrating sphere attachment.

Photocatalytic Experiments. In brief, 25 mg of the catalyst
(P25 or P25—rGO) were added to 100 mL of 5 ppm MB. The
suspension was stirred overnight to reach equilibrium prior to
light exposure. Two xenon lamps were used. The reaction vessel
was put in a sink in which the externally circulated water was
kept at an approximately constant temperature at 25 °C. The
concentration of MB in each stage was monitored by a
UV—vis—NIR spectrophotometer (UV 3600, Shimadzu). To esti-
mate the heat generated by rGO, the experimental conditions
including the sample concentration, stirring time, irradiation
power, and time were kept the same, except that the vessel was
placed in ambient atmosphere. The temperature was recorded
by a K-type thermocouple (resolution, 0.1 °C).
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CONCLUSION

For graphene-based nanocomposites, graphene
was mainly considered to have three common and
important functions, trapping and shuttling photogen-
erated electrons and increasing both light absorption
and pollutant adsorptivity. In this work, we reveal that
not only does PTE exist but also its contribution in
P25—rGO nanocomposites can be as high as ~38% in
the entire degradation action of organic pollutants.
The result demonstrates that the photothermal char-
acteristic of graphene-based nanocomposites is vital to
photocatalysis, and designing nanocomposites with
the improved photothermal performance is a promis-
ing strategy to acquire highly efficient photocatalytic
activity.
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