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a b s t r a c t
The major challenges facing catalysts for mineralization of volatile organic compounds (VOCs) include
poor photocatalytic efficiency, high cost of thermocatalytic oxidation, and low stability. Here, a highly
active and stable PtCu/CeO2 ordered porous nanostructure catalyst was synthesized and efficiently
applied in the instant mineralization of paraffinic VOCs under photothermocatalytic conditions. Optical
and morphological characterization shows that low loadings of PtCu alloy clusters on CeO2 surfaces lead
to enhanced light harvesting, improved charge separation, and increased capacity for reactive oxygen
generation and then promote a dynamic balance of Cu1+,2+/Cu0 with high photothermocatalytic stability.
Reaction kinetics calculations and carbon deposits investigation reveal that photothermocatalytic synergism mainly comes from the acceleration of the Mars–van Krevelen redox cycle by photocatalysis and the
enhancement of coke resistance by thermocatalysis. The strategy here would provide insight into the
design of highly effective catalysts, as well as in-depth understanding of the synergic mechanism of photothermocatalytic mineralization of refractory VOCs.
Ó 2018 Elsevier Inc. All rights reserved.

1. Introduction
Straight-chain paraffinic volatile organic compounds (VOCs),
such as n-pentane emitted from refinery and e-waste dismantling
processes, are always hard to mineralization completely by a single
catalysis technique, resulting in serious atmosphere pollution [1,2].
Current pursuit of more efficient and economical resolution for
atmospheric issues has greatly promoted both the development
of catalysts and the enhancement of catalytic reaction processes
[3–5]. Though photocatalysis offers a viable opportunity for
degrading low-concentration VOCs under mild conditions, most
photocatalysts suffer from low quantum yield [6,7]. For example,
only 15% of n-pentane can be mineralized over P25 after 365-nm
UV illumination for 60 min [8]. Moreover, carbon deposits are
prone to occur during photocatalytic processes, and coke accumulation would poison the active site of the catalyst, leading to low
photocatalytic efficiency [9]. Thermocatalytic oxidation is another
effective method for deep mineralization of VOCs, even changing
coke into CO2 [10,11]. However, this traditional thermocatalytic
treatment alone also has some significant drawbacks, in that sup⇑ Corresponding author.
E-mail address: antc99@gdut.edu.cn (T. An).
https://doi.org/10.1016/j.jcat.2018.12.003
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ported noble metal catalysts (more than 0.5 wt% Pt loading) and
high temperature (more than 500 °C) are always required for effective operation in paraffinic VOCs mineralization, resulting in high
energy costs [5,12,13].
Much research has suggested that combining thermocatalysis
with photocatalysis to maximize synergistic effects could overcome their limitations [14–18]. Compared with traditional TiO2
catalysts, nanostructured CeO2 shows more efficiency in photothermocatalytic removal of VOCs, owing to its unique optical
properties, remarkable Ce4+/Ce3+ redox properties, high oxygen
release/storage capacity, and favorable thermostability [16]. Considering that the catalytic reaction is a typical surface process, sufficient contact with VOCs and easy mass transfer facilitation can be
realized over the ordered porous structures and improve the catalytic performance [19]. In addition, supported precious metals,
especially Pt, have been well established as stabilizers of photoexcited electrons for suppressing charge recombination during photocatalytic processes [20] and highly active catalysts for
activating both adsorbed oxygen and surface lattice oxygen to
directly oxidize VOCs [21]. However, the coarsening of the noble
metal particles and the sintering of the support, leading to the loss
of active sites and irreversible deactivation, is an important
concern for their application [10]. In comparison with single
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noble-metal-supported catalysts, alloy nanostructures have unparalleled advantages: (1) Significant promotion of the generation
and/or separation of photogenerated charges can be expected
due to the formation of novel energy structure in alloy structure
[22]; (2) alloying results in the decrease of metal nanoparticle size
and the increase of surface atoms of metal, which improves the
activity and cost effectiveness of catalysts [23]; (3) alloying could
not only minimize carbon deposits [24] but also help in the regeneration of noble metal particles by providing nucleation sites on
the support surface [25]. Zhang et al. [23] reported that much
enhanced catalytic efficiency of benzyl alcohol oxidation took place
on PtCu/TiO2 in comparison with Pt/TiO2, and Cu was not catalytically active in the dark. They claimed that PtCu alloy could not
only stabilize Pt particles to be small, but also induce partially positive charging of Pt atoms, and thus expedite catalytic oxidation on
Pt sites. However, the stability of Cu in PtCu/TiO2, particularly
under oxidizing conditions, is a serious concern for long-term catalytic applications due to its sensitivity to the oxidation.
The synergetic effect of photothermocatalysis over noble metal/
semiconductor oxides generally suggests that both the spillover Os
adatoms from noble metal nanoparticles and the lattice oxygen in
semiconductor oxides first oxidize VOCs, and then the reactive
oxygen species (such as OH and O
2 ) generated by photocatalysis
accelerate the reoxidation of the reduced catalyst [26]. Most
reports follow this photothermocatalytic mechanism in which
photocatalysis facilitates the thermocatalytic process, but little
concern has been shown for how thermocatalysis promotes the
photocatalytic process. As mentioned above, coke formation
always occurs during the photocatalytic oxidation process, while
thermocatalysis facilitates the regeneration of the catalyst by
in situ coke elimination [11,27]. In this context, photothermocatalytic reactions could benefit enhanced coke resistance, though
carbon deposition in photothermocatalytic degradation of VOCs
has rarely been reported up to now.
Here, to attain full utilization of solar energy for the economical
and efficient catalytic treatment of straight-chain paraffinic VOCs,
a PtCu/CeO2 hybrid catalyst, with tiny PtCu alloy clusters
(2.2 nm) highly dispersed on CeO2 ordered porous structures,
was developed and applied to photothermocatalytic mineralization of n-pentane under simulated solar irradiation. The dynamic
balance of Cu1+,2+/Cu0, together with its stabilization of Pt nanoparticles in PtCu/CeO2, was demonstrated by TEM and XPS. In comparison with CeO2, PtCu/CeO2 exhibits enhanced light-harvesting
efficiency, improved charge separation, and increased capacity
for the generation of reactive oxygen species, as well as high activity and stability for the mineralization of n-pentane. Reaction
kinetics calculations and carbon deposit investigation have also
been performed to understand the synergic effect of photothermocatalytic mineralization of VOCs.

2. Experimental
2.1. Preparation of catalysts
Three-dimensionally ordered macroporous (3DOM) CeO2 was
prepared by a colloidal crystal template method. Equimolar
amounts (2 mmol) of citric acid and Ce(NO3)36H2O were dissolved
in a 10 mL mixture of ethylene glycol and methanol (volume ratio
1:1). This precursor solution was contacted with polymethyl
methacrylate (PMMA) microspheres with a diameter of 300 nm
for 12 h. After impregnation, excess precursor solution was
removed using vacuum filtration. The precipitate was dried overnight at 50 °C in a vacuum oven and then calcined under Ar at
130 °C for 1 h, followed by linearly increasing the temperature
to 600 °C at a rate of 1 °C min1. After a dwell time of 5 h, the
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atmosphere was changed to air, and the sample was kept at
600 °C for another 3 h to remove PMMA colloidal crystal templates
to form 3DOM CeO2.
PtCu/CeO2 was prepared using the deposition–precipitation
method. 3DOM CeO2 (0.2 g) was dispersed evenly in 40 mL aqueous solution comprising H2PtCl6 and Cu(CH3COO)2, and the suspension was vigorously stirred magnetically for 30 min to reach
adsorption equilibrium. Subsequently, the pH of the precursor
solution was adjusted to 8 with NaOH aqueous solution. Thereafter, the suspension was thermostatically held at 80 °C for 4 h
under vigorous magnetic stirring. The whole reaction was carried
out in the dark. The resultant product was filtered and washed
for several times, dried overnight at 50 °C in a vacuum oven, and
then annealed at 400 °C for 2 h at 5 °C min1 under H2 flow. The
final concentration of Pt and Cu in the samples was confirmed
using inductively coupled plasma mass spectrometry (ICP-MS,
ICAP RQ); Pt content was approximated to 0.08 wt% and Pt/Cu
molar ratio was close to 1:2. For comparison, Pt/CeO2 and Cu/
CeO2 were prepared by loading Pt and Cu, respectively, on the
CeO2 surface with the same fabrication process as above.
2.2. Catalyst characterization
The morphologies and crystal analysis were obtained by transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) measurements over an FEI Talos-F200S instrument at
an accelerating voltage of 200 kV. High-angle annular dark-field
(HAADF) imaging in the scanning transmission electron microscopy (STEM) mode was performed on the same electron microscope with the sample tilted about a single axis using a Fischione
ultranarrow gap tomography holder. X-ray diffraction (XRD) was
performed to characterize the crystal structures and compositions
of the catalysts using a D-MAX diffractometer (CuKa radiation).
The Brunauer–Emmett–Teller (BET) surface area, pore volume,
and pore size distribution of the samples were measured with a
Micromeritics ASAP 2020 Plus HD88 instrument using adsorption
of N2 at 77 K. Prior to adsorption analyses, the catalysts were
degassed in flowing N2 at 300 °C for 3 h. X-ray photoelectron spectroscopy (XPS) was performed using an ESCALAB 250Xi spectrometer (Thermo Fisher Scientific, AlKa, hm = 1486.6 eV) under high
vacuum of 2  107 Pa.
Temperature-programmed reduction (TPR) analysis was conducted on a TP-5078 Autochem absorption analyzer, with approximately 50 mg of the sample loaded into a quartz tube. The sample
was irradiated through the small windows on both sides of the furnace; the simulated solar irradiation came from a 300 W Xe lamp
(k = 300–800 nm, optical power density 15 mW cm2). The TPR
profile was recorded from 30 to 800 °C at a heating rate of
5 °C min1 under 5% H2/N2 with a flow rate of 30 mL min1 and
the H2 uptake was measured by a TCD detector.
Ultraviolet–visible (UV–vis) diffuse reflectance spectra (DRS)
were recorded on a UV–vis spectrophotometer (UV3600 Plus)
equipped with an integrating sphere attachment within a range
of 200–900 nm and with BaSO4 as the reflectance standard. Photoluminescence (PL) spectra were characterized by a steady state and
transient state fluorescence spectrometer (FS5) with a Xe lamp
(excitation wavelength 380 nm) as light source. Photocurrents
spectra were obtained on an electrochemical analyzer (CHI660E)
under visible light illumination from a Xe lamp (100 mW cm2)
in a standard three-electrode system, composed of the asprepared samples of ca. 1.0 cm2 active area (working electrodes),
Pt wire (counter electrode), and Ag/AgCl (saturated KCl) (reference
electrode). The electrolyte was N2-saturated 0.5 mol L1 Na2SO4.
An electron paramagnetic resonance (EPR) spectrometer
(EMXPlus-10/12, Bruker) was used for the measurement of the
EPR signals of photoinduced radicals, which were spin-trapped
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by 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). The EPR signals of
the DMPO-trapped radicals (DMPOOH and DMPOO
2 ) were
recorded at ambient temperature. All freshly prepared suspensions
(DMPO: 10 lL; solvent: 3 mL water (for DMPOOH, react with
 
O2 ) or methanol (for DMPOO
2 , act as hole scavenger); mCatal.:
3 mg) were mixed directly and then transferred into a cylindrical
quartz cell (length 100 mm, diameter 2 mm). A 300 W Xe lamp
(k = 300–800 nm) was used in situ as a photoexcitation light
source. After irradiation for 600 s, the signals of DMPOOH and
DMPOO
2 were measured on an EPR spectrometer.
2.3. Activity test
Photothermocatalytic reactions were conducted in a tube (i.d.
= 6 mm) fixed-bed reactor at atmospheric pressure, and the catalyst was irradiated through two small windows on both sides of
the furnace. The simulated solar irradiation came from a 300 W
Xe lamp (k = 300–800 nm, optical power density 15 mW cm2).
Approximately 0.1 g of catalyst was packed into the reactor. nPentane vapor was generated by passing N2 at a certain flow rate
through the n-pentane solution (99%). Then the vapor was mixed
with dry air. The final n-pentane concentration of 50 ppm was
fixed in the feeding gas by controlling the solution temperature
and N2 flow rate through the saturator. A gas hourly space velocity
(GHSV) value of 30,000 mL h1 g1 was tested. The n-pentane and
CO2 concentrations were respectively measured using GC-9800
(FID) and GC9800 (FID, equipped with a Ni-catalyst-based methanizer) gas chromatographs. Three to five concentration data were
measured at each temperature, with around a 15 min interval.
The concentration datum adopted showed less than 10% difference
from other measured data at each temperature. The n-pentane
mineralization was assessed by the equation

Mineralization % ¼

½CO2 out
5

½C5 H12 in

 100%;

ð1Þ

where ½C5 H12 in is the inlet molar quantity of vaporous n-pentane,
½CO2 out is the outlet molar quantity of CO2, and ½CO52 out means the corresponding converted n-pentane molar quantity.
3. Results and discussion
3.1. Structural properties
The XRD patterns in Fig. S1 in the Supporting Information exhibit all the characteristic peaks of both CeO2 and PtCu/CeO2, agreeing well with the cubic CeO2 phase structure (JCPDS No. 34-0394).
However, the diffraction peaks of platinum and copper are not
found in PtCu/CeO2, and the reason may be attributed to its low
content. Fig. 1 exhibits the morphology and elemental distribution
mappings of the catalysts. SEM and TEM images show the ordered
texture of CeO2 with macropores (120 nm) and uniformly sized
walls (Fig. 1a and b) interconnected with smaller windows. Ultrasmall particles with a narrow size distribution are highly dispersed
on the CeO2 surface, as shown in the TEM (Fig. 1c and d). HRTEM
images in Fig. 1e exhibits well-crystallized clusters with a lattice
spacing of about 1.89 Å, just between the values of Cu (2 0 0)
(1.80 Å) and Pt (2 0 0) (1.96 Å), indicating the formation of a stable
PtCu alloy structure. This result is identical with those reported in
previous literature [23]. The average diameter of PtCu clusters is
around 2.2 nm, and the reduction of obtained PtCu/CeO2 did not
alter the ordered pore structure. Elemental distribution mappings
of Ce, Pt, and Cu are shown in Fig. 1f, where Ce, Cu, and a small
amount of Pt are present in all the samples, further demonstrating
the homogeneous distribution of PtCu nanoparticles on CeO2. The

Fig. 1. (a, b) SEM and TEM images of CeO2; (c–e) PCu particle size distributions and (HR)TEM images of PtCu/CeO2; (f) HAADF images in STEM mode and the corresponding
EDX elemental mappings.
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BET surface area, average pore size, and pore volume of CeO2 and
PtCu/CeO2 are listed in Table S1. A slight increase in specific surface
area, with decreases in both the average pore size and the pore volume of PtCu/CeO2, is related to the deposition of ultrasmall PtCu
particles in the existing large pores of CeO2.
3.2. Catalytic performance
The effect of PtCu alloy clusters on the photocatalytic performance for mineralization of n-pentane is investigated in Fig. 2a.
No obvious n-pentane degradation was found over PtCu/CeO2
without light irradiation. Although the activity of both catalysts
for photocatalytic degradation of n-pentane is poor, PtCu/CeO2
exhibits relatively high mineralization efficiencies for n-pentane,
approximately 3 times higher than for CeO2 under simulated solar
illumination (k = 300–800 nm, optical power density15 mW cm2)
within 2 h. Figs. 2b and S2 show the photothermocatalytic mineralization activity of n-pentane as a function of temperature over
the catalysts. The photo/thermomineralization of n-pentane was
negligible without the catalyst. In contrast with CeO2, Cu/CeO2
exhibited no enhanced activity in the dark, indicating that the Cu
component is not catalytically active for the thermocatalytic mineralization of n-pentane (Fig. S2). However, PtCu/CeO2 exhibited
much more improved photothermocatalytic activity (Fig. S2b), in
which nearly complete mineralization (>95%) temperature of npentane for PtCu/CeO2 and Pt/CeO2 is obtained as 400 and
450 °C, respectively, indicating that alloying Pt with Cu could
greatly promote the photothermocatalytic process with lower
energy costs. As we know, the Tamman temperature for Cu is
406 °C, and Cu would sinter at higher temperatures (>406 °C).
However, in the temperature range 450–600 °C, there is no obvious
difference in photothermocatalytic performance between PtCu/
CeO2 and Pt/CeO2 (Fig. S2b), indicating that Cu has a negligible
effect on photothermocatalysis at such high temperatures; therefore no decrease of catalytic activity was observed over PtCu/
CeO2 even when Cu was already sintered. Moreover, the complete
mineralization temperature of photothermocatalytic n-pentane
over PtCu/CeO2 is 200 °C lower than that in thermocatalytic treatment alone (Fig. 2b), demonstrating a synergistic effect between
photocatalysis and thermocatalysis over PtCu/CeO2.
To obtain further intrinsic insight into the performance difference between PtCu/CeO2 and CeO2 for n-pentane oxidation, the
Mears criterion [28] and the Weisz–Prater criterion [29] were calculated and evaluated at T100, T50, and T10 (or the temperature at
which corresponding n-pentane mineralization was achieved) to
estimate the influence of external and internal diffusion effects
on the reaction rates in this study (see the Supporting Information
for details). The calculated values at T100, T50, and T10 all show that
NM < 0.15 and NW-P < 0.3 for the catalysts (Table S2), indicating that
both the external and internal diffusion effects on catalytic performance can be negligible [30]. Since n-pentane-lean conditions
(50 ppm in simulated air), a thin catalyst bed, and welldistributed catalyst size (177–250 lm) were used, the influence
of heat transfer can also be overlooked. After the mass and heat
transfer effects were excluded, Ea values could be evaluated for
each sample from the slope of the Arrhenius plots (see the Supporting Information for details), as shown in Fig. 2c. The estimated
Ea value was around 20.1 kJ mol1 for PtCu/CeO2 under simulated
solar irradiation, which was observably lower than those of PtCu/
CeO2 in the dark (28.6 kJ mol1), CeO2 under simulated solar irradiation (54.8 kJ mol1), and CeO2 in the dark (65.2 kJ mol1)
(Table S2), indicating that the existence of a photothermocatalytic
synergetic effect of PtCu/CeO2 can greatly decrease the activation
energy of n-pentane oxidation by the lattice oxygen in CeO2.
Fig. S3 shows the turnover frequency (TOF, mineralized
n-pentane molecules per exposed active Pt site per time) of
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PtCu/CeO2 for n-pentane mineralization less than 10%. The results
reveal that PtCu/CeO2 under simulated solar irradiation has higher
TOF values (1.7  103 s1 at 200 °C) than in the darkness
(0.8  103 s1 at 200 °C), indicating that photoactivation could
remarkably promote the catalytic oxidation of n-pentane.
To further explore the applicability of the as-developed catalyst,
the photothermocatalytic performance of PtCu/CeO2 at various
inlet concentrations of n-pentane (10, 50, 100 ppm) was also
checked (Fig. 2d). Obviously, PtCu/CeO2 performs well even under
a high n-pentane concentration of 100 ppm, with an n-pentane
mineralization of 93% at 400 °C under simulated solar irradiation.
The stability of PtCu/CeO2 was tested over thermocatalytic and
photothermocatalytic mineralization of n-pentane with a total
reaction time of 141 h in Fig. 2e. At the first 10 h for simulated solar
irradiation at 400 °C, 95% n-pentane mineralization was obtained,
which to 80% when the light was turned off. After a dwell time
of 121 h, the light was turned on again and n-pentane mineralization returned to 95%, indicating high photothermocatalytic performance stability. Moreover, there is no obvious coarsening or
agglomeration of PtCu clusters on the surface of PtCu/CeO2 after
the stability test, further demonstrating the excellent stability of
PtCu/CeO2 (Fig. S4). All these results reveal that the photocatalytic
process under simulated solar irradiation can greatly lower the
temperature required for thermocatalytic mineralization of npentane and promote thermocatalysis, without deactivation of
PtCu/CeO2
catalysts,
showing
advantages
over
single
photocatalysis.
3.3. Optical properties
For the purpose of understanding the photoassisted activity
enhancement of PtCu/CeO2, its optical properties including light
response, charge separation, and oxidative radical generation are
evaluated and illustrated in Fig. 3. Compared with CeO2, PtCu/
CeO2 shows more apparent absorption in visible and nearinfrared wave bands (Fig. 3a), accompanied by a dramatic color
change from yellow to gray. This is probably due to the surface disorder layer with oxygen vacancies created after hydrogen treatment of the obtained PtCu/CeO2 [31,32]. The estimated band gap
(Eg) value of both catalysts is approximately 2.9 eV (Fig. 3a inset).
The valence band edges obtained from valence band spectra of
CeO2 and PtCu/CeO2 are estimated to be ca. 2.5 and 2.3 eV, respectively, implying that PtCu loadings and hydrogen treatment
slightly changed the valence band structure of PtCu/CeO2
(Fig. 3b). In combination with the estimated Eg values, their conduction band values are estimated to be ca. 0.4 for CeO2 and
0.6 eV for PtCu/CeO2, respectively. Charge recombination and
separation were analyzed using photoluminescence spectroscopy
and photoelectrochemical methods, as exhibited in Fig. 3c and d.
PtCu/CeO2 shows weaker PL intensity and stronger photocurrent
than CeO2, indicating that PtCu/CeO2 has lower charge recombination but higher charge separation than that of CeO2 alone. Furthermore, electrochemical impedance spectroscopy (EIS) was also
performed to study the apparent charge transfer resistance at the
interface of the catalysts. As shown in Fig. S5, the radius for
PtCu/CeO2 is smaller than that for CeO2, both in the dark and under
simulated solar irradiation, implying a higher charge transfer efficiency for PtCu/CeO2. It is well known that the surface reaction
process depends strongly on oxidative radicals’ generation, as
oxidative radicals with powerful oxidizing ability can directly
degrade VOCs [33,34], and an indirect DMPO-assisted EPR technique is used to evaluate the generation of OH and O
2 radicals
over the samples under simulated solar irradiation (Fig. 3e and f).
After being illuminated for 10 min, both catalysts show weak characteristic quartet signals of DMPO–OH with a characteristic intensity ratio of 1:2:2:1, indicating that the concentration of OH from
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Fig. 2. (a) Photocatalytic mineralization of 50 ppm n-pentane on PtCu/CeO2 and CeO2 at 30 °C under simulated solar illumination (k = 300–800 nm); (b, c) initial activity and
Arrhenius plots of PtCu/CeO2 and CeO2 catalysts in the dark or under light irradiation; (d) effect of n-pentane inlet concentration on the performance of PtCu/CeO2; (e) longterm stability test for PtCu/CeO2 at GHSV = 30,000 mL h1 g1 and T = 400 °C.

photoinduction is very low, as the holes (h+) in their valence bands
without adequate capacity could hardly oxidize H2O to generate

OH (2.72 eV at pH 7) [7]. In addition, DMPO–O
2 EPR signals under
the same conditions are only observed in PtCu/CeO2 rather than in
CeO2. Considering that the appearance of DMPO–O
2 is mainly due
to surface reaction between oxygen and photoexcited electrons, we
can infer that the photoexcited electrons can be stabilized on PtCu
clusters and then activate oxygen. Moreover, PtCu loadings induce
a significant negative shift of the conduction band to enhance the
reductive potential, and then supply a strong potential for
adsorbed oxygen reduction [35,36].

caused by the reduction of Ce4+ to Ce3+ ions in the outermost layers, as well as the reduction of the surface adsorption oxygen species of CeO2. Interestingly, when the catalysts were exposed under
simulated sunlight (k = 300–800 nm) or after the loading of PtCu
alloy clusters, the reduction peaks shifted to the lowtemperature range, indicating that the mobility of surface lattice
oxygen species is generally improved by photoexcitation and PtCu
loadings [38]. As the catalytic oxidation process could be facilitated
by the high mobility of surface lattice oxygen, PtCu/CeO2 under
photothermocatalytic conditions gives better catalytic performance for n-pentane mineralization.

3.4. H2 temperature-programmed reduction

3.5. XPS and EPR characterization

As the reduction behavior of the catalysts is very important for
catalytic oxidation of VOCs, the reducibility of the metallic ion
from high to low valence and the nature of taking up oxygen were
measured by H2 TPR analysis [37]. H2 TPR profiles of CeO2 and
PtCu/CeO2 catalysts are shown in Fig. 4. It can be observed that a
distinct reduction peak centered at 679 °C is found for CeO2 in
the dark, which is due to the reduction of lattice oxygen and the
inner Ce4+, and a lower-temperature reduction peak was probably

To gain insight into the stable photothermocatalytic performance of PtCu/CeO2, the composition and redox behavior of catalysts was studied by X-ray photoelectron spectroscopy (XPS). For
simplification, fresh PtCu/CeO2 and the samples after a 10 h stability test for photocatalytic, thermocatalytic, and photothermocatalytic mineralization of n-pentane are respectively denoted as
PtCu-fresh, PtCu-PC, PtCu-TC, and PtCu-PTC. The Ce3d XPS spectra
were analyzed to ascertain the electronic state of cerium. Eight
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Fig. 3. (a) UV–vis diffuse reflectance spectra and the dependence of (ahm)2 on the photon energy (inset); (b) XPS valence band spectra; (c) photoluminescence spectra with
excitation by a Xe lamp (wavelength 380 nm); (d) time-dependent photocurrents of various electrodes under on-off simulated sunlight (k = 300–800 nm) exposure pulse of
80 s with a constant bias of 0.2 V vs. Ag/AgCl electrode; (e) DMPO–OH and (f) DMPO–O
2 EPR spectra of the catalysts.

Fig. 4. H2 TPR of the samples in the darkness or under simulated solar irradiation
(k = 300–800 nm).

peaks can be found in Ce3d XPS spectra of all the tested samples,
which are divided into two groups a1, a2, a3, a4 and b1, b2, b3, b4
(Fig. 5a). The XPS binding energies (BE) at 882.2, 888.4, and

898.2 eV corresponding to a1, a3, a4 and the XPS binding energies
at 900.6, 907.1, and 916.5 eV indexed to b1, b3, b4 refer to the
Ce3d5/2 and Ce3d3/2 of Ce4+, respectively, while the binding energies at 885.1 and 903.1 eV assigned to a2 and b2 stand for the
Ce3d5/2 and Ce3d3/2 of Ce3+ [39]. The presence of Ce3+ implies a
defect structure of CeO2-x due to oxygen vacancies [40,41]. The
valence state of Ce after the photo/thermoreaction was checked
to further reveal the stability of PtCu/CeO2. The relative amounts
of Ce3+ and Ce4+ in the samples were estimated by calculating
the peak area ratio a2/b4 of Ce3+ (BE = 885.1 eV) to Ce4+
(BE = 916.5 eV) and are summarized in Table S3. The Ce3+/Ce4+
ratio increases from 1.033 for CeO2 to 1.228 for PtCu-fresh due to
the reduced process in hydrogen treatment, but there is no apparent Ce3+/Ce4+ composition difference among PtCu-fresh, PtCu-PC,
PtCu-TC, and PtCu-PTC. The Pt4f XPS spectrum displayed in
Fig. 5b can be fitted by the two group peaks, where the Pt4f7/2 BE
of 71.6 and 72.2 eV belong to Pt0 and Pt2+, respectively, confirming
the co-presence of Pt0 and Pt2+ in the samples [42]. The relative
amount of metallic Pt is 67%, and no obvious difference occurred
after the photo/thermoreaction. The above results indicate the
excellent chemical stability of the samples. Cu2p3/2 characteristic
peaks can be fitted into three Gaussian peaks at 932.0, 932.7, and
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Fig. 5. XPS spectra of the samples: (a) Ce3d, (b) Pt4f, and (c) Cu2p (fresh PtCu/CeO2 and the samples after 10 h stability test for photocatalytic, thermocatalytic, and
photothermocatalytic mineralization of n-pentane are respectively denoted as PtCu-fresh, PtCu-PC, PtCu-TC, and PtCu-PTC). (d) EPR spectra of PtCu/CeO2.

933.6 eV, assigned to Cu0, Cu1+, and Cu2+, respectively [43]. The relative amount of Cu0 was estimated by calculating the peak area
ratio of Cu0 to the total Cu, as displayed in Fig. 5c. The percentage
of Cu0 content increases from 35% in PtCu-fresh to 53% in PtCu-PC,
suggesting that Cu1+/2+ is reduced to Cu0 by acquiring electrons
under simulated solar illumination, but decreases to 27% for
PtCu-TC, due to the oxidation of reactive oxygen species created
in the thermocatalytic process [44]. More interestingly, there is
no apparent difference in Cu0 composition between PtCu-fresh
and PtCu-PTC, indicating that the synergistic function of photoinduced electron reduction and oxidation of reactive oxygen species
leads to reversible conversion between Cu0 and Cu1+/2+. The charge
transport process between PtCu alloy and CeO2 is characterized
using EPR. As shown in Fig. 5d, the EPR signals at g = 1.965 and
2.114 are assigned to Ce3+ and Cu2+, respectively [45,46]. Under
simulated solar irradiation, both Ce3+ and Cu2+ EPR signals weaken
quickly, but the Ce4+-O
2 signal strengthens, due to part of electrons transferring from CeO2 to Cu2+, which would improve the
transfer capability of lattice oxygen in CeO2, and thus promote
the generation of reactive oxygen species.
3.6. Discussion
Photocatalytic mineralization of VOCs is mainly composed of
three basic steps: (1) photogeneration of charge carriers; (2) electron–hole pair transfer and separation; and (3) redox reactions [7].
The thermocatalytic oxidation of VOCs on CeO2 follows the Mars–
van Krevelen redox cycle, where VOCs is first oxidized by the lattice oxygen of the catalyst, and the reduced CeO2x is reoxidized
later by gaseous oxygen [16]. According to the above discussion,
during the photothermocatalytic process, PtCu alloy clusters
not only form a Schottky barrier with CeO2 to capture the

photogenerated electrons and then hinder charge recombination,
but also act as excellent active phases to dissociate the adsorbed
O2 into O (Os) adatoms (highly reactive oxygen species), resulting
in the efficient oxidation of n-pentane. Moreover, some electrons
in the valence band of CeO2 are excited to Cu1+/2+ species through
the interfacial charge transfer (IFCT) process [46,47], which results
in the transformation of Cu1+/2+ into Cu0 and promotes the transfer
capability of lattice oxygen in CeO2, therefore improving reducibility of catalysts (H2 TPR) and decreasing the activation energy of
n-pentane oxidation by the lattice oxygen. The generated Cu0 species are then easily oxidized by oxygen back to Cu1+/2+ under the
thermocatalytic reaction system to achieve a dynamic balance of
Cu species over PtCu/CeO2. The spillover Os adatoms from Pt and
the strong oxidizing species (such as h+, O
2 ) generated during
the photocatalytic process can not only mineralize n-pentane
directly under photothermocatalytic conditions, but also greatly
accelerate the reoxidation of the reduced CeO2-x catalyst. Thus,
the Mars–van Krevelen redox cycle was synergistically accelerated,
which resulted in the excellent photothermocatalytic activity of
PtCu/CeO2 (Fig. 6).
As is well known, coke accumulation at the catalyst surface
would block the active sites and thus cause the deactivation of
the catalyst [48]. The carbon deposit of the catalytic process over
PtCu/CeO2 was investigated by the C1s XPS spectrum, displayed
in Fig. 7. All the samples have the same composition of peaks,
which includes three peaks at 284.5, 285.9, and 289.0 eV, attributed to sp2 C (CAC, C@C), sp3 C (CAO), and oxidized C (C@O), respectively [49], and the content of assigned C1s is summarized in
Table S4. For PtCu-fresh, the detected carbon species are mainly
derived from surface contamination, such as CO2 absorption and
organic residues during the preparation process. The total content
of carbon species on PtCu-fresh changes from 20.0 to 25.3% for
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thermocatalytic
process
(Fig.
S6b).
All
these
results
directly demonstrated the enhanced coke-resistance in
photothermocatalysis.
4. Conclusions

Fig. 6. Mechanism of photothermocatalytic degradation of VOCs and stability over
PtCu/CeO2.
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A PtCu/CeO2 ordered porous catalyst was developed for photothermocatalytic mineralization of paraffinic VOCs. Simultaneous
photocatalytic and thermocatalytic activation by PtCu/CeO2
resulted in unique synergistic effects of more effective mineralization of n-pentane; it can completely mineralize n-pentane (>95%)
at 400 °C under simulated solar irradiation, 200 °C lower than that
for thermocatalytic treatment alone. The synergetic mechanism of
photothermocatalysis over PtCu/CeO2 can be summarized as follows: (1) Low loadings of PtCu alloy clusters on the CeO2 surface
lead to enhanced light harvesting, improved charge separation,
and increased capacity for reactive oxygen generation, which
together with the dynamic balance of Cu1+,2+ and Cu0 results in
high photothermocatalytic performance stability; (2) the intensification of thermocatalytic efficiency by photocatalysis contributes
to the acceleration of the Mars–van Krevelen redox cycle and the
lowering of activation energy under simulated solar irradiation;
(3) enhancing the photocatalytic efficiency by thermocatalysis
can facilitate deep oxidation of coke and moderate the negative
effect of carbon deposits on photocatalysis. These results may provide a practical application of PtCu/CeO2 catalysts in photothermocatalytic oxidation of other refractory VOCs, even soot particles.
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Fig. 7. XPS C1s spectra of PtCu/CeO2.
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