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1. NH3-TPD 
NH3-TPD is a common characterization method to investigate the surface acidity of 

catalysts, in which, usually, NH3 desorption peaks in the temperature range 100~280 °C 
refer to weak acid sites, and desorption peaks in 280~450 °C, 450~750 °C, signify moderate 
acid sites and strong acid sites, respectively. Among those, weak and moderate acid sites 
usually indicate physically adsorbed NH3 and partial ionic NH4+, corresponding to Lewis 
acid sites, whereas strong acid sites refer to desorption of coordinated NH3 corresponding 
to Brönsted acid sites [1–3]. It is widely accepted that Lewis acid sites are applied to the 
decomposition of ozone and production of active oxygen species, while Brönsted acid 
sites mainly act on adsorption of VOCs on the surface of catalysts [1,2]. As a result, both 
Lewis and Brönsted acid sites are beneficial and significant for catalytic ozonation of 
VOCs. From Figure S1 (a), in temperature ranges 100~280 °C and 280~450 °C, NH3 de-
sorption peaks area over different active component catalysts decreased in the order of 
Mn1.5% > Co1.5% > Cr1.5% > Fe1.5% > Al2O3, which stood for the larger amounts of Lewis 
acid sites of Mn1.5% and Co1.5% catalysts. As for Brönsted acid sites, it was obvious that 
in higher temperatures 450~650 °C, Al2O3 possessed the largest desorption peaks area, 
besides, Co1.5% took the second place. The total acid sites amounts of those catalysts de-
creased in the sequence of Mn1.5% > Co1.5% > Cr1.5% > Al2O3 > Fe1.5%. In Figure S1 (b), 
Lewis acid sites amounts of CrOx/Al2O3 followed the sequence of Cr5% > Cr1.5% > Cr2.5% 
>Al2O3, whereas Al2O3 still possessed most Brönsted acid sites. The total acid sites 
amounts of CrOx/Al2O3 decreased in the order of Cr5% > Cr1.5% > Al2O3 > Cr2.5%. In 
general, above different active components catalysts and different Cr loading mass frac-
tion catalysts, the impregnation of active transition metal oxides mainly increased the 
Lewis acid sites, meanwhile decreasing Brönsted acid sites. Lewis acid sites increased 
with the mass fraction of Cr in CrOx/Al2O3, except for Cr2.5%. Generally, more acid sites 
would improve the adsorption and activation of VOCs [1,3], but the sequence of acid sites 
amounts fitted with that of catalytic activities on acetone removal not so well. The results 
meant the acid sites of catalysts were not the only influence factor on catalytic activities, 
therefore further characterization investigation on those different catalysts remained to 
be carried out. 
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Figure S1. The NH3-TPD profiles of different catalysts. (a) MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co);  
(b) Cr1.5~5%. 

2. CO2-TPD 
Carbonate species are crucial intermediates during catalytic ozonation of the carbo-

naceous compound acetone, deposition of which would block or occupy active sites, 
hence causing the deactivation of catalysts [4]. The CO2-TPD characterization is widely 
utilized to explore the carbonate species desorption ability of catalysts. From the curves 
in Figure S2 (a) and (b), γ-Al2O3 support showed the strongest CO2 desorption peak at low 
temperature ~127 °C, which demonstrated that desorption of CO2 mainly occurred on the 
surface of the support, with abundant oxygen defects [5]. The loss of adsorption volume 
after metal oxides impregnation may be ascribed to the coverage of metal oxides [5]. But 
over those catalysts, in the low-temperature range, all CO2-TPD curves exhibited a de-
sorption peak around the reaction temperature of 120 °C, indicating that carbonate species 
could effectively decompose and products CO2 could be timely desorbed during the cat-
alytic ozonation process [1,4]. 

Over Cr1.5% catalysts, two desorption peaks at 124 °C and 376 °C were observed, 
with temperatures lower than those of other catalysts, except for Co1.5% at 117 °C and 
415 °C. Generally speaking, lower peaks temperature indicated higher CO2 selectivity [1]. 
But from activity evaluation results, Cr1.5% exhibited the highest catalytic activity and 
CO2 selectivity, rather than Co1.5%, which may be ascribed to the inferior of less surface 
area and adsorption ability of Co1.5%. But over three CrOx/Al2O3 catalysts, the smaller 
peaks area and higher peaks temperature of Cr1.5% were unsatisfactory, compared to 
Cr2.5% and Cr5%, which also illustrated that, in CrOx/Al2O3 catalysts, desorption ability 
of CO2 was not the decisive factor during the whole catalytic ozonation process. 
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Figure S2. The CO2-TPD profiles of different catalysts. (a) MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co);  
(b) Cr1.5~5%. 
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3. C3H6O-TPD 
The C3H6O-TPD was utilized here to explore surface acetone adsorption sites and 

estimate acetone adsorption ability of catalysts [6]. From Figure S3 (a), the first desorption 
peaks over all catalysts appeared at low temperature ~120 °C, while the peak area of 
Cr1.5% at 120 °C was not extraordinarily high, thus it was deduced that adsorption of 
acetone on Cr1.5% was not the most critical step in the whole catalytic ozonation process 
over Cr1.5%. But we could infer that the adsorption and activation of acetone on Co1.5% 
limited its catalytic activity. However, in Figure S3 (b), with more Cr impregnated, the 
first peak temperatures of Cr2.5% and Cr5% shifted to lower temperature ~117 °C, demon-
strating that Cr impregnation could improve desorption of C3H6O, but the peak areas un-
der low temperature of Cr2.5% and Cr5% were smaller than those of Cr1.5% and γ-Al2O3 
support, which illustrated that excessive Cr would be adverse to adsorption of C3H6O [7], 
maybe furthermore imposing negative influence on their catalytic activity performance. 
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Figure S3. The C3H6O-TPD profiles of different catalysts. (a) MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co);  
(b) Cr1.5~5%. 

4. O2-TPD 
The O2-TPD is also commonly utilized to estimate adsorption ability of oxygen and 

mobility ability of oxygen species over catalysts [1,4]. In O2-TPD curves, desorbed oxygen 
species are usually divided as chemically desorbed oxygen, surface lattice oxygen and 
bulk lattice oxygen, according to desorption temperature from low to high [4,6]. Gener-
ally, desorption peaks of oxygen under 300 °C are ascribed to release of chemically de-
sorbed oxygen and active surface oxygen, while in the temperature range of 300~600 °C 
and above 600 °C, desorption peaks state liberation of subsurface and lattice oxygen [1,6]. 
From Figure S4 (a), over γ-Al2O3 support, two obvious desorption peaks were observed, 
at 409 °C and 618 °C, which symbolized surface lattice oxygen and bulk lattice oxygen, 
respectively. Once transition metal oxides were impregnated, desorption peaks at low 
temperature 100~250 °C appeared, and the peak at higher temperature 618 °C disap-
peared, which demonstrated generation of more oxygen vacancies for mobility of chemi-
cally adsorbed oxygen, and the decrease of oxygen vacancies of bulk lattice oxygen. It was 
declared by J. M. Shao and F. W. Lin that more chemically adsorbed oxygen would be 
advantageous and crucial for activation and catalytic ozonation of VOCs [1,4]. Cr1.5% 
owned the largest desorption peak area and the lowest desorption temperature at 150 °C, 
which illustrated the most chemically adsorbed oxygen, easier activation and higher mo-
bility [6], in addition, consistent with its best catalytic activity on acetone conversion. 
While, in Figure S4 (b), among three CrOx/Al2O3, Cr2.5% possessed the largest desorption 
peak area and the lowest desorption temperature at 118 °C, followed by Cr5%, and last 
Cr1.5%. It meant chemically absorbed oxygen amounts followed the sequence of Cr2.5% 



Catalysts 2022, 12, 1090 4 of 7 
 

 

> Cr5% > Cr1.5%, which could compensate for the lack of acid sites over Cr2.5% catalysts. 
Spent catalysts Cr1.5% were also compared with fresh Cr1.5% in O2-TPD curves in Figure 
S4 (c), it could be seen that after catalytic ozonation experiments, all three Cr1.5% spent 
produced more oxygen vacancies for chemically adsorption of oxygen and surface lattice 
oxygen. Especially after SO2-resistance experiments, a conspicuous increase of surface lat-
tice oxygen and bulk lattice oxygen was observed, which could illustrate that SO2 influ-
ence on catalysts Cr1.5% was mainly transferring active oxygen species into lattice oxygen 
in catalysts, and enhanced difficulty to diffuse into the gas phase for catalytic ozonation 
process [6]. It was reported that more O species could be produced by the collision be-
tween H2O and dissociated electrons [8,9]. But because of larger polarity and a stronger 
affinity with catalysts surface of H2O, competition adsorption between H2O and acetone 
molecules and blocking active sites would cause an inhibition effect on acetone removal 
efficiency [9]. 
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Figure S4. The O2-TPD profiles of different catalysts. (a) MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co);  
(b) Cr1.5~5%; (c) Cr1.5% spent. 

5. H2-TPR 
In Figure S5 (a) H2-TPR curves, for Cr1.5%, two reduction peaks at 376 °C and 576 °C, 

belonged to the reduction peaks of Cr6+ to Cr3+ and highly dispersed Cr2O3 [10,11]. For 
Cr1.5%, the lower temperature at 376 °C with relatively more H2 consumption, demon-
strated the superiority of its low-temperature reducibility and catalytic activity, and easier 
desorption of adsorbed oxygen species connected with Cr ions, contributing to its highest 
decomposition efficiency of acetone [1,12,13]. From the view of Figure S5 (b), with the 
increase of Cr mass fraction over catalysts, the H2 consumption became larger, illustrating 
the increase of oxidation sites [1,14,15]. Catalyst Cr1.5% exhibited higher activity, with 
lower H2 consumption and higher reduction temperature over three CrOx/γ-Al2O3, which 
was consistent with the description in literature [16] that a small number of oxidation sites 
with low activity and weak interaction between active components and supports were 
beneficial to decomposition of ozone and VOCs. H2 consumptions over three CrOx/γ-
Al2O3 were not completely consistent with their activity order, because redox ability and 
acidity integratedly affected catalytic activity [10,11]. From the characterization results of 
Figure S5 (c), for Cr1.5% spent and Cr1.5% spent (SO2) catalysts, reduction peaks temper-
atures shifted to 386 °C and 540 °C, compared to 376 °C for Cr1.5% fresh catalyst, which 
provided evidence of enhancement of Cr-O bond strength and accumulation of carbonates 
and sulfates on the catalysts surface, after catalytic reaction and SO2-resistance catalytic 
reaction [1,10,15]. Combining with characterization and analysis results of XPS that Cr6+ 
was the main active substance, it could also be discovered that peaks area for reduction 
decreased after catalytic reaction and SO2/H2O-resistance catalytic reaction, which could 
be deduced that deactivation of Cr1.5% catalysts may result from the loss of Cr6+. 
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Figure S5. The H2-TPR profiles of different catalysts. (a) MOx/γ-Al2O3 (M = Cr/Fe/Mn/Co);  
(b) Cr1.5~5%; (c) Cr1.5% spent. 

6. SEM-EDS 
Figure S6 exhibited SEM-EDS (scanning electron microscope energy dispersive spec-

trometer) mappings of different catalysts. As shown, the elemental mapping mainly re-
flected the Al and O elements, which could be ascribed to the γ-Al2O3 support of those 
catalysts. The element fractions of transition metals (Cr/Fe/Mn/Co) were quite lower, but 
the homogeneous distribution of all elements including Al/O/Cr/Fe/Mn/Co can still be 
observed, demonstrating the success of impregnation and good dispersion of active com-
ponents. And the results of ICP-OES (inductively coupled plasma optical emission spec-
troscopy) listed in Table S1 could also prove the presence of active components, which 
were close to the theoretical mass fractions of 1.5%. 

 
Figure S6. SEM-EDS mappings of different catalysts. (a) Cr1.5%/γ-Al2O3; (b) Cr2.5%/γ-Al2O3;  
(c) Cr5%/γ-Al2O3; (d) Fe1.5%/γ-Al2O3; (e) Mn1.5%/γ-Al2O3; (f) Co1.5%/γ-Al2O3. 
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Table S1. Metals loadings in catalysts. 

Catalysts Metals loading (wt.%) 
Al2O3 — 

Fe1.5% 1.37 
Mn1.5% 1.45 
Co1.5% 1.45 
Cr1.5% 1.49 

7. Ozone decomposition 
Ozone decomposition performance of different catalysts were measured, results il-

lustrated in Figure S7. Results demonstrated that ozone decomposition performance of 
Fe1.5%, Mn1.5%, Co1.5% were excellent, nearly close to 100% decomposition efficiencies, 
which were higher than 60% of Cr1.5%. And with the increase of Cr fraction, the ozone 
decomposition performance became inferior, with 40% conversion of Cr5% catalyst, 
which was consistent with the trend of acetone removal on those CrOx/γ-Al2O3. By com-
parison with Figure 5 (d) in the manuscript, it could be concluded that without acetone, 
ozone decomposition might be inhibited, which can be ascribed to the lack of reaction 
process between acetone and ozone molecules, resulting the unsatisfactory ozone decom-
position performance. And it can also be deduced that too fast ozone decomposition rates 
could also be a disadvantage for acetone removal, because of unmatched reaction rates. 
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Figure S7. Decomposition efficiencies of ozone by different catalysts, without acetone. 
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