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A facile fabrication strategy of multi-functional hybrid thin films of reduced graphene oxide (RGO) and TiO2 was
developed by using layer-by-layer (LBL) assembly of titanium(IV) bis(ammonium lactato)dihydroxide (TALH)
and polyallylamine grafted reduced graphene oxide (PAA-RGO) as negatively and positively charged compo-
nents. The fabrication process of hybrid films was thoroughly characterized by using UV–vis spectroscopic,
ellipsometric and atomic force microscopic analysis. This fabrication strategy provided precisely-controlled
thickness, surface roughness through 1–10 LBL assembly cycles. By thermal treatment, the PAA-RGO and TALH
in the hybrid filmswere respectively converted into RGO and TiO2 with the restoration of their electrical conduc-
tivity, UV-resistance and photo-catalytic self-cleaning properties.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Graphene, single layered sp2 carbon network, has attracted much
attention because of its unique chemical, mechanical and electrical
properties [1]. Graphene oxide (GO) is an oxidized form of graphene
presenting various oxygen containing functional groups, dispersible in
water, and convertible into reduced GO (RGO) by chemical and thermal
reduction [2]. In addition, GO possesses unique properties distinguish-
able from graphene such as fluorescence, non-linear optical absorption
and surface enhanced Raman scattering (SERS) [3]. Because of the
chemically amenable surface and interesting properties, GO has been
extensively harnessed as a building block to construct multifunctional
nanohybrid structures with functional nanomaterials such as metal
and semiconductors [4].

Especially, the hybridization of TiO2, wide band-gap semiconductor,
with GO derivatives has been extensively investigated for its important
potential applications such as photocatalysis, photoelectrochemistry,
dye-sensitized solar cell, UV protection and self-cleaning coating based
on its electron-hole pair separation by UV absorption corresponding to
its band gap energy [5–8]. The fabrication of RGO/TiO2 nanohybrid
structures relied on self-assembly, sol-gel processes and photochemical
reactions, and the resulting structures have exhibited the significantly
enhanced performance for the applications based on the electrical con-
ductivity and electron acceptability of RGO, retarding the electron-hole
pair recombination process on TiO2 [9–12].

The advance in fabrication processes of RGO/TiO2 nanohybrid struc-
tures is of the utmost importance to fully harnessing the unique and
excellent properties of RGO and TiO2 with synergistic effects. The fabri-
cation strategy should be facile, controllable and reproducible for their
successful applications. In this regard, the layer-by-layer (LBL) assembly
technique is a promising strategy to precisely control the structure of
nanohybrid materials by alternative deposition of individual building
blocks [13]. This technique has been employed in the in-depth investi-
gation of functional nanohybrid structures for various applications
such as drug delivery, transparent electrodes, electrochemical devices,
surface-enhanced Raman scattering and laser desorption/ionization
mass spectrometry [14–18]. GO derivatives have been also employed
for LBL assembly in combination with functional nanomaterials [19–
21]. Recently, the fabrication of RGO/TiO2 nanohybrid thin filmswas re-
ported by repeated sol-gel reactions of titanium tetrabutoxide inside
LBL assembled polydiallyldimethylammonium chloride (PDDA)/RGO
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films [22]. Although the nanohybrid films showed interesting
multifunctionality including transparency, broadband photoresponse
and self-cleaning, this strategy still requiresmulti-steps of LBL assembly
of RGO and poly (diallyldimethylammonium chloride) (PDDA), repeat-
ed post-incorporation of TiO2 precursor, and thermal calcination of the
resulting hybrid films which could result in undesired side reactions
and structural heterogeneity.

Herein, we demonstrated the simple and controllable fabrication of
RGO/TiO2 nanohybrid films by LBL assembly of polyallylamine-grafted
RGO (PAA-RGO) and titanium(IV) bis(ammonium lactato)dihydroxide
(TALH) that are precursors for RGO and TiO2, respectively. Since TALH
presented negative charges, it can be directly deposited by LBL process
on the charged substrates with positively charged species and convert-
ed into TiO2 by thermal treatment [23]. Therefore, the thickness and
surface properties of PAA-RGO and TALH nanohybrid films were
precisely controlled within 10 cycles of LBL assembly. The formation
process and surface properties of (PAA-RGO/TALH)1–10 nanohybrid
films,where the subscript number is the number of LBL assembly cycles,
were systematically characterized and the fabricated (PAA-RGO/
TALH)1–10 films were thermally treated to convert them into (RGO/
TiO2)1–10 films presenting the interesting multifunctional properties
such as UV resistance, self-cleaning, controllable electrical conductivity
and transparency (Fig. 1). For the best of our knowledge, this is the first
example of the direct LBL assembly of functionalized RGO sheets and
TiO2 precursor and thus the RGO/TiO2 nanohybrid films were straight-
forwardly fabricated by the subsequent thermal treatment. This simple
fabrication process enables to precise manipulation of the structures of
resulting RGO/TiO2 nanohybrid films with controllable and excellent
multifunctionality including electrical conductivity, transparency, UV-
resistance and self-cleaning.
2. Experimental section

2.1. Materials

Graphite (FP 99.95% pure) was purchased from Graphit Kropfmühl
AG (Hauzenberg, Germany). Sodium nitrate, potassium hydroxide and
hydrogen peroxide (30% in water) were purchased from Junsei
(Japan). 3-glycidylpropyltrimethoxysilane (3-GPTMS), methylene blue
(MB), poly(stryrene sulfonate) (PSS), potassium permanganate, anhy-
drous toluene and PAA (MW 15,000) were purchased from Aldrich
Chemical Co. (Milwaukee, WI, USA). Nitric acid and sulfuric acid were
purchased from Samchun (Seoul, Korea). Ethanol was purchased from
Merck (Darmstadt, Germany). TALH was purchased from Alfa aesar
(Ward Hill, MA, USA). Si substrates (500 μm in thickness) and quartz
substrates (500 μm in thickness) were purchased from STC (Japan)
and i-Nexus (Stamford, USA), respectively. All chemicals were used as
received.
Fig. 1. Fabrication of (PAA-RGO/TALH)n thin
2.2. Preparation of GO

3 g of graphite and 1 g of sodium nitrate were added in 46 mL of
sulfuric acid and stirred in an ice-bath. Then, 6 g of potassium perman-
ganate was slowly added to themixture with stirring and the tempera-
ture of this reaction mixture was maintained below 20 °C. After
finishing the addition, the temperature of the reaction mixture was
raised to 35 °C and the mixture was stirred for 1 h. 40 mL of water
was then added to the mixture, stirred for 30 min and 100 mL of
water was added to the mixture in an ice-bath to prevent rapid boiling.
Finally, 6 mL of hydrogen peroxide (30%) was gradually added to the
mixture and upon addition, the color of the reaction mixture changed
to bright yellow. The mixture was filtered with a filter paper (Number
3, Whatman) and washed with a plenty of water until the filtrate was
neutralized. The filtered cake was dried under vacuum for 2 days. The
prepared graphite oxide powder was analyzed by FT-IR spectroscopy
with a KBr pellet method. The graphene oxidewas prepared by sonicat-
ing the graphite oxide powder in water (1 mg/mL).

2.3. Synthesis of PAA-RGO sheets

GO was synthesized by Hummers and Offeman's method (for de-
tailed experimental procedure, see supporting information) [24]. The
synthesized GO was simultaneously reduced and functionalized with
PAA by our previously reported method [25]. In detail, GO (10 mg)
was dispersed in 50 mL of water containing 40 mg of PAA, and 50 mg
of KOH by sonication for 1 h. The suspension was vigorously stirred at
70 °C for 24h. After cooling to RT, the PAA-RGOwas purified and collect-
ed by centrifugation at 8228 rcf for 30 min and re-suspended in water
by sonication. The centrifugation and re-suspension processes were re-
peated three times.

2.4. 3-GPTMS functionalization of a substrate

The quartz and Si substrates were treated in Piranha solution for
10 min at 125 °C, washed with water and ethanol, and dried under a
stream of nitrogen. The treated substrates were immersed in a 10 mM
anhydrous toluene solution of 3-GPTMS for 30 min, washed with etha-
nol and water and dried under a stream of nitrogen.

2.5. Fabrication of (RGO/TiO2)n films

The 3-GPTMS treated substrates were immersed in PAA-RGO sus-
pension (1 mg/mL) for 30 min, washed with water and ethanol and
dried under a stream of nitrogen. The PAA-RGO coated substrates
were then immersed in 5% TALH solution for 30 min, washed with
water and ethanol and dried under a stream of nitrogen. These process-
es were repeated up to 10 cycles. The fabricated (PAA-RGO/TALH)n thin
films by using LBL assembly technique.
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films were thermally treated at 500 °C for 2 h under nitrogen
atmosphere.

2.6. Fabrication of (PAA-RGO/PSS)n films

(PAA-RGO/PSS) thin films were fabricated by LBL assembly of PAA-
RGO and PSS. The PAA-RGO coated substrates were immersed in
1 mg/mL PSS solution for 30 min, washed with water and ethanol, and
dried under a stream of nitrogen. The (PAA-RGO/PSS)1 films were im-
mersed in PAA-RGO suspension (1 mg/mL) for 30 min, washed with
water and ethanol and dried under a stream of nitrogen. These process-
es were also repeated up to 10 cycles.

2.7. UV resistant property of (RGO/TALH)10 and (PAA-RGO/PSS)10 films

(PAA-RGO/TALH)10 and (PAA-RGO/PSS)10 filmswere exposed to the
UV light (8 W, 254 nm) with 1 cm distance for 5, 10, 20 and 30 min,
washed with water and ethanol and dried under a stream of nitrogen.

2.8. Self-cleaning property of (RGO/TiO2)10 films

(PAA-RGO/TALH)10 filmswere immersed in 1 mM aqueous solution
of MB for 12 h, washed with water and ethanol, and dried under a
streamof nitrogen. TheMB adsorbed (PAA-RGO/TALH)10 filmswere ex-
posed to UV light (8 W, 254 nm) with 1 cm distance for 5, 10, 20 and
30 min, washed with water and ethanol, and dried under a stream of
nitrogen.

2.9. Characterization

The surface morphologies and line profiles were obtained with an
XE-100 (Park System, Korea) by using backside gold coated cantilever.
The UV–vis spectra were recorded by a UV-2550 (Shimadzu, Japan).
Ellipsometric analysis was carried out with a L116S (Gaertner Scientific
Corportation, USA). Raman characterizationwas carried out by LabRAM
HR UV/vis/NIR (Horiba Jobin Yvon, France) using an Ar ion CW laser
(514.5 nm) as an excitation source focused through a BXFM confocal
microscope equipped with an objective lens (50×, numerical aperture
= 0.50). The average sheet resistances were obtained by the standard
4 probe method and were measured with a CMT-SR2000 (Changnam
Tech, Korea). Zeta potential was measured by zeta sizer Nano ZS90
Fig. 2. FT-IR (a), Raman (b) and UV–vis (c) spectra of GO and PAA-R
(Malvern, U.S.A.). Fourier transform infrared (FT-IR) analysis of GO
and PAA-RGO was performed with an EQUINOX55 (Bruker, Germany)
using the KBr pellet method. Thermogravimetric analysis (TGA) of GO,
PAA-RGO and thermally treated PAA-RGO was carried out with TGA S-
1000 (SCINCO, Korea).

3. Results and discussion

3.1. Synthesis and characterization of PAA-RGO

GO was synthesized by Hummers' method and characterized by
using various spectroscopies including FT-IR, Raman, UV–vis and XPS.
FT-IR spectrum of GO showed characteristic peaks from oxygen-con-
taining functional groups such as 1079 cm−1 from C\\O stretching,
1400 cm−1 from O\\H deformation, 1627 cm−1 from C_C skeletal vi-
brations of the oxidized graphitic structure, 1716 cm−1 from C_O
stretching and 3415 cm−1 fromO\\H vibrations (Fig. 2a). The observed
peaks from FT-IR spectrum of GO are well matched with our previous
report [26]. The Raman spectrum of GO showed typical D- and G-
peaks at 1344 and 1608 cm−1 corresponding to the A1g mode of sp3

and the E2g mode of sp2 carbon domains indicating formation of defects
in graphitic structure during the oxidation process [26]. The D- and G-
peak intensity ratio (D/G peak) was 0.96 (Fig. 2b) and the Raman anal-
ysis results concurred well with the previously reported value of GO
[26]. UV–Vis spectrum of GO suspension showed characteristic absorp-
tion peak at 231 nm from π-π* transition of aromatic C\\C bond (Fig.
2c). The GOwas readily dispersed in water by sonication for 1 h and an-
alyzed by atomic force microscopy (AFM). The thickness of GO sheets
was 1.05 nm which corresponded to a single layer (Fig. 2d).

For reduction of GO with introducing positive charges, GO was
reacted with PAA in the presence of KOH by ring-opening reaction of
epoxy functional groups on GO surfaces with amine functional groups
of PAA [26]. The reduction and functionalization of GO with PAA were
confirmed by FT-IR, Raman and UV–vis spectroscopy. FT-IR spectrum
of PAA-RGO showed the drastic structural changes such as weakening
of O\\H vibration, C\\O stretching and disappearing of C_O stretching
peaks. Moreover, the aliphatic C\\H vibration at 2958 cm−1 and CH3

stretching peaks at 2917 cm−1 were enlarged with appearance of
C\\N stretching at 1257 cm−1 and CH2 bending at 1452 cm−1 from co-
valent bond formation between epoxy groups of GO and primary amine
groups of PAA, and long alkyl chain backbone of PAA, respectively
GO. AFM images and line profiles of GO (d) and PAA-RGO (e).



Fig. 4. Photographs of PAA-RGO suspension at different pHvalue. This result indicated that
the PAA-RGO showed thepH-responsive dispersity because the amine groups of PAA-RGO
are reversibly protonated and deprotonated according to pH change.
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(Fig. 2a). Raman analysis of PAA-RGO also suggested the
functionalization based on the increase of D/G peak ratio from 0.96 to
1.02 (Fig. 2b). This degree of increase of D/G peak ratio was also well
matched with our previous report [25]. UV–vis spectrum of PAA-RGO
exhibited considerably red-shifted π-π* transition peak and increased
absorption in visible region compared to GO (Fig. 2c). Those analysis re-
sults are well matched with our previous report of PAA-GO synthesis
[25]. The thickness of GO sheets also increased from 1.05 to 2.82 nm
after PAA induced reduction and functionalization (Fig. 2e).

XPS analysis further confirmed the chemical composition and bond-
ing states between the elements of GO and PAA-RGO. C 1sXPS spectrum
of GO presented typical peaks fromgraphitic carbon, epoxy and hydrox-
yl, carbonyl and carboxylic groups at 284.5, 286.5, 287.7, and 288.5 eV,
respectively (Fig. 3a) [27]. This result supported the successful synthesis
of GO composed of abundant epoxy groups that are reactive sites for co-
valent functionalization of PAA. By contrast, C 1s XPS spectrum of PAA-
RGO showed appearance of C\\N bond at 285.8 eV with substantially
decreasing peak at 286.5 eV from epoxy groups (Fig. 3b). This change
clearly indicated that the PAA functionalization of GO proceeded by
epoxy-ring opening reaction [28]. N 1s XPS spectrum of PAA-RGO was
consisted of pyridinic N, secondary, primary and protonated amines at
398.4, 399.6, 400.5 and 402.1 eV (Fig. 3c) [29,30]. TheN 1s XPS spectrum
of PAA-RGO clearly revealed the bonding state of N and PAA
functionalization of GO mainly occurred by reaction between epoxy
groups of GO and primary amine groups of PAA based on the formation
of secondary amine bonds on PAA-RGO. Additionally, the C, O and N el-
emental composition of GO was significantly changed by PAA
functionalization from 59.66 to 73.33%, 39.63 to 17.27% and 0.71 to
9.39%, respectively (Fig. 3d). All those characterization results of PAA-
RGO clearly confirmed GO was reduced and functionalized by PAA
[25–31].

3.2. Fabrication of (PAA-RGO/TALH)n films

The synthesized PAA-RGO was readily dispersed in distilled water
because of abundant primary amine functional groups on its surface,
which present positive charge at neutral pH. It was supported by the
positive surface zetapotential of PAA-RGO (46.3 mV) distinct from neg-
ative surface zetapotential of GO (−40.7mV) in phosphate buffered sa-
line (PBS) at pH 7.4. The pH dependent aqueous dispersity of PAA-RGO
also supported their positive charges was originated from the primary
amine functional groups (Fig. 4) [25,28]. The PAA-RGO sheets were as-
sembled on the surface of 3-glycidoxypropyltrimethoxysilane (3-
GPTMS) treated SiO2/Si substrates by immersing the substrates in
PAA-RGO suspension (1 mg/mL) for 30 min. The PAA-RGO coated sub-
stratewas subsequently immersed in the 5%TALH solution for 30min to
induce electrostatic adsorption of TALH on the surface immobilized
Fig. 3. C 1s XPS spectra of GO (a) and PAA-RGO (b). (c) N 1s XPS spectrum
PAA-RGO films. The thickness of PAA-RGO sheets increased from 2.82
to 4.25 nm with TALH adsorption (AFM profile of (PAA-RGO/TALH)1
film in Fig. 5a). Those results indicate that PAA-RGO sheets and TALH
were successfully harnessed as a building block to construct hybrid
films by LBL assembly technique.

For the fabrication of PAA-RGO/TALH hybrid films, the 3-GPTMS
treated substrates were repeatedly immersed in PAA-RGO aqueous sus-
pension (1 mg/mL) and in 5% TALH aqueous solution up to 10 cycles.
The (PAA-RGO/TALH)1–10 films were analyzed by AFM to reveal the
changes of surface morphologies and CLA surface roughness with the
repeated LBL assembly cycles. The (PAA-RGO/TALH)1 films showed
high surface coverage with TALH adsorbed PAA-RGO sheets and the
morphologies were not significantly changed after repeated LBL assem-
bly up to 10 cycles (Fig. 5a). In contrast, the (center line average) CLA
surface roughness increased from 2.64 to 14.58 nm with 10 cycles of
LBL assembly (Fig. 5b). The growth of (PAA-RGO/TALH)1–10 films was
directly monitored by using UV–Vis spectroscopy and ellipsometry. By
repeating the LBL assembly cycles of PAA-RGO and TALH on the sub-
strates, the absorbance of (PAA-RGO/TALH)1–10 films gradually in-
creased but the increase was not linear (Fig. 5c). This result concurred
with the changes of ellipsometric thickness presenting exponentially in-
creased thickness of (PAA-RGO/TALH)1–10 with LBL assembly cycles.
After initial growth of hybrid films with thickness from 4.25 (n = 1)
to 9.75 nm (n = 6), the thickness of the hybrid films steeply increased
from 21.85 (n = 7) to 42.70 nm (n = 10) (Fig. 5d). This exponential
of PAA-RGO and (d) elemental analysis results of GO and PAA-RGO.



Fig. 5. a) AFM images of (PAA-RGO/TALH)1–10 films with AFM line profile of (PAA-RGO/TALH)1 film, where the subscript is the number of LBL assembly cycles (1−10). b) The UV
absorbance changes, c) ellipsometric thickness and d) CLA surface roughness of (PAA-RGO/TALH)1–10 thin films versus the number of LBL assembly cycles.
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growth was attributed to the formation of uniform surface charges and
linear increase of apparent surface roughness with LBL assembly cycles
(Fig. 4a, b) [7,32]. As a result, the growth rate of (PAA-RGO/TALH)n films
was accelerated after 6 cycles of LBL assembly. Those characterization
results indicate that the (PAA-RGO/TALH)n films were successfully fab-
ricatedwith controlled surface properties as a function of the number of
LBL assembly cycles.

3.3. Fabrication and characterization of (RGO/TiO2)n films

PAA-RGO sheets and TALH in (PAA-RGO/TALH)n films were further
reduced and hydrolyzed by heating at 500 °C for 2 h under N2 atmo-
sphere, respectively. Changes in chemical structure of PAA-RGO in the
thermal treatment condition were explored by TGA analysis. TGA spec-
trum of GO showedmoderate weight loss of GO around 100 °C and 225
°C was 15.9% and 36.4% from evaporation of adsorbed water and gasifi-
cation of labile oxygen-containing functional groups on GO. After PAA-
Fig. 6. (a) TGA curves of GO, PAA-GO and thermally treated PAA
functionalization of GO, the weight loss around 100 °C and 225 °C was
decreased to 6.7% and 18.0% because of PAA-functionalization induced
reduction. Moreover, the additional weight loss (22%) was observed
around 450 °C and this point was attributed to thermal degradation of
PAA (Fig. 6a). FT-IR spectrum of thermally treated PAA-RGO exhibited
the significantly decreased aliphatic C\\H stretching peaks and C\\N
bond stretching peak compared to that of PAA-RGO, which confirmed
themost of PAA in the hybrid filmswas decomposed under our thermal
treatment condition (Fig. 6b). This result concurredwell with TGA anal-
ysis because PAA of PAA-RGO was decomposed at around 450 °C. (Fig.
6a) [23]. The thermally treated (PAA-RGO/TALH)n films were called as
(RGO/TiO2)n films because the PAA was decomposed with conversion
of TALH into TiO2 under this condition. The structural changes of PAA-
RGO in (PAA-RGO/TALH)1–10 films by thermal treatment were charac-
terized by using UV–vis and Raman spectroscopies. The UV–vis spec-
trum of (PAA-RGO/TALH)10 films showed typical absorption peak at
258 nm from π-π⁎ transition of aromatic C\\C bonds (Fig. 7a). After
-GO and (b) FT-IR spectrum of thermally treated PAA-RGO.



Fig. 7. a) UV–vis and b) Raman spectra of (PAA-RGO/TALH)1 and (RGO/TiO2)1. c) Transmittance and d) average sheet resistance of (RGO/TiO2)1–10 thin films as a function of the number
LBL assembly cycles.
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thermal treatment, the absorption peak of (RGO/TiO2)10 films further
red-shifted to 261 nm by heat-induced reduction (Fig. 7a). The Raman
spectra of (PAA-RGO/TALH)10 films presented typical D- and G-peaks
at 1352 and 1602 cm−1 (Fig. 7b) [33]. The relative D/G peak intensity
ratio of (PAA-RGO/TALH)10 was 1.04, which is slight higher than that
of PAA-RGO, 1.02. This result implied that the defected structures
were partially generated in PAA-RGO by the incorporation of TiO2 pre-
cursor during LBL assembly process [12]. After thermal treatment, the
D/G peak ratio of (PAA-RGO/TALH)10 films decreased from 1.04 to
0.98 and this change indicated the defected structures of PAA-RGO
was restored during thermal treatment (Fig. 7b) [34]. The spectroscopic
analysis results suggested that (PAA-RGO/TALH)10 films were success-
fully converted into (RGO/TiO2)10 films by thermal treatment.

The transparency and electrical conductivity of (RGO/TiO2)1–10 films
were then characterized by UV–Vis spectroscopy and standard 4-probe
measurement. The transparency of (RGO/TiO2)1–10 films on quartz sub-
strates gradually decreased with repeated LBL assembly cycles from
96.0 to 34.3% at 550 nm (Fig. 7c). The average sheet resistance of
(RGO/TiO2)2–6 films on quartz substrates that was obtained from at
least five point measurements also gradually decreased from 3.0 × 107

to 1.2 × 107 Ω/sq. After 7 LBL assembly cycles, the average sheet resis-
tance of (RGO/TiO2)7–10 films dramatically decreased from 1.7 × 106

to 5.0 × 104 Ω/sq (Fig. 7d) and this decrease accorded closely with the
exponential growth of the (PAA-RGO/TALH)n films (Fig. 4). Although
the sheet resistance of (PAA-RGO/TALH)1–10 films were over the mea-
surable range because PAA-RGO were separated with the nonconduct-
ing PAA and TALH, (RGO/TiO2)2–10 films exhibited the considerable
decrease of average sheet resistance by the formation of conductive per-
colation pathway of RGO sheets by thermal decomposition of PAA and
TALH. The average sheet resistance of (RGO/TiO2)10filmswasmeasured
as 5.0 × 104Ω/sq and this value is lower than the reported value of RGO
films (1.7 × 105 Ω/sq) prepared by 10 LBL assembly cycles of RGO and
PDDA [22]. The relatively low average sheet resistance of (RGO/
TiO2)10 films compared to RGO films with intercalated PDDA suggested
that the intercalated TiO2 resulted in lower decrease of conductivity
than insulating polymer (PDDA). On the other hand, the average sheet
resistance of (RGO/TiO2)10 films was higher than that of RGO films
(8.6 × 103 Ω/sq) prepared by 10 LBL assembly cycles of RGO and
aminated RGO by ethylenediamine (EDA), which indicated the interca-
lated TiO2 lead to higher decrease of conductivity than small organic
molecules (EDA) [19]. Based on the comparison, it was confirmed that
the prepared (RGO/TiO2)10 films showed comparable electrical conduc-
tivity to the literature values of multilayered RGO films prepared by LBL
assembly.

3.4. UV resistant property of (RGO/TiO2)10 films

For examination of the origin of UV resistance property, (PAA-RGO/
PSS)10 films were prepared by LBL assembly of PAA-RGO and PSS as a
control group. Since PSS possesses permanent negative charge, PAA-
RGO and PSS were alternately deposited on the substrates by LBL as-
sembly and the successive deposition process was monitored by UV–
Vis spectroscopy (Fig. 8). Then, the (RGO/TiO2)10 and (PAA-RGO/
PSS)10 films were exposed to UV light (8 W, 254 nm) for 5, 10, 20 and
30 min and analyzed by using UV–Vis spectroscopy to reveal UV in-
duced structural changes. The initial π-π* transition peak of (RGO/
TiO2)10 film was observed at 261 nm and this peak was not affected
by UV exposure up to 30 min (Fig. 9a). This result implied that the
RGO in (RGO/TALH)10 films was protected from UV induced oxidation
that generally occurs when graphene derivatives were exposed to UV
light [35]. The (PAA-RGO/PSS)10 films were exposed to UV light for 5,
10, 20 and 30min and analyzed. The initial π-π* transition peakwas ob-
served at 262 nmand gradually blue-shifted to 257 nmduring UV expo-
sure up to 30 min (Fig. 9b). This change implied that the sp2 carbon
domains in (PAA-RGO/PSS)10 film was damaged by UV exposure (Fig.
9c) [36]. This control experiment confirmed that the UV resistant prop-
erty of (RGO/TiO2)10 film was derived from the incorporated TiO2.

The average sheet resistance of UV exposed (RGO/TiO2)10 and (PAA-
RGO/PSS)10 films was then analyzed to investigate the effect of UV ex-
posure on their electrical conductivity. The initial average sheet resis-
tance of (RGO/TiO2)10 film was around 5.0 × 104 Ω/sq and this value
significantly decreased to 2.0 × 104 Ω/sq after UV exposure for 30 min
(Fig. 9d). The decrease of average sheet resistance was attributed to
the further reduction of RGO induced by photoelectron transfer from
TiO2 [12]. Importantly, (RGO/TiO2)10 films exhibited 2.5 fold decrease
of the average sheet resistance after 30 min UV exposure and this



Fig. 8. (a) UV–vis spectra and (b) absorbance at 225 nm of (PAA-RGO/PSS)1–10 films versus the number of LBL assembly cycles. The linear increase of absorbance at 225 nm clearly
confirmed the successful fabrication of (PAA-RGO/PSS)1–10 films by LBL assembly cycles.
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decrease is considerably higher than our previous report onUV resistant
conductive RGO/TiO2 bi-layered nanohybrid films which showed 1.7
fold decrease of average sheet resistance from 1.0 × 106 to 6.0 × 105

even after 60 min UV exposure [12]. The sharp decrease of average
sheet resistance from (RGO/TiO2)10 films can be attributed to the high
interfacing area between RGO and TiO2 based on their alternating struc-
tures prepared by LBL assembly. On the other hand, the average sheet
resistance of (PAA-RGO/PSS)10 films substantially increased from 5.0
× 104 to 7.5 × 104 Ω/sq after UV exposure for 30 min (Fig. 8d). The in-
creased sheet resistance is in accordance with the typical response of
graphene derivatives by UV induced formation of defected structures.
Therefore, UV resistant conductive property of (RGO/TiO2)10 film was
successfully confirmed with their stable structure and average sheet
resistance.

3.5. Self-cleaning property of (RGO/TiO2)10 films

The photocatalytic decomposition of MB on (RGO/TiO2)10 films was
examined to demonstrate its self-cleaning property. (RGO/TiO2)10 films
were immersed in 1 mM aqueous solution of MB. After incubation, the
new absorption bands appeared around 552 nm and 705 nm on
Fig. 9. a) UV–vis spectra of (RGO/TiO2)10 and (PAA-RGO/PSS) b) films with UV exposure time.
changes of average sheet resistance of (RGO/TiO2)10 and (PAA-RGO/PSS)10 films after 30 mi
transition peak position of (RGO/TiO2)10 and (PAA-RGO/PSS).
(RGO/TiO2)10 films by the adsorption of MB molecules. Then, the
(RGO/TiO2)10 films were exposed to UV light (8 W, 254 nm) for
30 min and the absorption of MB completely disappeared with UV ex-
posure time (Fig. 10). This result clearly signified that the (RGO/
TiO2)10 films possess the competitive photocatalytic self-cleaning prop-
erty with the previously reported RGO/TiO2 hybrid films prepared by
spin-coating of RGO and TALH mixture and followed by thermal treat-
ment at 400° [37].

4. Conclusion

We developed an simple, efficient and controllable fabrication strate-
gy of (RGO/TiO2)n films by using LBL assembly technique. The thickness
and CLA surface roughness of (PAA-RGO/TALH)n films were well con-
trolled by simply repeating the LBL assembly cycles of PAA-RGO and
TALH. By thermal treatment, the (PAA-RGO/TALH)n films were success-
fully converted into (RGO/TiO2)n filmswith recovery of electrical conduc-
tivity. The transparency and average sheet resistance of (RGO/TiO2)nfilms
were also dependent on the number of LBL assembly cycles. Importantly,
the (RGO/TiO2)10 films presented higher electrical conductivity than LBL
assembled films of RGO and cationic polymer, UV resistance than
c) The changes of π-π* transition peak position as a function of UV exposure time. d) The
n exposure to UV light. The insets of panels a and b clearly showed the changes of π-π*



Fig. 10. a) UV–vis spectra of MB adsorbed (RGO/TiO2)10 films with UV exposure time. b) The changes of MB absorbance on (RGO/TiO2)10 films as a function of UV exposure time.
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bi-layered RGO/TiO2 nanohybrid films prepared by incorporation of TiO2

nanoparticles on RGOfilms, and competitive self-cleaning property to the
randomly hybridized RGO/TiO2 films prepared by spin-coating and
followed by thermal treatment of RGO and TALH. The present fabrication
strategy of (RGO/TALH)n films is simple, cost-effective and reproducible
with the controllable multifunctional properties. We believe that the
present LBL assembly approach will provide a useful route to fabricate
(RGO/TiO2)n nanohybrid films on a solid substrate for various applica-
tions such as photocatalysis, photoelectrochemistry, DSSC, self-cleaning
coating and photochemical synthesis of metal nanostructures.
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