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Sulfate Promotion of Selective Catalytic Reduction of Nitric Oxide by Ammonia on Ceria

Linxiao Chen, Vaibhav Agrawal,” and Steven L. Tait*

Abstract

Selective catalytic reduction of nitric oxide by ammonia (NH3-SCR) is a promising
technology for NO, emission control. In this work, the recently discovered sulfate promotion
effect in this reaction was thoroughly investigated on ceria. Sulfates derived from different
organic S precursors all exhibit a promotion effect. Mechanistic studies generate a reaction
network including both Langmuir-Hinshelwood and Eley-Rideal mechanisms. Sulfates were
shown to be versatile promoters with multiple functions: they tune the adsorption of reactants
towards a more balanced intermediate coverage by creating strong Lewis acid sites, facilitate
*NH, formation, and suppress ammonia oxidation through surface oxygen deactivation. The
comparison between sulfates and the classic inorganic promoter FeO, revealed that sulfates are
more effective, especially at high temperature. This is mainly attributed to the high coverages of
Eley-Rideal intermediates and low ammonia oxidation activity on sulfated ceria. This work
provides fundamental understanding of the role of surface sulfates in NH3-SCR, which are
essential under actual operation conditions. This understanding presents an exciting opportunity

for future catalyst design with high durability and low cost.
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Introduction

The emission of low-concentration NO from stationary and mobile sources poses serious
threats to the environment and human health. Recently, selective catalytic reduction of NO by
NH; (NH3-SCR) has been regarded as a promising technology to solve this problem. This
process, if properly catalyzed, could lead to 100% N, selectivity at reasonably low temperature.!
Mixed oxides,? !> such as the current commercial catalyst VO,-WO(MOy)/TiO,!¢-1? and Fe(Cu)-
exchanged zeolites?>?” are two types of catalysts that are most heavily investigated. The
reducibility of catalyst surfaces, and the abundance of Lewis and/or Brensted acid sites are
crucial to achieve high activity. However, these catalysts all have significant drawbacks, such as
narrow operational temperature window,?® 2 instability under harsh conditions, low resistance
towards SO,,3% 3! and high cost. Therefore, demands for new efficient, inexpensive, and robust

NH;-SCR catalyst still exists.

The mechanism of NH;3-SCR has been studied for decades, but some aspects remain unclear
due to multiple active sites and reaction pathways. Both Langmuir-Hinshelwood (L-H, both NHj3
and NO adsorb onto catalysts)!> 3234 and Eley-Rideal (E-R, NO stays in gas phase)'> 33-37
mechanisms have been proposed (see Scheme 1) and, in some cases, both types of mechanism
are active.!- 3436 On mixed oxides such as Eu/Mn/TiO,, Sm/MnQy, and SO,-treated CeO,, Lewis
acid sites are often viewed as active sites through molecularly adsorbed *NH; intermediate, but
there has been evidence supporting that Brensted acid sites also participate in the reaction.33-37
Recent developments in metal oxide catalysts have allowed NH3-SCR at temperatures as low as
100 °C.3842 On zeolite systems such as H/ZSM-5, Fe/ZSM-5, and Fe/SSZ-13, Brensted acid sites
are more likely active sites with *NH," intermediate.?? >4 32 33. 43 They have been more credited

for low-temperature activity (< 200 °C) because of the high reactivity of *NH," intermediate.?®-
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44-46 The picture is further complicated by the presence of the fast-SCR pathway, in which NO is
first oxidized into NO, on surfaces.3? 33 43.47.48 Meanwhile, several potential side reactions could
happen, such as unselective reduction of NO generating N,O through Eley-Rideal mechanism?!-
34 and oxidation of NH; to NO or N,.37- 452 The NH; oxidation reactions become important
especially at high temperature. For a specific catalyst, which reaction pathway dominates and
what types of active sites/intermediates are involved are difficult to predict and in a lot of cases

under debates.

a) Langmuir-Hinshelwood mechanism

N,(g) + H,0
NH;(g) NO(g)

\ *NH; or *NH,*  *NO, or *NO, /

Catalyst surfaces

b) Eley-Rideal mechanism

Ny(g) + H,0

NH3(9) l\
\ NO(g)

*NH, or *NH,*

Catalyst surfaces

Scheme 1. Generalized mechanisms of NH3;-SCR reported in literature: (a) Langmuir-
Hinshelwood mechanism and (b) Eley-Rideal mechanism. The key difference between two
mechanisms is whether NO adsorbs onto the catalyst surface (L-H) or not (E-R).

Due to its reducibility, abundance of Lewis acid sites, and low cost, CeO, has received
significant attention for NH3-SCR as a catalyst,>’> 4 33 54 a support material,'? 2% 33 35 or a

promoter.*® 33 36-38 Degpite its versatile capability, bare CeO, itself, without the addition of any
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promoters, is almost inert.3* 37 53 In fact, most metal oxides catalysts require promoters to
achieve satisfactory activity for NH3;-SCR.?% 36 3962 The most commonly applied type of
promoter is another transition metal oxide,!8: 30 61, 63-68 often WO, or MOy. FeOy has also been
widely investigated as a promoter for NH;-SCR and other SCR technologies because it provides
Lewis acid sites and reducibility.> 18 35 66, 69-71 T addition to modifying surface acidity and/or
reducibility, promoters may also prevent catalyst sintering. In the past decade, it has also been
recognized that surface sulfates can promote NH;-SCR activity by forming new active phases,
enhancing surface acidity, and/or suppressing active surface oxygen in NH; oxidation side
reactions.!”- 37, 60, 72-74 Recent work by Li and Schwank, et al., revealed the role of sulfates and
shape dependence in CeO,-catalyzed NH3;-SCR.” The discovery of the sulfate promotion effect
opened new opportunities for effective SCR catalyst design because sulfates are less expensive
than metal oxide clusters, tend to be more stable with high-water-content feed at elevated
temperature, and are resistant to SO, poisoning.!0: 3. 73. 76 Consequently, more detailed

fundamental understanding of sulfate promotion is desired to further improve SCR catalysis.

In this work, we investigated the sulfate promotion effect on CeO,-catalyzed NH3-SCR in
detail and compared it with a more traditional metal oxide promoter, FeO,. The sulfate
promotion effect was verified using various S precursors. It was proved to be valid on different
surfaces, and stronger than FeOy. Thorough in situ Diffuse Reflectance Infrared Fourier-
Transform Spectroscopy (DRIFTS) studies provided deep insight into the reaction mechanism,
revealing that sulfates promote both L-H and E-R mechanisms, and suppress the NH; oxidation
side reaction. The unique capability to create stronger Lewis acid sites, increase surface basicity,
and deactivate surface oxygen simultaneously is the crucial reason that sulfates are more

effective promoters than FeOy. Fundamental understanding obtained in this study is valuable for
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instructing designs of novel SCR promoters. Mechanistic studies presented here also elucidate

roles of surface sulfates in this reaction, which are common with SO-containing feed.

Experimental
Preparation and characterization of promoted CeQO,

S-containing ligands used in this work include 2-pyridinesulfonic acid (2-PSA, Sigma
Aldrich, 97%, Figure 1a) 3-pyridinesulfonic acid (3-PSA, Sigma Aldrich, 98%, Figure S2b),
benzenesulfonic acid (BSA, Sigma Aldrich, Figure S2¢), methanesulfonic acid (MSA, Sigma
Aldrich, 99%, Figure S2d), and ammonium sulfate (AS, Macron, ACS grade). We selected these
as a series of simple organic sulfur precursors that will not introduce any metal cations to the
catalyst. MSA is the simplest organic precursor and will likely not leave any organic fragments.
BSA and PSA have aromatic side chains that may create organic fragments with N (PSA) or
without N (BSA). The difference between 2-PSA and 3-PSA is the position of the =SOs;H group
on the pyridine ring. These variations are aimed at examining whether the promotion effect
depends on precursor structure and investigating potential effects from residual organic
fragments. The synthesis of promoted CeO, catalysts follows a wet impregnation procedure.

CeO, powder (99.9%, Alfa Aesar, BET surface area == 5 m?/g) was prepared in one of two states,

reduced or oxidized, by annealing at 400 °C for 4 h in a 40 SCCM flow of either H; or O,,
respectively. 0.3 g CeO, powder was suspended in 20 mL water, then 5 mL solution of 80 mmol
S-containing molecules into the mixture. The final mixture was stirred for 3 h, then dried at

100 °C overnight. The dry catalyst powders were then washed with water and DCM, then

activated at 350 °C under 8% O,



Catalysis Science & Technology

FeO,/CeO, catalysts were prepared in the same way, except that 0.0034 g FeCl, (0.5 Fe wt%,
Alfa Aesar) was added in the wet impregnation step (instead of an S-containing molecule) and
following the final rinsing, the catalyst was calcined under dry air flow (instead of O,) at 400 °C

for 4 h. The loading of Fe was verified by atomic adsorption spectroscopy.

X-ray photoemission spectra (XPS) were recorded with a PHI Versaprobe II XPS
spectrometer using a monochromated Al Ko X-ray source at the Ce 3d, O 1s, S 2p, C 1s, and Cl
2p regions on all samples, plus Fe 2p and Fe 3p regions on FeO,/CeO, samples. Catalyst
powders were held on a sample platen using double-stick tape and analyzed using the PHI dual
charge neutralization mode. The binding energy (BE) was corrected with the main Ce 3d 5/2
peak (882.4 eV) because of its sharp shape and high intensity. After correction, the BE of C ls
peak was checked, which is within 0.1 eV of 284.8 eV on all samples. Backgrounds from bare

CeO, were properly subtracted from original spectra before analysis.

CO adsorption experiments were conducted at room temperature. Catalysts were exposed to
10% CO (balanced with Ar, total flow rate = 40 SCCM) for 30 min, and then a DRIFT spectrum
was collected under CO flow to monitor adsorption of CO on surfaces. The DRIFTS cell was
then purged by pure Ar for 60 min to evacuate CO gas, and another DRIFT spectrum was
collected under Ar flow to detect irreversibly-adsorbed CO. The background was collected

before CO exposure under pure Ar flow.

Catalytic activity tests

NH;-SCR activities were tested in a customized flow reactor (described previously).”” 100

mg catalyst were used in all experiments. The reaction mixture contained 23 SCCM NH; (1000
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ppm, balanced with Ar, Airgas), 23 SCCM NO (1000 ppm, balanced with N,, Airgas), and 4
SCCM O, (Airgas, 99.9%), which is equivalent with 50 SCCM total flow with 460 ppm NHs,
460 ppm NO, and 8% O,. We note that the space velocity of these measurements are lower than
common industrial operation conditions due to limitations of our reactor, however, these
conditions are suitable to highlight the promotion effect and study it systematically. A mass
spectrometer was used to detect post-reaction gas composition: m/z = 30 signal was monitored to
represent NO and potential by-products N,O (m/z = 44) and NO, (m/z = 46) were also monitored.
Before each temperature programmed reaction (TPR) trial, the limits on m/z = 30 intensity were
checked: maximum intensity, i.e., no NO conversion (NO,,.con), Was measured by replacing
NH;/Ar in the stream with pure Ar (Airgas, 99.999%) and the m/z = 30 intensity with no NO in
the stream (100% conversion situation, NOycony) Was measured by replacing NO/N, in the
stream with pure N, (Airgas, 99.9%). In each TPR trial, the reaction was performed at 200 °C,
250 °C, 300 °C, and 350 °C. The NO conversion was calculated from the following equation

using m/z = 30 intensity (NO,eqcion):

NOreaction - NOfull — conv

NO conversion=1—
NOno —conv — NOfull —conv

NHj; oxidation reactions were also tested in the same flow reactor. 100 mg catalysts were
used in all experiments. The reaction mixture was the same as for the NH3;-SCR reaction, except
that NO/N, was replaced with pure N,: 50 SCCM total flow with 460 ppm NH; and 8% O,. The
NHj; conversion is difficult to quantify due to large H,O contribution to the m/z = 17 peak and O,
contribution to m/z = 16 peak. Therefore, potential products NO, N,O, and NO, were monitored
using m/z = 30, 44, and 46 respectively. The other possible product, N,, is also difficult to

quantify because of high background level from air. Each TPR trial also included reaction at
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200 °C, 250 °C, 300 °C, and 350 °C. Before each TPR trial, a control measurement of minimum
NO (m/z = 30) intensity, i.e., no NH; to NO conversion (NO,,,.nm3-conv), Was made by replacing
NHs/Ar with pure Ar. Maximum m/z = 30 intensity, i.e., full NH; to NO conversion (NOjnms3-
comv), Was measured by replacing NH;/Ar with pure Ar and N, with NO/N,, such that the NO
flow in this control measurement is a 1:1 mole ratio with the NH; flow in the reaction
experiment. The NH; conversion to NO was calculated using m/z = 30 intensity (NOyys.reaction)

by the equation:

NONH3 —reaction — NOno — NH3 — conv
NH3 Converion (to NO) =

NOfull — NH3 —conv — NOno — NH3 — conv

In situ DRIFTS experiments

In situ DRIFTS experiments were carried out with a DiffuseIR Environmental Chamber
(PIKE Technologies, 162-4160, HTV). Before experiments, CeO, and FeO,/CeO, catalysts were
cleaned with 10% O, at 400 °C for 30 min to get rid of surface contaminations. 2-PSA/CeO,
catalyst was activated by 8% O, at 350 °C for 30 min. In all experiments, the total gas flow rate
was 40 SCCM. DRIFT spectra were collected with a Magna 550 FTIR spectrometer (Nicolet)
and presented in the Kubelka-Munk form. For NH; adsorption, NO + O, adsorption, and steady-
state experiments, spectra shown in this work are averages of 500 scans. For transient
experiments, spectra shown are averages of 100 scans for better time resolution. Backgrounds

were collected at the same temperature, under pure Ar flow for 500 scans.
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Results & discussion

1. Synthesis, activation, and characterization of sulfated CeO,

Sulfated CeO, was synthesized by impregnating CeO, with S-containing molecules, such as
2-pyridinesulfonic acid (2-PSA, Figure 1a), in water, followed by activation at 350 °C under 8%
O,. Before O, activation, XPS (Table 1) shows a 1:1 atomic ratio between N and S (N : Ce =
0.031 and S : Ce = 0.030), indicating that the impregnation is successful and 2-PSA is intact. The
S 2p binding energy (168.6 eV) is between values reported for SO, (+6 oxidation state, ~169.0
eV) and SOs* (+4 oxidation state, ~167.1 €V),, which is in line with the value for the —SO;H
group in 2-PSA.”® Room-temperature NH; (g) exposure to fresh 2-PSA/CeO, produces no
DRIFTS-detectable *NH; (1168 cm™!, 1315 ¢cm™!, and 1602 cm™) or *NH,* (1460 cm™!) species
(Figure S1), suggesting the absence of Lewis acid sites (*NH3) and Brensted acid sites (*NH4"),
which are supposed to provide binding sites for NH3.% 4% 75 This implies (1) that the O-vacancies
on CeO,, which would have been Lewis acid sites for NH; adsorption, are occupied by 2-PSA
and (2) that the —SO;H group of 2-PSA, which would have been a Brensted acid site for NHj
adsorption, is consumed. Meanwhile, control experiments show that pyridine alone does not
stick to CeO,. Therefore, we speculate that during the impregnation, de-protonated 2-PSA first
bind with Ce(IlI) sites at O-vacancies with the —SO;- group (Figure 1¢, top). After O-vacancies

are saturated, 2-PSA may be able to bind with some Ce(IV) sites in a similar manner.
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Figure 1. (a) Structure of 2-pydinesulfonic acid (2-PSA). (b) DRIFT spectrum of 2-PSA/CeO,
after O, activation at 350 °C (background was collected before O, activation). (¢) Proposed
binding between 2-PSA and CeO, and the formation of surface sulfate upon activation.

After O, activation of 2-PSA/CeO,, we observed a negative feature corresponding with S—C
vibration in DRIFTS (Figure 1b). The XPS N : Ce ratio decreases to one third (from 0.031 to
0.012, Table 1), while the S : Ce ratio remains constant. Activation of 3-PSA/CeO, leads to
qualitatively similar changes (N drops to one half instead of one third). The S 2p XPS peak
slightly shifts toward higher binding energy (169.0 eV), consistent with the sulfate (SO4*, S in
+6 oxidation state) group. These results indicate that during O, activation, the S—C bond in 2-
PSA breaks. More surface O bind with S forming sulfates, and most N-containing fragments
leave the surface. C-containing fragments are not distinguishable from adventitious C in XPS.

We note that the temperature and O, concentration used for activation are identical with those of

10
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the harshest reaction conditions we tested. The constant S content before and after activation
confirms the stability of sulfates during catalysis. Sulfated CeO, were also synthesized using
other S-containing molecules: 3-pyridinesulfonic acid (3-PSA), benzenesulfonic acid (BSA),
methanesulfonic acid (MSA), and ammonium sulfate (AS). Structures of these sulfate precursors
and XPS results can be found as Figure S2 and Table S1. Sulfate deposition is successful with

each of these molecules onto CeO,, though with some variation in S : Ce ratio.

Table 1. XPS characterization of 2-PSA/CeQ,. Peak area ratios for N:Ce and S:Ce and binding
energy (BE) values for N 1s and S 2p.

Catalyststatus N:Ce S:Ce NI1sBE(eV) S2pBE(eV)
Fresh 0.031  0.030 399.7 168.6
O,-activated 0.012  0.032 400.3 169.0

The impact of sulfates on CeO, surface properties were probed by DRIFTS measurements of
CO adsorption on Oj-activated 2-PSA/CeQO,. Figure 2 exhibits that CO exposure (room
temperature, 30 min) on bare CeQO,; yields large amount of carbonates (1200 cm™!' - 1700 cm!)
from the interaction with active surface O, while no peaks representing CO adsorption on Lewis
acid sites (CO,g) are identified. The doublet features between 2000 cm™! and 2200 cm™! are from
CO (g) vibration. In contrast, the same treatment does not create significant amounts of
carbonates on sulfated CeO,. Nonetheless, a CO,q feature at ~2000 cm! was observed. DRIFT
spectra were collected again after purging CO with Ar to measure the reversibility of CO
adsorption: CO adsorption is reversible, while carbonate adsorption is not (Figure S3). The
difference in the CO reactivity of surfaces indicates that sulfates deactivate most active surface O

on Ce0,,7% 7930 and create new, stronger Lewis acid sites.31-84

11
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Figure 2. CO adsorption DRIFT spectra of bare CeO, (black) and activated 2-PSA/CeO, (red)
showing the deactivation of active surface O and the creation of new, stronger Lewis acid sites
after sulfate deposition.

2. NH;-SCR and NH; oxidation activity of sulfated CeO, and FeO,/CeO,

The NH3-SCR activity was tested for sulfated CeO, (after activation) from each S precursor.
For comparison, we also tested the activity of bare CeO, and CeO, promoted with 0.5 wt% FeOy
(FeO,/Ce0,). Figure 3 shows the NO conversion between 200 °C and 350 °C on all catalysts
tested. (All catalysts were also tested at 150 °C but showed no activity. 350 °C was a sufficient
upper limit to differentiate the behavior of the catalysts.) As shown in Figure 3, bare CeO, is
only slightly active for NH3-SCR at 300 °C (9% NO conversion). Although performing slightly
differently from each other, all sulfated CeO, samples exhibit promoted activities across the
entire temperature range tested. On all catalysts, the reaction is 100% selective towards N,; we
never detected the formation of potential by-products, N,O and NO,. At low temperature,
sulfated CeO, synthesized from pyridine-containing molecules, 2-PSA and 3-PSA, exhibit higher

activities than others, although 3-PSA performs worse at high temperature. This is likely due to

12
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the presence of N-containing fragments. The promotion effect of surface sulfates is significantly
stronger than the inorganic promoter FeOy, especially at high temperature (less than 50% NO
conversion on FeO,/CeO, at above 300 °C). The FeO,/CeO, used in this work has 0.5 wt% Fe
and the activity does not increase with higher FeO, loadings (1% or 5%). We note that the Fe
content on 0.5 wt% FeO,/CeO, is at least four times as high as the S content on S-promoted
CeO, (both calculated from XPS), which further proves the effectiveness of sulfate as the
promoter. XPS measurements indicate that the Fe is mainly Fe(IIl) based on the Fe 2p,; BE of
711.2 eV and that there is no residual Cl. The application of FeO, as a promoter for SCR or
similar reactions has been widely investigated,? 18 33 66, 6971 g0 we are impressed to see surface
sulfates are more effective promoters than FeO,. We also attempted to impregnate sulfates onto
FeO,/CeO, using 2-PSA, which exhibited similar activity as 2-PSA/CeO, without FeOy. As the
performance of different S precursors did not vary significantly, we decided to focus on 2-
PSA/CeO, in the following mechanism study, which has the highest activity below 300 °C and
relatively high activity at high temperature. The activity of 2-PSA/CeO, does not change under
reaction conditions for up to 6 h, indicating good thermal stability of the catalyst. Co-feeding a
small concentration of H,O by passing the NO/N, gas through a water bubbler does not impact
the activity, implying 2-PSA/CeQ; is not sensitive to low concentrations of H,O. The promotion
effect of 2-PSA-derived sulfates was also observed on reduced CeO,, oxidized CeO,, and Fe,O;

(Figure S4).

13
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Figure 3. NH;-SCR activities between 200 °C and 350 °C for bare CeQO,, sulfated CeO,
synthesized using different S precursors, and FeOy-promoted CeO,. All sulfated CeO, catalysts
exhibit higher activities than bare CeO, and FeO,/CeO,.

We also examined the activity of NH;3 oxidation, an important side reaction. Besides
consuming NHj, it also generates NO gas, offsetting the NO conversion from NH3;-SCR. We
were not able to measure NH; conversion or N, production directly from the mass spectrometer
because of background interference, so here we only show NH3-to-NO conversion calculated
from m/z = 30. No N,O or NO, were detected, so the only other potential product besides NO
would be N,. However, the NH3-to-N, pathway is not likely to be important for NH3 oxidation
because it is not active at this low surface coverage (see Discussion). This pathway is also not
significant for NH;3-SCR because, relative to the NH3-to-NO pathway, it is less detrimental to the
SCR reaction (no NO generated). The results are exhibited as Figure 4, showing that bare CeO,
is moderately active in this side reaction (18% conversion at 350 °C), and sulfates suppress its
activity (5% at 350 °C on 2-PSA/Ce0,). In contrast, FeO, significant enhances this side reaction,

with 18% conversion at only 250 °C, and 36% conversion at 350 °C. The high activity of

14
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FeO,/CeO; on this side reaction partially explains its underwhelming high-temperature NHj3-

SCR performance.

0.40

0354 [l 200°C
1 [ 250 °C
0397 mEs00°c

02s] [ 350°C

0.20

0.15 1

0.10 -+

NH, to NO Conversion

0.05

Bare CeO, 2-PSA/CeO, FeO,/CeO,

Figure 4. NH; oxidation activities of bare CeO,, 2-PSA/CeO,, and FeO,/CeO, between 200 °C
and 350 °C. The conversions presented in this figure only account for the NH;-to-NO pathway.

3. Mechanistic investigation of the sulfate promotion effect by in situ DRIFTS

3.1. Adsorption of reactants on bare and promoted CeQ,

To understand the mechanism of the sulfate promotion effect, we performed a series of in
situ DRIFTS experiments on bare CeO,, 2-PSA/CeO,, and 0.5% FeO,/CeO,. Other than the
steady-state experiments, all in situ DRIFTS experiments were conducted at 250 °C, at which
both 2-PSA (22% NO conversion) and FeOy (17% NO conversion) exhibit significant promotion

effects.

The catalysts were first exposed to NHj gas at 250 °C in separate experiments, to investigate
NH; adsorption on surfaces. Then each catalyst was purged with Ar, and DRIFT spectra were

collected with Ar exposure time, to monitor adsorbates desorption. Figure Sa shows DRIFT

15
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spectra after 30 min NH; exposure. The 1000-1800 cm! region is shown here as it contains the
most important features (see Figure S5 for 2800-4000 cm™' region). No gas phase NH;
vibrations can be observed due to low gas concentration (1000 ppm). On all catalysts, the main
NHjs-derived adsorbate is *NH; on Lewis acid sites, represented by its symmetric bending peaks
at 1168 and 1315 cm’!, and a small asymmetric bending peak at 1602 cm-! 3149 85-87 The split of
the symmetric bending peak is common on oxide catalysts and likely from two types of Lewis
acid sites.3!> 3687 N-H stretching peaks are also observed in the 3300 - 3600 cm! region (Figure
S5). The negative feature at 1355 cm! is often observed and associated with *NH;.!% 88-90 No
*NH," peak at around 1460 cm! is found. *NH," is formed by NH; adsorption at Brensted acid
sites, and is a common NH;3-SCR intermediate on metal-exchanged zeolite catalysts.?4 45 47, 91
The absence of this peak indicates that on all catalysts, only Lewis acid sites are available for
NH; adsorption, but not Brensted acid sites, which disagrees with previous studies.”> On 2-
PSA/CeQ,, there is a small feature at 1550 cm! assigned to *NH,.: 7> 1. 92 Tt is generated by
extracting one H atom from *NH; with surface O or other base sites. A negative feature is
observed at ~1530 cm™' on CeO,, which is repeatable and disappears when NH; desorbs, so it is

likely associated with adsorbed NHj altering local bonding structure at oxygen vacancies.

16
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Figure 5. (a) DRIFT spectra for NH; adsorption on CeO,, 2-PSA/Ce0O,, and FeOx/CeO,
after 30 min NH; exposure at 250 °C. (b) Surface concentration of *NH3, relative to initial
concentration, as a function of Ar purging time when purged with pure Ar, calculated from
the integrated area between 1120-1340 cm! for each spectrum (see Figure S6).

Figure S5a shows that all *NH; peaks are much stronger on 2-PSA/CeQ, than bare CeO,,
suggesting more Lewis acid sites are created by surface sulfates for NH; adsorption, which is
consistent with CO adsorption results (Figure 2). Figure 5b exhibits the relative concentration
of *NHj remaining on surfaces under Ar purging, showing that *NH; desorbs more slowly from
2-PSA/CeQ; than from bare CeO,. Therefore, the overall strength of Lewis acid sites is increased
by sulfates as well. Meanwhile, the presence of the small *NH, peak suggests H-extraction from
*NH; is easier. Figure 2 indicates surface O is deactivated by 2-PSA and another type of
stronger base sites is likely created. Results on FeO,/CeO, suggest FeO, has similar impacts on
NH; adsorption with 2-PSA. Both the number of available Lewis acid sites and the binding
strength are increased. A blue shift is observed for the 1168 c¢cm™! symmetric bending peak.

However, *NHj is not present on FeO,/CeO..
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We then investigated the adsorption of NO + O, on CeO,, 2-PSA/Ce0O,, and FeO,/CeO, at
250 °C. Figure 6a shows DRIFT spectra after 30 min NO + O, exposure. Again, no NO (g)
vibrations are observed due to low gas concentration (1000 ppm). No *NO (1800 ~ 2000 cm!) is
observed as well.”3%5 The most abundant species on all three catalysts are nitrates (*NO3) of
different binding configurations. The v; vibration mode of *NOj is split into v; mode (1500-
1600 cm) and v; mode (1170-1300 cm!') when the symmetry is broken by binding with
surface, and stronger binding leads to a larger split.>> °® Different components of the v; peak
clearly separate from each other, and we assign peaks at around 1596 cm™!, 1562 cm™!, and 1537
cm! to bridging, bidentate, and monodentate *NOs respectively! 8 333695 (see Table S2 for a
summary of DRIFTS feature assignments). Two other small features at 1373 cm™!' and 1010 cm’!
are observed exclusively on bare CeO,. They are likely from bidentate nitro (*O—N—O%*) and
nitrosyl (¥*NO") species, respectively.®> 8% 95 These two species are not formed on FeO,/CeO, or
2-PSA/CeQ,, potentially because structure around O vacancies is altered by FeO, and sulfates. A
small shoulder assigned to molecularly adsorbed NO, (*NO,, 1616 cm!) is also clearly observed
on 2-PSA/CeQ,.! 32 35. 38 Exposing catalysts to NO only without O, results in identical spectra,

indicating active lattice oxygen of CeO, participates in NO binding.
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Figure 6. (a) DRIFT spectra of NO + O, adsorption on CeO,, 2-PSA/CeO,, and FeO,/CeO,
at 250 °C after 30 min NO + O, exposure. (b) Concentration (relative to initial concentration)
of *NOj; and *NO, remaining on each surface as a function of Ar purge time, calculated from
the integrated area between 1400-1700 cm! for each spectrum (see Figure S7).

Sulfate binding significantly reduces the number of NO binding sites on CeO, (by ~10 x,
Figure 6a) and increases the fraction of *NO, and bridging *NO; among all adsorbates. As
discussed below, *NO, is only a spectator during the reaction, but bridging *NOj; is the most
active species in the L-H mechanism. Figure 6b shows the relative concentration of *NOj3 (and
*NQO,) remaining on surfaces during Ar purging calculated by integrating DRIFTS area between
1400 and 1700 cm!. It is also clear than surface sulfates weaken *NOj; binding strength, as *NOj
desorbs much faster from 2-PSA/CeO, than from bare CeO,. The suppression and weakening of
NO-CeO, binding are consistent with the deactivation of active surface O (Figure 2). It also
makes adsorbates more mobile on the surface and easier to collide with other reactive species.
FeOy affects NO adsorption in a similar way with sulfates, with a weaker impact in reducing the

number of binding sites but a stronger impact in weakening the binding strength.
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3.2. Reactivity of *NO; with NH; (g)

To understand impacts of adsorbed sulfates on reactivity and reaction mechanism, transient
experiments were performed at 250 °C. In separate experiments, bare CeO,, 2-PSA/Ce0O,, or
FeO,/CeO, was first exposed to NO + O, gas for 30 min to pre-adsorb *NO; and *NO, onto
surfaces. Then, gas flow was switched to NHj (g) and DRIFT spectra were collected at different
NHj; exposure times to monitor evolution of surface species. We note that since *NO; and *NO,
are pre-adsorbed onto catalyst surfaces, their reaction with NHj (g) in these experiments can only

go through the L-H mechanism of the actual NH;-SCR.

Figure S8a shows the NO-first transient DRIFT spectra on bare CeO,. When flowing NHj,
*NOj; gradually desorb from the surface as the intensities of their v; and v;  peaks decrease
slowly with time. No *NHj peaks appear, suggesting that NH3 adsorption does not occur. Figure
S8b compares the relative concentration of *NOj; remaining on CeO, at different time when
reacting with NHj (g) and when desorbing under Ar. *NOj disappears at similar rates under two
situations, indicating they do not react with NHj (g). Also, no additional peaks from reaction
intermediates or products are observed. Consequently, on bare CeO,, pre-adsorbed *NO; does
not react with NH; gas due to a lack of NHj adsorption sites, i.e., the strong adsorption of *NO;

poisons the surface by blocking NH; adsorption.

Results of the same experiments on 2-PSA/CeO, are presented in Figure 7. Different from
bare CeO,, *NHj peaks start to grow after 3 min NH;3 exposure and a new set of peaks that do
not belong to *NHj, *NO;, or *NO, are observed at 1535 c¢cm!, 1253 cm™!, and 1120 cm.
Intensities of these peaks increase gradually with NHj3 exposure, indicating they are from
reaction intermediates. According to literature, these peaks can be assigned to *NH,NO,. These

peaks are still present even after 60 min, implying the decomposition of *NH,;NQO, is very slow.
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Meanwhile, both *NO, (1616 cm!) and bridging *NO; (1596 cm!) v; peaks disappear quickly
(within 5 min). Comparison between Figure 7a and Figure S7b reveals that the intensity of the
*NO, peak drops at the same rate under NH; and Ar flow, so it simply desorbs without reacting
with NH3 (g). On the contrary, the bridging *NOj; peak disappears much faster under NH; flow
than Ar flow, indicating that it is highly reactive with NHj; (g). Intensities of bidentate (1569 cm-
1) and monodentate *NO; (1544 cm™!) v; peaks also decrease, but not as fast as bridging *NO;.
Figure 7b shows the change in surface concentration of *NO3/*NO, with time. Under NH; flow,
the total amount of *NO3/*NQO, increases at the beginning due to the formation of *NH,;NO,
1535 cm! peak (despite of *NO3/*NO, desorption), and then decreases as *NOj desorption
continues and *NH,NO, potentially decomposes at a slow rate. The results presented above
suggest that on sulfated CeO,, NH; adsorption sites exist even if the surface is covered by pre-
adsorbed *NOs. The extra Lewis acid sites created by 2-PSA and weakened *NO; adsorption are
crucial in this step. *NHj3 subsequently reacts with *NO; (bridging *NOj; is most active), forming
*NH,NO, intermediate. However, the decomposition of *NH,;NQO, is very slow at 250 °C, which

accumulates on the surface and limits the reaction rate.
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Figure 7. NO-first transient experiment on 2-PSA/CeQO,. (a) After NO + O, exposure for 30 min,
DRIFT spectra were collected after various NH; exposure times From bottom to top, spectra
were collected after 0, 1, 3, 5, 7, 9, 11, 15, 20, 30, 40, 50, and 60 min NH;3 exposure. (b)
Concentration (relative to initial concentration) of *NO; and *NO, (integration of peak area
1400-1700 cm™') on the 2-PSA/CeO, surface when reacting with NH; (blue) compared to
desorption under Ar (red).

Figure 8 shows the results of the same experiment (NO flow first, then NH;) as Figure 7,
except for FeO,/CeO; instead of 2-PSA/CeO,. Again, *NHj; peaks gradually appear after 3 min
NH; exposure. The intensities of all *NO; peaks decrease much faster when reacting with NH;
(g) (Figure 8a) than when desorbing under Ar (Figure S7c¢), suggesting *NO; are highly
reactive towards NHj (g). The relative activities among the three nitrate configurations has the
same trend, but with stronger differences, on FeO,/CeO, as on 2-PSA/CeO,: bridging *NO;
(1591 cm!) > bidentate *NO; (1560 cm!) > monodentate *NOj (1548 cm!). The *NH,NO,
peaks (1531 cm! and 1238 cm™!, the ~1120 cm™! peak is too small) are also observed initially,

but their intensities drop to 0 after 30 min of NH; exposure. This indicates that the reaction
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between *NO; and *NH; on FeO,/CeO, also yield *NH,NO, intermediate, but unlike on 2-
PSA/Ce0,, it goes through fast decomposition at 250 °C. The nitrate reaction under NHj flow
and the *NH,NO, decomposition contribute to the fast decrease in adsorbed nitrate, relative to
the control experiment under Ar (Figure 8b). There is no initial increase as in Figure 8b because
of a faster *NOj; consumption rate and little accumulation of *NH,;NO, intermediate due to quick
decomposition. Therefore, on FeO,/CeO,, the reaction between pre-adsorbed *NO; and NH; (g)

follows a similar mechanism with sulfated CeO, but is much faster.
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Figure 8. NO-first transient experiment on FeO,/CeO,. (a) After NO + O, exposure for 30 min,
DRIFT spectra were collected at various NH; exposure times. From bottom to top, spectra were
collected after 0, 1, 3, 5,7, 9, 11, 15, 20, 30, 40, 50, and 60 min NH; exposure. (b) Concentration
(relative to initial concentration) of *NOs and *NO, (integration of peak area 1400-1700 cm™')
on the FeO,/CeO, surface when reacting with NH; (blue) compared to desorption under Ar (red).
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3.3. Reactivity of *NH; with NO + O,

The NO-first transient experiments provide insight into how sulfates and FeO promote the
L-H mechanism of NH;3-SCR, but do not address the E-R mechanism since the NO is pre-
adsorbed and cannot react in gas phase. Therefore, we also conducted NHj-first transient
experiments. Catalysts were exposed first to NH; (g) for 30 min, then to NO + O,. DRIFT
spectra were collected with NO + O, exposure time to probe the reactivity of *NH; with NO +
O,, which can occur through both L-H and E-R mechanisms. On 2-PSA/CeQO,, all *NH; and
*NH, peaks disappear quickly (in 3 min), while *NO; and *NO, peaks grow gradually (over 30
min) (Figure 9a). *NHj; peaks drop faster under NO + O, than under Ar (Figure S9a), indicating
part of *NHj leaves the surface by reacting with NO (it is not likely that *NHj; is consumed by
reacting with O,, as Figure 4 shows 2-PSA/CeO, does not exhibit NH; oxidation activity at 250
°C). On *NHjs-covered 2-PSA/CeO,, *NO; and *NO, form at a slower rate than on a clean one
(without *NH;) (Figure S10a), also suggesting in the first couple of minutes, NO is partially
consumed by reacting with *NH;. *NH; and intermediates may also block some NO adsorption
sites, contributing to the slower adsorption rate. Despite evidence suggesting that *NHj is
consumed by reacting with NO, no peaks for *NH,NO,, the slow-decomposing intermediate
from the L-H mechanism, are identified in Figure 9a, suggesting the reaction is dominated by
the E-R mechanism. *NH, is one important intermediate of this mechanism. No other
intermediates are identified, probably because they quickly desorb or decompose with a short

lifetime and surface coverage below detection limits (see Discussion).
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Figure 9. DRIFTS during NH;-first transient experiments on (a) 2-PSA/CeO, and (b)
FeO,/Ce0,. Note the rapid decrease in *NH3 (1168 and 1315 cm!) and *NH, (1550 cm!) and
the rise in *NOs (1170-1300 and 1500-1600 cm™') and *NO, (1616 cm™"). From bottom to top,
spectra were collected after 0, 1, 3,5, 7,9, 11, 15, 20, 30, 40, 50, and 60 min NO + O, exposure.

Figure 9b shows results of the same experiments on FeO,/CeO,, which are similar with 2-
PSA/CeO,: *NHj; peaks (no *NH, is observed on FeO,/CeQ,) disappear faster than under Ar
(Figure S9b), the formation of *NOj is slower than on a clean surface (Figure S10b), and no
*NH,NO, is observed. Therefore, on FeO,/CeO,, *NHj also reacts with NO + O,, but not mainly
through the L-H mechanism of NH;-SCR. However, different from 2-PSA/CeO,, FeO,/CeO, has
significant activity in NH; oxidation at 250 °C. Consequently, although Figure 9a and 9b show
that *NHj; is consumed at a similar rate on 2-PSA/CeO, and FeO,/CeO,, 2-PSA/CeO, is more

selective towards the E-R mechanism of NH;-SCR, and more *NH; is oxidized on FeO,/CeO..
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4. Mechanistic discussions

4.1. Mechanistic insights into promotion effect of surface sulfate

Based on results presented above, sulfated CeO, exhibits significantly higher NH;-SCR
activity than bare CeO,. Mechanistic studies indicate that both L-H and E-R mechanisms exist
simultaneously on sulfated CeO,. The reaction network of relevant N-containing surface species
is summarized as Scheme 2, and elementary steps for both mechanisms are shown as Table 2.
Note that we never observed Bronsted acid sites participating in the reaction (no formation of
*NH4") on any of our catalysts, so both mechanisms here occur on Lewis acid sites through an
*NH; intermediate. We are also confident that the fast-SCR through *NO, does not have

significant contribution, and hence it is not included.

Ny(g) + H,0 N,O(g) + H,O
(100% selectivity) (Not formed)
g : E-R mechanism
NO(g) L-H mechanlsm | .
(4) (9)
(8)
, /
2
7—»‘2* . “NH,NO, > < H
Base
Base H-exchange /
H-exchange /
———— *NH, % “NH
(5) (7) /
Promoted CeO, _’l

Scheme 2. A simplified NH3-SCR reaction network on promoted CeQO, including relevant N-
containing species showing Langmuir-Hinshelwood and Eley-Rideal mechanisms. Although the
formation of N,O was not observed on the catalysts reported in this work, we included steps
leading to its formation on other SCR catalysts (Steps 7 and 8) to aid the discussion.
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Table 2. Elementary steps in NH3-SCR on promoted CeO,.

Langmuir-Hinshelwood Mechanism

Eley-Rideal Mechanism

NH; (g) +* 2 *NH; (1)
NO (g) + 2 Opatice 2 *NO; 2)
*NOs; + *NH; > *NO,NH, + *OH  (3)
*NO,NH, 2 Ny (g) + *Hy0 + Opaice . (4)
2 *OH = H,0 + Opagice

02 (g) 22 Olattice

NH; (g) + * = *NH;

*NH3 + Opaice 2 ¥*OH + *NH,

*NH, + NO (g) 2 Na(g) + H,O

*NH, + Opiee > *NH + *OH

*NH + NO (g) + Ojaice 2 N2O (g) + *OH
2 *OH =2 H,0 + Oyagice

O Z(g) 22 Olattice

(1
)
(6)
(7
®)

Numbers in brackets match numbers of corresponding steps in Scheme 2. N,O production resulting from Steps
7 and 8 was not observed for the catalysts reported in this work, but these steps are included here for

comparison with other SCR catalysts.

The L-H mechanism on sulfated CeO, (2-PSA/CeQ,) is consistent with the current general

view: N—N coupling occurs between *NH; and *NOj; (step 3), and the intermediate *NH,NO,

further decomposes into N, and H,O (step 4). Some *NO, does form from NO (g) adsorption,

but it does not react with NHj as it disappears at the same rate under NH; (Figure 7a) and Ar

(Figure S7b). Consequently, it is a spectator, and fast-SCR is not important. The intensity of

bridging *NOj peak drops significantly faster in Figure 7a than Figure S7b, proving it is the

active species. Bidentate and monodentate *NO; are also active, though not as active as bridging

ones. Active lattice oxygen from CeO, participates in the formation of *NO; and leave the

surface later. The vacancy is filled by O, gas in a Mars-van-Krevelen manner. Therefore, the

reducibility of oxide is desired for this mechanism.
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The promotion of the L-H mechanism by surface sulfates mainly originates from more
balanced and favored reactant adsorption. 2-PSA/CeO, has much more abundant Lewis acid sites
to form *NH; (step 1) than bare CeO,, and the adsorption is stronger (Figure 5). Meanwhile,
surface sulfates decrease the number of *NO; binding sites (step 2), due to the deactivation of
surface O (Figure 6), and the adsorption is weaker. On bare CeO,, NO (g) adsorption is so
dominating over NH; (g) that, under reaction conditions, the ratio between *NO; and *NHj;
deviates significantly from the stoichiometry of their reaction (1:1, step 3). Therefore, the L-H
mechanism rate is slow. This is supported by Figure S8a, which reveals that at 250 °C, the
adsorption of NHj3 (g) does not even occur on *NOj-covered CeO,. This problem is alleviated by
the tuning of reactant adsorption by sulfates, as Figure 7a exhibits that on *NOs-covered 2-
PSA/CeO,, NH; (g) could adsorb as *NH; (step 2), and further react with *NO; yielding
*NH,NO, (step 3). The steady-state ratio between *NH; and *NO; is closer to their reaction
stoichiometry, which facilitates step 3. However, the overall L-H turnover rate on 2-PSA/CeQ; is
limited by the slow decomposition of *NH,NO, (step 4, Figure 7a). Figure S11 proves that step
4 is the rate-determining step at 250 °C, as *NH,NO, accumulates under steady-state. It also
shows that *NHj still exists even when *NOj; is completely consumed, which supports that on

sulfated CeO, surfaces, *NO; does not dominate over *NHj as it does on bare CeO,.

The E-R mechanism generates N, and H,O through the reaction between *NH, and NO (g)
(step 6). We believe that the contribution of the E-R mechanism to NH3-SCR activity is non-
negligible for two reasons. First, the decomposition of *NH,NO, (step 4) at 250 °C is extremely
slow, so the L-H mechanism is unlikely to account for the 23% NO conversion at this
temperature. Second, in the NHj-first transient experiment (Figure 9a), *NH; is quickly

consumed under NO + O, flow, though we do not observe the L-H intermediate *NH,NO,. The
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N-coupling intermediates in this step are believed to decompose very quickly,!- 2% 97-98 and hence
cannot be detected by DRIFTS (Figure 9a). Considering the low NH; oxidation activity of 2-
PSA/CeO, at 250 °C (Figure 4), SCR through the E-R mechanism is likely to be responsible for
most of the *NH; consumption. We note that it does not imply that the E-R mechanism is the
dominating mechanism under steady-state, as in this experiment the surface was initially covered
by *NH; and may not have many NO adsorption sites available, which is not the case under

steady-state conditions.

Our results show that surface sulfates from 2-PSA also promote the E-R mechanism, by
enhancing the formation of *NH; and *NH,. As mentioned before, on bare CeO,, step 1, the
formation of *NH; from NHj (g), is very limited. This step is much more favored on 2-
PSA/CeO, due to the presence of more, stronger Lewis acid sites, leading to higher *NHj;3
coverage. Meanwhile, NH; (g) exposure does not generate any *NH, on bare CeO,, but does on
2-PSA/CeO, (Figure 5). This suggests the thermodynamic equilibrium of step 5, the H-
extraction from *NHj, is shifted towards *NH, after 2-PSA deposition and activation, which is
potentially done by modifying surface basicity. We think 2-PSA is likely to achieve this by
creating a different type of basic sites from its fragments because Figure 2 suggests that it
actually deactivates basic surface O. Higher coverages of *NH; and *NH, on sulfated CeO,
accelerate the E-R turnover rate. We recognize that even on 2-PSA/CeQO,, *NH, still has a low
surface coverage at equilibrium compared with *NH; (Figure 5), which limits the E-R turnover
rate. Under steady-states, this equilibrium can be constantly driven towards *NH, side by the
quick reaction between *NH, and NO (g) (step 6). Nonetheless, this unfavored equilibrium is

advantageous for selectivity, as no *NH, the further H-extraction product from *NH, (step 7), is
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observed. Therefore, the reaction between *NH and NO (g) (step 8) generating by-product N,O

does not occur, leading to 100% N, selectivity on all catalysts.

Besides promoting both mechanisms of NH;-SCR, we also found out that surface sulfates
suppress the activity of NH; oxidation (Figure 4). As previously mentioned, this side reaction
has two-fold negative impacts: competing with NH;-SCR for *NHj;, and offsetting NO
conversion. Out of oxidation products N,, N,O, NO, and NO, that might be expected from this
reaction,’*>2 N,O and NO, were not detected from our experiment. The detection of N is
difficult with our mass spectrometer due to high background levels, but the NH;-to-N, pathway
requires the coupling of *NH, or *NH species.”” *% 190 This step is difficult on our catalysts, as
the coverage of *NH, is very low, and we did not observe any coupling intermediates from
DRIFTS. Therefore, we believe that NO is the dominating oxidation product, and include NH;-
to-NO conversion as a single step 9, which is a simplified way to represent this side reaction.
Figure 4 suggests NH; oxidation becomes important at high temperature, and surface sulfates
suppress its activity. Note that sulfates actually increase *NHj coverage. However, this effect is
outweighed by the deactivation of active surface O, so overall this side reaction, step 9, is

suppressed.

4.2. Comparison between surface sulfates and FeOx promoter

Small concentrations of transition metal oxide are known to promote NH;-SCR activity of
Ce0,,%% 61,63 but our results show that sulfate is a more effective promoter than FeOy, especially
at high temperature (Figure 3). Mechanistic investigations reveal that FeO,/CeO, share similar

reaction mechanisms with 2-PSA/CeQO;: both L-H and E-R mechanisms contribute to the
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activity, no Brensted acid participates in the reaction, and fast-SCR is not significant. Therefore,

Scheme 2 and Table 2 can also be applied to FeO,/CeO,.

Our results show similarities between the function of FeO, and surface sulfates. They both
modify surface acidity, enhancing NH; (g) adsorption to a similar extent (Figure 5) and reduce
the number of adsorption sites and adsorption strength of *NOj; (Figure 6). In the NO-first
transient experiment, the formation of *NHj and then *NH,NO, was observed as well (Figure 8).
These results suggest that FeO, and sulfates promote the L-H mechanism in a similar manner:
balancing the surface coverage of *NH; and *NOj by facilitating step 1 and suppressing step 2
(Scheme 2). A more favored step 1 also benefits the E-R mechanism, as discussed above in the

2-PSA/CeO; case.

FeO,/CeO, seems to have a faster L-H turnover rate than 2-PSA/CeO, at 250 °C because of a
much faster decomposition rate of *NH,NO, (step 4, Figure 8 compared with Figure 7). Steady-
state DRIFTS at 250 °C shows no accumulation of *NH,;NO, on FeO,/CeO,, but strong features
from *NH; and *NOj; (Figure S11), suggesting step 3 is the rate-determining step on FeO,/CeO,
instead of step 4, as on 2-PSA/CeQ,. In spite of the faster rate for step 4, FeOy is a less effective
promoter than sulfates for the following reasons. First, FeO, does not shift the equilibrium
between *NH; and *NH, (step 5) as significantly as 2-PSA. This is supported by Figure Sa,
showing that NHj3 (g) exposure does not generate DRIFTS-detectable amount of *NH, on
FeO,/CeO,. The surface coverage of *NH, is lower on FeO,/CeO, than 2-PSA/CeO,, which
limits the E-R turnover rate. Second, FeOy also increases NH; oxidation rate (Figure 4). At
350 °C, 36% of NHj is converted to NO on FeO,/CeO, when there is no competition from NH;-
SCR, compared with 18% on bare CeO, and only 5% on 2-PSA/CeO,. Both FeO, and sulfates

enhance step 1 and increase the *NHj surface coverage, but FeO, does not deactivate surface O
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as 2-PSA does. On the contrary, it likely introduces more active O at the FeO,/CeQ, interface,!0!-
103 increasing the rate of step 9. Third, at high temperature, the L-H turnover rate on FeO,/CeO,
might be lower than on 2-PSA/CeO,, despite of faster *NH,NO, decomposition. At 300 °C,
*NH,NO, does not accumulate on 2-PSA/CeO, under steady-state as it does at 250 °C (Figure
S11). Therefore, the rate of step 4 is highly sensitive to temperature, and it does not limit the
overall L-H turnover rate on 2-PSA/CeO, anymore at 300 °C. Figure S11 also shows that on
both FeO,/CeO, and 2-PSA/CeO,, *NOjs is almost completely consumed, but residual *NH;
features are stronger on FeO,/CeO,. This suggests that the *NH;/*NO; coverage ratio under
steady-state is likely more appropriate for step 3 on 2-PSA/CeO,. Consequently, when step 4
becomes fast enough on both catalysts at high temperature, it is possible that 2-PSA/CeQO,

exhibits a higher L-H turnover rate.

Conclusions

The promotion effect of surface sulfates in CeO,-catalyzed NH3;-SCR was investigated in
detail. Sulfated CeO, synthesized using various S precursors all exhibit promoted NH3;-SCR
activity between 200 °C and 350 °C, and outperform inorganic promoter FeOy, especially above
300 °C. The promotion effect exists regardless of oxygen vacancy concentration on CeO, and is
also valid on Fe,O3 surfaces. In situ DRIFTS studies revealed that on sulfated CeO,, both
Langmuir-Hinshelwood and Eley-Rideal mechanisms contribute to the activity. The reaction
occurs exclusively on Lewis acid sites through an *NHj; intermediate, and the fast-SCR pathway
does not contribute. The roles of sulfates are to create new, stronger Lewis acid sites and to
deactivate surface oxygen. NH3;-SCR is facilitated because (1) enhanced NH; adsorption and

suppressed NO adsorption generate a more favored *NH3/*NOj ratio for the L-H mechanism, (2)
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tuning NHj adsorption and *NH3/*NH, equilibrium increases active intermediate coverage in the
E-R mechanism, and (3) the NH; oxidation side reaction is suppressed due to surface oxygen
deactivation. In comparison, although the L-H intermediate *NH,NO, decomposes faster on
FeO,/CeO, than on sulfated ones, FeO,/CeO, shows high NH; oxidation activity and incapability

to alter the *NH3/*NH, equilibrium, and hence it is not a promoter as effective as sulfates.
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