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A B S T R A C T   

Manganese oxide supported Pt single atoms (Pt1/MnOx) are prepared by the molten salt method. Catalytic 
oxidation of toluene and iso-hexane, typical emissions from furniture paints industry, is tested. Pt1/MnOx shows 
poor and high catalytic stability for toluene and iso-hexane oxidation, respectively. Enhancement in the catalytic 
stability for toluene oxidation is observed after the hydrogen reduction treatment of Pt1/MnOx at 200 ◦C. The 
hydrogen treated catalyst possesses the weaker Mn–O bonds and lower coordination number of Pt–O, with 
superior mobility of lattice oxygen and appropriate toluene adsorption. Balancing lattice oxygen mobility and 
volatile organic compounds adsorption is important for the catalytic stability of Pt1/MnOx. For the oxidation of 
toluene and iso-hexane mixture, owing to the competitive adsorption, iso-hexane oxidation is greatly inhibited, 
while toluene oxidation is not influenced. The present Pt1/MnOx catalyst holds promising prospect in furniture 
paints industry applications because of high catalytic stability and water resistance ability.   

1. Introduction 

With the rapid development of industrial, air pollution has become 
one of the major environmental challenges. Volatile organic compounds 
(VOCs), as a typical kind of air pollutant, are an important factor 
influencing air quality and human health (Li et al., 2019; Ribeiro et al., 
2019). The industrial sector still accounts for a large proportion among 
the VOCs emission sources (Yuan et al., 2013; Zhu et al., 2020). Catalytic 
oxidation is currently one of the effective pathways for completely 
eliminating VOCs emitted from industry. 

Alkanes and aromatic hydrocarbons are the main pollutants as sol
vents for furniture paints industry. Toluene and iso-hexane together 
account for about half of the total emissions (Zheng et al., 2013). 
Although toluene oxidation has been widely investigated, up to now, 
little work has been done about the catalytic oxidation of VOCs mixture. 
The previous work reveals the complexity of the processes that take 

place during oxidation of VOCs mixture (Ma et al., 2021; Wang et al., 
2020b). For example, benzene oxidation activity is strongly suppressed 
in the presence of ethyl acetate over the Pt/TiO2 (W6+) catalyst 
(Papaefthimiou et al., 1998), and during oxidation of benzene–butanol 
mixture, benzene oxidation is completely suppressed as long as butanol 
is present (Papaefthimiou et al., 1997). Meanwhile, the water tolerance 
of the catalyst should be considered due to the unavoidable co-presence 
of water in the feed gas (Cao et al., 2019; Feng et al., 2021; Li et al., 
2020). 

The isolated single atoms (ISAS) catalyst greatly improves atom 
utilization, which is approaching almost 100%, and has been widely 
used for various applications (e.g., selective hydrogenation (Zhang et al., 
2017), CO oxidation (Qiao et al., 2011), water-gas shift reaction (Yang 
et al., 2015)). Noble metal based ISAS catalysts are commonly prepared 
by the precipitation, impregnation or high-temperature pyrolysis 
methods (Qiao et al., 2015; Y.H. Zhang et al., 2018; J. Zhang et al., 2018; 
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Yin et al., 2016). However, these methods require multi-step reactions, 
which are hardly applicable for large-scale industry. Low-cost molten 
salts, as reaction medium, exhibit much lower melting temperature, 
important dissolution capacities, and higher ion migration rates, making 
the molten salt method quite simple and well controlled (Gao et al., 
2021; Voisin et al., 2020). Previously, we prepared the Ag/Mn2O3 cat
alysts via the in situ molten salt strategy, which exhibited better cata
lytic performance for toluene oxidation than the counterparts derived 
via the other preparation methods (Deng et al., 2015). To the best of our 
knowledge, there have been so far no reports on the catalytic removal of 
VOCs using the supported single-atom Pt catalysts prepared by the in 
situ molten salt method. 

In the present work, a molten salt method is designed to synthesize 
Pt1 atoms anchored on MnOx nanowires catalyst. The structural prop
erties and surface behaviors are characterized by various techniques, to 
understand the effect of VOCs adsorption and oxygen mobility on the 
catalytic performance of the as-obtained samples for VOCs (toluene and 
iso-hexane) oxidation. It is found that single-atom catalyst treated in H2 
exhibits an excellent catalytic activity and stability, particularly in the 
presence of water. 

2. Experiment 

2.1. Catalyst preparation 

NaNO3 (99.0%) and MnSO4 (99.0%) are purchased from Sinopharm 
Group Chemical Reagent Co., Ltd. NaF (99.0%) and Tetraamminepla
tinum (II) nitrate (Pt≥50%) is purchased from Innochem Chemical Re
agent Co., Ltd. All the agents are analytical grade or better and used 
directly without further purification. 

MnOx nanowires is prepared by the molten salt method as described 
in our earlier works (Deng et al., 2015; Zhang et al., 2019). 29.4 g of 
NaNO3, 0.6 g of NaF, and 1.0 g of MnSO4 are first well ground after ball 
milling for 15 min. The mixture is calcined for 2 h in a muffle furnace at 
380 ◦C with a ramp of 1 ◦C/min. The MnOx nanowires are obtained after 
filtration, washing with deionized water and ethanol for inorganic salt 
(Na+, F– and Cl– ions) removal, and drying at 70 ◦C overnight in an 
oven. 

An aqueous solution of tetraammineplatinum (II) nitrate (540 μL, 
0.01 mol/L) is added into the solid mixture of 0.6 g NaF, 29.4 g NaNO3 
and 1.0 g MnSO4, and the wet powder is dried at 70 ◦C overnight. The 
mixture is well ground for 15 min in a ball mill, and then calcined at 
380 ◦C for 2 h in a muffle furnace. After washing, the obtained material 
is dried at 70 ◦C overnight. Before the characterization and catalytic 
performance evaluation, the 0.16 wt% Pt/MnOx sample is pretreated at 
200 ◦C in an O2 flow (20 mL/min) for 1 h, and the as-obtained sample is 
denoted as Pt1/MnOx. The actual Pt loading of Pt1/MnOx is 0.16 wt% 
obtained by the inductively coupled plasma atomic emission spectro
scopic (ICP–AES) method. In addition, the 0.16 wt% Pt1/MnOx samples 
treated in a flow of 10% H2/He (50 mL/min) at 150 ◦C and 200 ◦C for 2 h 
is denoted as H2-Pt1/MnOx-150 and H2-Pt1/MnOx-200, respectively. In 
the present study, 0.033 wt% and 0.55 wt% Pt1/MnOx are also prepared 
for the initial screening. 

2.2. Catalyst characterization 

The present catalysts are characterized by various techniques. 
Crystal structures are characterized by the X-ray diffraction (XRD) 
technique on a Bruker/AXS D8 Advance diffractrometer, with Cu Kα 
radiation and nickel filter (λ = 0.154 nm). Surface areas are determined 
using the BET (Brunauer–Emmett–Teller) method via N2 adsorption at 
–196 ◦C on a Micromeritics ASAP 2020 analyzer. All of the samples are 
degassed at 200 ◦C for 2 h under vacuum prior to measurement. X-ray 
photoelectron spectroscopy (XPS) is used to determine the O 1s and C 1s 
binding energies (BEs) of the surface species with Mg Kα (hν = 1253.6 
eV) as the excitation source. The C 1s signal at 284.6 eV is taken as 

reference for BE calibration. The Pt L-edge spectra are acquired at 
beamline 1W1B of the Beijing Synchrotron Radiation Facilities. Scan
ning electron microscopic (SEM) images are recorded on a Gemini Zeiss 
Supra 55 apparatus (operating at 10 kV). Transmission electron micro
scopic (TEM) images are recorded using a FEI G2 80–200 instrument 
with B–U EDAX spectrometer. High resolution–STEM and the EDS 
measurements are performed on an atomic resolution analytical mi
croscope (JEM-ARM 200 F) operating at 200 kV. The Fourier transform 
infrared (FT-IR) spectra are recorded with a resolution of 4 cm− 1 on a 
Bruker Tensor II spectrometer. In situ diffuse reflectance Fourier trans
form infrared spectroscopic (DRIFT) experiments are carried on a 
Nicolet 6700 FT-IR spectrometer with a liquid nitrogen-cooling MCT 
detector. Before the in situ DRIFT experiment, 30 mg of the sample is 
loaded into an IR cell with KBr windows. Subsequently, the sample is 
cooled to 30 ◦C and purged with a N2 flow of 20 mL/min for 30 min 
before the background spectrum is recorded. Finally, the catalysts are 
exposed to a 10% CO/He with the flow of 20 mL/min. Hydrogen 
temperature-programmed reduction (H2–TPR) experiments are carried 
out on a chemical adsorption analyzer (Autochem II 2920, Micro
meritics). Before TPR measurement, ca. 30 mg of the sample (40–60 
mesh) is loaded to a quartz fixed-bed U-shaped microreactor (i.d. = 4 
mm) and pretreated in a 20 vol% O2/He flow of 30 mL/min at 250 ◦C for 
1 h. After being cooled to RT at the same atmosphere, the sample is 
purged in a He flow of 30 mL/min for 15 min. The pretreated sample is 
exposed to a flow (50 mL/min) of 10% H2/He mixture and heated from 
50 ◦C to 800 ◦C at a ramp of 10 ◦C/min. The alteration in H2 concen
tration of the effluent is monitored online by the chemical adsorption 
analyzer. Temperature programmed desorption of oxygen (O2–TPD) is 
carried out on the apparatus same as that used in the H2–TPR experi
ments. The samples (30 mg) are first treated at 250 ◦C for 1 h in an O2 
flow of 30 mL/min and cooled to room temperature in the same atmo
sphere, and kept in the same flow for 1 h. Before the sample is heated 
from 50 ◦C to 800 ◦C at a ramp of 10 ◦C/min, a helium flow of 30 mL/ 
min is employed to remove the O2 for 30 min. The oxygen concentration 
in the effluent is continuously monitored by the online Mass Spec
trometry. The metal dispersion is measured using chemisorption method 
(AutoChem II 2920, Micromeritics). The sample is reduced in a H2 flow 
(30 mL/min) at 100 ◦C for 2 h, purged with a He flow (30 mL/min) for 1 
h and cooled to 50 ◦C. Then, it is saturated with pulses of CO. The uptake 
of CO during the chemisorption is measured by a TCD. 
VOCs–temperature programed desorption (VOCs–TPD) and temper
ature–programmed surface reaction of toluene (toluene–TPSR) ex
periments are performed in a quartz U-shaped tube. Prior to adsorption 
of VOCs, Pt1/MnOx (30 mg) is pretreated in 20 vol% O2/He at 200 ◦C for 
1 h. After being cooled down to 50 ◦C, the adsorption of VOCs is carried 
out under a flow of N2 until adsorption saturation, as indicated by the 
stable signal of VOCs in the mass spectrometer. Then, a pure He flow is 
carried out for 20 min to clean the VOCs in the pipe. Finally, the VOCs 
desorption or oxidation is implemented followed by a flow of pure He 
(TPD) or 20%O2/He (TPSR) by a step of 10 ◦C/min from 50 to 800 ◦C. 
The concentration of VOCs and the products (CO2) are measured on-line 
by MS. The nomenclature list with all acronyms and parameters was 
summarized in Table S1. 

2.3. Catalytic performance evaluation 

Catalytic performance for the oxidation of toluene, iso-hexane, and 
their mixture are carried out in a continuous flow fixed-bed quartz 
tubular microreactor (i.d. = 6.0 mm). In order to avoid the hot spot, 
catalysts (0.05 g, 40–60 mesh) and quartz sand (0.25 g, 40–60 mesh) are 
well mixed. The reactant mixture includes 1000 ppm toluene or/and iso- 
hexane +40% O2 + N2 (balance). The 1000 ppm VOCs is obtained by 
passing a N2 flow through two pure toluene- or iso-hexane–containing 
bottles that are chilled in an isothermal bath at 6 ◦C or − 30 ◦C, 
respectively. The total flow of the reactant mixture is 33.4 mL/min, and 
the corresponding space velocity (SV) is 40,000 mL/(g h). Various 
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amount of water vapor is introduced by passing the reactant mixture 
through a water saturator at different temperature. Reactants and 
products are analyzed online by gas chromatography (GC–14 C, Shi
madzu) with a flame ionization detector (FID), using a stabilwax–DA 
column (30 m in length) and a Carboxen 1000 column (3 m in length). 
VOCs conversion is defined as (Cinlet – Coutlet)/Cinlet × 100%, where 
Cinlet and Coutlet are the inlet and outlet VOCs concentration in the feed 
stream, respectively. The catalytic performance over the present cata
lysts is tested under steady-state reaction conditions. The data are 
collected for three times after 20 min of each run at a given temperature. 

The apparent activation energy (Ea) is calculated at VOCs oxidation 
conversions below 20%. Ea (kJ/mol) is estimated according to the 
Arrhenius equation: k = Aexp(− Ea/RT), where k represents the rate 
constant (s− 1) and A is the pre-exponential factor, respectively. TOFs are 
calculated according to the equation: TOFs = xC0/(nPt DPt), where x, C0 
(mol/s), nPt (mol), and DPt represent the conversion at a certain tem
perature, initial VOCs concentration per second, actual molar amount of 
Pt, and metal dispersions, respectively. 

3. Results and discussion 

3.1. Catalytic oxidation of toluene or iso-hexane 

For furniture paints industry, toluene and iso-hexane are the most 
typical aromatic hydrocarbons and alkanes among the various VOCs. As 
shown in Fig. S1, we first investigate the catalytic activity of x wt% Pt1/ 
MnOx catalysts (x = 0–0.56) for toluene oxidation. Apparently, 0.56 wt 
% Pt1/MnOx exhibits the best catalytic activity. The introduction of Pt 
species could effectively improve the catalytic activity for toluene 
oxidation, due to the rise in the noble metal loading (Lai et al., 2014; 
Kim et al., 2018). Considering the high loading of noble metal would 
limit the industrial application, the Pt1/MnOx catalyst with appropriate 
loading (0.16 wt%) is chosen for subsequent testing. From Fig. 1, we 
could find that H2-Pt1/MnOx-200 shows slightly higher catalytic activity 
than Pt1/MnOx, with a temperature for 50% and 90% toluene conver
sion at 209 ◦C (T50%) and 219 ◦C (T90%), respectively. Compared with 
the MnOx catalyst, the single-atom Pt catalysts greatly reduce the 
apparent activation energy (Ea) from 98− 111 kJ/mol to 45–76 kJ/mol, 
and increase the turnover frequencies (TOFs) from 3.5− 6.0 × 10− 3 s− 1 

to 8.0− 13.1 × 10− 3 s− 1 for toluene or iso-hexane oxidation (Table 1). 
Table S2 summarizes the catalytic activities of various catalysts for 
hexane oxidation. T90% (237 ◦C) over H2-Pt1/MnOx-200 (1000 ppm 
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Fig. 1. (a) Toluene and (c) iso-Hexane conversion as a function of temperature as well as (b) Arrhenius plots for toluene and (d) iso-Hexane oxidation over the as- 
obtained samples at SV = 40,000 mL/(g h). 
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iso-hexane at SV = 40,000 mL/(g h)) is lower than that (ca. 260 ◦C) over 
5% Pd(R)/Al2O3 (250 ppm n-hexane at SV = 108,000 mL/(g h)) (Ihm 
et al., 2004), and that (ca. 400 ◦C) over 0.1 wt% Pt/(stainless steel foil 
coated with a thin film of 7.1 wt% ZrO2) (1500 ppm n-hexane at SV =
17,500 mL/(g h)) (Novaković et al., 2008), and that (ca. 475 ◦C) over 
La0.75Ag0.25FeO3 (1500 ppm n-hexane at SV = 8900 mL/(g h)) 
(Kucharczyk et al., 2019), and that (ca. 290 ◦C) over 0.3 wt% Pt/hex
agonal boron nitride (600 ppm iso-hexane at SV = 20,000 mL/(g h)) (Wu 
et al., 2001). In other words, the H2-Pt1/MnOx-200 catalyst outperforms 
most of the above catalysts reported in literature. 

The catalytic stability of the supported noble-metal catalyst is more 
important for industrial applications. As shown in Fig. 2a, the catalytic 
stability for toluene oxidation decreases in the order of H2-Pt1/MnOx- 
200 > H2-Pt1/MnOx-150 > Pt1/MnOx. The toluene conversion decreases 
sharply from 92% to 10% within 4 h over the Pt1/MnOx catalyst, while 
that over the MnOx catalyst keeps stable. Only a negligible fluctuation is 
observed during the 16-h investigation over H2-Pt/MnOx-200. The 
reduction temperature, resulting in different reduction degree of the as- 
obtained samples, is shown to have an important influence on the cat
alytic stability. It is supposed that the stability of the catalyst with 
relative lower valence of platinum and manganese oxide could be 
greatly improved. Interestingly, the as-obtained samples exhibit good 
catalytic stability for iso-hexane oxidation, and iso-hexane conversion is 
not significantly changed within 16 h of steady-state oxidation (Fig. 2b). 

3.2. Characterization of the as-obtained samples 

A number of methods are carried out to investigate the key factors for 
the catalytic performance (especially catalytic stability). Fig. S2 shows 
the XRD patterns of the samples. It could be observed that the fresh 
samples dominantly display a cubic Mn2O3 (JCPDS PDF No. 41–1442) 
and tetragonal MnO2 (JCPDS PDF No. 44–0141) structure, suggesting 

that the crystal structures of these manganese oxides are similar. 
Compared with the standard XRD patterns of tetragonal Mn3O4 (JCPDS 
PDF No.24–0734), two additional weak diffraction peaks at 32.32◦ and 
36.08◦ appear in the H2-Pt1/MnOx-200 sample, indicating that a part of 
manganese oxide is reduced during the H2 treatment at a low temper
ature. After Pt doping, the intensities of diffraction peaks of the samples 
become broader and weaker. It is indicated that there is a strong inter
action between platinum species and MnOx. No diffraction peaks 
assignable to the Pt crystal phases are detected, due to the relatively high 
dispersion (61− 68%, Table 1) and low loading of the noble metal. 

To investigate the morphology and size of the as-obtained samples, 
SEM and HR–TEM are conducted. From the SEM images, it could be 
found that the MnOx support exhibits a wire-like morphology with a 
mean diameter of 20–100 nm (Fig. S3a). TEM images display that the 
morphology of MnOx after the introduction of Pt is not changed, while 
its average diameter becomes small (10–30 nm) (Fig. S3b). Atomic- 
resolution observation of the Pt atoms over H2-Pt1/MnOx-200 is 
directly provided by the aberration-corrected HAADF–STEM result 
(Fig. 3). As clearly marked by the red circles, it can be seen that Pt atoms 
(bright spots) are atomically dispersed on the surface of MnOx (dark 
substrate) without the presence of any Pt clusters/nanoparticles. 
Energy-dispersive spectroscopic (EDS) mappings further confirm that 
the Pt atoms are uniformly distributed on the supports. The in-situ 
DRIFTS of CO adsorption (Fig. S4) over MnOx, Pt1/MnOx, and H2-Pt1/ 
MnOx-200 were detected after CO saturation and N2 purging. The strong 
vibration bands at 2170 cm− 1 and 2118 cm− 1 could be due to the gas 
CO. The characteristic peak of single Pt atom usually appears at 
2090 − 2115 cm− 1, but CO adsorption bands on Ptδ+ single-atom sites 
may also be observed in the low-frequency region (Zhang et al., 2017; 
Qiao et al., 2011; Xiao et al., 2021). The CO adsorption peak position 
and strength on the single atom sites are highly dependent on the cat
alysts. The shoulder peak at 2100 cm− 1 and 2080 cm− 1 over the 

Table 1 
Catalytic activities, TOFs, and apparent activation energies (Ea) of the samples at SV = 40,000 mL/(g h).  

Samples Toluene conversion iso-Hexane conversion TOFPt at 160 ◦C (× 10− 3 s− 1) Metal dispersiona (%) Ea
b (kJ/mol) 

T50% (◦C) T90% (◦C) T50% (◦C) T90% (◦C) Toluene iso-Hexane 

MnOx  261  277 251 310 – – – 111/98 
Pt1/MnOx  216  228 205 242 3.5 6.0 68 60/76 
H2-Pt1/MnOx-150  213  225 – – 5.7 – 65 51/– 
H2-Pt1/MnOx-200  209  219 190 237 8.0 13.1 61 45/69  

a Determined by the CO chemisorption. 
b The data before and after “/” are measured for toluene oxidation and iso-hexane oxidation, respectively. 
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Fig. 2. (a) Toluene and (b) iso-hexane conversion over the as-obtained samples within 16 h of on-stream reaction.  
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Pt1/MnOx and H2-Pt1/MnOx-200 catalyst should be due to the CO 
adsorption bands on the Ptδ+ single-atom sites. Furthermore, it is weakly 
bound and easily desorbed after N2 purging, suggesting that the weak 
interaction between adsorbed CO and Ptδ+ single-atom species. The 
signal at 1700–1900 cm− 1 due to the bridge-bonded CO is not observed, 
indicating the absence of Pt clusters/nanoparticles. For the supported 
noble metal catalysts, in addition to the particle size of the noble metal, 
surface area also could affect the catalytic performance. The surface area 
of the Pt1/MnOx and H2-Pt1/MnOx-200 catalyst is 72.4 and 74.2 m2/g, 
respectively. Hence, we deduce that the great difference in the catalytic 
stability for the oxidation of toluene over the Pt1/MnOx and 
H2-Pt1/MnOx-200 catalysts is not resulted from their small difference in 
the surface area. 

Furthermore, XAFS measurement is used to further analyze the 
atomic structure of the as-obtained samples. X-ray absorption near-edge 
structure (XANES) spectra give the chemical state of platinum before 
and after H2 treatment. As shown in Fig. 4a, the white-line peaks of the 
three samples are located between PtO2 and PtCl2 with shapes strongly 
resembling the curve of PtO2, confirming that Pt species own the 
oxidation state between 2+ and 4+ valence states. The intensity of the 
white-line peak for the Pt1/MnOx sample is stronger than that for the 
reduced H2-Pt1/MnOx-150 and H2-Pt1/MnOx-200 samples, indicating 
that Pt atoms in Pt1/MnOx are more positively charged (Qiao et al., 
2011; Xu et al., 2020). In other words, the valence state of Pt decreases 

with an increase in the reduction temperature. Extended X-ray absorp
tion fine structure (EXAFS) spectra of the as-obtained samples and the 
reference samples are shown in Figs. 4b and S5, and the fitting results 
are given in Table S3. The spectra of the Pt1/MnOx, H2-Pt1/MnOx-150 
and H2-Pt1/MnOx-200 samples exhibit a nearly identical shape, with a 
slight shift of the first nearest coordination peaks in the R space, 
compared to that of platinum oxide (only oxygen nearest neighbors). 
The similarity in the spectra indicates that the coordination environ
ment is not significantly changed before and after reduction (Liu et al., 
2018). The spectroscopy of the as-obtained samples show a prominent 
Pt− O bond distance of 2.00, 2.03 and 2.04 Å (PtO2: 2.02 Å), while the 
peak of the Pt− Pt shell contribution at 2.76 Å is absent, further con
firming the isolated Pt atoms are bonded to MnOx via the Pt− O bonds 
(Wang et al., 2020a). Combined with the results of STEM, the 
H2-Pt1/MnOx-150 and H2-Pt1/MnOx-200 samples contain single-atom Pt 
species, which are well anchored on the surface of MnOx during the 
reduction process. In addition, the Pt–O bond distance of the samples 
similar to that in PtO2 suggests the existence of strong metal–support 
interaction (Chen et al., 2019). The main difference between fresh 
Pt1/MnOx and reduced samples is the coordination number, with 4.0 for 
H2-Pt1/MnOx-150, 3.1 for H2-Pt1/MnOx-200, and 6.0 for Pt1/MnOx. It is 
indicated that each Pt atom coordinated with fewer oxygen atoms on the 
support after reduction treatment. The different catalytic stability for 
toluene oxidation is likely related to the different local coordination 

Fig. 3. (a) HAADF− STEM image, (b) partial enlarged HAADF− STEM image and (c) corresponding EDS elemental maps of the H2-Pt1/MnOx-200 catalyst, showing 
the monoatomic separation of precious metals on the MnOx carrier. 
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environments near the single-atom Pt in the samples. 
Redox properties of the as-obtained samples are evaluated using the 

H2-TPR technique, and their profiles are shown in Fig. 5a. The main 
reduction peaks of MnOx are at 334, 431, and 572 ◦C, which are 
attributed to the reduction of MnO2 to Mn2O3, Mn2O3 to Mn3O4, and 
Mn3O4 to MnO, respectively (Chen et al., 2021; Yang et al., 2019b). The 
reduction peaks at 242 ◦C over Pt1/MnOx, and at 128 ◦C over 
H2-Pt1/MnOx-200 are assigned to the reduction of manganese oxide and 
PtOx. The reduction peak of the Pt1/MnOx sample significantly shifts to 
lower temperature compared with that of the MnOx sample, indicating 
that introduction of Pt1 atoms into transition-metal oxides significantly 
improves the reduction of MnOx via the hydrogen spillover (Abbasi 
et al., 2011; Wu et al., 2017). The reduction peak of the 
H2-Pt1/MnOx-200 sample shifts to the lowest temperature (128 ◦C), 
revealing that hydrogen reduction treatment of the fresh Pt1/MnOx 
sample could effectively weaken the Mn− O bond and improve oxygen 
species mobility (Liu et al., 2019). 

O2-TPD measurements are carried out to further evaluate the oxygen 
mobility of the samples (Fig. 5b). Generally, the desorption of lattice 
oxygen occurs at higher temperature (> 300 ◦C) and the peak shape is 
not symmetric (Li et al., 2011). The peaks at 339 ◦C and 405 ◦C could be 
assigned to the desorption of surface lattice oxygen, due to the existence 

of interaction between Pt and MnOx species. The other peaks in the 
range of 400− 800 ◦C could be assigned to the desorption of bulk lattice 
oxygen (Si et al., 2015; Yang et al., 2019a). For H2-Pt1/MnOx-200, it 
should be mentioned that the initial desorption peaks shift to a lower 
temperature, which further indicates an enhancement in surface lattice 
oxygen mobility (Liotta et al., 2013; Hua et al., 2019). The surface 
Mn–O bonds could be more facilely broken and oxygen species 
migration from sub-surface to surface are accelerated over the reduced 
samples (Si et al., 2015), which is in consistency with the results of 
H2–TPR. In addition, the desorption peak intensity of H2-Pt1/MnOx-200 
decreases compared with that of Pt1/MnOx, indicating the reduced 
sample contains more low-valence manganese oxide after the hydrogen 
treatment. 

XPS is carried out to investigate the possible role of oxygen in VOCs 
oxidation reaction. The O 1s XPS spectra (Fig. 5c and d) could be 
decomposed into three components, lattice oxygen (O2−

latt) at 
529.5− 529.6 eV, adsorbed oxygen (Oads, including O− , O2

− , and O2
2− ) 

at 531.3 eV, and adsorbed molecular water species at 533.4 eV (Deng 
et al., 2015). We find that the relative amount of surface O2−

latt/(Oads +

O2−
latt) molar ratios in the fresh and used Pt1/MnOx samples keep stable, 

while that in the fresh and used H2-Pt1/MnOx-200 samples increase from 
0.71 to 0.81. More information on the oxygen vacancy could be obtained 

Fig. 5. (a) H2-TPR and O2-TPD profiles of MnOx, Pt1/MnOx, and H2-Pt1/MnOx-200; (c) and (d) O 1s XPS spectra of the fresh and used Pt1/MnOx, and H2-Pt1/MnOx- 
200 catalyst. 
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via the Raman technique (Fig. S6). The bands at 345 or 351, 565 or 581, 
and 638 or 644 cm− 1 over Pt1/MnOx and H2-Pt1/MnOx-200, are 
ascribed to the bending modes, asymmetric stretch of Mn–O–Mn, and 
symmetric stretch of Mn2O3/Mn3O4 groups, respectively. The band at 
638 cm− 1 over Pt1/MnOx shifts to 644 cm− 1 over H2-Pt1/MnOx-200, 
indicating that there are more oxygen vacancy defects in 
H2-Pt1/MnOx-200 (Han et al., 2006; Zheng et al., 2021). The generation 
of surface Oads (i.e., change O2 to O− , O2

− , and O2
2− ) species involves 

the adsorption of O2 on the surface oxygen vacancy, and the dissociation 
of the adsorbed O2 species, accompanied with the oxidation of low 
valent Mn and Pt species (Yang et al., 2021). The surface O2−

latt species 
are consumed due to the oxidation of adsorbed VOCs molecules, 
meanwhile the high valent Mn and Pt species, bonded with the surface 
O2−

latt species, are reduced to low valent ions in order to maintain 
electrical neutrality. In addition, the replenishment of surface O2−

latt 
species from the surface Oads (O− , O2

− , and O2
2− ) species is also asso

ciated with the oxidation of low valent Mn and Pt species. Obviously, the 
surface Oads species and the redox ability of the Pt1/MnOx and 
H2-Pt1/MnOx-200 samples have a great influence on the supplement of 
surface O2−

latt species. From the results of XPS and H2-TPR character
ization, we find that H2-Pt1/MnOx-200 exhibits larger surface Oads 
species and better low temperature reducibility than Pt1/MnOx. There
fore, the timely supplement of surface O2−

latt species is understandable 
in the H2-Pt1/MnOx-200 catalyst. 

3.3. Possible influence factors on catalytic stability for VOCs oxidation 

In order to investigate the possible reason for the quick deactivation 
of Pt1/MnOx, the used catalyst after evaluation for toluene removal is 
further characterized via the XRD and FTIR technique (Fig. S7A). It can 
be seen that the crystal structure of the deactivated Pt1/MnOx catalyst is 
not changed, compared with the fresh counterpart, which is under
standable due to the adopted reaction temperature below than the 
calcination temperature of 380 ◦C. As shown in the FTIR spectra 
(Fig. S7B), the characteristic signals due to MnO2 and Mn2O3 are 
observed at 2940 cm− 1, 1386 cm− 1, 730 cm− 1, 527 cm− 1, and 
460 cm− 1, and that due to the frequency modes of the –OH group are 
observed at 3445 cm− 1, 1638 cm− 1, and 1115 cm− 1 (Amsaveni et al., 
2020; Venkateswarlu et al., 2020). It should be pointed out that the 
signals due to the deposition of carbon species are not detected. Hence, 
the quick deactivation of Pt1/MnOx might not be associated with the 
crystal structure and the carbon deposition. Combined with the catalytic 
performance and characterization results, the difference in the catalytic 

stability of Pt1/MnOx and H2-Pt1/MnOx-200 for toluene oxidation could 
be roughly ascribed to the different surface properties of platinum and 
manganese oxide. 

The adsorption ability for toluene over the as-obtained catalysts is 
evaluated by toluene–TPD (Fig. 6a). The intensity of desorption peak 
shows the desorption capacity for toluene in the catalysts, while the 
temperature of desorption peak indicates the interaction between 
toluene and catalyst. Both Pt1/MnOx and H2-Pt1/MnOx-200 exhibit 
better toluene adsorption capacity than MnOx. Compared with H2-Pt1/ 
MnOx-200, the desorption peak of Pt1/MnOx is detected at a relatively 
higher temperature, and the total desorption amount of toluene in
creases, indicating that the interaction between toluene and Pt1/MnOx is 
much stronger than that of H2-Pt1/MnOx-200 (Gan et al., 2019). Toluene 
desorption amount significantly increases after Pt loading, indicating 
that noble metal Pt is the main adsorption site for toluene. It should be 
noted that although the high coverage of reactants is essential factor for 
enhancing catalytic reaction, too much adsorption of toluene on the Pt 
single atoms might not be favorable for the long term catalytic stability 
of Pt1/MnOx. Combined with the context above, the Pt coordination 
structural might be related with the ability for toluene adsorption, and 
the Pt single atoms coordinated more oxygen atoms benefit toluene 
adsorption. Previous studies (Thang et al., 2018; Li et al., 2021) show 
that the Pt coordination number has a direct influence on the reactant 
adsorption over the supported single atom Pt catalysts. In case of 
Pt1-Fe2O3, after the heat treatment in air, Pt atoms are oxidized into 
higher valence state, which can effectively promote the adsorption ca
pacity to ethanol. In the present study, a simple hydrogen reduction 
treatment of Pt1/MnOx greatly weakens (one tenth) the adsorption 
ability for toluene (Fig. 6a), due to decrease in the valence state of Pt. 
However, the real reasons need further investigation. A small difference 
in the iso-hexane adsorption (Fig. S8) is observed over the Pt1/MnOx and 
H2-Pt1/MnOx-200 samples. In other words, the nature of the reactant 
also has an important influence on its adsorption over the supported 
single atom catalyst. 

TPSR profiles of toluene oxidation over Pt1/MnOx and H2-Pt1/MnOx- 
200 are also measured (Fig. 6b). The CO2 signals recorded below 400 ◦C 
could be ascribed to the CO2I (type I, in green area), originated from the 
reaction between surface O2−

latt species and toluene, and these recorded 
above 400 ◦C could be ascribed to CO2II (type II, in blue area), origi
nated from the reaction between inactive bulk O2−

latt and toluene. For 
Pt1/MnOx, the adsorbed toluene hard reacts with surface O2−

latt species, 
resulting in the temperature for the generation of CO2I increases than 
that for H2-Pt1/MnOx-200. Because the inactive bulk O2−

latt might 
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hardly participate in reaction, a little amount of CO2II is detected over 
Pt1/MnOx and H2-Pt1/MnOx-200 at a similar temperature. According to 
the above results, H2-Pt1/MnOx-200 with weak Mn–O bonds shows 
better catalytic activity and stability, due to the high reactivity and the 
quick replenishment of the surface O2−

latt species. Hence, it is suggested 
that the lattice oxygen mobility of the support might be another 
important factor for catalytic stability. 

Under the present reaction conditions, the complete oxidation of 
VOCs over Pt1/MnOx and H2-Pt1/MnOx-200 follows the Mars–van Kre
velen mechanism. In other words, the oxidation reaction occurs between 
the adsorbed VOCs molecules on Pt1 atoms and the surface O2−

latt spe
cies of manganese oxide. Therefore, both the O2−

latt mobility and VOCs 
adsorption play an important role in the catalytic performance. To 
ensure the continuous oxidation of toluene, the consumed surface O2−

latt 
should be regenerated by the activation of O2 accompanied with the 
recycle of Mn3+− Mn4+ (Luo et al., 2019). In the case of 
H2-Pt1/MnOx-200, reduction treatment decreases the Pt–O coordina
tion number and the strength of Mn− O bonds. As mentioned above, 
noble metal Pt is the main adsorption site for toluene, and the lower 
Pt–O coordination number could lead to weaker toluene adsorption 
ability. According to the results of XPS and H2-TPR characterization, 
H2-Pt1/MnOx-200 exhibits larger surface Oads species and better low 
temperature reducibility than Pt1/MnOx, and the timely supplement of 
surface O2−

latt species could be well proceeded in the H2-Pt1/MnOx-200 
catalyst. As shown in Fig. 2a, toluene conversion is not changed during 
16 h of on-stream reaction over the H2-Pt1/MnOx-200 sample, because 
the consumed surface O2−

latt species, which reacted with the proper 
adsorbed toluene, could be timely supplied. On the other hand, too 
much adsorption of toluene on Pt1/MnOx could not be totally oxidized 
due to the lack of surface O2−

latt species. The supplement of surface 
O2−

latt species is related with the surface Oads species and the redox 
ability of catalyst. If the consumed surface O2−

latt species could not be 
timely supplied, the adsorbed toluene molecules could not be 
completely oxidized into CO2 and H2O. The unreacted adsorbed toluene 
molecules, and the partial oxidation intermediates will cover the reac
tive sites, and then decrease the reaction rate. As illustrated in Fig. 7, the 
synergistic effect between toluene adsorption and lattice oxygen 
mobility is the key factor of the catalytic stability for toluene oxidation. 
In order to enhance the catalytic stability for toluene oxidation, it is 
necessary to properly reduce the adsorption ability for toluene, and 
improve the supplement of surface O2−

latt species. Interestingly, such a 
goal could be achieved via the simple hydrogen reduction treatment of 
Pt1/MnOx. 

Both Pt1/MnOx and H2-Pt1/MnOx-200 show good catalytic stability 
for iso-hexane oxidation. In addition to the intrinsic physicochemical 

properties of the VOCs, the adsorption behavior of the VOCs over the 
catalyst can greatly influence the catalytic stability. As shown in Fig. S9, 
it could be seen that over the Pt1/MnOx sample, iso-hexane desorption 
takes place at a lower temperature. Toluene-TPD and iso-hexane-TPD 
results clearly suggest that adsorption ability of Pt1/MnOx for alkane is 
much weaker than that for aromatic hydrocarbon, and much more 
toluene molecules could be adsorbed over Pt1/MnOx than iso-hexane 
molecules under the same conditions. The methyl group in the toluene 
molecules increases the electronic density of the aromatic ring, and the 
Pt1 atom is easy to accept the π electrons provided by the aromatic ring 
(J. Zhang, 2018; Y.H. Zhang, 2018). Many researches have reported the 
different adsorption behavior of various VOCs over the same catalyst 
(Mazzarino and Barresi, 1993; Ordóñez et al., 2002). In the present 
study, iso-hexane and toluene show very different adsorption behavior 
over the Pt1/MnOx catalyst, and the CO2 generation is mainly depended 
on the nature of surface O2−

latt species. 

3.4. Catalytic performance for the complete oxidation of VOCs mixture 

Usually, industrial emissions contain various VOCs. Hence, we also 
investigate the catalytic activity of H2-Pt1/MnOx-200 for the complete 
oxidation of 1000 ppm (toluene + iso-hexane) mixture. It is well known 
that the mixture effect in the multicomponent VOCs oxidation is due to 
the different adsorption and activation property of the various VOCs 
over the catalyst. As shown in Fig. 8 and Table S4, with the same con
centration, the presence of toluene significantly inhibits the catalytic 
oxidation of iso-hexane, while the presence of iso-hexane has minor ef
fect on toluene oxidation. When the total concentration of VOCs mixture 
keeps constant in feeding streams, the catalytic activity of H2-Pt1/MnOx- 
200 for toluene oxidation is enhanced with a decrease in the toluene 
concentration, while that for iso-hexane oxidation is enhanced with an 
increase in the iso-hexane concentration. Such a result is associated with 
the competitive adsorption of toluene and iso-hexane, and the much 
stronger adsorption of the aromatic compounds on the noble metal 
surface (Zhao et al., 2020). The catalytic stability of H2-Pt1/MnOx-200 
for the oxidation of (500 ppm toluene + 500 ppm iso-hexane) mixture is 
shown in Fig. S10. It could be found that the VOCs conversion exhibits a 
steady state within 10-h on-stream reaction time. In other words, 
H2-Pt1/MnOx-200 is stable for the complete oxidation of VOCs mixture. 

3.5. Effect of relative humidity on catalytic performance 

For practical application, water is commonly found in industrial 
exhaust streams, and it is important to develop a catalyst with high 
resistance to water. Therefore, we investigate the catalytic activity of 

Fig. 7. Schematic illustration of catalytic stability for toluene removal over the Pt1/MnOx and H2-Pt1/MnOx-200 catalyst.  
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H2-Pt1/MnOx-200 for the oxidation of (500 ppm toluene +500 ppm iso- 
hexane) in the presence of different amount of water vapor. Compared 
with the VOCs conversion under dry reaction condition, the conversion 
at relative humidity (RH) = 25% slightly increases, as shown in Fig. 9. 
The presence of little water vapor has a positive effect on VOCs removal 
due to the formation of hydroperoxyl species (Zhao et al., 2020). Similar 
phenomenon was also observed over the supported AuPd and Pt nano
catalysts for toluene and benzene oxidation (Xie et al., 2015; Yang et al., 
2019a). The generation of hydroperoxyl species through H-transfer re
action (O2* +H2O* → OOH* +OH* and OOH*→O* + OH*) could easily 
activate the adsorbed O2 molecules on the noble metal sites in the 
presence of H2O. However, a slight deactivation is observed in terms of 
T50% and T90%, with a rise in the RH from 25% to 100%. The inhibitory 
effect on VOCs removal in the presence of a larger amount of water 
vapor could be attributed to the competitive adsorption of water and O2 
molecules on the catalyst surface (Li et al., 2020; Bhat et al., 2021). 
Shown in Fig. S11 is the catalytic stability of H2-Pt1/MnOx-200 at 200, 
230, or 240 ◦C with various relative humidity. Negligible change in 
VOCs conversion could be observed, indicating H2-Pt1/MnOx-200 is 
stable even in the presence of water vapor for the complete oxidation of 
VOCs mixture. 

4. Conclusions 

In summary, MnOx nanowires supported Pt single-atom catalyst 
(Pt1/MnOx) is obtained via the molten salt method. The presence of Pt 
single atom promotes the catalytic activity for the oxidation of toluene 
and iso-hexane. The catalytic stability of Pt1/MnOx for toluene oxidation 
is dominated by a balance between toluene adsorption and lattice oxy
gen mobility. A proper H2 reduction treatment of Pt1/MnOx at 200 ◦C 
(H2-Pt1/MnOx-200) benefits the generation of Pt–O with low coordina
tion number and the weak Mn–O bonds, resulting in the decreased 
adsorption of toluene and enhanced mobility of lattice oxygen. A facile 
redox ability of H2-Pt1/MnOx-200 contributes the reversible cycles of 
lattice oxygen, the consumed surface O2−

latt species could be quickly 
replenished, and then the catalytic stability is greatly improved. 
Although the presence of toluene significantly inhibits the catalytic 
oxidation of iso-hexane, H2-Pt1/MnOx-200 exhibits good catalytic sta
bility for the oxidation of (toluene + iso-hexane) mixture with or 
without the presence of water vapor. The present study indicates that 
the H2 reduction treatment is an interesting method for the enhance
ment of supported noble metal single-atom catalyst for VOCs removal. 
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