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Abstract:

Herein, zirconium(Zr) was doped to optimize theNFCR activity of both Cegand thiourea
modified CeQ-TA catalysts for comparison. Different from theprotional influence of thiourea
modification on the agglomeration of Cg@he transformation from nanoparticles to nanosube
and the formation of highly crystallized CeO§Qr doping lowers the agglomeration of
nanoparticles, loosens the surface morphologytafycst and promotes the formation of Ce-Zr solid
solution. Furthermore, Zr doping exhibits a syngtigipromotional effect of thiourea modification
on the dispersion of Geand $* species on the surface of Ge@nd increases the concentrations
of the surface total oxygen and chemisorbed oxyifébeQ-TA. Interestingly, Zr doping instead

decreases the promotional effect of thiourea meatifbn on the high-temperature or medium/low-



temperature reducibility of catalyst, but incredseth Brgnsted and lewis acid sites of Gd@ by
inducing the highly dispersive sulfate species aattnan the CeOSCcrystal, which might be
crucial to the NH-SCR activity of Ce-based catalyst.

Introduction

The emission of nitrogen oxides (Ydrom stationary and mobile sources is harmfililuman
health and global environment. Selective catalgguction with ammonia (NHSCR) has been
widely used to reduce Necause of the attractive removal efficiency, iitaland selectivityl!
Meanwhile, there still remains some problems negpdinbe concerned and overcome for the
commercial \dOs-WO3/TiO; catalyst, for example, the toxicity of vanadiuime harrow working
temperature window, the low,Nelectivity and the high conversion of S0 SQ with increasing
vanadium loading®! Therefore, it is very necessary to develop a noaei-vanadium-based
catalyst with excellent NHSCR activity and Mselectivity in a wide temperature range. Owing to
the efficient electronic migration between“Ceand Cé&*, cerium dioxide (Ceg) presents an
outstanding oxygen storage capacity and remarkeablecibility with rich oxygen defects, thus Ce-
based catalyst has attracted widespread attemtithre ifields of heterogeneous catalysis, including
photocatalysi§) catalytic reformind¥ catalytic oxidatiorl NHs-SCRI®! and so or!

Nevertheless, pure CeCexhibits poor catalytic performance of N@eduction and N
selectivity due to the lack of surface acidity, #meall specific surface area and the limited redox
property. Therefore, some metal and non-metallis ibave been introduced to optimize thesNH
SCR activity of ceria. For instance, W® Mo0s,1® Zr0,,'% and NbOs!! have been used to
improve the NH-SCR activity of Ce-based catalyst via enhanciagitrface acidity. In addition,

the transition metal elements with variable valsnbave been confirmed to optimize the redox



properties of Ce-based catalyst by inducing a rezlex cycle on the basis of €€ ion pairlt?

for example, C& + Fé&* « Cé* + Fe&* for Fe dopind!®! Among the metal ion additives
investigated, zirconium presents a good promotiafigict on the NESCR activity of cerium-
based catalyst owing to the increased surfacetacitid the formed Ce-Zr solid solutiBf.
Furthermore, the selecting of Ce/Zr molar ratio Idoregulate the lattice parameters and
physicochemical properties of Ce-Zr solid solutitim)s affects the dispersion of other active
components on catalyst surface and the-SBR activityl’®! Zhao et al*®! had investigated the
influence of Zr doping molar ratio on the oxygearage capacity (OSC) and thermal stability of
Ce-Zr solid solution synthesized via the flame ggrolysis, and found that the appropriate molar
ratio of Zr doping helped to improve the formatminoxygen vacancies and the mobility of active
oxygen on the surface of Ce-Zr solid solution. Rdast al!”! pointed out that the formation of Ce-
Zr solid solution after Zr doping increased the gey mobility, OSC and reducibility of the
synthesized Ni/G&r1xO. catalyst accompanied by the optimization of Nipdision, and the
studies of density functional theory (DFT) demoatstd that CesZros0, exhibited the lowest
oxygen vacancy formation energy (OVFE), thus preskthe strongest oxygen storage capacity.
Interestingly, the doping of Zr has also been fotmdptimize the structural and physicochemical
properties of ceria which are crucial to the NBCR activity of catalyst. Yao et @#! had found that
the doping of Zr with its molar ratio of Zr/(Ce+Zvking 0.1 helped to promote the dispersion of
active substances due to the increased BET suafi@@g and simultaneously adjusted the redox
properties and enhanced the surface acidity ohthprepared catalyst. It is noteworthy that when
the molar ratio of Zr/(Ce+Zr) is less than 0.06,afrs tend to substitute the Ce sites and results i

the lattice distortion of ceria, but the excessafis can occupy the interstitial sites or/and sugfa



of ceria when the Zr/(Ce+Zr) molar ratio exceed$8?! It had been reported that the enhancement
of Zr doping molar ratio (Zr/(Ce+Zr)) to 10% obvily increased the redox ability of cerium oxide,
but the further increase of Zr doping amount orthargyed the reducibility of catalyst and the
suitable Zr molar ratio was about 16% Therefore, the doping of low-quality Zr could aksarich

the oxygen vacancies of Ce@hd improve its redox ability.

In order to optimize the surface acidity and regosperties of cerium-based catalyst, some
non-metal ions, including N, P and S, have als;mhbiettoduced in different forms via various
preparation method¥! Cong et al? had verified that the doping of N not only enridhthe
Bronsted acid sites of CeObut also facilitated the generation of activeriteit species, thus
improved its high temperature NM$CR activity by inhibiting the catalytic oxidatioof the
adsorbed Nkl Similar to N doping, the modification of P or S@helped to strengthen the surface
acidity of CeQ and improved its catalytic reduction of N®ut phosphorus modification decreased
the redox ability of cataly$t! Interestingly, the induced €eSQ? pair sites after sulfate
modification could undermine the electronic intei@t between S@and CeQ, thus improved the
anti-SQ poisoning of Ce® catalyst by weakening the adsorption and oxidatbi®Q on its
surfaced?¥l At present, the gas-phase sulfation treatment @fGS, and the impregnation of
sulfate/organic sulfur had been widely used torojié and improve the Nd-5CR performance of
single CeQ.?! In our previous research, a novel sulfate modificaewith thiourea as the structure-
directing agent had been proposed to improve the SIER activity of Ce®@ catalyst synthesized
by a one-pot hydrothermal method, and the reseltsathstrated that the introduction of thiourea
not only regulated the morphology of Ge€atalyst, but also enhanced its acidity and sarfac

oxygen vacancies, thus significantly improved thesMCR activity of catalydt®! In brief, the



catalytic performance of NQeduction over cerium oxide could be remarkablprioved by the

doping of Zr or sulfate modification through optaimg the surface acidity and redox properties of

single CeQ@. However, the influence of Zr doping on the stouetand de-nitrogen performance of

the thiourea modified Ce(atalyst had been scarcely studied.

In this paper, a series of cerium-based catalyste synthesized to investigate the promotional

effect of Zr doping on the NHSCR activity of Ce@and Ce@-TA modified by thiourea during the

hydrothermal treatment. We find that the dopingZofcontributes to improving the NFSCR

activity of both Ce@ and CeQ@TA catalysts, and GesZro.os0-TA exhibits the best catalytic

performance of NQreduction. Furthermore, the morphology, crystaicttire, pore structure, redox

ability and surface acidity of the as-prepared lgats were characterized via a series of

experimental techniques, including X-ray diffracti®RD), scanning electron microscopy (SEM),

transmission electron microscopy (TEM), high-reiolutransmission electron microscopy (HR-

TEM), energy-dispersive X-ray spectroscopy (EDS), adsorption-desorption, Raman, X-ray

photoelectron spectroscopy (XPS), Inductively cedglasma(ICP), Htemperature-programmed

reduction (H-TPR) and Pyridine infrared(Py-IR).



Results and discussion

Catalytic performance
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Figure 1. NOx conversion of Ceg) CeQ-TA, Ce.oxZro.0s0; and Ce.osZro.080-TA catalysts as a function of
reaction temperature. Reaction conditions: NEH[NO] = 600 ppm, [@] = 5.0 vol.% and 1500 mL/min of total
flow rate, 0.45 g of catalyst with the correspomgdias hourly space velocity (GHSV) of 200,000 mii)g
In our previous study, thiourea had been founceta ood structure-directing agent and sulfur
source to optimize the N-BCR activity of Ce@ catalyst synthesized by a one-pot hydrothermal
method, and the as-prepared Gd®@ catalyst presented the best NBICR activity when the molar
ratio of thiourea/Cerium (TA/Ce) is 18! Therefore, in order to further improve the NSCR
activity of the above CefrA catalyst, zirconium has been introduced intd #re influence of Zr

doping molar ratio on the catalytic performancegiven in Figure S1. From Figure S1, it can be



observed that when the doping molar ratio of ZrZ1¢ increases from 0.025 to 0.10, and the

activity of Ca.ZrO,TA catalyst firstly increases and then decrearddlze suitable molar ratio of

zirconium doping is 0.05. For comparison, we atsestigated the effect of zirconium doping on

the NH-SCR activity of Ce@by keeping the molar ratio of Zr/(Zr+Ce) being®).@nd the results

are given in Figure 1. The doping of Zr exactly mioyes the catalytic performance of Cegdeatly

as expected, but the N©Oonversions of GgsZro.0s0; at 200~400C are still lower than those of

CeQ-TA, demonstrating that the modification of thioaes the structure-directing agent and sulfur

source presents better promotional effect on theSIER activity of Ce@compared to Zr doping.

Interestingly, CeosZro.080,-TA exhibits the best catalytic performance of N€duction at 200~400

°C among the tested four catalysts as shown in €igyLifhis indicates that there exists a synergistic

promotional effect of Zr doping and thiourea madifion on the NESCR activity of Ce@ In

order to better evaluate the catalytic performasfabe as-prepared @eZro.os0-TA catalyst, the

NOx conversions over the reported commercial V-W(Mip)Ou-CHA and Cu-SAPO-34 catalysts

are summarized and shown in Table 1. It can berebd¢hat under the high mass GHSV of 200,000

mL/(glh), Ce.osZro.oO-TA exhibits better NEFSCR performance than the commercial V-

W(Mo)/Ti at the absence of S@r/and HO. Meanwhile, compared with the new Cu-CHA catalyst

the hydrothermal stability and reactive temperatuiredlow of Ce 95Zr0.050,-TA need to be further

optimized.

The resistance to 4@ or/and S® poisoning is crucial for the practical applicatiof

commercial or developed catalysts. Thus, the infteeof Zr doping on the anti-B/SQ poisoning

of CeQ-TA was measured at 30C. As shown in Figure S2, the introduction of 1@OmSQ for

8 h could decrease the N€onversion of Ce@TA at 300°C by 27%, but the further addition of



H->O leads to a rapid reduction on the activity ohbatt. Furthermore, the N@onversion of Ce®

TA does not return to the initial value when bo@ &nd HO have been cut off. This demonstrates

that the Ce®TA catalyst shows poor anti-S@r/and HO poisoning, and the doping of Zr

improves its anti-S@or/and HO poisoning, but the introduction of both $&hd HO also leads

to the irreversible deactivation of N¥SCR activity for CegesZro.osO-TA, which needs to be

overcome before its practical application. In ordereveal the promotional influence of Zr doping

on the NH-SCR activity of the thiourea modified cerium oxidatalyst, the as-prepared GO

CeQ-TA, CeyosZroodd; and CeosZroofO0,-TA catalysts were chosen to be characterized for

comparison.

Table 1. The summaries of catalytic activity over varioesnmercial V-W(Mo)/Ti and reported catalysts.

NOx NOx Temperature
Catalysts conversion (%) conversion (%) window CC) GHSV/MHSV Reference
at 200°C at 300°C (Xno>80%)
V205-WOs/TiO2 40-50 90-100 225-500 120,000 /h [27]
V205-M0oOs/TiO2 50 90-100 250-400 45,000 /h [28]
VIWTi 20-30 80-90 300-450 18,000 /h [29]
VWTi 10-20 80-90 300-500 75,000 /h [30]
V2. \WaTi 60-70 90-100 225-375 5,000 /h [31]
Cu-CHAonL-DEA 90-100 90-100 175-550 300,000 /h [32]
Cu-SSzZ-13@Cz0 40-50 90-100 250-500 60,000 /h [10b]
Cu-SAPO-34(0P) 30-40 90-100 250-300 15,000 mL/(gh) [33]

Cen.95Zr0.080- TA 29 93 275-400 200,000 mL/(¢h)  In this work




XRD patterns
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Figure 2. XRD patterns of the as-prepared GeOeQ-TA, Cen.952r0.080; and Ce.osZro.080- TA catalysts: (A)
overall view (B-D) local enlarged view

Figure 2 gives the XRD patterns of CeQeQ-TA, Cey.95Zr0.050;, Ce.95Zr0.060,-TA catalysts.
It can be observed that there exist the dominaat@lof cubic fluorite CePDF: 34-0394) for all
catalystd3! but the main lattice diffraction peak of Cafatalyst is enhanced to a certain extent by
thiourea modification with another peak appeareabaut 23over it, which could be attributed to
the crystal of CeOSO(PDF: 39-0515K° Interestingly, the doping of zirconium weakens the
intensity of diffraction peaks attributed to cuBimrite CeQ for both CeQand Ce@ TA catalysts,
and Ce.osZr0.0s02 seems to have lost all the crystallinity attrilalte cubic fluorite Ce@ and the

main reason for this phenomenon might be that dpeed Zr ions get into the cubic fluorite CeO



crystal and induce the formation of Ce-Zr solidutioh. Previous research confirmed this effect of
Zr doping on the diffraction peaks of cubic flueri€eQ in the nanorod CefNR support due to
the incorporation of 2 [8l. Zhou et al.[35] also found that the as-prepad/€CB sZro 20; catalyst
presented weaker diffraction peaks of cubic fleo€ieQ than Pd/Ceg) and its XRD pattern was
analogous to that of Ce@ue to the formation of homogeneous Ce-Zr solidtEms with a stable
fluorite structure in it. However, the doping of &mppresses the formation of highly crystalline
CeOsSQ crystal even if thiourea had been added as théfiebdgent, suggesting that the induced
S species are highly dispersed on the surface @fs¥es0- or their particle sizes are too small to
reach the detection limit of the detection instramé&urthermore, the doping of zirconium makes
the diffraction peaks attributed to cubic fluorEeQ for both Ce@ and CeQ-TA catalysts shift
slightly to lower angles, and enlarges the lattiaeameter of cubic fluorite Ce@s shown in Table
2. Ma et al!® had pointed out that the doped Zr ions could rnyasnbstitute on Ce sites of Ce
ZI:02 when the molar ratio of Zr/Ce was less than @& induced dramatic structural distortion
and led to lattice expansion. It should be mentiathat no diffraction peaks belonged to zirconium
oxide had been detected in bothy 6#ro.0s0; and Ce.osZr0.050-TA, which might be ascribed to a
high dispersion of zirconia crystal. Thereforezah be inferred that the doped Zr ions might enter
into the Ce@matrix successfully and thereby induce the foramatif highly dispersive Ce-Zr solid
solution. But the presence of thiourea partiallpréases these effect of Zr doping.

Table 2. The physical structural parameters of the £&€2Q-TA, Cen.95Zr0.060; and Ce.952r0.060-TA catalysts

Average Lattice
Pore volum®&!  Average pore
Samples &= (m?/g) crystallite parametéf!
(cm?/g) sizdd (nm)

sizdd (nm) (nm)




CeQ 119.62 0.199 6.44 10.3 0.540

CeQx-TA 61.87 0.068 4.41 14.7 0.539
Ce.95Z10.080; 109.67 0.253 8.00 11.7 0.543
Ce.95Zr0.080- TA 50.96 0.122 7.71 17.6 0.542

[a] BET surface area

[b] BJH desorption pore volume

[c] BJH desorption pore diameter
[d] Calculated by Scherrer formui®)

N2 adsor ption-desor ption

——CeO,

—0— Ce0,-TA

——Cey 9521 050,
——Ce 9521 (sO.-TA

dV/dlog(w) Pore Volume (cm>/g-nm)

10
Pore Width (nm)

Figure 3. The pore size distributions of Ce@eQ-TA, Ce.95Zr0.080; and Ce.0sZro.0s0- TA catalysts.

The N> adsorption-desorption analysis was performeduedtigate the influence of Zr doping



on the pore structure of Ce@nd CeG-TA catalysts. It can be observed from Figure S8 the
CeQ, CeQ-TA, CeaoZrooQ; and CegsZrooO-TA catalysts all exhibit typical type-IV N
adsorption-desorption isotherms, wherein existiedit hysteresis loops. According to IUPAC
classification, the Bladsorption-desorption isotherms of GeOeQ-TA and Ce.95Zr0.060; can be
attributed to type-H3, suggesting the meso-portustsire due to the accumulation of partidfés.
Meanwhile, the hysteresis loop of £56Zr0.0s0,-TA is assigned to type-H2, demonstrating the “ink
bottle” meso-porous. Furthermore, the thiourea fication or Zr doping doesn’t change the low-
pressure closing point of the: lddsorption-desorption isotherm of Gegatalyst, but the doping of
Zr contributes to improving its pore volume unlikiee inhibition of thiourea modification.
Unfortunately, the synchronous addition of thiouasa Zr doping leads to the collapse of partial
meso-porous of CeQxatalyst, and make its low-pressure closing psliift to right. As shown in
Figure 3, different from the adverse effect of thiza modification, the doping of Zr enlarges the
pore size distribution of Ce@atalyst, especially promotes the formation of resmus at 440
nm. However, the synchronous addition of thioured @r doping is disadvantageous to the
formation of meso-porous at-2 nm, and lead to more concentrated meso-porehdisen for
Cen.9sZro.0§0-TA. According to the calculated results of BETfaae areas and pore volumes in
Table 2, we can find that Ce@resents the largest BET surface area and thdfispeoface areas
of catalysts decrease as follows: GeOe).95Zr0.050:>CeQ-TA>Cep 95Z10.050-TA, and the doping
of Zr decreases the BET surface area of efn 119.62 /g to 109.67 rflg. But the modification

of thiourea effectively reduces the specific suefareas of both CeGand Ce.gsZro.050; due to
collapse of partial mesoporod®,and the decreased effect of Zr doping on the sedizea of CeD

had also been found by previous study when thendapolar ratio of Zr/Ce was lo#?.. Generally,



larger BET surface area or/and a broad pore siedition usually has been thought to be the
important reasons for better M3$CR activity of catalydt®! However, according to the results in
Figure 1, the Ceg@catalyst of the maximum specific surface area mtssthe worst catalytic
performance, but GesZro.0s0,-TA exhibits the best NHSCR activity with the minimum specific
surface area and the most concentrated pore sizébdtion. Therefore, the larger surface area or a
broad pore size distribution might not be a keydaaffecting the N3 SCR activity of the above
as-prepared Ce-based catalysts.

SEM, TEM/HR-TEM and EDS characterization
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Figure4. TEM images and HR-TEM images of Ce@, D), CeQ-TA (B, E) and CeosZro.0s0~TA (C, F)

catalysts.



Figure 5. The elemental mapping images ob@&ro.os0-TA catalyst.

In order to investigate the surface morphology, 3 measurements were performed and
the SEM images of CeQCeQ-TA, Ceay.9Zr0.050; and CegsZro.080-TA catalysts are shown in
Figure S4. It can be observed from Figure S4 thataanples compose of nanoparticles with a
certain degree of agglomeration. Among them, Cexhibits the bulk morphology composed of
small and regular particles, while CeDA shows a larger bulk morphology composed of darg
particles. Interestingly, the doping of Zr decrealee crystallization and agglomeration of GeO
and CeQ-TA, Both Ce.05Zr0.050; and Ce.9sZr0.080,-TA present the loose morphology, but the latter
is composed of regular and refined particles. Tiolmore detailed information, TEM/HR-TEM
were performed. According to the results of TEM/HIRM in Figure 4, it can be found that the
modification of thiourea not only regulates the @sgd facets frorfil11) (Inter-planar Spacing,
0.313 nm) to (100) (Inter-planar Spacing, 0.268 fon)the formed cubic fluorite CeQbut also

makes its morphology transform from nanopartiabesanocube8?! Furthermore, the results of the



calculated corresponding particle size distributioRigure S5 demonstrate that the modification of
thiourea enlarges the particle size of Ge@talyst. However, Zr doping can partially restrtie
regulation of thiourea modification on the surfaserphology of the formed cubic fluorite CeO
and Ce@.osZro.ofO-TA displays an irregular morphology composed othbaanoparticles and
nanocubes in a wide range of sizes from about28 tom. Previous study indicated that the doping
of Zr contributed to the exposing of (111) and (1fa@ets and led to the expansion of the lattice of
cubic fluorite Ce@[*? Interestingly, CeoZro.o0-TA presents two exposed facets of (111) and
(100) with larger inter-planar spacing (0.328 nrd 8r287 nm) than those of both Gasihd Ce@
TA.*1 This demonstrates that the doping of Zr also hedghe lattice expansion of cubic fluorite
CeQvia increasing its inter-planar spacings eveniduitea was used as the modified agent, which
is in accordance with the XRD results in FigurE@thermore, in order to investigate the dispersion
of composition elements, the elemental mapping ésayf Ce.9sZr0.0:0-TA are measured and it
can be found that the thiourea modification andarium doping contributes to the formation of
highly dispersive S and Zr species on the surf&d€ey, which is consistent with the XRD results

in Fig.2.



Raman spectroscopic characterization

464 cm™!

(A) (B) ' 467 cm’!

CeO,
CeO, CeO,-TA
Ce0yTA Ce 95710 050-
— Cey 9521 050-

Cey 95Zrg 050 TA
Cey 521,050~ TA

Intensity (a.u.)
Intensity (a.u.)

1185 cm!

200 400 600 800 1000 1200 400 420 440 460 480 500

Raman Shift (cm™) Raman Shift (cm™)
CeO, © D) CeO,
CeO,-TA CeO,-TA
Cey 95Z1,050- — Cey95Zr50-

Cey95Zrg 050~ TA 1185 om ! Ceg95Zrg050.-TA

600 cm™ |

Intensity (a.u.)
Intensity (a.u.)

520 560 600 640 680 1120 1160 1200 1240
Raman Shift (cm™) Raman Shift (cm™)

Figure 6. The Raman spectra of Ce@eQ-TA, Ce.952r0.080; and Ce.9sZr0.080- TA catalysts (A) overall view
(B-D) local enlarged view.

Figure 6(A) gives the Raman spectra of geCeQ-TA, Ceay.95Zr0.050; and Ce.95Zr0.0s0-TA
catalysts and four peaks can be observed over sanfghong them, the peak located at 263 cm
is assigned to the second-order transverse acd2si) mode of Ce®@ or the disorder in the
system*? while the strong peak located at 464 cimattributed to the & vibration mode of cubic
fluorite CeQ.13 According to the enlarged Raman shift results@#%00 cm!, we can find that
Zr doping not only exhibits stronger enhancementhenintensity of the 45 vibration mode of the
symmetric breathing mode of oxygen atoms aroundmeions in cubic fluorite Cegthan thiourea

modification, but also leads thegBands of both Ceand CeG-TA shift from 464 crito 467 cm



1, attributing to the influence of Zr doping on treiation of interatomic force in Ce@rystal and

the enlargement of crystal size, which are in &tast with the XRD resul{é!
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Figure7. The corresponding peak intensity ratio @bdtl1180)/1464 Over the as-prepared Ce@eQ-TA,
Ce.95Zr0.080; and Ce.9sZr0.050- TA catalysts.

Previous study pointed out that the generatiorxgfien vacancy could accelerate the mobility
of active oxygen, thereby facilitated the NBHCR reaction of catalyst. Simultaneously, the ctet
Raman bands at about 600 -trand 1185 cmi were usually attributed to the surface oxygen
defectd?®! Thus, the relative peak intensity ratio abdtli1s9)/126awas calculated to investigate the
influence of thiourea modification and Zr dopingtbe concentration of oxygen vacancies or/and
defects. As shown in Figure 7, both thiourea modifon and Zr doping promote the generation of

oxygen defects and vacancies of Ge@talyst due to the charge imbalance and thedatistortion



of cubic fluorite Ce@ brought by non-metal and metal ions dogffgHowever, CegsZro.0:0;
exhibits the highestddot+li1s5)/1464 ratio, and the calculated value ofo@&ro.0:0-TA is even lower
than that of Ce@TA.

Surface chemical propertiesand catalyst composition
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Figure 8. The XPS spectra of Ce0CeQ-TA, Cen.95Zr0.080; and Ce.gsZro.osO-TA catalysts: (A) Ce 3d, (B) S 2p,
(C) Zr 3d, (D) O 1s.
The XPS measurements were performed to investihatenfluence of Zr doping on the
concentration of elements and their valence statethe surface of Ceand CeQ-TA catalysts.
According to the results in Figure 8(A), it canfoend that there exist both €gu' and v') and

Cée** (u, u", u™, v, v" and v") species on allatgsts surface by de-convoluting the Ce 3d spectra

into eight peaks using Gaussian Lorentzian profifédleanwhile, the existence of €especies



has been usually thought to promote the generatiamxygen vacancies, charge imbalance and
unsaturated chemical bands, which contribute t@ecihg the adsorption of Ntand the catalytic
oxidization of NO to NG, thereby helps to improve the BHSCR activity of Ce-based catalysi.
Therefore, the surface molar ratio of 3@eCe**+Ce**) of samples were calculated using the

followed equation, and S represents the integratted of the corresponding peak herein.

S*S,
>(S+S)

As shown in Table 3 and Table 4, thiourea modificatiecreases the relative concentration of

Ce* (%)= x100 @)
Ce** species on the surface of Geihd its surface C#(Ce**+Ce**) molar ratio, which might be
attributed to the formation of CeO%®! In addition, the doping of Zr increases the retati
concentrations of C& and total Ce species, and presents stronger logveffect on the surface
Ce**/(Ce**+Cé") molar ratio compared to thiourea modificationtehestingly, CeosZro.0s0-TA
exhibits higher C&/(Ce**+Cé**) molar ratio than those of Ce@A and Cg.95Zr0.050; due to the
decrease of surface €ainder the joint action of thiourea modificatiordatr doping. Furthermore,
Zr doping makes the Binding Energy d¥ Species on the surface of GeTA shift to left, and
thiourea modification presents a similar effectiom Binding Energy of 2t species on the surface
of Cey.95Zr0.080;. Previous study revealed that sulfur centers coukhsively withdraw electrons,
and increased the electron cloud density aroungh&h led to the generation of electron-defect
site centered at Zr and decreased the electrod density of Zr due to the interaction between S
and Zr specie$® Therefore, it might be deduced that there exisselectronic interaction of the

introduced Zr and S species inge&ro.o0~TA, thus leads to the shift of their Binding eriegd!!



Table 3. Surface composition and atomic ratios of the &p@red catalysts calculated from XPS.

Atomic concentrations (%) Atomic ratios (%)
Catalysts
Ce Zr O S C#/(Ce*+Ce™) Op/(Ou+Op+0y)
CeQ 36.16 - 63.84 - 31.34 44.16
CeQ-TA 33.13 - 62.39 4.48 26.27 48.43
Cen.95210.080; 36.27 1.66 62.07 - 22.62 24.69
Cen.9sZr0.080-TA 28.54 2.69 64.42 4.35 29.26 49.27

According to the results in Figure 8(D) and Tablehe O 1s XPS spectra of catalysts can be
fitted into three peaks using Gaussian Lorentziafilps, which are assigned to the lattice oxygen
in CeQ (Denoted as () Located at about 529 eV), the surface chemisodsgden (Denoted as
Og, Located at about 530 eV) and the lattice oxyges in CeOs (Denoted as QLocated at about
532 eV)2 respectively. Both thiourea modification and Zpuhg enlarge the binding energy of O
1s for CeQ catalyst because of the lower electron cloud demdi O species induced by the
introduction of S or/and Zr ior% Due to the stronger migration ability and higheaativity, the
surface chemisorbed oxygenj®as usually been thought to improve the low-mediemperature
NH3-SCR activity of catalyst by increasing its catalytxidization of NO to NQvia the “fast-SCR”
reaction® Thus, the surface molar ratios of/(@,+Og+0O,) were also calculated herein. As shown
in Tables 3 and 4, thiourea modification increahesQ/(O,+0Op+0,) molar ratio on Ce@catalyst
surface due to the formation of sulfate speéiésurthermore, the further thiourea modification
induces highly dispersive sulfate species formethersurface of GesZro.0s0;, and increases the
relative concentrations of both €eand Zf* with its surface C¥ species decreasiff§ However,

the Raman results indicate thab@#ro.00; has the most oxygen defect and presents thedvest |



temperature Hreduction according to the following 2HPR spectra, which are obviously
inconsistent with the calculated surface/(O.,+Os+O;) molar ratios. Therefore, the relative
concentration of @from XPS might not correlate with the BHSCR activity correctly. For example,
Yao et al*®l had found that Zr doping enriched the oxygen defeMnO/CeQ: nano-rod catalyst,
but it inhibited the generation of surface adsomptixygen(Q).

Table 4. Surface atomic concentration of the as-prepartadysts calculated from XPS.

Surface atomic concentration (%)

Catalysts
ce* Cet* Zr+ S Ou Op (0¥
CeQ 11.33 24.83 - - 18.36 28.19 17.29
CeQ-TA 8.70 24.43 - 4.48 31.21 30.21 0.96
Ce.95Z10.080; 8.20 28.07 1.66 - 43.06 15.33 3.68
Ce.95Zr0.080-TA 8.35 20.19 2.69 4.35 32.68 31.74 -

In order to further investigate the influence abthrea modification and Zr doping on the actual
composition of Ceg) the ICP measurement was performed and the reseltgiven in Table 5. It
can be found that the modification of thiourea dases the content of Ce element of &ethich
might be attributed to the formed sulfate in cagalfHowever, the doping of Zr scarcely affect the
contents of Ce element for both Gesihd CeG-TA catalysts. According to the tested data of ICP,
the calculated molar ratio of Zr/Ce is 0.0474 f@.§Zr0.0s0;, While this value of CgsZro.0s0-TA
is 0.0614. Therefore, it can be deduced that tihedaction of thiourea or zirconium might influence
the crystallite and formation of cubic fluorite Cge@hus regulates the actual composition for the as-

prepared Ce®TA, Cey.95Z7r0.080; and Ce.9sZr0.040-TA catalysts.



Table 5. The element contents of the as-prepared catalgitalated from ICP.

Element contents of catalysts (mmol/g)

Samples
Ce Zr S
CeQ 5.03 - -
CeQ-TA 4.76 - 0.21
Cen.95210.080; 5.02 0.25 -
Cen.957r0.080-TA 4.74 0.31 0.16
The properties of redox ability
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Figure9. The B-TPR profiles of the as-prepared CeOeQ-TA, Ce.95Zr0.080; and Ce.oZro.0s0- TA catalysts.
Generally, the redox activity has been recognizedreother crucial influencing factor on the

NH3-SCR activity of catalyst® Thus, the effect of Zr doping on the redox prapsrof CeQ and



CeQ-TA catalysts were characterized by-FPR, and the results are given in Figure 9. Some
previous studies pointed out that there existedethh-TPR peaks for Cef) located at about
200~430°C, 430~600°C and above 708C, which could be attributed to the reduction aface
absorbed oxygen, deeper interior nanoparticles exyand bulk lattice oxygen, respectiviéd.
However, Yu et af” and Wu et af®l had attributed the HTPR peaks of Ceflo the reduction of
the surface/sub-surface lattice oxygen, deepetignteanoparticles oxygen and bulk lattice oxygen
from 200°C to 900°C. According to the results in Figure 9, it canfbend that the as-prepared
CeQ catalyst presents two obvious reduction peaks thighpeak positions being 496 and 830
°C, mainly ascribed to theHeduction of deeper interior nanoparticles oxyged bulk lattice
oxygen, respectively. Different from the promotibeé#fect of thiourea modification on the,H
reduction intensity of Cefat 506-900°C, the doping of Zr increases its reducibility hel@00°C,
indicating a stronger effect on promoting the fotiovaof surface absorbed oxygen or surface/sub-
surface lattice oxygen and the reducibility of ngemticles oxygen due to the formation of Ce-Zr
solid solution®! Unfortunately, CegoZroofO-TA presents the weakestx¥eduction intensity
below 500°C compared to the other three catalysts, indicdtiagit has the least surface adsorbed
oxygen or/and surface/sub-surface lattice oxygehichvis obviously inconsistent with the
calculation results of XPS. It should be mentiotiet the doping of Zr leads to the disappearance
of reduction peak attributed to CeOF0r CeQ-TA B9, but Ce 9sZr0.0§0-TA also exhibits a strong
reduction peak between the two reduction peak84fG and 677C of CeQ-TA, which are mainly
attributed to the reduction of nanoparticles oxygefand highly dispersive sulfate spediéd.
Previous studies demonstrated that the doping ofcteased the reducibility of Ce-based catalyst

and improved the Hreduction temperature of the formed sulfate spgediethe gas phase sulfation



pretreatmenit®56a Therefore, the doping of Zr contributes to therfation of Ce-Zr solid solution
and induces the highly dispersive sulfate speeitger than the high crystallinity CeO5@ystal
when thiourea had been used as the modified dgen€Ce 95210050, TA presents the least surface
adsorbed oxygen or/and surface/sub-surface latiiggen according to the;HPR results, which
is inconsistent/correlated with the XPS results&btivity in Figure 1.

Py-IR
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Figure 10. The Py-IR curves of CeDCeQ-TA, Ce.9Zr0.080; and Ce.952r0.080- TA catalysts.

To investigate the Lewis and Brgnsted acid siteshef as-prepared catalysts, Py-IR was
performed and the corresponding results are shoviAigure 10. The Py-IR curves at 1%D and
300 °C for the samples are attributed to the weak aitieb sand medium-strong acid sites,
respectively. Several Py-IR peaks can be foundlamgeak located at about 1542 tim assigned
to the C-N stretching of pyridine adsorbed to theridted acid sitd¥) The peaks at about 1445
cntl, 1575 ¢, 1597 crt, and 1606 cm are attributed to Lewis acid sitéd.In addition, the peak
at about 1490 crhis due to the interaction of pyridine moleculeshmboth Brgnsted and Lewis
acid sited®? In order to further explore the influence of thiea modification and Zr doping on the
acid sites of Ce@catalyst, the quantitative amounts of Lewis an@rBted acid sites were

calculated according to the Py-IR curves at 45@nd 300C and the results are shown in Table 6.



It can be observed that thiourea modification redube weak Brgnsted acid sites of gefdalyst
but increases its medium-strong Brgnsted and Laeiissites. In addition, Zr doping increases the
weak and medium-strong acid, including Brgnsted dmvis acid sites. Furthermore,
Cen.9sZr0.080-TA presents a strong Py-IR peak at about 1597 attributed to Lewis acid sites.
This demonstrates that thiourea modification andafring exhibit a synergistic promotional effect
on optimizing Lewis acid sites of CeCand CegsZr0.0s0,-TA shows the highest amount of both
weak and medium-strong Lewis acid sites, which tlighan important reason for its better NH
SCR activity.

Table 6. Concentration and distribution of Lewis (L) and Bsta (B) acid sites on the investigated catalysts.

Weak acid jgmol/g) Medium-strong acidi(mol/g)
Catalysts
B L B/L B L B/L
CeQ 19.00 32.53 0.584 7.21 11.78 0.612
CeQ-TA 15.56 32.46 0.479 9.29 13.57 0.685
Cen.952r0.080; 21.28 39.60 0.537 11.56 17.84 0.648
Cen.95210.00-TA 21.07 45.38 0.464 9.51 18.03 0.527
Conclusions

In this paper, thiourea modification and Zr dopiveye used to optimize the N¥SCR activity
of CeQ catalyst for comparison, and they present a systergromotional effect on the activity of
catalyst. Unlike the influence of thiourea modifioa on promoting the agglomeration of the as-
prepared Ce®nanoparticles, the transformation of catalyst rhokpgy from nanoparticles to
nanocubes and the formation of high crystalliniyGSQ crystal, the doping of Zr lowers the

agglomeration of the Ceanopatrticles, loosens the surface morphologywtaiygst and promotes



the formation of Ce-Zr solid solution. This indudhkse highly dispersive cerium/zirconium sulfate
species formed on the surface obG#ro.0s0-TA rather than the high crystallinity CeO$€ystal
when thiourea was also introduced as the modifietha and CeosZro.050-TA presents an irregular
morphology composed of both nanoparticles and narexwith the minimum specific surface area
and most concentrated pore size distribution. Faniore, thiourea modification and Zr doping
exhibit a synergistic promotional effect on thepdission of C& and $* species on the surface of
catalyst, and increase the concentrations of iface total oxygen (Qa) and chemisorbed oxygen
(Op). Interestingly, different from the promotionafesdt of thiourea modification or Zr doping alone,
the combination instead decreases their improvesao the high-temperature or medium/low-
temperature reducibility of Cef@atalyst, respectively. But €&Zro 050~ TA still presents stronger
H.-TPR intensity at 500700°C similar to Ce®@TA. Finally, the doping of Zr further increaseg th
Brgnsted and lewis acid sites of GelA by inducing the highly dispersive amorphousfatal
species rather than the highly crystallite Ce@8@stal, and C&sZro.00,-TA shows the highest
amount of both weak and medium-strong Lewis ad&ksivhich might be an important reason for
its better NH-SCR activity.
Experimental
Catalysts preparation

Cerium nitrate (Ce(Ng)s-6H20, AR), ammonium bicarbonate (MHCOs;, AR) and hydrogen
peroxide (HOz, AR, 30 wt.%) and thiourea (CS(NJH, AR) were used as the precursor, the
precipitant, the decomposer and the modified agemibtain Ce@ and Ce@-TA via a one-pot
hydrothermal method according to our previous skflyn order to investigate the influence of

low-quality Zr doping on the NHSCR activity of Ce@TA, a series of GaZrO-TA (x = 0.025,



0.05, 0.1) catalysts were synthesized by substgutartial Ce(NG)s-6H2O using zirconium nitrate
(Zr(NO3)4-5H,0, AR) wherex represents the molar ratio of Zr/(Ce+Zr). For cangpn, the
Cey.95Zr0.0§0; catalyst was also prepared by keeping the molkéw td Zr/(Ce+Zr) being 0.05
without adding thiourea as the modified agent. Betbe test, the as-prepared catalysts had been
calcined at 400C in air for 5 h.
Catalyst characterizations and activity test
A range of techniques, including SEM, TEM-EDS, XREBET, Raman, XPS, HTPR and
Pyridine-IR were used to investigate the influeot&r doping on the physical-chemical properties
of CeQ and CeQ@-TA. Details of catalyst characterization are giuethe supporting information.
The de-NQ performance evaluation was performed in a fixedl tné&cro-reactor using 0.45 g
samples (40~60 mesh). The typical reactant gasesceenposed of 600 ppm NH00 ppm NO,
and 5 vol.% @ balanced with 99.999 vol.%Nvith the corresponding gas hourly space velocity
(GHSV) being 200,000 mL/(dp). A T-350 flue gas analyzer (Testo Company, Geghavas used
to monitor the concentrations of,@nd NQ in the effluent gas. The NCQconversions were

determined according to the following equations:

[NOX] in'[NOX]

Ut % 100% (D

NO, conversioli%)=

Herein, [NQJout and [NQJin represent the outlet and inlet concentrations ©f {NO,=NO +

NO;) at stable state, respectively.
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