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Abstract: We successfully constructed TiO,-pillared multilayer graphene nanocomposites (T-MLGs) via a facile method as follows: dodeca-
nediamine pre-pillaring, ion exchange (Ti*" pillaring), and interlayer in-situ formation of TiO, by hydrothermal method. TiO, nanoparticles
were distributed uniformly on the graphene interlayer. The special structure combined the advantages of graphene and TiO, nanoparticles. As a
result, T-MLGs with 64.3wt% TiO, showed the optimum photodegradation rate and adsorption capabilities toward ciprofloxacin. The photo-
degradation rate of T-MLGs with 64.3wt% TiO, was 78% under light-emitting diode light irradiation for 150 min. Meanwhile, the pseudo-
first-order rate constant of T-MLGs with 64.3wt% TiO, was 3.89 times than that of pristine TiO,. The composites also exhibited high stability
and reusability after five consecutive photocatalytic tests. This work provides a facile method to synthesize semiconductor-pillared graphene
nanocomposites by replacing TiO, nanoparticles with other nanoparticles and a feasible means for sustainable utilization of photocatalysts in

wastewater control.
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1. Introduction

Ciprofloxacin (CIP), a synthetic third-generation
fluoroquinolone antibiotic, has widely been used for the effi-
cient treatment of a number of bacterial infections [1].
However, the bio- and photo-degradation of CIP are difficult
[2]. Hence, the investigation of the photocatalytic degrada-
tion of CIP by solar energy as a potential way to solve water
pollution has attracted extensive research attention [3—§].

TiO, is the most widely studied and used as a photocata-
lyst in commercial applications because of its advantages
[9-10]. However, the wide band gap and high photoelectron—
hole recombination probability hinder the improvement of
the photocatalytic performance of TiO, [11]. Strategies, in-
cluding doping, nanostructuring, surface modification, and
heterojunction construction, have been proposed to enhance
the semiconductor properties of TiO, [7,12—16]. Graphene
possesses a large specific surface area, excellent conduction,
and chemical stability [17], resulting in good electron trans-
fer and electron holding capacity. When TiO, combines with
graphene, the photocatalytic activity of graphene-TiO, com-
positions is higher compared with pure TiO, [18-21] be-
cause of the effective charge transfer. Graphene—TiO, nano-
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composites can be used not only in photocatalysis but also in
dye-sensitized solar cells, ultraviolet photodetectors, and su-
percapacitors [22—26]. In addition, the good performances of
these nanocomposites require a high interfacial contact
[27-30] between graphene and TiO,, which is the key to im-
prove electron transfer and reducing electron—hole recom-
bination, especially for photocatalysts [31]. TiO, nano-
particles anchoring onto graphene sheets by chemical inter-
action has been verified by a significantly enhanced pho-
tocatalytic activity [32].

To date, TiO, is usually loaded on the surface of multilay-
er or single-layer graphene in TiO,-graphene nanocompos-
ites [23-24,26,33—37]. Graphene-TiO, nanocomposite pho-
tocatalytic degradation rates differ, as will be compared later.
To the best of our knowledge, TiO,-pillared multilayer
graphene nanocomposites (T-MLGs), which are formed
through the insertion of TiO, nanoparticles into the interlayer
spacing of multilayer graphene, have rarely been reported.
Their special structure (pillared structure) can improve the
photocatalytic efficiency by reducing photoelectron—hole re-
combination probability, which was verified by intercalating
TiO, into the interlayer regions of layered materials, e.g.,
HTaWOy and K,Ti,0s [16,38]. Therefore, to enhance the
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photocatalytic activity of TiO,, we synthesized T-MLGs via a
facile method as follows: dodecanediamine pre-pillaring, ion
exchange (Ti*" pillaring), and interlayer in-situ formation of
TiO, by hydrothermal method. The preparation and pho-
tocatalytic activity for CIP degradation of T-MLGs were in-
vestigated in detail in this work.

2. Experimental
2.1. Synthesis of photocatalyst

All chemicals were of analytical reagent grade and used as
received without any further purification.
2.1.1. Dodecanediamine pre-pillared graphene oxide inter-
mediate

Dodecanediamine pre-pillared graphene oxide (GO) was
prepared by Margarita’s method [39]. First, 100 mg GO was
dispersed in 16.5 mL deionized water via ultrasonication.
Then, 4.16 mmol 1,12-dodecanediamine was dissolved in
17.5 mL ethanol, and the mixture was added dropwise to GO
suspension under continuous stirring at room temperature for
at least 48 h. Then, GO/dodecanediamine was centrifuged,
washed with deionized water and absolute ethanol for sever-
al times, and dried at 80°C for 24 h. Finally, dodecanediam-
ine pre-pillared GO was prepared successfully. GO with
thickness of 0.8—1.2 nm was purchased from Nanjing Xian-
Feng Nanomaterials Technology Co. Ltd., China.
2.1.2. Ton exchange (Ti*" pillaring)

e L
OH = OH

NH,~(C,H,,)-NH,

NH~(CiHa)-N

o

T

GO/dodecanediamine

L

Ton exchange

OH Titanium sol at pH = 4-5
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The TiO, sol was prepared before the Ti*" exchange with
dodecanediamine, which was prepared in accordance with
the previously procedure reported by Chen et al. [40]. TiO,
sol was adjusted to pH of 4-5 by 0.1 M ammonia solution.
Then, the dodecanediamine pre-pillared GO was scattered
dropwise into mixture mentioned above under magnetic stir-
ring for 24 h to complete the Ti*" exchange with dodecane-
diamine. After filtering, washing, and drying at 65°C for 24
h, the precursor powder was obtained.

2.1.3. Interlayer in-situ formation of TiO, by hydrothermal
method

First, the precursor powder was dispersed in 30 mL deion-
ized water via ultrasonication. Then, the mixed solution was
transferred to a 50 mL Teflon-lined autoclave and reacted at
200°C for 4 h and cooled to 25°C naturally. Afterward, the
precipitates were centrifuged, washed with deionized water
and absolute ethanol until the filtrate was neutral, and dried at
80°C for 4 h. Finally, the T-MLGs were prepared success-
fully.

By controlling the amount of TiO, sol, T-MLGs with dif-
ferent TiO, weight percentages of 10.4wt%, 64.3wt%, and
94.1wt% were obtained and denoted as T-MLG-10.4, T-
MLG-64.3, and T-MLG-94.1, respectively. TiO, as a control
was prepared in the same experiment condition by hydro-
thermal method.

Fig. 1 illustrates the preparation process of T-MLGs.

Hydrothermal

—_—

SRR LAY

Titanium sol T-MLGs

Fig.1. Schematic diagram for synthesis process of T-MLGs.

2.2. Characterization

The crystal structures were analyzed by X-ray diffraction
(XRD, D/MAX2500PC Rigaku, Cu K,). The surface mor-
phologies were investigated by scanning electron micro-
scopy (SEM, Hitachi S-4800) and high-resolution transmis-
sion electron microscopy (HRTEM, JEM-2010). Raman
spectrum was detected by DXR laser Raman spectroscopy.
Fourier transform infrared spectra (FTIR) were measured on
a Nicolet 470 FT-IR spectrometer. The photoluminescence
(PL) spectra were obtained using a fluorescence spectromet-
er (PE, LS-S5). The excitation wavelength was 380 nm.

2.3. Photocatalytic degradation of the CIP solution

A total of 20 mg TiO, or 20 mg T-MLGs were dispersed
in 40 mL CIP aqueous solution (15 mg/L). First, the mix-
tures were magnetically stirred for 30 min in the dark to es-
tablish the adsorption—desorption equilibrium of CIP on the

sample surface. A 5 W light-emitting diode (LED) lamp
(white light, wavelength A > 420 nm) was employed as the
light source. The CIP solution (3 mL) was extracted and
centrifuged at a rate of 8000 r/min for 2 min every 30 min.
The concentration change of CIP was determined using the
spectrophotometric method (CE3021, Shanghai Precision &
Scientific Instrument Co. Ltd., China) at 276 nm.

C—-C,

Degradation rate = % 100% 1)

0
where C, and C, are the concentrations of the initial CIP and
CIP after ¢ min irradiation, respectively.

3. Results and discussion
Fig. 2 shows the XRD patterns of GO, GO/dodecane-

diamine, GO/TiO, precursor, and T-MLGs with different
TiO, contents. Compared with GO, the (001) peaks of
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GO/dodecanediamine and GO/TiO, precursor shifted toward
lower angles (from 11.1° to 7.3° and 11.1° to 7.67°, respect-
ively), indicating the enlargement of interplanar distance as
shown in Fig. 2(a). The large interplanar distance indicated
that dodecanediamine or TiO, sol had intercalated into the
lamellar GO sheets [41]. Fig. 2(b) shows the XRD patterns of
T-MLG-10.4, T-MLG-64.3, T-MLG-94.1, and pure TiO,.
All samples showed a similar crystal structure, suggesting the
formation of T-MLG nanocomposites after 200°C hydro-
thermal treatment. The intensity of the diffraction peaks in-
creased as the TiO, content increased. The diffraction pat-
terns had five broad peaks at 25.3°, 37.8°, 48.0°, 54.0°, and
62.7°, corresponding to the (101), (004), (200), (211), and
(204) planes of TiO,(JCPDS No. 21-1272), respectively.

GO/TiO, precursor

(001)

" GO/dodecanediamine

Intensity / a.u.

5 10 15 20 25 30
20/ (°)

However, no typical peak of graphene was observed in
T-MLGs by XRD. Raman scattering was performed to con-
firm the existence of graphene in the nanocomposites.

As shown in Fig. 3(a), the Raman characteristic peaks at
160, 409, 531, and 654 cm ™', which belong to TiO,, were ob-
served in all T-MLGs, thus confirming the existence of TiO,
and consistent with the observation from the XRD in
Fig. 2(b) [20]. Furthermore, two main peaks were observed at
1363 (peak D) and 1612 (peak G) cm™' for all T-MLG
samples, signifying the existence of graphene in T-MLGs.
The intensity of graphene significantly decreased as the TiO,
content increased (Fig. 3(a)). The reason may be the replace-
ment of the graphene surface by TiO, nanoparticles [42].

Intensity / a.u.

20 30 40 50 60 70
201/ (%)

Fig.2. XRD patterns of (a) GO, GO/dodecanediamine, and GO/TiO, precusor and (b) T-MLGs with different TiO, contents.

(@) AN
2z ||| T-MLG-10.4
g1 |
E [V e Nt
2 300 600 900
; D G Raman shift / cm™
i . AA T-MLG-10.4
N R ) T-MLG-64.3
LA s T-MLG-94.1
1TiO, Raman characteristic peaks Tio
2
BT v i i bt ;
0 1000 2000 3000

Raman shift / cm™

(b

Transmittance

. . . . . 4
3000 2500 2000 1500 1000 500
Wavenumber / cm™

4000 3500

Fig. 3. Raman spectra of (a) pure TiO, and T-MLGs; (b) FTIR spectra of GO, T-MLG-64.3 and pure TiO,. Inset in (a) shows par-

tial enlarged drawing of T-MLG-10.4.

Although the existence of graphene and TiO, has been
confirmed by Raman spectra, the connection between TiO,
and graphene should be studied further by FTIR spectra.
Fig. 3(b) displays the FTIR spectra of GO, T-MLG-64.3, and
TiO,. The absorption bands at 3401, 1622, and 1371 cm™' in
GO and T-MLG-64.3 indicated the presence of O—H stretch-
ing vibrations, skeletal ring vibrations of C=C, and tertiary
C—OH groups [43], respectively. The absorption bands at
1722 and 1049 cm™' showed the C=0 and C-O stretching vi-
brations of COOH groups, respectively. However, both ad-

sorption bands disappeared on T-MLG-64.3, indicating the
reduction of GO after hydrothermal treatment [44—46].
Meanwhile, the peaks at 3423, 1629, and 461 cm™" in TiO,
nanoparticles and T-MLGs corresponded to the stretching
and bending vibrations of OH and Ti—O stretching mode,
respectively. TiO, nanoparticles evidently existed in the T-
MLGs. The broad absorption at 461 cm™ in T-MLG-64.3
was considerably plumper than that in TiO,, and this result
was ascribed to the formation of Ti—O—C vibration in T-
MLG-64.3 [44]. The presence of Ti—~O—C bonds indicated the
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chemical interaction between TiO, and graphene [47].

Figs. 4(a)4(c) show the SEM micrographs of T-MLG-
10.4, T-MLG-64.3, and T-MLG-94.1, respectively. T-MLGs
with low TiO, content exhibited a plate-like morphology
(Fig. 4(a)). With the increase in TiO, content, TiO, uni-
formly decorated and existed on the interlayer of graphene
with high density (Figs. 4(b) and 4(c)). Moreover, the alveol-
ate morphology of T-MLGs may be mainly attributed to the
dehydroxylation and dehydration of TiO, gel precursor to ox-
ide pillars after hydrothermal treatment [48]. The morpho-
logy of T-MLG-64.3 was further investigated by transmis-
sion electron microscopy (TEM). As shown in Figs. 4(d) and
4(e), TiO, nanoparticles were embedded in the graphene
sheets. The HRTEM image of T-MLGs in Fig. 4(f) demon-
strated that the TiO,-pillared structure was obtained success-
fully. The evidence was the enlarged interplanar distance of

SEM T-MLG-10:4 ™

5

SEM T-MLG-64.3

SEM T-MLG-94.1

2 um
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graphene sheets from 0.34 to 0.516 nm (inset in Fig. 4(f)).

T-MLGs were prepared successfully via a facile method
as follows: dodecanediamine pre-pillaring, ion exchange
(Ti*" pillaring), and interlayer in-situ formation of TiO, by
hydrothermal method based on the above analysis.

The photocatalytic degradation of CIP (natural pH of 5.8)
with 0.5 g/L photocatalysts was carried out in accordance
with the preliminary experiment [49]. The adsorption prop-
erty is an important factor affecting the photocatalytic per-
formance. As shown in Fig. 5(a), the adsorption capacity of
photocatalysts toward CIP after dark stirring for 30 min fol-
lowed the order: T-MLG-64.3 > T-MLG-10.4 > T-MLG-
94.1 > TiO,. T-MLG-64.3 exhibited the best adsorption
property. A blank without photocatalyst was also prepared
under the same conditions to eliminate the effect of photolys-
is. Self-degradation rate was 3% after 150 min due to negli-

TEM T-MLG-64.3

Fig. 4. SEM micrographs of (a) T-MLG-10.4, (b) T-MLG-64.3, and (c) T-MLG-94.1; (d)~(f) TEM images of T-MLG-64.3. Inset in

(f) shows partial enlarged drawing.
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gible photooxygenation reactions in the presence of molecu-
lar oxygen (Fig. 5(b)) [50]. To verify the enhanced pho-
tocatalytic performance of T-MLG-64.3, we performed com-
parative experiment for the degradation of CIP by using pure
TiO, under the same conditions. The degradation efficiency
of T-MLG-64.3 reached 78%, which was notably better than
that of pure TiO, (42%) (Fig. 5(b)). Fig. 5(c) shows the pho-
tocatalytic degradation of CIP kinetics and the fitting results,
which followed pseudo-first-order kinetics. The apparent re-
action rate constant of T-MLG-64.3 was as much as 3.89
times than that of pure TiO,. Five cycles of the photocatalyt-
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0 Q) _
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R k=-0.00213
o1 R2=0.99111
o 0.6
=1
—0.9 = Blank
T-MLG-64.3 k=-0.00829
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Fig. 5.
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ic experiments were conducted to examine the photostability
and structure stability of T-MLGs, and one cycle lasted for
150 min. Fig. 5(d) offered the evidence that pillared structure
nanocomposites are reusable and stable in recycling pho-
tocatalytic degradation experiments. After each cycle, the
photocatalyst was washed and centrifuged for several times
and finally irradiated under simulated sunlight for 60 min to
ensure that the CIP molecules were removed completely. For
comparison, the degradation rates of different organic pollut-
ants over different kinds of graphene/TiO, composites and
TiO, are listed in Table 1.
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(a) Adsorption of CIP in presence of different photocatalysts; (b) photocatalytic degradation of CIP; (c) pseudo-first order

kinetics curves of the photocatalytic degradation of CIP (k—Apparent reaction rate constant; R*—Coefficient of determination);
(d) photo-degradation rates of CIP after repeated cycles (irradiation time of 150 min).

Table 1.

Photocatalytic properties of graphene/TiO, composites in comparison with pure TiO,

Graphene content in

Degradation rate of pollutant / %

Organic pollutant Irradiation system graphene/TiO, composite ~ Graphene/TiO, composite Pure TiO, Ref.
Methylene blue  Sunlight 8wt% 98.67 (45 min) 52 (2 h) [51]
Ciprofloxacin Sunlight 8wt% 96.73 (60 min) 65.52 (60 min) [51]
Rhodamine-B Solar light 0.09 g 98 (60 min) 42 (60 min) [18]
Methylene blue ~ UV lamp (1 = 365 nm) 0.01g ~97 (150 min) ~58 (150 min) [32]
Methylene blue ~ LED lamp (4 > 420 nm) 0.01g ~67 (150 min) ~58 (150 min) [32]
Methylene blue UV lamp T5wt% ~61 (70 min) ~35 (70 min) [52]
Ciprofloxacin LED lamp (A > 420 nm) 35.7wt% 78 (150 min) 42 (150 min) This work
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The PL spectroscopy intensity of T-MLG-64.3 was lower
than that of pure TiO, (Fig. 6). A high PL intensity indicates
the easy recombination of electrons and holes [49,53]. Thus,
when TiO, intercalated into the interlayer of graphene to
form a TiO,-pillared structure, graphene instantly accepted
the photoinduced electron to reduce the recombination of
electrons and holes and boost the electron—hole separation in
TiO,.

350 ¢

315¢
3
< 280
2z
a .
2 245} Ti0,

210 ¢

T-MLG-64.3
420 440 460 480 500
Wavelength / nm

Fig. 6. PL spectra of pure TiO, and T-MLG-64.3 (excitation:
380 nm).

The active species capture experiment was conducted in
this study to determine the active species that play the main
role in the photocatalytic process of CIP degradation. 1
mmol-L™" isopropyl alcohol (IPA), 1 mmo-L™" triethanolam-
ine (TEOA), and 0.1 mmol-L ™" benzoquinone (BQ) were ad-
ded as scavengers for hydroxyl radical (-OH), hole (h"), and
superoxide radical (-O5) to CIP solution in the presence of T-
MLG-64.3 photocatalyst, respectively. Other experimental
conditions were the same as given for the photocatalytic de-
gradation of CIP. Fig. 7 shows the different degradation rates
after adding scavengers and the significant role of active spe-
cies during photocatalysis. The degradation rates of CIP de-
creased from 78% of the blank to 63.8%, 16.9%, and 33.8%
with IPA, TEOA, and BQ, respectively. Therefore, the hole
provided the greatest contribution to CIP decomposition, fol-
lowed by superoxide radical and then hydroxyl radical. The
major photocatalytic process for CIP degradation using T-
MLG-64.3 was proposed with the following reactions

2.

T-MLGs + hv — h*(TiO,) + e~ (graphene) 2
e +0, > -0; 3)
.0; +H* - -O0H 4)
2-00H — 0, + H,0, 5)
H,0, +e” — -OH+OH" (6)
h*+OH™ — -OH 7)
‘OH + CIP — Products ®)
h* + CIP — Products )
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Fig. 7. Photocatalytic degradation rates of CIP for T-MLG-

64.3 at presence of different scavengers after 150 min irradi-
ation.

4. Conclusion

In summary, we constructed a new pillared structure of T-
MLGs via a facile method as follows: dodecanediamine pre-
pillaring, ion exchange (Ti*" pillaring), and interlayer in-situ
formation of TiO, by hydrothermal method. We proved
through various testing means that TiO, nanoparticles had in-
tercalated into the interlayer of graphene to form a TiO,-
pillared structure. T-MLG with 64.3wt% TiO, showed the
optimum photodegradation rate and adsorption capabilities
toward CIP. The photodegradation rate of T-MLG with
64.3wt% TiO, was 78% under LED light irradiation for 150
min. Meanwhile, the pseudo-first-order rate constant of T-
MLG with 64.3wt% TiO, was 3.89 times that of pristine
TiO,. Such result was mainly attributed to the special struc-
ture with enhanced photoinduced electron—hole separation in
TiO,. Furthermore, the material exhibited high stability and
reusability after five consecutive photocatalytic tests. The
hole and superoxide radical were determined as the main
contributors of CIP degradation. This work provides a facile
method to synthesize semiconductor-pillared graphene nano-
composites by replacing TiO, nanoparticles with other nano-
particles and a feasible technical for the sustainable utiliza-
tion of photocatalysts in wastewater control.
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