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SUMMARY

Exploring highly efficient and low-cost supported Pt catalysts is attractive for the
application of volatile organic compounds (VOCs) combustion. Herein, efficient
catalytic combustion of toluene at low temperature over Pt/g-Al2O3 catalysts
has been demonstrated by tailoring active Pt species spatially. Pt/g-Al2O3 cata-
lyst with low Pt-content (0.26wt%) containing both interfacial Pt-Al(OH)x and sur-
ficial metallic Pt (Pt0) species exhibited super activity andwater-resistant stability
for toluene oxidation. The strongmetal-support interaction located at the Al-OH-
Pt interfaces elongated the Pt-O bond and contributed to the oxidation of
toluene. Meanwhile, the OH group at the Al-OH-Pt interfaces had the strongest
adsorption and activation capability for toluene and the derived intermediate
species were subsequently oxidized by oxygen species activated by surficial
Pt0 to yield carbon dioxide and water. This work initiated an inspiring sight to
the design of active Pt species for the VOCs combustion.

INTRODUCTION

Volatile organic compounds (VOCs) are the crucial precursors to form secondary organic aerosol and

ozone (Lewis, 2018; Shrivastava et al., 2019; Ye et al., 2018), which is deleterious to the health of human be-

ings (Dedoussi et al., 2020; Heald and Kroll, 2020; Salthammer et al., 2018). It is urgent to develop effective

elimination technologies to restrain the emissions of VOCs to reduce the atmosphere pollution (Chen et al.,

2017; Wei et al., 2019). Catalytic oxidation plays an essential role in the treatment of VOCs due to its ad-

vantages of high treatment efficiency and minimal secondary pollution (Chen et al., 2020b; He et al.,

2019; Hu et al., 2019). The biggest challenge is to develop highly active catalysts for the low-temperature

combustion of VOCs. Supported Pt catalysts exhibit outstanding catalytic performance for VOCs combus-

tion (Zhang et al., 2015, 2019). However, scarcity and high cost are the main concerns hindering the appli-

cation of supported Pt catalysts.

Generally, the properties of supports are critical to the catalytic activity of supported Pt catalysts. Of all the

supports, g-Al2O3 was ranked as the most studied and used one for the catalytic combustion of VOCs, due

to its large specific surface area, thermostability, and low cost (Huang et al., 2015). Besides, the particle

sizes of noble metals could also regulate the chemical state of noble metals and influence their perfor-

mance (Du et al., 2020; Moriau et al., 2021; Wang et al., 2020a; Zhang et al., 2020b). Several studies have

proposed that the turnover frequencies (TOFs) would increase as the increase of particle size, due to the

exposure of more Pt crystal facets, such as (100) and (111), which provided more active sites for the catalytic

reaction (Huang et al., 2014). The strength of the surficial Pt-O bond of the Pt nanoparticles (Pt NPs) would

decrease with enhanced Pt-size, and the activation energy would decrease, hence leading to higher cata-

lytic activity (Kim and Ahn, 2009).

To further improve the performance of supported Pt catalysts, it is essential to locate the Pt active species

and to understand their structure-performance relationship. Generally, Metallic Pt (Pt0) species is consid-

ered as one of the active centers of supported Pt catalysts, which could activate O2 even at room temper-

ature (Duan et al., 2020; Gan et al., 2019; He et al., 2018; Liu et al., 2019b). Meanwhile, the important role of

Pt2+ has been confirmed for the adsorption and activation of reactants for toluene oxidation (Wang et al.,

2018a). Some studies implicated that the oxidized Pt (Pt–O(OH)x) enabled a synergistic effect with Pt0 and

facilitated the oxidation of CO (Cao et al., 2020; Chen et al., 2020c, 2021; Cheng et al., 2019), and the OH
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Figure 1. The catalytic performance of the Pt/g-Al2O3 catalysts

(A) Plots of toluene conversion and CO2 yield vs. temperature over different catalysts;

(B) Arrhenius plots;

(C) TOFPt at 160
�C;

(D) Plots of thermal stability and water resistance at 200�C over Pt/g-Al2O3-E. Reaction condition: 1000 ppm toluene +21%

O2/N2 balanced, total flow rate 100 mL$min�1, and WHSV = 40,000$mL g�1 h�1.

See also Table S1.
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group could facilitate the oxidation of HCHO (Wang et al., 2018b). However, the specific role of oxidized Pt

species and Pt0 for VOCs oxidation has not been clarified.

In this work, efficient catalytic combustion of toluene at low temperature over Pt/g-Al2O3 catalysts has been

demonstrated by tailoring active Pt species spatially. The metal-support interaction could be regulated by

tuning the solvent (water or absolute ethanol) during the impregnation process giving rise to Pt particles

with controlled size. More Pt0 content on the surface of large-size Pt NPs (2.2 nm), compared with the

nano Pt NPs (<1 nm), was generated during the reduction produces. Furthermore, the strong metal-sup-

port interaction located at the Al-OH-Pt interfaces in large-size Pt NPs was revealed, which contributed

to high toluene adsorbed and activated ability. The degradation mechanism of toluene on the active Pt

sites was revealed. Our finding initiated a novel strategy to enhance the combustion performance of

VOCs at low temperature.
RESULTS

Toluene combustion performance over Pt-based catalysts

Toluene of 1000 ppm was degraded by the catalysts with weight hourly space velocity (WHSV) of

40,000mL$g�1 h�1. According to different ratios of ethanol to water that was used in impregnation process,

the as-prepared Pt/g-Al2O3 samples were labeled as Pt/g-Al2O3-E (absolute ethanol), Pt/g-Al2O3-0.5E

(ethanol: water = 1:1) and Pt/g-Al2O3-W (water). Pure g-Al2O3 showed negligible catalytic activity below

250�C (Figure 1A). After loading Pt, the performance of the catalysts was dramatically improved, which

confirmed Pt existed intrinsic catalytic activity for toluene combustion. The order of T90 (Table S1) for

the three samples was as follows: Pt/g-Al2O3-E (174�C) < Pt/g-Al2O3-0.5E (202�C) < Pt/g-Al2O3-W

(212�C). The temperature of CO2 formation showed the same tendency as toluene conversion over all three

catalysts, indicating their remarkable mineralization ability. The apparent activation energy (Ea) was also

calculated at toluene conversion below 20%. The Ea of Pt/g-Al2O3-E calculated by the linear-fitting
2 iScience 24, 102689, June 25, 2021



Figure 2. The distribution of Pt on the g-Al2O3

HAADF-STEM images and Pt size distribution of (A) Pt/g-Al2O3-E, (B) Pt/g-Al2O3-0.5E, and (C) Pt/g-Al2O3-W.

See also Figure S5 and Table 1.
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Arrhenius equation was 24.06 kJ/mol, much lower than that of Pt/g-Al2O3-W (41.65 kJ/mol) and Pt/g-Al2O3-

0.5E (29.86 kJ/mol) (Figure 1B), suggesting the highly efficient toluene oxidation ability of Pt/g-Al2O3-E.

The TOFPt was also calculated to explore the intrinsic activity of the catalysts. Pt/g-Al2O3-E displayed

the highest TOFPt of 13.69 3 10�3 s�1 at 160�C (Figure 1C and Table S1), followed by 5.59 3 10�3 s�1 of

Pt/g-Al2O3-0.5E and 4.80 3 10�3 s�1 of Pt/g-Al2O3-W. Pt/g-Al2O3-E with low Pt content had superior

toluene oxidation activity in TOFPt and reaction rate compared with the state-of-the-art Pt-based catalysts

(Table S2).

The thermal stability and water-resistant ability were also measured to investigate the practical application

of the Pt/g-Al2O3-E. Within the 20 hr of on-stream stability test at 200�C (Figure 1D), the conversion of

toluene remained unchanged with 5 vol% and 10 vol% of water vapors, implying that the Pt/g-Al2O3-E

possessed not only outstanding catalytic activity of toluene oxidation but also tremendous catalyst stability

and water-resistant ability.

Structure of Pt-based catalysts

X-ray diffraction patterns (Figure S1) suggested that the diffraction peaks of all the samples were assigned

to g-Al2O3 (PDF#10-0425). The absence of Pt diffraction peak suggested the excellent dispersion of Pt on

the g-Al2O3. The high angle annular dark-filed scanning transmission electron microscopy (HAADF-STEM)

images and the energy-dispersive spectrometer line scan data (Figures S2–S4) demonstrated the existence

of Pt. Figure 2 showed the Pt nanoparticle size distribution of the catalysts. The average Pt particle size of

the catalysts followed the order: Pt/g-Al2O3-E (2.20G 0.4 nm, Figure 2A) > Pt/g-Al2O3-0.5E (1.40G 0.4 nm,

Figure 2B) > Pt/g-Al2O3-W (0.85 G 0.3 nm, Figure 2C). Pt NPs on the Pt/g-Al2O3-E (Figure S5A) and Pt/g-

Al2O3-0.5E (Figure S5B) samples had typical (111) facets. The Pt facets on the Pt/g-Al2O3-W sample were

hard to detect due to the small size of Pt. Other physical structure properties of the catalysts were listed

in Table 1. The actual Pt loading of the Pt/g-Al2O3 catalyst was close to the theoretical value. The SBET (Fig-

ure S6 and Table 1) and the pore volume of the g-Al2O3 almost did not change after loading Pt.

Chemical properties of Pt species

X-ray absorption fine structure (XAFS) could detect the chemical states and coordination environment of Pt

species. The white line intensity of X-ray absorption near edge structure (XANES) spectra at the Pt L3-edge

of all Pt/g-Al2O3 catalysts were positioned between the Pt foil and PtO2 (Figure 3A), suggesting the pres-

ence of both metallic Pt and PtOx in the three samples. The white line intensity of Pt/g-Al2O3-E sample was

closer to that of Pt foil, while the white line intensity of Pt/g-Al2O3-0.5E and Pt/g-Al2O3-Wwere nearer to the

PtO2. The results implied that more metallic Pt species existed in the Pt/g-Al2O3-E, and more PtOx existed

in the Pt/g-Al2O3-0.5E which was similar as Pt/g-Al2O3-W (Ma et al., 2019). Extended X-ray absorption fine

structure spectroscopy (EXAFS) offered more evidence about the dispersion of Pt species and the coordi-

nation environment of Pt over the catalysts (Figures 3B and S7 and Table S3). The Pt-Pt contribution was
iScience 24, 102689, June 25, 2021 3



Table 1. The structure information of the catalysts

Sample SBET (m
2/g)a Vpore (cm

3/g)a Pt loading (wt%)b Pt dispersity (DPt)
c dPt (nm)d

Pt/g-Al2O3-E 133.3 0.60 0.260 0.669 2.20 G 0.4

Pt/g-Al2O3-0.5E 137.8 0.61 0.265 0.635 1.40 G 0.4

Pt/g-Al2O3-W 140.1 0.62 0.275 0.586 0.85 G 0.3

g-Al2O3 134.2 0.73 – – –

The BET surface areas (SBET), pore volume (Vpore), Pt loading, Pt dispersity (DPt) and Ptmean particle diameters (dPt) of g-Al2O3

and Pt/g-Al2O3. See also Figures 2 and S6.
aCalculated from N2 adsorption/desorption experiments.
bDetermined by ICP-AES.
cCalculated by CO chemical adsorption data.
dDetermined by HAADF-STEM.
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observed at about 2.7 Å over Pt/g-Al2O3-E (Figure 3B), indicating that most of the Pt NPs over Pt/g-Al2O3-E

was metallic Pt0. Nevertheless, the Pt-Pt contribution was absent and only a Pt-O shell at about 1.7 Å was

detected for Pt/g-Al2O3-0.5E and Pt/g-Al2O3-W samples, implying that the PtOx on the Pt/g-Al2O3-W and

Pt/g-Al2O3-0.5E was difficult to be reduced. A weak Pt-O shell was also observed over Pt/g-Al2O3-E, which

further implied the co-existence of oxidized Pt species and Pt0. The structure fitting parameters were dis-

played in Table S3, the Pt–O bond distance of Pt/g-Al2O3-W (2.00 Å) sample was as same as the PtO2 foil

(2.00 Å), while the Pt–O bond distance was longer for the Pt/g-Al2O3-0.5E (2.11 Å) and Pt/g-Al2O3-E (2.14 Å)

compared with the counterpart of PtO2. The elongation of the Pt–O bond was due to the sharing oxygen

between Pt and g-Al2O3, which favored the stronger interaction between oxidized Pt species and g-Al2O3

(Gatla et al., 2016). The above results implied that the existence of Al-O-Pt interfaces in the Pt/g-Al2O3 cat-

alysts. Meanwhile, the elongation of the Pt–O bond also facilitated the activation of the surface oxygen

(Shen et al., 2020).

To further reveal the chemical states of Pt species and the metal-support interaction between Pt and

g-Al2O3, H2 temperature programmed reduction (H2-TPR) was implemented. As shown in Figure 3C, a sin-

gle reduction peak at 120�C that belonged to the reduction of surficial PtOx to Pt0 was observed for

Pt/g-Al2O3-E sample. For the Pt/g-Al2O3-W and Pt/g-Al2O3-0.5E samples, these peaks located at higher

temperature, suggesting the stronger mental-support interaction between surficial PtOx and Al2O3, mak-

ing it difficult for the PtOx to be reduced to Pt0. The surficial PtOx of large-size Pt NPs was easier to form Pt0

under H2 reduction, while the relatively stronger interaction between surficial PtOx and g-Al2O3 in sub-nano

Pt NPs made it difficult to form Pt0 species. Additionally, the peaks located around 420�C were ascribed to

the reduction of Al-O-Pt interfaces that strongly interact with the surface OH groups of g-Al2O3 (Bhoges-

wararao and Srinivas, 2015; Lee et al., 2020).

The interfacial Pt-Al(OH)x species could be detected by CO temperature programmed reduction (CO-TPR)

experiments (Cao et al., 2020). As seen in Figure 3D, all the Pt catalysts possessed considerable Pt-Al(OH)x
species. The temperature of the Pt-Al(OH)x peak ranked the order of Pt/g-Al2O3-E (457�C) > Pt/g-Al2O3-

0.5E (431�C) > Pt/g-Al2O3-W (371�C), indicating the strongest interaction between Pt-Al(OH)x species

and g-Al2O3 in Pt/g-Al2O3-E, which matched the results of the EXAFS. Based on above results, surficial

PtOx on Pt/g-Al2O3-E could transferred into Pt0 easily and gave rise to more Pt0 after reduction process

while the strong interaction between interfacial Pt-Al(OH)x and g-Al2O3 also existed. X-ray photoelectron

spectroscopy was also employed to further confirm the existance of Al-OH. The peak at around 533.0 eV of

O 1s was ascribed to the -OH species in the g-Al2O3 sample, which proved the existence of Al(OH) species

(Figure S8A) (Chen et al., 2014; Fang et al., 2013). It is worth noting that the ratio of -OH (A-OH/A-OH + A-O-)

increased after the Pt was supported (Figures S8B–S8D), indicating the coordination of Pt species with -OH,

which was consisted with the CO-TPR results (Chen et al., 2021).
Oxygen adsorption and activation properties

He-temperature programmed desorption-mass spectrometry (TPD-MS) and O2-TPD-MS were carried

out to further detect the oxygen species of the catalysts. As is shown in Figure S9, the desorption of

H2O (m/z = 18) species were ascribed to the dehydroxylation on the surface of g-Al2O3(Sangnier et al.,

2018). Two main desorption peaks were observed over all the samples in Figure S9A. According to
4 iScience 24, 102689, June 25, 2021



Figure 3. Chemical properties of Pt species

(A and B) (A) Normalized XANES spectra at the Pt L3-edge of Pt foil, PtO2 and the as-prepared catalysts, (B) magnitude of

the Fourier transform (FT) k3-weight EXAFS data for for Pt and as-prepared catalysts (dash line: fit of the experimental

data), see also Figure S7 Table S3.

(C and D) (C) H2-TPR profiles of different catalysts before H2 reduction, (D) CO-TPR profiles of different catalysts: (a) Pt/

g-Al2O3-E; (b) Pt/g-Al2O3-0.5E; (c) Pt/g-Al2O3-W; (d) g-Al2O3.
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some researches, lattice OH groups were detected when the temperature beyond 400�C (Detreköy et al.,

1974; Kota and Lee, 2007). Hence, the peak at low temperature (126–160�C) might come from the surface

OH species, and the peak at the higher temperature (260–700�C) might be associated to the lattice OH

species. The peak at low temperature shifted to higher temperature with introducing Pt (Figure S9A), which

might be ascribed to the formation of Pt-Al(OH)x species. After pre-adsorption of O2, the first peak shifted

to lower temperature (<100�C). Moreover, an extra peak appeared in the temperature range of 140-259�C
for all three Pt/g-Al2O3 samples in the presence of oxygen, which might be attributed to the overflow of O2

over Pt species (Figure S9B), further indicating that the loaded Pt could activate O2. Figures 4A and 4B dis-

played the signal of O (m/z = 16) fragments that observed in He-TPD and O2-TPD, respectively. In order to

remove the interference of water and O2, the signals of both had been excluded proportionally. Only Pt/

g-Al2O3-E sample had a desorption peak at 130�C (Figure 4A), which could be attributed to the desorption

of surface adsorbed active oxygen species (Oad). After pre-adsorbing O2, the temperature of the Oad peak

for Pt/g-Al2O3-E shifted to 88�C, which was lower than that of Pt/g-Al2O3-0.5E (131�C) and Pt/g-Al2O3-W

(149�C) (Figure 4B). The peak intensity of Oad for Pt/g-Al2O3-E was the largest among all three catalysts.

These profiles proved that Pt/g-Al2O3-E possessed outstanding O2 activation ability at low temperature

which could facilitate the oxidation of toluene.
Toluene adsorption properties

Toluene-TPD-MS was used to measure the toluene adsorption ability of the catalysts. Figures 4C and 4D

displayed the mass spectra of toluene and CO2, respectively. The desorption temperature of toluene for

the three samples was similar (�85�C), but the peak area was reduced in the order of g-Al2O3 > Pt/

g-Al2O3-W > Pt/g-Al2O3-0.5E > Pt/g-Al2O3-E (Figure 4C). The existence of CO2 indicated that toluene

could be oxidized on the as-prepared Pt/g-Al2O3 catalysts even without oxygen (Figure 4D). Interestingly,

the order of desorption peak area of CO2 was the reverse of that of toluene, indicating that more adsorbed

toluene over Pt/g-Al2O3-E was oxidized into CO2 with increasing temperature. In order to observe the dif-

ference more intuitively, the toluene and CO2 desorption peak area were normalized by that of g-Al2O3
iScience 24, 102689, June 25, 2021 5



Figure 4. Reactants adsorption and activation ability over the catalysts

(A and B) (A) He-TPD-MS (m/z = 16, O), (B) O2-TPD–MS (m/z = 16, O), (the signals of H2O and O2 had been excluded

proportionally), see also Figure S9.

(C and D) (C) Toluene-TPD-MS (m/z = 92, toluene), and (D) m/z = 44, CO2 profiles of different catalysts: (a) Pt/g-Al2O3-E;

(b) Pt/g-Al2O3-0.5E; (c) Pt/g-Al2O3-W; (d) g-Al2O3.

See also Figure S10.

ll
OPEN ACCESS

iScience
Article
(Figure S10). With the increase of Pt size, the desorption amount of toluene decreased, while the produced

CO2 increased. According to the above results, there was more chemical adsorbed or activated toluene on

the Pt/g-Al2O3-E than Pt/g-Al2O3-W and Pt/g-Al2O3-0.5E. Furthermore, the low-temperature desorption

sequence of CO2 over the catalysts was as follows: Pt/g-Al2O3-E (191�C) < Pt/g-Al2O3-0.5E (197�C) < Pt/

g-Al2O3-W (215�C) (Figure 4D). These results indicated that Pt/g-Al2O3-E had the highest low-temperature

activation and oxidation ability for toluene.

The intermediates of the toluene oxidation

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was operated to investigate the

intermediate species on the surface of catalysts during the toluene oxidation. Temperature-dependent in

situDRIFTS displayed in Figure 5. Details of the bands related to the adsorbed species were summarized in

Table S4. The bands at 2931, 2863, and 2905 cm�1 belonged to the stretching of C–H in methyl (–CH3) or

methylene (–CH2) (Besselmann et al., 2000; Qu et al., 2020; Wang et al., 2015), indicating that toluene was

oxidized on the catalysts surface via methyl group (Figure 5). CO (2090–2080 cm�1) was also detected due

to the primary oxidation of toluene (Figure 5) (Yang et al., 2020b). The efficient accumulation and oxidation

of aromatic intermediate species on the Pt/g-Al2O3-E made the intensity of the C–H in benzene ring band

(3072, 3034, and 2996 cm�1) increased from 100�C to 170�C, and decreased rapidly above 180�C (Figure 5A)

(Chen et al., 2018a, 2018b; Yang et al., 2019c; Zhao et al., 2016a). As for the Pt/g-Al2O3-0.5E (Figure 5B) and

Pt/g-Al2O3-W (Figure 5C), the intensity of the C–H in benzene ring band (3072 cm�1) did not drop until

220�C and 250�C, respectively. Benzaldehyde and benzoic acid were main aromatic intermediate species

observed (Figure 5). The bands associated with benzaldehyde (2450–2560, 1653, 1648, 1625, and 1370–

1390 cm�1) and benzoic acid (1604, 1497, 1556 and 1426 cm�1) appeared at 140�C over Pt/g-Al2O3-E (Fig-

ure 5A), much lower than that of Pt/g-Al2O3-0.5E (180�C, Figure 5B) and Pt/g-Al2O3-W (200�C, Figure 5C)

(Finocchio et al., 1995; He et al., 2011; Jiang et al., 2018; Liu et al., 2018; Sun et al., 2015; Yang et al., 2019c,

2020b; Zhao et al., 2016b). The accumulation of intermediates on the three sample was quite distinct. More

benzoic acid species accumulation on Pt/g-Al2O3-W sample compared with Pt/g-Al2O3-E sample. As the
6 iScience 24, 102689, June 25, 2021



Figure 5. The main intermediates of the toluene oxidation over the as-prepared Pt/g-Al2O3 catalysts

Temperature-dependent in situ DRIFTS spectra (3100–1350 cm�1) under 500 ppm toluene + air: (A) Pt/g-Al2O3-E, (B) Pt/

g-Al2O3-0.5E, (C) Pt/g-Al2O3-W.

See also Figures S11–S13 and Table S4.
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temperature rose, benzoquinone species (1715 and 1679 cm�1) and maleic anhydrides (1966, 1920 and

1309 cm�1) arose, because of the deeper oxidation of aromatic intermediates (Sanati and Andersson,

1993; Yang et al., 2019b, 2020a, 2020b). Benzoquinone species and maleic anhydrides presented at

190�C over Pt/g-Al2O3-E (Figure 5A) but were barely detected over the Pt/g-Al2O3-W until 230�C (Fig-

ure 5C), indicating the excellent low-temperature oxidation ability of Pt/g-Al2O3-E. The bands at 1476

and 1340 cm�1 were attributed to carbonate species (Du et al., 2018; Yang et al., 2019a), and the bands

ascribed to CO2 appeared at around 2380 and 2320 cm�1 (Figure 5) (Sun et al., 2015). Other intermediate

species like benzyl alcohol (3465 cm�1) was also obviously observed over the Pt/g-Al2O3 samples (Fig-

ure 6A) (Li et al., 2019).

Time-dependent in situ DRIFTS of toluene transient reaction at 190�C was operated to get the adsorption

information of the toluene. All the species were detected without O2 (Figures S11–S13), suggesting that the

toluene could be oxidized by Pt/g-Al2O3 catalysts even without oxygen, which consisted with the toluene-

TPD-MS results. The vibration of C–H in benzene ring at a range from 3080 to 3000 cm�1 displayed different

trends. The intensity of the band at 3072 cm�1 over Pt/g-Al2O3-E (Figure S11) grew faster than that over Pt/

g-Al2O3-0.5E (Figure S12). Nevertheless, the intensity of this band (3072 cm�1) did not increase over Pt/

g-Al2O3-W (Figure S13) until air was injected. These phenomena could be induced by various aromatic spe-

cies adsorption on different catalysts. The band at 3072 cm�1 might be caused by the adsorption of inter-

mediate species, and the band at 3045 and 3030 cm�1 over Pt/g-Al2O3-W and Pt/g-Al2O3-0.5E could be

associated with the adsorbed toluene. It evidenced that Pt/g-Al2O3-E sample possessed strong oxidation

capability even without oxygen. During the adsorption of toluene, for all the catalysts, the strongest bands
iScience 24, 102689, June 25, 2021 7



Figure 6. Proposed mechanism of toluene oxidation over Pt species

(A) Temperature-dependent in situ DRIFTS spectra (3800–3400 cm�1) under 500 ppm toluene + air over as-prepared

catalysts (left: Pt/g-Al2O3-E; middle: Pt/g-Al2O3-0.5E; right: Pt/g-Al2O3-W), see also Figures S16–S18.

(B) Plots of normalized peak intensities at 1653 cm�1 (C, benzaldehyde), 1426 cm�1 (A, benzoic acid), 1309 cm�1

(:, maleic anhydrides) and 3743 cm�1 (;, M-OH), see also Figure S19.

(C) Proposed mechanism of toluene oxidation over Pt/g-Al2O3-E.
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were assigned to benzoate species (1602, 1551, and 1426 cm�1), indicating the accumulation of benzoic

acid (Figures S11–S13). Thus, the oxidation of benzoic acid was the rate-determined step for toluene

oxidation.

Gas chromatography-mass spectrometer (GC-MS) technique was adopted to get more convincing infor-

mation about the intermediates during the reaction progress. As displayed in the Figure S14 and Table

S5, benzyl alcohol, benzaldehyde, benzoic acid, and benzene were detected over all the three Pt/

g-Al2O3 catalysts at 160
�C, which was consisted with the in situ DRIFTS results. Figure S15 exhibited the

variation of the intermediates along with the temperature. The peak intensity of the toluene, benzalde-

hyde, and benzoic acid over Pt/g-Al2O3-E sample significantly decreased when the temperature rose to

180�C. As for the Pt/g-Al2O3-0.5E and Pt/g-Al2O3-W samples, the peak intensity of these species did not

decline until the temperature reached to 220�C. These results further demonstrated the excellent interme-

diates oxidation ability of the Pt/g-Al2O3-E sample.
Structure-performance relationship over Pt species

Besides the intermediate species over the catalysts, the characteristic bands of hydroxyl groups presented

from 3800 to 3600 cm�1 (Figure 6A) was associated with the OH species on the catalyst surface (Liu et al.,

2018; Wang et al., 2020b). The negative band at 3763 cm�1 was ascribed to the presence of terminal hy-

droxyls, which was resulted from the adsorption and reaction between toluene and Pt-Al(OH)x (Li et al.,

2020; Zhao et al., 2020). As displayed in Figure 6A, the intensity of the negative band (3763 cm�1) showed

a decline above 200�C for Pt/g-Al2O3-E sample. However, for the other catalysts, the intensity of the
8 iScience 24, 102689, June 25, 2021



ll
OPEN ACCESS

iScience
Article
negative band (3763 cm�1) increased during the whole processes. A new band at 3743 cm�1 was observed

as the temperature rose, due to the initial oxidation of toluene on the Pt-Al(OH)x. The new negative band

(3743 cm�1) appeared at 160�C for Pt/g-Al2O3-E, 200
�C for Pt/g-Al2O3-0.5E and 230�C for Pt/g-Al2O3-W,

respectively. It suggested that the lower activation temperature of toluene on the Al-OH-Pt interfaces

because of the stronger metal-support interaction of Al-OH-Pt interfaces over Pt/g-Al2O3-0.5E than that

over Pt/g-Al2O3-W. Additionally, the new band (3743 cm�1) was absent during the toluene adsorbed stage

at 190�C and N2 purging stage but appeared over the Pt/g-Al2O3-E sample after introducing air (21% O2/

N2) at 190
�C (Figure S16), indicating that the presence of O2 was crucial for the further toluene oxidation at

low temperature. Furthermore, there was a negative band at 3727 cm�1 over Pt/g-Al2O3-E sample (Fig-

ure S16) during the adsorption of toluene, which also amplified the initial oxidation of toluene on the

Pt-Al(OH)x sites without O2. However, for the Pt/g-Al2O3-0.5E (Figure S17) and Pt/g-Al2O3-W (Figure S18)

samples, the two bands (3743 and 3727 cm�1) weremissing during the whole time-dependent reaction pro-

cess at 190�C. These results further confirmed that the Pt-Al(OH)x species in Pt/g-Al2O3-E possessed the

best adsorption and activation capability for toluene, and Pt0 species was crucial for the oxygen activation

capability at low temperature.

We normalized the band intensities of several main intermediate species (benzaldehyde, benzoic acid, ma-

leic anhydrides) to directly observe the change of intermediate species. As shown in Figure S19, the

adsorption of all species reached equilibrium after 20 min, and the purging of N2 did not disturb the equi-

librium, indicating the strong adsorption of toluene and intermediate species on the catalysts. The normal-

ized intensity significantly raised after adding O2 (21% O2/N2). It is worth noting that the generation rate of

benzaldehyde and benzoate species over Pt/g-Al2O3-E was opposite to Pt/g-Al2O3-W. For Pt/g-Al2O3-E,

there was more benzoic acid formation and less benzaldehyde accumulation than Pt/g-Al2O3-W, proving

that Pt/g-Al2O3-E had stronger oxidation ability to further oxidize benzaldehyde into benzoic acid. In

contrast, the poor oxidation ability of Pt/g-Al2O3-W prevented further oxidation of benzaldehyde and

thus led to accumulation on the catalyst surface. Figure 6B showed the normalized intensity of the time-

dependent in situ DRIFTS. All the species had similar generation rates at the light-off stage, but with

light-off temperature in the order of Pt/g-Al2O3-E < Pt/g-Al2O3-0.5E < Pt/g-Al2O3-W. The generation of

benzaldehyde and benzoic acid over Pt/g-Al2O3-E reached 1.0 at 220�C and 200�C respectively, and

decreased as more benzaldehyde and benzoic acid were oxidized at high temperature. The formation

of maleic anhydrides over Pt/g-Al2O3-E quickly reached equilibrium at 200�C. However, the accumulation

of maleic anhydrides was still ongoing at 250�C over Pt/g-Al2O3-W and Pt/g-Al2O3-0.5E. Coincidently, the

rate change of the interaction between Pt-Al(OH)x and toluene, as well as the intermediate species

(3743 cm�1) was the same as that of benzoic acid (1426 cm�1). The simultaneous change of the two bands

not only demonstrated the adsorption of benzoic acid species at the Pt-Al(OH)x sites, and also indicated

the further oxidation of the adsorbed benzoic acid. These results indicated that adsorption and activation

of toluene happened at Pt-Al(OH)x sites, and adsorption/activation capability of toluene on the Pt-Al(OH)x
sites increased with the improvement of the metal-support interaction of Al-OH-Pt interfaces. Meanwhile,

the activation of O2 at Pt
0 sites was crucial for the further oxidation of benzoic acids at low temperature,

which was the rate-determined step of toluene oxidation over the Pt/g-Al2O3.
Proposed mechanism of toluene oxidation over Pt/g-Al2O3-E

Based on the above results, the probable toluene oxidation mechanism was proposed in Figure 6C. The

degradation of toluene on the prepared Pt/g-Al2O3 catalysts followed the Langmuir-Hinshelwood mech-

anism. Toluene was adsorbed and activated on the Pt-Al(OH)x species. According to the results of XAFS

and CO-TPR, the chemical states of Pt over Pt/g-Al2O3-0.5E and Pt/g-Al2O3-W samples were similar, but

the interaction between Pt-Al(OH)x and g-Al2O3 in Pt/g-Al2O3-0.5E was stronger. Therefore, compared

with Pt/g-Al2O3-W sample, the higher activity of Pt/g-Al2O3-0.5E sample in the toluene combustion could

come from its stronger interaction between Pt-Al(OH)x and g-Al2O3. For Pt/g-Al2O3-E sample (Figure 6C),

the strongest metal-support interaction between Pt-Al(OH)x and g-Al2O3 among the three samples

contributed to its powerful adsorption capability which could attracted the methyl group of toluene at

low temperature. Toluene was firstly adsorbed on the Pt-Al(OH)x species based on the in situ DRIFTS re-

sults. The aromatic ring could be adsorbed on noble metal catalysts through p-binding (Liu et al.,

2019a; Wang et al., 2018a). Accordingly, toluene would be adsorbed via p-binding as the electron in d-

orbital of the negatively charged Pt could back-donation to the p* of toluene (Lu et al., 2019). Therefore,

the adsorption interaction bond between toluene and the Pt/g-Al2O3 might be the p-binding. Generally,

the alcohols, aldehydes, and acids species were detected during the oxidation of aromatic VOCs according
iScience 24, 102689, June 25, 2021 9
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to the former studies (Chen et al., 2019, 2020a; Zhang et al., 2020a). A similar oxidation process also

happened on toluene over Pt/g-Al2O3-E, the adsorbed toluene was oxidized into benzyl alcohol, benzal-

dehyde and then benzoic acid by OH group at Al-OH-Pt interfaces based on the in situ DRIFTS and

GC-MS results. The oxidation of benzoic acid was the rate-determined step, which could be accelerated

with abundant active oxygen species generated from the Pt0. Benzoic acid was then oxidized to maleic

anhydride and carbonates. Therefore, the strong activation capability of Pt-Al(OH)x for toluene and the

excellent low temperature O2 activation ability of Pt0 in Pt/g-Al2O3-E sample promoted its super low-tem-

perature catalytic performance of toluene combustion.

DISCUSSION

In this work, we regulated the interaction between Pt active species and g-Al2O3 by controlling the size of Pt

particles over Pt/g-Al2O3 with low-content of Pt (0.26 wt%) through a facile synthetic strategy. The Pt par-

ticle size was controlled by changing the content of ethanol during the one-step impregnate process. The

efficient combustion of toluene at low temperature (T90 = 174�C,WHSV = 40,000 mL$g�1 h�1) was achieved

via regulating the surficial Pt0 and interfacial Pt-Al(OH)x species. Additionally, the probable toluene degra-

dation mechanism over the obtained catalysts was proposed according to the in situ DRIFTS and GC-MS

results. Toluene was adsorbed on Pt-Al(OH)x sites and oxidized to benzyl alcohol, benzaldehyde, benzoic

acid, maleic anhydride and carbonates. Active oxygen species generated from the Pt0 activated gaseous

oxygen promoted the processes and finally led to the total oxidation of toluene at low temperature.

Compared with the previous methods, the strategy proposed here is surfactants-free which was more

convenient and environment friendly. Furthermore, the super water-resistance of Pt/g-Al2O3-E compared

with other Pt-based catalyst also indicated its promising application in the industry. This work initiated an

inspiring sight to the design of active species regulated by metal-support interaction for the VOCs

combustion.

Limitations of the study

Currently, it is difficult for this research to reveal the precise change of the Pt species during the reaction.

The in situ or operando XAFS would be required.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

g-Al2O3 Titan Scientific Co., Ltd CAS: 1344-28-1

Tetraammineplatinum (II) nitrate

([Pt(NH3)4](NO3)2)

Shanghai Aladdin Biochemical Technology

Co., Ltd.

CAS: 20634-12-2

Ethanol absolute Titan Scientific Co., Ltd CAS: 67-17-5
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dengsong Zhang (dszhang@shu.edu.cn)

Materials availability

This study did not generate new unique reagents. All chemicals were obtained from commercial resources

and used as received.

Data and code availability

This study did not generate any datasets or code. All relevant data are available from the corresponding

author (dszhang@shu.edu.cn) upon reasonable request.

METHOD DETAILS

Catalyst preparation

All catalysts were synthesized by a simple one-step wetness impregnation method. 1 g of g-Al2O3 was

dispersed in 40 mL of absolute ethanol, and then 1243.8 mL of [Pt(NH3)4](NO3)2 (2.015 mg$mL-1) solution

was adding into the suspension with stirring at room temperature. After stirring for 6 hours, the solvent

was removed through rotary evaporation at 60�C and then dried at 70�C overnight. The collected samples

were calcined at 300�C with Ar flow for 2 hours, following with H2 flow at 300�C for 2.5 hours. The resulting

samples were denoted as Pt/g-Al2O3-E. The synthesis of Pt/g-Al2O3-0.5E and Pt/g-Al2O3-W was similar to

that of Pt/g-Al2O3-E, except that a mixed solution (ethanol: water = 1:1) and water were used instead. The

actual Pt-content was detected by inductively coupled plasma atomic emission spectroscopy (ICP-AES).

Characterization

X-ray diffraction (XRD) patterns were recorded using Bruker D8 Advance diffractometer equipped with a Cu

Ka radiation source and a LynxEye XE-T linear detector at a scanning rate of 8� min-1.

The Specific surface area (SBET) of the catalysts were recorded on an ASAP 2460 Surface Area and Porosity

81 Analyzer (Micrometrics, USA) at 77 K and based on N2 80 adsorption/desorption isotherms recorded

calculated by N2 80 adsorption/desorption isotherms, all catalysts were degassed under vacuum at

300�C for 12 h.

High-resolution transmission electron microscope (HRTEM) and high-angle annular dark-field scanning-

transmission electron-microscopy (HAADF-STEM) images were obtained on JEM-2100F (JEOL LTD, Japan)

at 200kV. all samples were suspended in the ethanol and dropped onto the molybdenum grid.

The X-ray adsorption fine structure (XAFS) spectra (Pt L3-edge) of various supported Pt catalysts and refer-

ences (Pt foil and PtO2) were collected at Bl14W1 beamline in Shanghai Synchrotron Radiation Facility

(SSRF). The data was carried out in the fluorescence mode at ambient temperature. The acquired EXAFS
14 iScience 24, 102689, June 25, 2021
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data were processed according to the standard procedures using the ATHENA module implemented in

the IFEFFIT software packages. The k3-weighted EXAFS spectra were obtained by subtracting the post-

edge background from the overall absorption and then normalizing with respect to the edge-jump step.

Subsequently, k3-weighted c (k) data of Pt L3-edge were Fourier transformed to real (R) space using a

hanging windows (dk = 1.0 Å-1) to separate the EXAFS contributions from different coordination shells.

To obtain the quantitative structural parameters around central atoms, least-squares curve parameter

fitting was performed using the ARTEMIS module of IFEFFIT software packages.

H2 temperature programmed reduction (H2-TPR) was performed on AutoChem II 2950 adsorption appa-

ratus (Micromeritics, USA) equipped with the thermal conductivity (TCD) detector. Prior to H2-TPR exper-

iment, 50 mg of catalyst was pretreated with He flow (30 mL$min-1) at 300�C for 0.5 h., then cooled down to

room temperature in the He atmosphere. Finally, the reactor temperature was raised to 900�C at a constant

heating rate of 10�C$min-1 with 50 mL$min-1 of 10% H2/Ar flow. The H2 consumption was monitored by the

TCD detector.

CO temperature programmed reduction (CO-TPR) was performed on a TP 5080 (Xianquan, Tianjin, China)

chemical adsorption instrument. 50 mg of catalysts was pretreated at 250�C for 1 hour in He atmosphere

(30 mL$min-1) and then cooled down to 50�C. Finally, the reactor temperature was raised to 900�C at a con-

stant heating rate of 10�C$min-1 with 30 mL/min flow of CO. The CO consumption was monitored by the

TCD detector.

X-ray photoelectron spectroscopy (XPS) was measured on a Prevac photoelectron spectrometer equipped

with a VGSCIENTA R3000 hemispherical analyzer. The binding energy of O 1s were referenced to the

adventitious C 1s line at 284.8 eV and the peaks were fitted by Avantage Software.

O2 temperature-programmed desorption-mass spectrometry (O2-TPD-MS) was performed on AutoChem

II 2920 adsorption apparatus (Micrometiris, USA) with an OMNI star magic angle spinning (MAS) spectrum.

50 mg of catalyst was pretreated under He flow (30 mL$min-1) at 250�C for 1 h. After cooling down to room

temperature, the sample was exposed to a flow of 2 vol%O2/H2 for 1h, followed by He purging (50 mL$min-

1) for 30 min to remove weakly adsorbed O2. Then the sample was heated from 50 to 900�C under He flow,

meanwhile, the TCD signal and the content of the out let gas were recorded.

Toluene temperature-programmed desorption-mass spectrometry (toluene-TPD–MS) was performed on a

VDSorb-91i-Staion (Vodo) equipped with TCD detector and an OMNI star magic angle spinning (MAS)

spectrum. 50 mg of catalyst was pretreated with N2 flow (30 mL$min-1) at 250�C for 1 h and restored to

room temperature. 1000 ppm of toluene/N2 (30 mL$min-1) was injected into the system for 1h, followed

by N2 purging (30 mL$min-1) for 30min to remove weakly adsorbed toluene. Then, the sample was heated

form 50�C to 900�C under N2 flow, meanwhile, the TCD signal and the content of the out let gas were

recorded.

In order to remove the interference of water (H2O,m/z = 18) and O2 (m/z = 32) for the O species (m/z = 16),

the signals of both had been excluded proportionally, following by the formula:

S0
O = SO � SH2O � ½PO �H2O

� SO2
� ½PO �O2

(Equation 1)

Where SO ; SH2O and SO2
were the initial MS signal of O species (m/z = 16), water (H2O, m/z = 18) and O2

(m/z = 32), respectively. ½PO �H2O
and ½PO �O2

were the proportion of O in the H2O and O2 MS signal.

Toluene temperature-programmed surface reaction was performed on a VDSorb-91i-Fourier Transform

Infrared Spectrometer (FTIR) and in situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy

(DRIFTS) experiments were performed on an FTIR spectrometer (Nicolet is50) equipped with a Harrick

DRIFT cell and an MCT/A detector. All the in situ DRIFTS spectra were collected by accumulating 64 scans

at a 4 cm-1 resolution.

For the temperature-dependent in situ DRIFTS, the catalyst was pretreated under N2 flow (30 mL/min) at

250�C for 1 h, the system was cooled down to 100�Cwhile the background was collected. The sample spec-

trum was collected under 500 ppm of toluene/air. In order to get more details around the light-off of the

catalytic activity, the recorded temperature was slightly different for the three samples. The recorded
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temperature was 100, 120, 140, 160, 170, 180 190, 200, 220, 240 and 250�C for Pt/g-Al2O3-E;100, 120, 140,

160, 180, 190, 200, 210, 220, 240 and 250�C for Pt/g-Al2O3-0.5E; 100, 120, 140, 160, 180, 200, 210, 220, 230,

240 and 250�C for Pt/g-Al2O3-W.

For the time-dependent in situ DRIFTS, the catalyst was pretreated under N2 flow (30 mL/min) at 250�C for

1 h, the system was cooled down to 190�C, and the background was collected. 1000 ppm toluene

(10mL$min-1) was injected into the system for 1h, followed byN2 purging (30mL$min-1) for 30min to remove

weakly adsorbed toluene. Then, the sample was reacted at 190�C under air (21% O2/N2) flow. Meanwhile,

the spectrum was collected during the whole process.

Chromatography-mass spectrometry (GC-MS) was performed on a 7890B GC System and 5977BMSD (Agi-

lent Technology, USA). The off-gas during catalyst activity measurements was collected by stainless steel

conditioned tubes with Tenax-TA adsorbent (Marks International, USA) for 5 min of absorption under each

temperature. Then, products were desorbed on thermal desorber UNITY-xr (Marks International, USA). Af-

ter desorption, these intermediates were transported to the GC-MS system to analyze.
Catalytic activity measurement

A continuous flow fixed-bed tubemicroreactor (F= 6.0 nm) was carried out tomeasure the catalytic activity.

To investigate the performance of catalysts, 1000 ppm toluene and air (21% O2/N2) with total flow of

100 mL$min-1 was used to investigate the performance of catalyst. 150 mg of the catalyst with 40-60

mesh was used. The equivalent of a space velocity (WHSV) was approximately 40,000 mL$g-1 h-1. The con-

centrations of outlet toluene were monitored in real-time by gas chromatography (GC-2014C, Shimadzu,

Japan) equipped with flame ionization detectors (FID) and the CO2 concentration was monitored by an

infrared online gas analyzer. In the case of water vapor injection, 5 and 10 vol% H2O was introduced by

passing the feed stream through a Series II Pump (Vodo, China), and the inlet temperature was 120�C
for the water to be evaporated.

The toluene conversion (XToluene) was calculated by the following formula:

XToluene =
½Toluene�inG½Toluene�out

½Toluene�in
3 100% (Equation 2)

Where [Toluene]in was the inlet toluene concentration, [Toluene]out was the outlet toluene concentration.

The reaction rate (r, mol$g-1$s-1) was calculated as follow:

r =
X � V
Wcat

(Equation 3)

Where Wcat represents the catalyst weight (g), V is the toluene gas flow rate (mol$s-1).

The activation energies are calculated for toluene conversions lower than 20%, and estimate using the

following Arrhenius relationship:

ln r = � Ea

RT
+C (Equation 4)

The activation energy (Ea) can be obtained from the slope of the resulting linear plot of ln r versus 1/T.

The turnover frequencies (TOFPt) were calculated as follow:

TOFPt = XtolueneVtoluene
MPt

WcatXPtDPt
(Equation 5)

Where Xtoluene represents the toluene conversion at a certain temperature; Vtoluene is the toluene flow rate

(mol$s-1); MPt is themolar weight of Pt (195.08 g$mol-1); XPt is the Pt content of the catalyst;DPt is the disper-

sion of Pt, measured by CO chemical adsorption on aMicromeritics AutoChem II 2920 chemical adsorption

apparatus.
16 iScience 24, 102689, June 25, 2021
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The dispersion of Pt (DPt) was calculated as follow:

DPt =
VCOMPtF

CPt WCat:
� 100% (Equation 6)

Where VCO is the chemisorbed CO (mol g-1);MPt is the atomic weight of the Pt (g mol-1); F is the stoichiom-

etry factor (F=1); CPt is the content of Pt; and WCat. is the weight of the catalyst (g).
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