
Vol.:(0123456789)

Catalysis Letters (2024) 154:2841–2851 
https://doi.org/10.1007/s10562-023-04535-4

Selective Catalytic Oxidation of Ammonia over Cr‑Ce Mixed Oxide 
Catalysts in the Presence of Sulfur Dioxide

Fangyuan Zhou1 · Xiaoqiang Wang1,2,3 · Li Sun2 · Ruiwen Jia2 · Yue Liu1 · Zhongbiao Wu1

Received: 9 September 2023 / Accepted: 18 November 2023 / Published online: 26 December 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
In this paper, the influence of  SO2 on the performances of selective catalytic oxidation (SCO) of  NH3 on Cr-Ce mixed oxide 
catalysts had been disclosed. Experimental results revealed that the existence of  SO2 could greatly suppress the unselective 
catalytic oxidation of ammonia over Cr-Ce mixed oxide catalysts with strong redox capacity, though the ammonia conver-
sion rate was somewhat lowered after  SO2 introduction. As such, near or above 90% ammonia conversion and excellent  N2 
selectivity within 350–450 °C could be achieved on  Cr10Ce sample after 20 h reaction running in the presence of 350 ppm 
 SO2. Characterization results indicated that  SO2 could induce the formation of surface sulfates on  Cr10Ce catalysts and 
enhance its surface acidity, which would inhibit the over-oxidation of  NH3. More importantly, the bulk-like sulfation of  Cr10Ce 
samples was damped in the presence of  SO2 compared to pure  CeO2, which allowed certain active oxygens participating in 
 NH3-SCO reaction. DFT results also confirmed that the adsorbed  SO2 would preferentially interact with the oxygens around 
the interface of  CeO2 and  Cr2O3, thereby preventing the retained active oxygens from being further sulfation. Therefore, the 
Cr-Ce mixed oxide catalysts showed promising application potential for eliminating  NH3 slip downstream  NH3-SCR process.
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1 Introduction

As the “haze promoter”, ammonia  (NH3) has been included 
as a controlled indicator of air pollutants, which caused tre-
mendous concerns on ecological environment and human 
health [1–5]. Apart from industrial production procedure, 
stock farming and agricultural fertilization, one of the pri-
mary sources of ammonia emissions is the ammonia slip 
during the industrial flue gas denitrification process when 
ammonia is used as reductant [6–9]. Owing to fluctuation 
of gaseous distribution and operational condition, over sto-
ichiometric ratio of  NH3 had been injected to ensure the 
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 deNOx efficiency during selective catalytic reduction (SCR) 
or selective non-catalytic reduction (SNCR) process, result-
ing in the emission of unreacted  NH3 so-called ammonia 
slip [10, 11]. The  NH3 slip would lead to the plug in the 
downstream air-preheater and form secondary inorganic 
aerosols [11].

Nowadays, the  NH3-SCO (selective catalytic oxidation 
of  NH3) catalyst installed at the tail-end of SCR units could 
be one promising way to solve the  NH3 slip problem [2]. 
Commonly, the  NH3-SCO reactions follow the internal SCR 
mechanism (i-SCR), which can be described as follows: the 
absorbed ammonia on catalysts is partly oxidized to  NOx 
and the resulted  NOx then reacts with  NH3 to produce  N2 
and  H2O [12, 13]. Generally, an excellent  NH3-SCO catalyst 
should possess suitable redox ability, which could not only 
meet the requirement of deeply dehydrogenation of  NH3 but 
also suppress the over-oxidation to avoid the formation of 
byproducts, including  N2O, NO and  NO2.

The most studied  NH3-SCO catalysts included noble-
metal based catalysts and transition metal-based catalysts 
[12, 13]. Although possessing excellent low-temperature 
 NH3-SCO activity, noble-metal based catalysts with narrow 
temperature window could be hardly affordable in slip-NH3 
control application [12, 14]. As for transition metal-based 
catalysts, Cu-based catalysts had attracted lots of research-
ers’ attention owing to the relatively well activity and  N2 
selectivity [12, 15]. However, the coexistence of gaseous 
 SO2 in the flue gas is inevitable, which would exert serious 
deactivation effect on  NH3-SCO activity due to the strong 
interaction between Cu active phase and  SO2 [10, 16, 17].

In the previous literatures, chromic (Cr) based catalysts 
with excellent redox ability and exceptional resistance to 
sulfur and chlorine species, owing to its low interaction with 
HCl/SO2 [18, 19], had been widely reported in  NH3-SCR 
[19–21], NO oxidation [22] and VOCs catalytic combustion 
[18, 23, 24], etc. Additionally, due to good oxygen storage 
capacity,  CeO2 has been often applied as promoter or main 
active phase in  NH3-SCR/SCO reactions [25–28]. Moreover, 
based on our previous works [29, 30],  CeO2 could serve as 
the sacrificial sites to promote the SCR performance of Cu 
or Mn based catalysts in the presence of  SO2. As such, the 
Cr-Ce mixed oxide catalysts might be one promising candi-
date to achieve well  NH3-SCO performances, where the well 
redox capacity of Cr-Ce catalyst could effectively activate 
 NH3 and sulfation would also provide acidic sites to inhibit 
the over-oxidation of  NH3. However, what happens to the 
 NH3-SCO performance of Cr-Ce mixed oxide catalysts in 
the presence of  SO2 needs to be further investigated.

Therefore, in this manuscript, to deal with the challenges 
of  NH3 slip elimination, the Cr-Ce mixed oxide catalysts 
prepared by impregnation method were employed to inves-
tigate their activities and stabilities in the presence of  SO2 
and  H2O during  NH3-SCO reaction process. Additionally, 

various characterizations and density functional theory 
(DFT) simulations were then conducted to reveal the inher-
ent mechanism for  NH3-SCO reaction behaviors over Cr-Ce 
mixed oxide catalysts.

2  Experimental Section

Firstly, pure  Cr2O3 and  CeO2 catalysts were prepared by the 
direct calcination of nitrate precursors. Then, various Cr-
Ce mixed oxide catalysts were synthesized by impregnating 
Cr(NO3)3·9H2O on previous obtained  CeO2 support. And 
the obtained Cr-Ce mixed oxide catalysts were denoted as 
 CrxCe, where x represented Cr/Ce molar ratio (x = 1–20%). 
Moreover, the selected  Cr10Ce catalyst after stability tests 
in the presence of 350 ppm  SO2 at 350 °C were denoted 
as  Cr10Ce-Uy, where y represented the duration of stability 
tests period (y = 10, 20 and 30 h). To investigate the intrinsic 
mechanism of  SO2 influence on  NH3-SCO performances, 
the samples before and after stability tests were subjected 
to various characterizations to disclose. And more detailed 
experimental illustration and computational method were 
given in the Supporting Information.

3  Results and Discussion

3.1  Catalytic Performances

The  NH3-SCO performances of various fresh  CrxCe mixed 
oxide catalysts were depicted in Fig. 1. As shown in Fig. 1a, 
fresh  CeO2 sample hardly converted ammonia efficiently 
within the investigated temperature window, while 100% 
 NH3 conversion in the temperature range of 250–450 °C 
was achieved on pure  Cr2O3. Unsurprisingly,  NH3 oxidation 
activity of  CrxCe catalysts lied between that of pure  Cr2O3 
and  CeO2 samples. And the addition of Cr significantly pro-
moted  NH3 conversion of  CeO2, where the  NH3 conversion 
changed little when Cr/Ce ratio exceeded 10%. The well 
dispersion of Cr species owing to the interaction between 
Cr species and  CeO2 could account for it. However, high 
amount of  N2O and  NOx species generated on  CrxCe cata-
lysts at low-medium and medium–high temperature range 
respectively, which resulted in rather poor  N2 selectivity on 
all Cr-related samples (see Figs. 1b and S1). It could be due 
to the fact that  CrxCe samples with strong redox ability but 
lack of surface acidity promoted the unselective oxidation of 
ammonia [13]. Moreover,  Cr10Ce sample with approximative 
 NH3 conversion and relative higher  N2 selectivity compered 
to pure  Cr2O3 was further applied in the investigation of the 
effect of  SO2.

As shown in Fig. 1c, in the presence of 350 ppm  SO2 at 
350 °C,  Cr10Ce sample achieved complete  NH3 conversion 



2843Selective Catalytic Oxidation of Ammonia over Cr‑Ce Mixed Oxide Catalysts in the Presence of…

during the initial 5 h, but gradually decreased to about 
88%  NH3 conversion for the next 8 h and then maintained 
at this value for the later reaction time. In comparison, the 
introduction of  SO2 would quickly decrease  NH3 conver-
sion of pure  Cr2O3 from 100% to around 50%. The evolu-
tion in  NH3 oxidation activity was in good accordance 
with that of outlet  SO2 concentration detected, where it 
increased gradually to finally reached its inlet value in 
the final stage of tests. This observation indicated that 
the deposition of sulfur could somewhat lower the  NH3 
oxidation activity, as sulfation of metal oxides by  SO2 
would generally deteriorate their redox capacity [31, 32]. 
However, such poisoning effect was lessened greatly on 
 Cr10Ce sample compared to pure  Cr2O3, which deserved 
to be further investigation regarding the intrinsic mecha-
nism. In addition, the  NH3-SCO performances of  Cr10Ce 
sample after 20 h  SO2 poisoning under different tempera-
ture had also been investigated (see Fig. 1d). It could be 
seen that  Cr10Ce sample possessed near or above 90%  NH3 

conversion and 100%  N2 selectivity in the temperature 
range of 350–450 °C. Therefore, Cr-Ce mixed oxides could 
be suitable candidate of  NH3 slip elimination catalysts 
downstream SCR units. It was noted that the existence of 
 SO2 slightly decreased  NH3 conversion of  Cr10Ce sample 
but significantly promoted  N2 selectivity at temperatures 
higher than 350 °C. For instance,  N2 selectivity of  Cr10Ce 
sample at 350 °C increased from less than 50% to 100%. 
Therefore, the existence of  SO2 could greatly suppress the 
unselective catalytic oxidation of ammonia over Cr-Ce 
mixed oxide catalysts. And the promoted  N2 selectivity in 
the  SO2 stability tests might be attributed to the enhanced 
surface acidity but weakened redox ability with surface 
sulfation, where similar findings had been mentioned in 
previous works [31, 33]. To reveal the related mechanism 
regarding the effect of  SO2 on  NH3-SCO performances, 
various corresponding characterizations were conducted 
in the following sections.

Fig. 1  NH3 conversion (a) and  N2 selectivity (b) of various samples; 
 NH3 conversion and outlet  SO2 concentration during  SO2 resist-
ance stability tests of  Cr10Ce sample at 350  °C (c);  NH3-SCO per-
formance of  Cr10Ce sample after 20  h  SO2 poisoning reaction run-

ning under different temperature (d).  NH3-SCO reaction conditions: 
 [NH3] = 100 ppm,  [O2] =  [H2O] = 5 vol.%,  [SO2] = 350 ppm (if appli-
cable),  N2 balance
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3.2  The Physical Property Changes

To identify the physical property changes of Cr-Ce mixed 
oxide catalysts caused by  SO2, the specific surface area, XRD 
and TEM/SEM characterizations had been conducted. As 
illustrated in Tables 1 and S1, a  SBET of 69  m2/g was obtained 
on fresh  CeO2 sample, and that decreased at an elevated molar 
ratio of Cr/Ce for fresh  CrxCe samples. The introduction of 
certain Cr species into micro-channels of  CeO2 during prepa-
ration process could be responsible for that [25]. Furthermore, 
after stability tests in the presence of  SO2, the surface area of 
 Cr10Ce sample would be deteriorated over time (from 57  m2/g 
of fresh  Cr10Ce to 41  m2/g of  Cr10Ce-U30), owing to the block-
age effect derived from the formed sulfate species [31, 32]. 
Additionally, as shown in Figs. 2 and S2a, XRD patterns of 
various samples showed that various diffraction peaks located 
at 28.6°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°, 79.1° and 
88.4° emerged, which could be assigned to  CeO2 with cubic 
fluorite structure [PDF#43–1002]. However, characteristic dif-
fraction peaks related to Cr species were hardly detected for 
 Cr10Ce sample, indicating the high dispersion of Cr species 
[21, 34]. Furthermore, the intensity of characteristic diffraction 
peaks of  Cr10Ce-Uy samples gradually decreased compared to 
fresh  Cr10Ce sample, demonstrating that the crystal structure 
of  CeO2 was damaged by  SO2 poisoning. And similar findings 
could be observed for  CeO2-U20 and  Cr2O3-U20 samples (see 
Fig. S2b), however, it was found that better crystallinity of 
 Cr2O3 reserved after  SO2 resistance stability tests than  CeO2. 
It might be implied that  SO2 would preferentially interact on 
surface Ce sites to form cerium sulfate species compared to 
Cr species during stability tests, which had been similarly 
reported in the previous work [17].

In addition, the morphology and microstructure of fresh 
 Cr10Ce and selected  Cr10Ce-U20 samples were studied by 
TEM and SEM. As shown in Figs. 3 and S3, no obvious lat-
tice stripes of Cr related crystals were found in  Cr10Ce sample, 
suggesting the well dispersion of Cr species on  CeO2 sup-
port, which was consistent with XRD patterns. Furthermore, 
slightly blurred edges of crystals were observed on  Cr10Ce-U20 
sample, indicating that the sulfation of catalysts occurred after 
 SO2 introduction in  NH3-SCO reaction [35]. As illustrated in 
Table S2, elements distribution analyzed by SEM EDS-Map-
ping indicated that there deposited certain amount of sulfur (S) 
species on  Cr10Ce-U20 sample, while the content of surface O, 
Ce, Cr and nitrogen (N) species did not show evident changes 
compared to fresh  Cr10Ce sample. The above phenomena 

indicated that the metal oxides sulfation but not ammonium 
sulfates accumulation is the main cause of sulfur deposition 
on  Cr10Ce-U20 catalyst [31].

3.3  The Redox Ability and Surface Acidity Changes

To investigate the changes in the redox ability of different 
samples before and after stability tests in the presence of  SO2, 
 H2-TPR and  O2-TPD experiments were conducted and the 
results were presented in Fig. 4. As seen the  H2-TPR results 
in Fig. 4a, the pristine  CeO2 sample showed two reduction 
peaks of surface-active oxygen species related to ceria at 
406 °C and 523 °C, respectively. After Cr addition, the reduc-
tion peaks shifted to a lower temperature range (349 °C and 
445 °C), indicating the promoted reducibility derived from 
Cr species. Based on the previous works [19, 34], the two 
peaks could be ascribed to the reduction of  Cr6+ to  Cr3+ and 
active surface oxygen derived from Cr–O-Ce strong interac-
tions, respectively. However, after reaction with  SO2 poison-
ing, the reduction peaks of various samples shifted to higher 
temperature range (592 °C for  CeO2-U20, 450 and 556 °C for 
 Cr10Ce-U20), indicating the suppressed reducibility of catalysts 
caused by sulfation. As reported in the literatures [36, 37], the 
much stronger  H2 consumption peaks emerged at above 550 °C 
on the two samples were subjected to the reduction of formed 
sulfate species. And the relatively lower reduction temperature 
of sulfate species observed on  Cr10Ce-U20 sample compared to 

Table 1  BET surface areas 
and pore structures of various 
catalysts

Samples Cr10Ce Cr10Ce-U10 Cr10Ce-U20 Cr10Ce-U30

Specific surface area  (m2/g) 57 45 42 41
Total pore volume  (cm3/g) 0.16 0.16 0.13 0.12
Average pore diameter (nm) 10.92 12.54 12.55 12.63

Fig. 2  XRD patterns of  CeO2 and various  Cr10Ce related samples
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 CeO2-U20 sample suggested that Cr addition would decrease 
the stability of sulfate species on  CeO2. Notably, compared 
with  CeO2-U20 sample, one small peak for the reduction of 
Cr-Ce species at 450 °C still could be found on  Cr10Ce-U20 
sample. It could be concluded that sulfation could not com-
pletely eliminate the active oxygens in  Cr10Ce sample and the 
reserved active oxygens were still capable to participate in the 
 NH3 oxidation reaction. And the  O2-TPD results shown in 
Fig. 4b further confirmed this conclusion.

From Fig. 4b, one small oxygen desorption peak at 
510 °C could be seen on fresh  CeO2 sample, where  Cr10Ce 
catalyst showed two stronger oxygen desorption peaks at 
560 and 660 °C. As mentioned [31, 37], the much larger 
oxygen desorption peak of  Cr10Ce sample indicated that 
the formed strong Cr-Ce interactions could bring about 
abundant active oxygen species  (Oβ), inducing better acti-
vation ability of reactants during  NH3-SCO reaction pro-
cess. After reaction with  SO2,  CeO2-U20 sample showed 

Fig. 3  TEM, HR-TEM and EDS-mapping images of  Cr10Ce (a, b, c) and  Cr10Ce-U20 (d, e, f) samples

Fig. 4  H2-TPR (a),  O2-TPD (b) and  NH3-TPD (c) profiles of various samples
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one oxygen desorption peak at about 714 °C, while three 
oxygen desorption peaks located at 540, 630 and 730 °C 
emerged on  Cr10Ce-U20 sample. Excluding these dramati-
cally increased oxygen desorption peaks above 700 °C 
caused by thermal decomposition of sulfate species [31, 
37],  Cr10Ce-U20 sample could maintain more active oxy-
gen species to participate in SCO reaction after  SO2 intro-
duction, which was in accordance with the  H2-TPR results.

Figure 4c showed the  NH3-TPD profiles of various sam-
ples. From the previous works [38, 39], the desorption 
peaks of  NH3 could be divided into three sections within 
50–250 °C, 250–400 °C and 400–500 °C, corresponding 
to  NH3 desorbed from weak, moderate and strong acidic 
sites, respectively. It could be found that  SO2 poisoning 
significantly enlarged the amount of the moderate/strong 
acidic sites of catalysts. It was reasonable that the sulfate 
species formed were of strong electronic attractive effect, 
which improved the surface acidity [36]. It was widely rec-
ognized that strong acidity could inhibit the over oxidation 
of ammonia in SCR reaction [40]. Therefore, the enhanced 
surface acidity after  SO2 poisoning was account for the 
improved  N2 selectivity of  Cr10Ce sample for  NH3-SCO 
reaction in the presence of  SO2 (see Fig. 1).

3.4  The Influence of  SO2 on Surface Chemical States

To further reveal the influences of  SO2 on the existence 
states of surface elements in the catalyst, various  Cr10Ce 
samples before and after stability tests in the presence 
of  SO2 were subjected to XPS characterization (see 
Fig. 5). The surface atomic concentration distribution and 
detailed peak calculation results were given in Table 2. 
As shown, the characteristic peaks of Cr 2p XPS spec-
tra could be deconvoluted into three categories, includ-
ing  Cr6+ (~ 578.7 eV for Cr  2p3/2 and ~ 588.4 eV for Cr 
 2p1/2),  Cr3+ (~ 576.8 eV for Cr  2p3/2 and ~ 586.4 eV for 
Cr  2p1/2) and  Cr2+ (~ 575.8 eV for Cr  2p3/2 and ~ 585.8 eV 
for Cr  2p1/2) [21, 41], while the Ce 3d XPS spectra were 
divided into two categories (u for  Ce4+ and v for  Ce3+) 
[33, 42, 43]. Compared with fresh  Cr10Ce sample, positive 
shifts in the binding energy of Cr 2p and Ce 3d XPS peaks 
could be observed after  SO2 poisoning. The strong elec-
tronic interaction of sulfate groups could be ascribed to 
the main reason for that [44]. However, the shift in Cr 2p 
and Ce 3d XPS peaks showed respective variations in dif-
ferent durations of  SO2 poisoning reaction. It was evident 
that the displacement of Cr 2p XPS peaks occurred solely 
within the initial 10 h of  SO2 poisoning reaction, whereas 
the deviation in Ce 3d XPS peaks mainly occurred in the 

Fig. 5  The Cr 2p (a), Ce 3d (b) and O 1 s (c) XPS spectra of various samples

Table 2  Surface atomic 
concentration and peak 
calculation results by XPS 
analysis

Samples Surface atomic concentration (%) Oβ/O Ce3+/Ce Cr species

Cr Ce O N S Cr2+ Cr3+ Cr6+

Cr10Ce 6.04 14.63 79.33 / / 31.35 21.20 5.87 70.41 23.72
Cr10Ce-U10 4.81 9.26 77.82 2.25 5.86 34.09 28.69 7.81 65.61 26.58
Cr10Ce-U20 4.78 8.28 78.66 2.12 6.16 41.50 29.79 5.68 68.11 26.22
Cr10Ce-U30 4.49 7.95 78.39 2.39 6.78 42.90 30.42 4.25 69.74 26.00
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 Cr10Ce-U20 sample. It was suggested that the impact of 
 SO2 poisoning on Cr species diminished over time, while 
it progressively affected Ce species.

Furthermore, focusing on the changes in the subpeaks 
of Cr and Ce species on various  Cr10Ce-Uy samples, it 
could be seen that the proportion of  Cr6+/Crtotal changed 
little except the increase during the initial 10-h reaction 
time, while  Ce3+/Cetotal ratio continued to increase. The 
above results indicated that the presence of  SO2 would 
significantly affect the existence states of Ce, whereas 
the impact on Cr was somewhat mitigated, which agreed 
with the results related to locations of XPS peaks. The 
increase of  Ce3+/Cetotal resulted from the reduction effect 
caused by  SO2 and the initial increase of  Cr6+/Crtotal 
might be due to the electronic interaction with sulfate 
species [31]. From Fig. 5c, the O 1 s spectra of the cata-
lysts were fitted into three sub-peaks: lattice oxygen  (Oα, 
528.6–530.0 eV), surface chemisorbed oxygen species  (Oβ, 
531.4–532.0 eV) and oxygen containing surface groups 
 (Oγ, 532.6–533.5 eV) like carbonate and/or hydroxyl spe-
cies [29, 43]. As listed in Table 2,  SO2 poisoning reaction 
would promote the formation of surface chemisorbed oxy-
gen species derived from surface formed sulfate species 
[29]. Notably, the  Oβ/Ototal in  Cr10Ce-Uy samples trended 
to be stable when the reaction time increased beyond 20 h, 
indicating that the sulfation became lessened, correspond-
ing to its stable  NH3-SCO activity. Additionally, the above 
findings of weakened sulfation process were further con-
firmed by various N 1s and S 2p XPS spectra (see Fig. S4 
and Table 2), as the obvious increased S and N species 
only occurred within the initial 10 h of  SO2 poisoning 
reaction. Furthermore, the surface atomic concentration 
of S was about 2.5 times higher than that of N on vari-
ous  CrxCe-Uy samples. It was implied that sulfate species 

existed as metal sulfate species rather than ammonium 
sulfates on the samples after stability tests.

3.5  Reaction Process Analysis

To identify the reaction process of  NH3-SCO, TPSR studies 
had been also carried out on  Cr10Ce sample before and after 
20 h  SO2 poisoning. As shown in Fig. 6, it could be seen 
that the ammonia could be converted on fresh  Cr10Ce sam-
ple at relative low temperature (about 250 °C), where less 
 N2 emission and higher amount of NO emerged compared 
to  Ce10Ce-U20 sample. It was implied that the activation of 
 NH3 could occur on  Cr10Ce sample easily but mainly follow 
the unselective catalytic oxidation process. After 20 h reac-
tion running in the presence of  SO2, owing to the suppressed 
redox ability and enhanced surface acidity, the ammonia 
conversion onset temperature of  Ce10Ce-U20 sample shifted 
to higher temperature range (about 300 °C), where the sig-
nals of released byproducts, including  N2O, NO and  NO2, 
obviously decreased, indicating the achievement of well 
 N2 selectivity. The above results were in accordance with 
the previous obtained redox ability, surface acidity and 
activity test results.

3.6  SO2 Influential Mechanism Analysis

Based on the SEM EDS-mapping results above, it was indi-
cated that less ammonium sulfates accumulated on catalysts 
after  SO2 poisoning reaction running. Therefore, TP, FT-IR 
and TG analysis were further conducted to identify it. As 
shown in Fig. S5, no signals of NO,  H2O and  N2 species 
derived from  NH4HSO4 decomposition and only  SO2 emis-
sion due to sulfate species dissociation could be detected on 
the  Cr10Ce-U20 sample. Then, FT-IR experiments in Fig. S6 

Fig. 6  NH3 +  O2 -TPSR profiles of  Cr10Ce (a) and  Cr10Ce-U20 (b) samples
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indicated that almost no characterization peaks ascribed to 
 NH4

+ existed on  Cr10Ce-U20 sample [38]. Finally, from TG 
analysis in Fig. S7,  Cr10Ce-U20 sample did not show obvious 
weight loss at around 300 °C, where the temperature was 
related to the decomposition of  NH4HSO4 [30, 45]. As such, 
it could be concluded that sulfur deposition on  Cr10Ce-U20 
sample was mainly sulfate species associated with metal 
cations.

Aiming to investigate the existences of sulfate species 
on  Cr10Ce sample,  SO2-TPD and  SO2 +  O2 DRIFT experi-
ments were conducted (see Fig. 7). From  SO2-TPD results 
in Fig. 7a, it could be observed that only one  SO2 desorption 
peak emerged on  Cr2O3,  Cr10Ce and  CeO2 samples, which 
located at 651, 721 and 735 °C, respectively. Obviously, the 
desorption peak area of sulfate species on various samples 
decreased as follows:  Cr2O3 <  <  Cr10Ce <  CeO2, indicating 
that Cr addition diminished the formation of sulfate spe-
cies and its stability on  CeO2. Although it was found that 
the sulfation of pure  Cr2O3 was least severe among three 
samples, it lost about half of its activity by  SO2 poisoning 
at 350 °C. As such, the sulfur aversion feature of Cr species 
could not explain the high  NH3-SCO activity of  Cr10Ce sam-
ple during the reaction in the presence of  SO2, whose inher-
ent reason need to be further clarified. In addition, DRIFT 
studies had been performed to further elucidate the states of 
adsorbed sulfate species. As shown in Fig. 7b, after exposure 
to 500 ppm  SO2 + 5 vol%  O2 at 350 °C for 1 h, various peaks 
located at 1624 (1618), 1520, 1402 ~ 1382, 1314 ~ 1273, 
1170, 1032 and 956  cm−1 emerged, which could be ascribed 
to  H2O (1624 ~ 1618  cm−1), pyrosulfate species (1520  cm−1), 
surface sulfate species (1402 ~ 1382  cm−1) and bulk-like 
sulfate species (1314 ~ 1273, 1170, 1032 and 956  cm−1), 
respectively [31, 32]. Although surface and bulk-like sul-
fate species were detected on various samples, the  Cr10Ce 

sample exhibited a majority formation of surface sulfate spe-
cies, whereas  CeO2 sample predominantly generated bulk-
like sulfate species. Based on previous literatures [37, 46], 
the bulk-like sulfate species usually possessed more harmful 
effect on the activity compared to surface sulfate species, 
which would greatly inhibit the redox cycle of Cr-Ce spe-
cies. These results indicated that Cr addition significantly 
suppressed the deep sulfation of bulk phase in  Cr10Ce 
sample, which should be the main reason of its well activ-
ity against  SO2 poisoning. Moreover, little sulfate species 
formed on  Cr10Ce-U20 sample was indicative of the satura-
tion point being reached in the adsorption of  SO2, which was 
related to its stable activity.

DFT studies were then performed to explore the intrin-
sic reason of such phenomena (see Fig. 8 and Table 3). 
The adsorption energies of  SO2 molecule at atop Ce and O 
sites on the  CeO2 surface were − 0.28 and − 1.40 eV, while 
that at atop Ce,  O1 (Ce-O-Ce),  O2 (Cr-O-Ce) and Cr sites 
on the Cr-doped  CeO2 surface were − 0.83, − 1.93, − 1.66 
and − 1.69 eV, respectively. It was confirmed that the  SO2 
preferred to bond with the O atoms of Ce-O-Ce model 
around Cr atoms compared to pure Ce-O-Ce model. It could 
explain that the sulfation of Ceria was more serious and pro-
longed compared with that of Cr species. As such, during the 
 NH3-SCO reaction, the adsorbed  SO2 would preferentially 
interact with the oxygens around the interface of  CeO2 and 
 Cr2O3. Different with the final deactivation of  CuCeOx after 
 SO2 introduction reported in the literature [17],  CrOx pos-
sessed stronger aversion to  SO2 than Cu species, combined 
with the spatial protection effect of the formed sulfate spe-
cies on the interface of  CeO2 and  Cr2O3 [47], further  SO2 
poisoning on  Cr2O3 could be greatly inhibited. Therefore, 
remained clean Cr species and active oxygens could still par-
ticipate in the  NH3-SCO reaction, which had been verified 

Fig. 7  SO2-TPD (a) and in situ DRIFT spectra of  SO2 +  O2 co-adsorption (b) over various samples
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by  H2-TPR and  O2-TPD results in Fig. 4. This should be 
the main reason of superior SCO performances achieved on 
 Cr10Ce mixed oxide catalyst in the presence of  SO2. 

4  Conclusion

In summary, the influence of  SO2 on  NH3-SCO performance 
of Cr-Ce mixed oxide catalysts had been disclosed. The 
existence of  SO2 in flue gases would somewhat inhibit the 
 NH3 oxidation ability due to the formation of surface sulfa-
tion but still could guarantee the fulfilled  NH3-SCO reac-
tion at high temperatures. In addition, the  N2 selectivity was 
greatly improved due to the enhanced acidity. For instance, 
near or above 90% ammonia conversion with excellent  N2 
selectivity in the temperature range of 350–450 °C could 
be achieved on  Cr10Ce sample after 20 h reaction running 
in the presence of 350 ppm  SO2, while pure  Cr2O3 quickly 
lost half of its activity.  SO2 would preferentially attack the 
oxygens around the interface of  CeO2 and  Cr2O3 in Ce-Cr 
mixed oxides, the formed surface sulfate species created a 
protection structure for preventing the further sulfation of 
the metal oxides. As such, certain amount of active oxygens 
and clean Cr species were remained to fulfill the  NH3-SCO 
reaction. Therefore, robust  NH3-SCO performances in the 
presence of  SO2 could be achieved on  Cr10Ce sample, which 
showed promising application potential for eliminating  NH3 
slip downstream  NH3-SCR process.
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