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HIGHLIGHTS

® A novel ternary pearlescent composite
is fabricated to photodegrade VOCs.

® MT@rGO-0.1 composite shows en-
hanced photocatalytic activity and
stability.

® Superoxide radicals (‘O,) play a
major role in the photodegradation.

® The composite is expected to apply as
car paint additive to purify air.
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GRAPHIC ABSTRACT

The novel MT@rGO composite has significantly enhanced photocatalytic degradation performance and unique
silver sparkling luster effect.
The MT@rGO pearlescent pigment composite is expected to coat on the surface of automobile to purify air.

ABSTRACT

The photocatalytic application of TiO, is limited due to low light harvesting abilities in the whole solar spectrum
and fast recombination of the photoinduced electron-hole pairs. Herein, we report a TiO,-based ternary com-
posite photocatalyst (MT@rGO-x; x = 0.05-0.2) with a pearlescent color effect, which incorporates a mica
reflection core and a rGO multifunctional shell as cocatalysts. The micro flake composites were synthesized by a
facile precipitation route and applied first to photodegrade gaseous acetaldehyde. MT@rGO-0.1 composite has
optimal performance, which is 2.5 times photodegradation efficiency and 3 times CO, mineralization efficiency
higher than those of pure TiO,. The enhanced photocatalytic performance of MT@rGO composite is associated
with effectively improved light harvesting of TiO, by mica reflection. The presence of rGO facilitates the se-
paration of electron-hole pairs and pollutant absorption. In addition, the superoxide radical was proved as the
decisive active species for the photodegradation of acetaldehyde by electron spin resonance analyses and radical
quenching tests. Our MT@rGO photocatalyst is expected to be applied as a functional and decorative additive of
car paint, which is subject to photodegradation due to air pollutants.
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1. Introduction

Low boiling point volatile organic compounds (VOCs), such as
acetaldehyde in indoor and outdoor air, contribute to atmospheric
pollution and cause serious health problems in humans [1-4]. To solve
this problem, several air purification techniques have been proposed
[5,6]. The photodegradation of VOCs is considered as a promising so-
lution, which utilizes light harvesting in the solar spectrum by a pho-
tocatalyst [7,8]. One of the most researched semiconductor photo-
catalysts, anatase TiO,, is preferred owing to its abundance,
nontoxicity, and stability [9,10]. However, anatase TiO, with a wide
bandgap of 3.2 eV suffers from limited light harvesting and fast re-
combination of photogenerated electron-hole pairs [11,12]. Therefore,
many attempts have been reported to overcome these shortcomings,
including doping [13,14], modification of surface chemical states by
depositing cocatalysts [15], formation of heterojunctions by semi-
conductors hybridizing [16], and morphology manipulations [17].

Recently, reduced graphene oxide (rGO) with a large surface area,
excellent optical properties and high conductivity has been widely
studied to enhance the photocatalytic performance of TiO, [18,19]. For
instance, Yue et al. deposited TiO, onto the surface of graphene to form
a 2D-2D microporous structure composite. The degradation efficiency
of toluene increased by a factor of 1.4, which was attributed to the
improvement of the adsorption capacity and separation efficiency [20].
In our previous work, a rGO-TiO, binary nanocomposite was fabricated
to enhance the degradation of gaseous acetaldehyde and o-xylene by
increasing adsorption of VOCs and prolonging the charge carrier life-
time of TiO, [21]. Furthermore, beyond binary composites, ternary
rGO-TiO, hybrid composites are expected to provide insight into novel
3D nanoarchitectures with enhanced photocatalytic properties [22,23].
Zhang et al. fabricated the ternary hybrids of CdS/rGO/TiO- to selec-
tively oxidize alcohols to corresponding aldehydes with enhanced
visible light harvesting [24]. Wu et al. prepared g-C3N4/rGO/TiO,
ternary heterojunctions with four times higher photodegradation of
methylene blue under simulated solar light irradiation, which was as-
cribed to the promoted separation and transfer of charge carriers [25].
In brief, the enhanced photocatalytic activity of rGO-based photo-
catalysts is associated with longer lifetime of the photogenerated elec-
tron-hole pairs, a faster rate of charge transfer, and improved pollutant
capture [26,27].

The photocatalytic performance of composites could also benefit
from increased light harvesting by introducing a reflection center.
However, this has not received much attention. Mica with a stoichio-
metric formula KAl,(AlSi3010)(OH), has high reflectivity and is widely
applied as a paint additive [28,29]. Moreover, with increasing thick-
ness, mica has a wide bandgap from 2.5 eV to 7.85 eV [30]. Thus, mica
could be expected to serve as a reflection center and cocatalyst.

Given the relationship between the structure fabrication and pho-
tocatalytic activity of a photocatalyst, we propose a novel tripartite-
structure mica-titania@reduced graphene oxide (MT@rGO) composite
for the degradation of flowing gaseous acetaldehyde. Mica serves as a
reflection center to increase the light harvesting of TiO, nanoparticles
(NPs). The wrapped rGO outer layer is used to adsorb more pollutants
and facilitate electron-hole pair separation. The structure-active re-
lationship of MT@rGO composite is confirmed by the increased acet-
aldehyde photodegradation efficiency and CO, mineralization activity.
Moreover, the high performance of MT@rGO composite with a pear-
lescent effect is anticipated to find application in car paint as a func-
tional and decorative additive.

2. Experimental
2.1. Materials and reagents

Mica was supplied by Hangzhou Forward Fine Chemicals Co., Ltd.,
China, and its particle size distribution ranged from 10 to 60 pm.
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Acetaldehyde gas (1000 ppm) was purchased from Shanghai
Weichuang Standard Gas Analytical Technology Co., Ltd. Graphite
flakes were bought from Alfa Aesar (325 mesh). Zinc powder
(D50 < 50 pm) was obtained from Aladdin Reagent Co., Ltd., and 5,5-
dimethyl-1-pyrroline N-oxide (> 99%) was purchased from DOJINDO
Laboratories. All other chemicals and solvents were purchased from
Shanghai Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and
used without further purification.

2.2. Synthesis

The mica-titania@reduced graphene oxide (MT@rGO) composites
were synthesized according to our previous work with some modifica-
tions [31]. First, 2 M TiCly aqueous solution was hydrolyzed on the
surface of mica flakes to synthesize MT. For comparison, as-prepared
TiO, nanoparticles were synthesized by the same procedure without
mica. Second, MT powder and GO nanosheets were separately dis-
persed in HCI solution (pH = 4). The different volumes of GO solution
were dropwise added into the MT suspension to obtain MT@GO com-
posites under stirring. The samples were denoted with different added
amounts of GO in MT@GO composites as MT@GO-x (0.05-0.2 wt%).
Finally, 50 mg of zinc powder was used to reduce the 1.0 g MT@GO
composite in 10 mL of HCI solution (35 wt%). The excess HCI ensured
complete dissolution of the zinc. The as-prepared MT@rGO-x
(x = 0.05-0.2 wt%) composites were obtained after filtration, washing
and drying.

2.3. Characterization

X-ray diffraction (XRD, BRUKER AXS GmbH, Germany) with Cu Ka
radiation of wavelength A = 0.154 nm was used for the crystalline
phase analysis. A field emission scanning electron microscope
(Magellan 400 FEI) with an operating voltage of 10 kV was employed to
investigate the surface and cross-sectional morphology of the compo-
sites. The electric resistivity was measured on a semiconductor volume
resistivity measuring instrument (ST2722, Suzhou Jingge Electronic Co.
LTD) at 9.8 MPa. Raman spectra were collected by a DXR Raman
Microscope (Thermo Fisher Scientific) using a laser with an excitation
wavelength of 532 nm at 7 mW of laser power. X-ray photoelectron
spectroscopy (XPS) analysis was conducted using a twin anode gun, Mg
Ka (1253.6 eV) (Microlab 310F Scanning Auger Microprobe, VG
Scientific Ltd). A Perkin-Elmer Lambda 950 spectrometer with an in-
tegrating sphere was applied to record the UV-vis diffuse reflectance
spectroscopy and colorimetric values of the Commission Internationale
de I’Eclairage (CIE) 1976 L*a*b* of the synthesized powder. The pho-
tocurrent response and electrochemical impedance spectroscopy of the
as-prepared samples were evaluated using a CHI660D electrochemical
workstation in a conventional three-electrode quartz cell. The photo-
luminescence spectra (PL, Hitachi F-4600) were acquired with an ex-
cited wavelength of 280 nm. The Brunauer-Emmett-Teller specific
surface area (Sgpt) of the sample was analyzed by a Micromeritics ASAP
3000 nitrogen adsorption apparatus. All samples were degassed at
120 °C for 24 h prior to nitrogen adsorption measurements. The elec-
tron spin resonance (ESR) signal of active radicals trapped by DMPO
was recorded on a JES-FA200 spectrometer.

2.4. Photocatalytic experiments

The photodegradation of acetaldehyde was carried out in a real-
time gas chromatograph monitoring system (Fig. 1). A 120 mL cuboid
quartz vessel as a reaction chamber was coupled with a 400 W xenon
lamp (CEL-WLAX500, Beijing Zhongjiao Jinyuan Technology Co., Ltd).
The concentration of acetaldehyde was monitored by gas chromato-
graphy (GC-7920) at 5 min intervals. The experimental process is
shown as follows: 0.1 g of sample was dispersed in 2 mL of ethanol
solution and uniformly drop-casted on a 15 cm (L) X 7.5 cm (W) x 3
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Fig. 1. Real-time gas chromatograph monitoring system.

(H) mm glass plate. After drying, the glass plate was sealed in the
vessel. With an 8 sccm flowrate of 500 ppm acetaldehyde, the ad-
sorption—desorption equilibrium of the sample was obtained and then
xenon lamp irradiated. The removal rate () of acetaldehyde was cal-
culated asy = (1 — C%) X 100%, where C, is the initial concentration
and C is the time-dependent concentration of acetaldehyde after irra-
diation. The cyclic experiment was carried out under the same proce-
dure, and the time interval between two cycles was 3 days.

3. Results and discussion
3.1. Phase structure and morphology

The phase structures of as-prepared TiO, NPs, mica, MT and MT@
rGO-x (x = 0.05-0.2) composites were studied by XRD as shown in
Fig. 2. The XRD peaks at 20 = 25.60° correspond to the (1 0 1) plane of
anatase TiO, (JCPDS no. 21-1272). The four sharp peaks of MT ap-
pearing at 17.62, 26.52, 35.08, and 45.43° are attributed to the peaks of
muscovite (JCPDS no. 76-929), which is similar MT@rGO-x
(x = 0.05-0.2) composites. Thus, anatase TiO, and mica stably existed
in the ternary composite during the preparation process without phase
transformation. Nevertheless, the absence of typical rGO peaks at 20
angles of 10.9° and 24.57° was caused by its low amount, which was
less than the limit detection of XRD (ca. 3 wt%) [32,33]. Most im-
portantly, the mass percentage of anatase TiO, in MT was approxi-
mately 16.9 wt% calculated by Rietveld refinement of XRD data.

Fig. 2. XRD patterns of as-prepared TiO, NPs, mica, MT and MT@rGO-x
(x = 0.05-0.2) composites.

The surface and cross-sectional morphologies of as-prepared TiO»
NPs, MT and MT@rGO-0.1 composite were characterized by FESEM as
shown in Fig. 3. The surface micrographs of TiO, and MT revealed a
small particle size (approximately 10-20 nm) distribution of TiO, NPs
(Fig. 3a and b). The shapes of MT and MT@rGO-0.1 composite were flat
and irregular flakes, whose particle diameter size ranged from 10 to
60 pum (Fig. 3c and d). rGO sheets with wavy wrinkles coated the sur-
face of MT (Fig. 3d-f), as indicated by the yellow arrows.

Generally, the optical thickness of a material is directly related to its
geometrical thickness and refractive index by the following equation:
&; = nd, where §,, n, and § are the optical thickness, refractive index,
and geometrical thickness, respectively. As presented in Fig. 3g, the
thickness of inner mica is approximately 250 nm, and the outer layer of
TiO,-rGO with a comparatively uniform thickness distribution is
43.5 = 8 nm. Thus, the optical thickness of TiO, is approximately
111 nm * 20 nm with nrj0o = 2.55, which suggests that MT@rGO-0.1
composite could show a silver pearlescent effect [34]. MT@rGO-0.1
composite can be effectively characterized without conductive treat-
ment compared to MT, which indicates MT@rGO-0.1 with enhanced
conductive performance after reduction. The volume resistivity (Vy) of
the ternary composites was measured at a pressure of 9.8 MPa. The Vi
values of MT@rGO-x (x = 0.05-0.2) composites were 3-9 times lower
than that of MT (Table S1). Thus, rGO can improve the conductivity of
ternary composites, which may ultimately affect their photocatalytic
activity.

EDS element mapping profiles were collected to characterize the
elemental distributions of MT@rGO-0.1 composites. The white part in
Fig. 4a, indicated by the yellow circle, corresponds to the graphene
nanosheets. The elemental profile of carbon confirms the uniformly and
partial rGO covering on the surface of MT (Fig. 4b).

Raman spectra were used to characterize the local order char-
acteristics of TiO, and the structural changes of graphene nanosheets
before and after reduction [35-37]. The characteristic Raman modes of
TiO, were observed around 144, 397, 517, and 638 cm ™! which cor-
responded to Eg(1), Big1), A1g + Big2), and Egoy (Fig. 5a) [38]. These
results suggest that anatase TiO, existed in the ternary composites,
which is consistent with the XRD result. The typical bands of MT@rGO-
0.1 composite at 1338 cm ™! and 1594 cm ™' are assigned to the D band
(lattice disorders at the edges and surfaces of small sp2 clusters) and G
band (first-order scattering of the E;; phonons) (Fig. 5b). The intensity
ratio (Ip/Ig) increased from 0.97 (MT@GO-0.1) to 1.70 MT@rGO-0.1),
proving that rGO was successfully obtained [39].

XPS was performed to systematically analyze the surface chemical
states and interactions of MT and rGO before and after reduction. The
full-range survey XPS of MT@GO-0.1 and MT@rGO-0.1 composites are
shown in Fig. 6a. The result reveals Ti, O, and C elements, whose
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Mica

Fig. 3. Surface SEM images of the as-prepared (a) TiO5 NPs, (b and ¢) MT, (d-f) MT@rGO-0.1 composite; (g) cross-sectional SEM image of MT@rGO-0.1 composite.

chemical binding energies are Ti2p (456.3 eV), O1s (527.6 eV), and Cls include C-O (286.5 eV) and C=0 (289.4 eV). In contrast to the Cls
(285.0 eV), respectively. The peak centered at 285.0 eV is assigned to spectrum of MT@GO-0.1 composite, the intensity of C-O and C=0
the graphene sp® hybridized carbon (C-C) [40]. The peaks at higher peaks in MT@rGO-0.1 composite significantly decreased (Fig. 6b-c),
binding energies are attributed to oxygen-containing species, which which confirmed the efficient removal of oxygen-containing functional

Fig. 4. EDS element mapping profile of MT@rGO-0.1 composite (a) surface morphology and (b) carbon (red). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (a) Raman spectra of as-prepared TiO, NPs, MT, MT@GO-0.1 and MT@rGO-0.1 composites; (b) locally enlarged Raman spectra of MT@GO-0.1 and MT@
rGO-0.1 composites.

groups by Zn reduction. The degree of GO reduction can be quantified Ac—o are the peak areas of graphitic carbon (C-C) and oxidized carbon
by the relative amount of carbon bound to oxygen, which is calculated (C-0, C=0), respectively [41,42]. The ratio of (C-O)pona in MT@GO-
using (C — O)pona% = —2C=0*+AC=0__ + 100%, where Ac_c, Ac.o and 0.1 composite decreased from 58.8% to 50.0% of MT@rGO-0.1

Ac-c +Ac-o0+Ac=0

Fig. 6. (a) XPS spectra of MT@GO-0.1 and MT@rGO-0.1 composite; (b and c) the deconvoluted C 1 s spectra of MT@GO-0.1 and MT@rGO-0.1 composite; (d) Ti 2p
XPS core level of MT@GO-0.1 and MT@rGO-0.1 composite.
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Fig. 7. (a) Photocatalytic degradation of flowing gaseous acetaldehyde (500 ppm, 8 sccm) by as-prepared TiO, NPs, mica, MT and MT@rGO-x (x = 0.05-0.2)
composites under 400 W xenon lamp irradiation; (b) time profiles of CO, concentration after photodegradation; (c) cyclic experiments of acetaldehyde with MT@

rGO-0.1 composite.

Fig. 8. UV-vis diffuse reflectance spectroscopy of TiO,, mica, MT and MT@
rGO-x (x = 0.05-0.2) composites. (Inset: optical image of TiO5 (1), MT (2), and
MT@rGO-0.1 composite (3)).

composite. The C/O atomic ratio increased from 0.57 to 0.65. GO was
successfully confirmed to be reduced, which agrees with the Raman
results [43]. In the deconvoluted Ti spectra of the composites (Fig. 6d),
the peaks centered at 458.8 eV and 464.6 eV correspond to Ti 2p; > and
Ti 2p3/5 in TiO,. The 5.8 eV splitting between Ti 2p;,» and Ti 2p3,»
proved the existence of Ti in the form of Ti*™.

The CIE L*a*b* values of MT and MT@rGO-x (x = 0.05-0.2)

Fig. 9. The plot of the transformed Kubelka-Munk function versus the energy of
light.

composites were used to characterize the color property in Table S2. In
the CIE L*a*b* system, L* a* and b* values represent the lightness
ranges from O (pure black) to 100 (pure white), green (-)/red (+) axis,
and blue (-) and yellow (+), respectively [44]. All five MT-based
composites display silver color (80.53 < L* < 88.92,0.14 < a* < 0.47,
2.24 < b* < 4.53) [34]. Compared with that of MT, the L* value of
MT@rGO-x (x = 0.05-0.2) composites slightly decreases with in-
creasing rGO content.
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Table 1
The adsorption limit, bandgap and Sggr of as-prepared TiO, NPs, mica, MT and
MT@1rGO-0.1 composite.

Samples Adsorption limit (nm) Bandgap (eV) Sper (M%/g)
as-prepared TiO, NPs 387 3.20 25.9

Mica 370 3.35 2.3

MT 420 2.95 13.7
MT@rGO-0.1 435 2.85 16.8

3.2. Photocatalytic activity measurement

A flowing gaseous acetaldehyde photodegradation test of as-pre-
pared TiO, NPs, mica, MT and MT@rGO-x (x = 0.05-0.2) composites
was carried out. As shown in Fig. 7a and b, mica (red line) could not
photodegrade acetaldehyde. The as-prepared TiO, NPs (black line) had
20% photodegradation efficiency and 11% CO, mineralization effi-
ciency, while those of MT (blue line) improved to 30% and 17%, re-
spectively. The MT@rGO-0.1 composite (purple line) had the highest
photodegradation efficiency (70%), which was 2.5 times higher than
that of as-prepared TiO, NPs, and its CO, mineralization efficiency
(45%) was three times higher than that of as-prepared TiO, NPs. Thus,
it can be inferred that the photocatalytic performance of as-prepared
TiO, NPs can be significantly improved by hybridizing with mica and
rGO. A cyclic experiment of acetaldehyde photodegradation of MT@
rGO-0.1 composite was used to evaluate its stability under the same
experimental conditions. After five cycles, the photodegradation effi-
ciency of MT@rGO-0.1 composite stabilized to approximately 57%. The
slight decrease may be ascribed to the partly covered reactive site by
intermediate compounds [45].
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3.3. Photocatalytic degradation mechanism

3.3.1. Optical properties

Fig. 8 shows the absorbance of as-prepared TiO, NPs, mica, MT and
MT@rGO-x (x = 0.05-0.2) composites ranging from 310 to 450 nm. As
shown in Fig. 8, the absorbance of mica was poor and that of as-pre-
pared TiO, NPs rapidly decreased. However, the absorbance of MT
ranging from 350 to 375 nm was obviously higher than that of TiO, and
mica. Considering the core—shell structure of MT, the incident light was
first absorbed and transmitted by TiO,. The transmitted incident light
reached the mica and then reflected to TiO,, which could be reabsorbed
and reutilized. Thus, the light harvesting of TiO, could be increased. In
addition, the absorbance of MT@rGO-x composite increased with in-
creasing rGO content.

The bandgap (Eg) of the composites was obtained by applying the
Kubelka-Munk  method using the  following equations:
A =1g(1/R), F(R) = (1 — R)*/2R, (WF)«(hv — E;), where F is the
Kubelka-Munk function, R is the reflectance, and hv is the photo energy
[46]. The Eg (Fig. 9) and adsorption limit (nm) of as-prepared TiO, NPs,
mica, MT and MT@rGO-0.1 composite are given in Table 1 [47]. It is
noted that the E, value (2.95 eV) of MT is lower than that of TiO,
(3.20 eV), which is ascribed to the synergistic interaction between mica
and titania [48]. Compared with MT, the absorption edge of MT@rGO-
0.1 composite shows a 15 nm redshift, which is assigned to the bandgap
(2.85 eV). Hence, it is anticipated that the coupling of mica and rGO
with TiO, NPs increased the light harvesting range, which eventually
enhanced the photocatalytic performance [32].

3.3.2. Photogenerated electron hole separation
Electrochemical impedance spectroscopy (EIS) and the equivalent

Fig. 10. (a) EIS spectra and equivalent
circuit of as-prepared TiO, NPs, MT and
MT@rGO-0.1 composite; R, the solution
resistance; R, the charge transfer re-
sistance; CPE, the constant phase ele-
ment; (b) PL spectra of MT and MT@
rGO-x (x = 0.05-0.2) composites; (c)
Photocurrent response of as-prepared
TiO, NPs, mica, MT and MT@rGO-x
(x = 0.05-0.2) composites.
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Fig. 11. (a) TPD spectra, (b) Dynamic adsorption process in 140 min and (c) The saturated adsorption amount of acetaldehyde with as-prepared TiO, NPs, mica, MT

and MT@rGO-x (x = 0.05-0.2) composites.

circuit were employed to estimate the interfacial resistance of the
composite as shown in Fig. 10a [49]. The larger arc diameter of EIS
corresponds to the higher interfacial charge transfer resistance. Com-
pared with as-prepared TiO5 NPs, a larger arc diameter is observed in
MT due to the coupling of dielectric mica. The smallest arc diameter of
MT@rGO-0.1 composite represents the fastest charge transfer. The R,
value of MT@rGO-0.1 composite is 6.2 kQ, which is also smaller than
that of as-prepared TiO, NPs (8.6 kQ2) and MT (15 k<2). PL spectra are a
useful monitor to investigate the recombination of photoinduced e and
h* pairs. A higher PL intensity represents more recombination. As
shown in Fig. 10b, the PL intensity of MT was higher than that of MT@
rGO-x (x = 0.05-0.2) composites, which implies that MT had more
recombination of photogenerated ¢ and h* pairs, while MT@rGO-0.1
composite had the least [50]. Photocurrent measurement was used to
reveal the generation and separation of e and h* pairs. The photo-
current density could be influenced by not only the utilization of in-
cident light but also the effective transfer of charge carriers. As shown
in Fig. 10c, mica had zero photocurrent density, which was in ac-
cordance with its poor photocatalytic activity. In contrast to as-pre-
pared TiO, NPs, MT exhibits higher photocurrent density, implying that
more photoinduced e¢” and h* pairs were generated in MT because of its
increased light harvesting. With the addition of graphene, the MT@rGO
composites show higher photocurrent density than MT, among which
MT@rGO-0.1 composite shows the highest photocurrent density.
However, the excessive rGO could have been an electron acceptor in the
composite, which may have prevented a further increase in the pho-
tocurrent density in MT@rGO-0.15 and MT@rGO-0.2. In summary,
through EIS, PL and photocurrent tests, rGO was shown to effectively
improve the separation of photogenerated e and h* pairs of MT.

3.3.3. The pollutant adsorption

The corresponding specific surface area (Spgr), temperature pro-
grammed desorption (TPD), dynamic acetaldehyde adsorption process
and saturated adsorption amounts of composites were employed to
estimate the relationship between the adsorption ability of gas and
photocatalytic performance [51]. A larger the Sppr value usually in-
dicates more absorption. As shown in Table S3, the Sggr value of MT
(13.7 m?/g) is five times higher than that of mica (2.3 m?/g) and half
that of as-prepared TiO, NPs (25.9 m?/g). It could be assumed that
micro flake MT has weak adsorption capacity. The addition of rGO
increased the Sgrr value, which is a positive development for pollutant
adsorption [52].

To further explore the relationship between absorption and photo-
catalytic performance of the photocatalyst, TPD measurements were
carried out with flowing acetaldehyde (1000 ppm, 8 sccm) at a 10 °C/
min heating rate. A higher intensity of TPD represents a stronger ad-
sorptive capacity. There were three characteristic peaks during the
desorption of acetaldehyde: (1) the peak at 100-200 °C was related to
weak binding for physical absorption; (2) another two peaks approxi-
mately 320 °C and 450 °C were ascribed to chemical binding adsorption
of acetaldehyde as presented in Fig. 11a. Among the three peaks, the
highest peak intensity of all samples was at 450 °C. Therefore, MT@
rGO-x composites showed stronger chemical adsorption, whose in-
tensity increased with increasing rGO content via the dipole-dipole
interactions [53].

The dynamic adsorption and adsorptive amount of flowing acet-
aldehyde are presented in Fig. 11b-c. Longer adsorptive equilibrium
time means greater absorption amount. The MT@rGO-x composites
took over 120 min to achieve adsorptive equilibrium, longer than as-



X. Fang, et al.

Chemical Engineering Journal 396 (2020) 125312

Fig. 12. (a) ‘O, and (b) ‘OH detection of as-prepared TiO, NP, MT and MT@rGO-x (x = 0.05-0.2) composites; (c) Scavenger experiments of MT@rGO-0.1 com-

posite.

prepared TiO, NPs (100 min) and MT (90 min). Calculated by the area
under the adsorption—desorption curve, the adsorptive amounts of
acetaldehyde were 88 mL, 16 mL, 50 mL, and 162-347 mL for as-pre-
pared TiO, NPs, mica, MT and MT@rGO-x composite, respectively.
Thus, the addition of rGO to the ternary composite can obviously pro-
mote both the physical and chemical adsorptive performance of acet-
aldehyde.

3.3.4. The role of -0, and -OH

An electron spin resonance (ESR) test was employed to investigate
the formation and yield of radicals. As shown in Fig. 12a and b, the ESR
signals of as-prepared TiO, NPs, MT and MT@rGO-x (x = 0.05-0.2)
composites with intensity ratios of 1:1:1:1 and 1:2:2:1 are classified as
superoxide radicals (-O,7) and hydroxyl radicals (‘OH), respectively.
The intensity order of ‘O5  is MT@rGO-0.1 >MT@rGO-0.05>MT@
rGO-0.15 > MT@rGO-0.2 > MT > as-prepared TiO, NPs, which suggests
that the MT@rGO-0.1 composite could migrate most photoinduced
electrons to absorbed O to generate -O,". However, the intensity of -OH
in all samples was similar and lower than that of -O,". Therefore, it can
be assumed that ‘O, plays a leading role in the photodegradation of
acetaldehyde of the ternary MT@rGO-x composite.

To further verify the contribution of ‘O~ and ‘OH in the photo-
catalytic reaction, p-benzoquinone (PBQ, ‘O, scavenger) and 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO, -OH scavenger) were used to
quench the corresponding radicals [54,55]. The greater the decrease in
photocatalytic performance, the more important role the corresponding
radicals played. As seen in Fig. 12c, the photodegradation efficiency of

MT@rGO-0.1 composite sharply decreased from 70% to 30% and 50%
with PBQ and TEMPO, respectively, indicating that ‘O, played the
dominant role in the degradation.

3.4. Mechanism of enhanced photocatalytic activity

A schematic of efficient photodegradation of gaseous acetaldehyde
by MT@rGO composite was proposed. As illustrated in Fig. 13, under
the light excitation, the incident light that passed through rGO na-
nosheets to TiO, was harvested first. Second, the transmitted light of
TiO, that reached mica was reflected to TiO, and was harvested and
utilized, so more ¢ and h* pairs were photoinduced. The electrons
easily transferred to rGO owing to its low transfer resistance. ‘O~ was
generated by the combination between electrons and absorbed O,. The
hole perching in the VB of TiO, transferred to the VB of mica (Fig. S1).
-OH was generated by the interaction between holes and water. Finally,
gaseous acetaldehyde adsorbed on the surface of the photocatalyst
could be decomposed by the two radicals. According to previous re-
ports, we propose a possible reaction path for acetaldehyde degrada-
tion: acetaldehyde — acetic acid — formaldehyde — formic acid — CO,
[56-59].

4. Conclusion

In summary, a ternary flake MT@rGO photocatalyst with a pear-
lescent effect has been designed and first applied to photodegrade
flowing gaseous acetaldehyde. In this ternary system, TiO, NPs are
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Fig. 13. Schematic of efficient photodegradation of gaseous acetaldehyde by MT@rGO composite.

homogeneously distributed on the surface of mica and intermittently
coated by rGO nanosheets. MT@rGO-0.1 composite exhibits the highest
acetaldehyde degradation and CO, mineralization efficiency, which are
2.5 times and 3 times higher than those of as-prepared TiO, NPs, re-
spectively. Mica serving as a reflection core can effectively improve the
light harvesting of TiO5 NPs. rGO nanosheets employed as an electron
acceptor can inhibit the recombination of photogenerated ¢ and h™*
pairs. rGO also promotes the chemical and physical adsorption of
acetaldehyde. These results highlight that the TiO,-based composite
coupled with a highly reflective mica core and rGO shell is favorable to
the development of a next-generation photocatalyst. It is expected that
MT@rGO composite with a pearlescent effect not only has high pho-
tocatalytic performance but can also be used for car paint applications.
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