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Graphene/TiO, hybrid layer for simultaneous
detection and degradation by a one-step transfer
and integration methodf

Xinxin Yu,1*® Ranran Cai,1? Yuqing Song,© Qiang Gao,® Nan Pan,® Mingzai Wu?
and Xiaoping Wang®®

During the past decades, researchers have made great efforts towards an ideal surface enhanced Raman
spectroscopy (SERS) substrate. Here a smart SERS-active flexible substrate was designed and its
performance was studied. The substrate is constructed from graphene and TiO,, and could be divided
into two functional layers. Graphene provides a flat hot surface for Raman enhancement, which could be
ascribed to chemical enhancement. The TiO, layer is an effective photocatalyst, which could induce
photocatalytic decomposition of adsorbed molecules under UV irradiation. Notably, the substrate was
realized by a one-step transfer method, followed by annealing. In the synthesis process, a flexible TiO,
layer was produced by spin-coating on the CVD graphene and was used as a support in the transfer
process of graphene instead of PMMA, which could exclude contamination and avoid degradation of the
Raman enhancement performance. Combining detection with degradation of trace amounts of analyte,
the versatility of the SERS substrate is greatly enhanced and could be adapted to fit a wide range of

rsc.li/rsc-advances

1. Introduction

Surface-enhanced Raman scattering has been widely investi-
gated as an effective and non-destructive technology for trace
detection.'* Many efforts have been made in the development of
SERS-active substrates, which could enhance the information of
an analyte adsorbed on the substrate and thus achieve a sensi-
tivity down to the single molecule level. Noble metal nano-
structures, such as those made of Au and Ag, have shown
excellent SERS activity based on electromagnetic mechanism,
which could be ascribed to the localized surface plasmon reso-
nance.* However, such a substrate based on a noble metal is high-
cost and usually involves lithography or other complicated
nanotechnology for high controllability and repeatability.>® New
structured materials and composites have been explored and
synthesized for cost-effective and reusable SERS substrates.”
Recently, Raman enhancement effect was observed on two-
dimensional layered materials, such as graphene, boron
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sensing and photocatalytic applications.

nitride and MoS,.*° Absence of the electromagnetic mechanism
(EM), such enhancement could be ascribed to chemical mech-
anism (CM), which is related with chemical interaction between
the absorbate and the substrate. Although the enhancement
factor of CM is smaller than EM, two-dimensional layered
materials are still thought to be strong candidates for funda-
mental study of CM as well as the development of low-cost,
green and versatile Raman substrates to meet practical appli-
cation requirements.’ Compared with BN and transition metal
dichalcogenides, the Fermi energy and surface structure of
graphene could be easily modified, thus its enhancement factor
could be further promoted.” ™ Besides, graphene could be
easily modified and processed. Combining with noble metal or
semiconductor nanoparticles, the performance, reusability and
versatility of graphene could be further improved.**¢ It would
be much more attractive for applications that a substrate based
on graphene could combine simultaneous detection and
degradation. To the best of our knowledge, Such studies are still
limited.

TiO, is inexpensive, nontoxic and highly effective semi-
conductor as a photocatalyst.”® Under excitation, electron-
hole pairs are generated. After effective charge separation and
transfer, reduction and oxidation of organic compounds can be
initiated. And it has been proved that the introduction of gra-
phene and CNT is effective route for the improvement of the
photocatalytic activity of TiO,.>*>* TiO, could been synthesized
by chemical template method, electrochemical method and
hydrothermal method etc.”>** Among them, sol-gel method is
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one way which is compatible with spin coating.”” After anneal-
ing of TiO, sol, TiO, film can be obtained. In addition to its
flexibility, the TiO, thin film is stable in the copper etchant
solution. Thus the TiO, thin film could be used as the sup-
porting layer for graphene. What is more, the TiO,-coated gra-
phene film can be directly used as multifunctional film after the
transfer process, which could realized simultaneous detection
and degradation. During the whole process of the preparation,
no external contamination is introduced.

In this work, we employ a one-step transfer and integration
method to produce a TiO,/graphene hybrid layer and used it as
a multifunctional film for simultaneous detection and degra-
dation. Its photocatalysis and Raman enhancement perfor-
mance are carefully characterized. Compared with Ag-TiO, as
well as reported graphene-TiO,-Ag, we construct a green,
uniform, versatile and clean SERS substrate based on CVD
graphene via a much simple, low-cost method.

2. Experimental
2.1 Materials

Rhodamine 6G (R105624) and Titanium butoxide (T104104)
were purchased from Aladdin. Ethanol, acetic acid and hydro-
chloric acid were purchased from Sinopharm Chemical Reagent
Co., Ltd. All the reagents used in this work were analytical grade
and used as-received without any purification. The water used
in this study was deionized and doubly distilled.

2.2 Sample preparation

Monolayer graphene was grown by atmosphere pressure
chemical vapor deposition (APCVD) of methane on a 25 um
thick polycrystalline copper foil (Alfa Aesar, No. 46365). Prior to
growth, the copper foil was etched with FeCl; aqueous solution
(5 g FeCl;-6H,0, 10 ml HCl, 100 ml deionized water) and
cleaned with ethanol and acetone to remove surface natural
oxide layer and surface contaminants. Then, the copper foil was
transferred into the CVD chamber and heated up to 1045 °C in
a 270 sccm argon. In the growth stage, a flowing gas mixture of
CH,/Ar (406 ppm CH,, 15 sccm), H, (8 sccm, 99.999%) and Ar
(247 scem, 99.999%) was fed into the chamber and graphene
could directly formed on the Cu foil at 1045 °C. After a growth
time of 4 h, the sample was rapidly cooled down to room
temperature by simply pushing the furnace away from it.
Instead of PMMA, a TiO, sol prepared by a sol-gel process
was used as a supporting layer for the transfer of graphene. In
a typical process, 5 ml titanium butoxide was added to 17.5 ml
ethanol. After stirring for 10 min, faint yellow solution was
obtained and labeled as solution A. Then added 2 ml acetic acid
and 5 ml deionized water to another 17.5 ml ethanol. After
vigorous stirring, added a drop of hydrochloric acid and labeled
as solution B. Added the solution A to solution B drop by drop
and kept stirring for 30 min. Then let the solution stand to
obtain TiO, sol. After spin-coating at 3000 rpm for 40 s, TiO,
layer on the top of graphene was obtained by curing the TiO, sol
at 300 °C for 1 h. Next, the copper foil was etched away by 1 g
ml~" FeCl; solution. The resulting graphene/TiO, film was
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washed three times with water, transferred to R6G aqueous
solution at certain concentration and float on the surface of the
solution for 0.5 h to adsorb R6G molecule.

The graphene transferred by PMMA (950 K A4, 4 wt%, Micro
Chem) was also prepared for comparison. After etching the
underlying copper foil, the resulting graphene/PMMA film was
thoroughly washed and transferred to R6G aqueous solution at
certain concentration for the adsorption of molecule. Then
picked up the graphene/PMMA film with SiO,/Si substrate, and
remove the PMMA with acetone. Finally the graphene film was
washed with ethanol and water for further characterization.

2.3 Sample characterization

X-ray diffraction (XRD) patterns were recorded by a X-ray poly-
crystalline diffractometer (SmartLab 9 kW) using Cu radiation
(40 kv, 100 mA). Field emission-scanning electron microscopy
images were taken on Sirion200, FEI microscope operating at
5.0 kv. The Raman enhancement was characterized using
a Renishaw Raman microscope equipped with 532 nm argon
ion laser excitation source. The laser power is 10% and the
power density is about 1.5 mW pm™>. The spectra in compar-
ison were normalized to the peak at ~520 cm ™", which comes
from the SiO,/Si substrate. The XPS measurements were per-
formed using an ESCALAB 250Xi X-ray photoelectron
spectrometer.

3. Results and discussion

Graphene was prepared via APCVD method. After a growth of
4 h, monolayer of graphene was obtained on the surface of
copper foil. The size of single crystal could be several millime-
ters. With a much stronger 2D peak compared to G peak, the
thickness could be verified by its typical Raman fingerprint of
monolayer graphene, as shown in Fig. 1a. In a typical process of
transfer, PMMA was usually employed as a support layer.
However, the exhaustive removal of PMMA is a major challenge,
which would have significant influence on the intrinsic property
of graphene and degrade its performance. Search for a various
supporting layer is obviously necessary. As an effective photo-
catalyst, TiO, is intensively studied and widely used. It is re-
ported that it is also resistant to copper etchant.”” When it is in
the form of thin film, it could be flexible. With all these
advantages, TiO, not only could be a substitute of supporting
layer in the transfer process of graphene, but could form
a multifunctional hybrid layer by one-step. Instead of being
a disturbing contaminant, the supporting layer is turned out to
be a layer of photocatalyst, which does not needed to be thor-
oughly removed anymore. With this in mind, we take use of sol-
gel method to produce the TiO, thin layer. As the TiO, sol is
fluid, thin TiO, sol film could be obtained by spin-coating
method, which is compatible with existing transfer process of
graphene. After being annealed at 300 °C, the TiO, sol film
condensed into TiO, layer. Several unambiguous peaks can be
observed in the X-ray diffraction pattern, which clearly reveals
a typical crystalline anatase phase (Fig. 1b). Based on the
Scherrer equation, we calculated the size of TiO, and found it to

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Raman spectra for single layer graphene produced by CVD method. (b) The XRD patterns of TiO, produced by sol-gel method

followed by annealing at 300 °C for 1 h.

be about 10.3 nm. The size of TiO, calculated from XRD is
relatively small, which is consistent with the SEM image in
Fig. 2b. The small size might be limited by the relatively low
preparation temperature and calcination temperature. To
investigate its photocatalysis performance, the photocatalytic

activity evaluation of TiO, powder prepared by the same method
was carried out. The result is provided in the ESI (Fig. S1t). It
could be found that the photo-degradation percentage for the
TiO, powder is 28%, 55%, 78% and 93%, respectively after
10 min, 20 min, 30 min and 40 min irradiation. Compared with

Fig. 2 (a) The SEM image of graphene on SiO,/Si substrate transferred by PMMA, (b) the SEM image of pure TiO, film produced by sol-gel
method followed by annealing at 300 °C for 1 h. (c) The SEM image of graphene-TiO, produced by sol-gel method followed by annealing at
300 °C for 1 h. (d) Enlarged SEM image of graphene—-TiO,. (e) The corresponding EDS mapping for Ti, Si, C and O respectively for the same area in

(d). The red rectangles in c and d indicate the wrinkles of graphene.

This journal is © The Royal Society of Chemistry 2017
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the reported results, the photocatalysis performance of the TiO,
is acceptable.?® Thus, although the size of TiO, calculated from
XRD is small, it could be an effective photocatalyst in the hybrid
film.

Free of dangling bond, CVD graphene surface is hydrophobic
with a surface free energy of 46.7 mJ m™>. Whereas, the TiO, sol
is hydrophilic with a surface free energy of 89 mJ m™ 2, as
demonstrated in ref. 29. When the TiO, sol was directly coated
on the surface of graphene, dewetting occurred because of the
disparity in the surface energies. Hence, cracks appear on the
TiO, layer after the thermal treatment, as shown in Fig. 2c. As
wrinkle is a characteristic feature of transferred CVD graphene
as shown in Fig. 2a, the existence of graphene can be identified
in the graphene-TiO, hybrid film from the cracks (Fig. 2c and
d). Besides, a EDS mapping has been provided for the charac-
terization of the microstructure (Fig. 2e). Based on the feature of
Ti element mapping, the TiO, layer can be identified. The C
element mapping implies that there might be some residual
carbon on the TiO, layer after the annealing process. As the EDS
mapping did on the SiO,/Si substrate, the Si and O elements can
also be found.

To investigate whether graphene-TiO, hybrid layer can be
used as a substrate for Raman enhancement, the Raman
spectra of molecules adsorbed on graphene-TiO, hybrid layer
were collected. In a typical process, Cu foil with graphene and
TiO, layer was transferred into etching solution. After thorough
remove of the Cu foil, graphene coated with TiO, layer was
obtained, which is floating on the surface of the etching solu-
tion. Then, graphene coated with TiO, layer was washed with
water for three times and transferred to R6G aqueous solution
with a series of concentrations from 1 x 10 *M to 5 x 10" *M
for molecule adsorption. Finally, such hybrid layer was picked
up by SiO,/Si substrate and was ready for the collection of the
Raman spectra. In the Raman characterization process, it is
found that signals of the adsorbed molecules can only be
detected on the graphene, while no signal of the adsorbed
molecule can be detect on the surface of TiO, as well as the SiO,/
Si substrate. Thus when the molecule adsorb on the bottom
surface of the hybrid layer or even on the top surface of the
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View Article Online

Paper

hybrid layer, signals of the adsorbed molecule can only be
detected on the cracks. A scheme of the preparation and char-
acterization process for the graphene-TiO, hybrid film can be
found in Fig. 3.

As shown in Fig. 4, the intensities of the Raman signals of
the molecules on graphene decrease with the decrease in the
concentration of solutions. Under concentration as low as 1 x
1077 M, the Raman spectra keep whole characteristic peaks
unambiguous. When the concentration decrease to 5 x 10 % M,
several characteristic peaks from the molecules can still be
observed, such as 613, 1360 and 1647 cm ™. The concentration
aslowas 5 x 10~ M is comparable with the concentration used
in the classical SERS experiments. The appearance of the
Raman signals for molecules on graphene under very low
concentrations suggests that the graphene-TiO, hybrid layer
have Raman enhancement effect. Moreover, these results show
that the graphene-TiO, hybrid layer Raman enhancement effect
should come from graphene.

TiO, is wide band-gap semiconductor and it is reported that
TiO, could bring p-doping to graphene.” Using TiO, as
a support layer, some change might be brought to the electronic
structure of graphene and has some unknown influence on the
Raman enhancement performance. In order to examine the
effect of the TiO, layer on the Raman enhancement of graphene,
we characterized the SERS performance of the hybrid layer and
compared it with that of graphene transferred with PMMA. The
graphene-TiO, hybrid layer and graphene transferred with
PMMA are both used as surface enhanced Raman substrate
respectively. In a typical process, the surface enhanced Raman
substrate was transfer to 1 x 10~® M R6G aqueous solution and
float on the surface of the solution for 0.5 h. After being picked
up by SiO,/Si substrate, the Raman signal of molecule adsorbed
on graphene was collected. As shown in Fig. 5, Raman peaks at
' are detected.

613, 773, 1182, 1307, 1361, 1505, 1647 cm~
Compared the two spectra in Fig. 5, it is found that features of
the Raman spectroscopy are different. On the surface of gra-
phene transferred by PMMA, peak at 1647 cm ™ " is the strongest

peak; however, on the surface of graphene-TiO, hybrid layer,
1

peak at 613 cm™ is the strongest peak. After excluding the

2 ; Graphene
F ‘é ® Tio,

.E.o‘ S B R6G

= Copper foil

R6G

Fig. 3 The scheme of the preparation and Raman characterization process for the graphene—TiO, hybrid film.
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interference of fluorescence background, it seems that peaks at
low wave numbers are even stronger than those at high wave
numbers on the surface of graphene-TiO, hybrid layer. In the
literature, peak at 613 cm ™" could be assigned to C,~C,~C, bend
and peak at 773 cm ™' could be assigned to out-of-plane C,-H
bend, while peaks at 1182, 1307, 1361, 1505, 1647 cm ™! could be
assigned to aromatic C-C stretching.** Thus, graphene-TiO,
hybrid layer and graphene transferred by PMMA have different
vibration-dependent Raman enhancement behavior. Here, we
would give our speculation. With smooth surface and surface
plasmon in the range of terahertz, the Raman enhancement
effect of graphene can only originate from chemical mecha-
nism.** It is reported that the enhancement of different vibra-
tion modes could be ascribed to the dependence on the
geometry of the molecules and the surface properties of Raman
enhancement substrate.**** In accordance to previous reports,
the R6G molecule adsorbs on the surface of graphene by -7
stacking. After the introduction of TiO,, the interaction between
graphene and TiO, would change the surface bonding proper-
ties of graphene and induce the surface polarization. Thus the
interaction between graphene and R6G molecule would be
changed, and probably even the geometry of the molecules on
the surface. Such vibration dependence behavior of Raman
enhancement is consistent with the chemical enhancement
mechanism. To further study the interactions between TiO, and
graphene, XPS on the carbon K-edge is exploited to investigate
the surface property as well as its evolution of graphene. The
carbon K-edge XPS spectrum of graphene is given in Fig. S2.7 In
the XPS spectrum of graphene transferred by PMMA, a peak of
sp” carbon centered at 284.7 eV can be found, while the C 1s
spectrum of graphene/TiO, hybrid layer can be fitted by three
components: a peak of sp> carbon centered at 284.7 eV (P1),
a weak peak at about 286.0 eV (P2) and another notable peak at
288.8 eV (P3). The observed large intensity of P1 implies that the
structure of the basic graphene framework has been preserved
in the graphene/TiO, hybrid layer, while P2 and P3 peak might

1uM
—0.1uM

— 0.5uM
—— 0.05uM

Intensity (a.u.)

,L.MM/\.AM"’\JL

I SO Y o W, SR Y. O
Aﬂw_*m/“\w_ﬂwm

600 800 1000 1200 1400 1600
Raman Shift (cm™)

Fig. 4 Raman spectra of R6G molecules adsorbed on the surface of
graphene-TiO, hybrid layer. The graphene were soaked by R6G
aqueous solution and the concentration was 1 x 1076 M (black line), 5
x 1077 M (red line), 1 x 1077 M (blue line) and 5 x 1078 M (dark cyan
line) respectively.
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originate from sp® hybridized carbon as well as other oxygen-
containing groups. On the basis of previous studies, the
oxygen-containing groups might induce larger surface dipoles.**
It is worth mentioning that graphene-TiO, hybrid layer is
probably better for application after further improvement of the
Raman enhancement factor. As the D and G peaks of graphene
overlap and interfere with the high-wave-number peaks, a much
intense peak laying at low wave numbers would benefit the
study of trace detection and the calculation of enhancement
factor.

Although TiO, has no Raman enhancement for molecules,
it could help develop a semiconductor-graphene system that
combine the unique, yet complementary properties of either
component to create a multipurpose device. In the rational
designed hybrid structure, TiO, is an effective photocatalyst,
while graphene could enhance Raman signals for molecules
and further promote the photocatalytic process for its
outstanding charge-carrier transport property. After the
remove of the Cu foil, a free standing graphene/TiO, hybrid
layer can be obtained, which can be transferred to various
substrates (even the surface is uneven/curved), sense and
degrade analyte in situ. In order to illustrate this point more
clearly, we deposit a layer of R6G molecules on the SiO,/Si
substrate and then transfer a free standing graphene/TiO,
hybrid film to it. Then it is found that the signals of the
molecules on the surface of SiO,/Si substrate can be detected
unambiguously (blue line in Fig. 6a). Then after 2 hours of
irradiation by a 350 W xenon lamp, the molecules can be fully
removed, because no signal of the molecule can be found (red
line in Fig. 6a). For further investigation, graphene-TiO,
hybrid layer was soaked in 1 x 10~® M R6G aqueous solution
for molecule adsorption. After characterization with Raman
microscope as shown in Fig. 6b (line 1a), the graphene-TiO,
hybrid layer was irradiated with xenon light for 1.5 h. The
irradiation time was deliberately extended for the complete
degradation. It could be found that there is not Raman peaks

—TiO02
—PMMA

T W)

600 800 1000 1200 1400 1600
Raman Shift (cm™)

Intensity (a.u.)

Fig. 5 Raman spectra of R6G molecules adsorbed on the surface of
graphene. The black line represents that on graphene transferred by
TiO; layer and the red line represents that on graphene transferred by
PMMA. All of Raman substrates based on graphene were soaked by 1 x
10~® M R6G aqueous solution.
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(@) Raman spectra of R6G molecules deposited on the surface of SiO,/Si substrate detected (blue line) and degraded (red line) with

graphene-TiO; hybrid layer in situ. (b) Raman spectra of R6G molecules adsorbed on the surface of graphene—TiO, hybrid layer after five cycles
reusability test. The number represent the time of cycle. Line numbered 1a (magenta line) represents the Raman spectra obtained for the first
time and line numbered 1b (dark yellow line) represents the Raman spectra obtained after photo-catalysis. The peak at 520 cmtis from the

SiO,/Si substrate.

of R6G in line 1b after irradiation, which means that the
molecules have been totally removed. In Fig. 6b, line 1a (the
magenta line, 1a) is the Raman spectra for the first cycle. Then
the irradiated graphene-TiO, hybrid layer was soaked in R6G
aqueous solution of the same concentration and the Raman
signals for molecules was collected under the same experi-
ment conditions once more. The dark cyan line (line 2) in
Fig. 6b is the Raman spectrum after the re-adsorption process,
which exhibit an excellent repeatability. The irradiation and
re-adsorption process were repeated five times. In Fig. 6b,
Raman spectra from the five cycles of the reusability test could
be found. After 3 cycles, the intensities of the Raman peaks
decrease to about sixty percent of the initial value and the
vibration dependent Raman enhancement become to be
similar with that of pure graphene. Such changes are
supposed to be owing to the loss of TiO, flakes for the weak
surface interaction between graphene and TiO,, which should
be further optimized in the following work.

4. Conclusions

During the etching of the underlying copper, TiO, was used
as the supporting layer for graphene, and thus graphene-
TiO, hybrid film was prepared by a one-step transfer and
integration method. Such hybrid film combines the function
of detector and decomposer, which employs the CVD gra-
phene as the SERS-active layer and TiO, as the photocatalytic
layer. In this study, its sensing and photocatalytic perfor-
mances were characterized. It is found that its detection limit
based on Raman enhancement is 5 x 10~® M and could
thoroughly decompose the contaminant effectively. This
novel structure combines the complementary properties of
graphene and TiO,, which is green, low-cost and simple in
preparation. The application of it in integrated sensing and
photocatalysis should be of value for fitting the wide range of
requirements.
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