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ABSTRACT: Ammonia selective catalytic oxidation (NH;-SCO) XAFS/XPS/UV-ViS _ uperior catalytc activity _OPerando DRIFTS-MS
is a commercial technology applied to diesel vehicles to eliminate e thdey LXK

ammonia leakage. In this study, a series of Pt/Al,O; catalysts were -« &

metallic Pt® nanoparticles
synthesized by an impregnation method, and the state of Pt species ® dlspemd ox,d‘zed e+ "
was carefully adjusted by heat treatment. These Pt/Al,O; catalysts o . ‘

were further systematically characterized by Brunauer—Emmett— - [500°C Hea

Teller, X-ray diffraction, X-ray photoelectron spectroscopy, X-ray

absorption fine structure, UV—vis, H,-tempertaure-programmed —
reduction, and NHj;-temperature-programmed desorption. The

characterization results showed that dispersed oxidized Pt species were present on conventional Pt/Al,O; samples, while high-
temperature treatment induced the aggregation of platinum species to form metallic Pt nanoparticles. The Pt/Al,O; catalysts treated
at high temperatures showed superior activity and water tolerance in the NH;-SCO reaction. Diffuse reflectance infrared Fourier-
transform spectroscopy combined with mass spectrometry experiments revealed that the Lewis acid sites were more reactive than the

Bronsted acid sites. Moreover, compared to oxidized Pt species, metallic Pt nanoparticles were beneficial for oxygen activation and
were less affected by water vapor, thus contributing to the superior activity and water tolerance of Pt/Al-800.

1. INTRODUCTION significantly affect the activity and selectivity of AOCs during
NH, oxidation.””
There are three main reaction mechanisms for the NH;-

SCO reaction which have been reported in different catalyst
33-35

Ammonia (NH;) is a harmful alkaline gas, which can cause

serious harm to human health and the ecological environ-
1,2 . . . .

ment. ”~ Vehicle emissions are considered a major source of

NH; in the urban atmosphere, especially ammonia leakage systems: the imide (—~NH) mechanism,

the hydrazine

from diesel vehicles using selective catalytic reduction (SCR) (N;H,) mechanism,***” and the internal SCR (i-SCR)
technology.”™ Ammonia selective catalytic oxidation (NHy- ~ mechanism."”***” As one of the most active noble metal
SCO) technology is widely recognized as an efficient and catalysts, the reaction mechanism of Pt catalysts varies with the
environmentally friendly method for NH; elimination.”®’ state of Pt, which is regulated by many factors. Mieher and
Generally, an ammonia oxidation catalyst (AOC) is expected Ho®® studied the mechanism of NH; oxidation on Pt(111),
to completely oxidize NH; to harmless N, and H,O at low and they proposed that the reaction followed the imide
temperatures.”” Unfortunately, the AOCs with superior low- mechanism. However, different supports will also affect the
temperature activity usually will over-oxidize NH; to form reaction process on Pt-based catalysts. Chen et al.*” compared
unc}giilrzed N,O and NOx, thus inducing poor N, selectiv- the reaction mechanisms of NH;-SCO on Pt/Al,O; and Pt/
ity. Hence, investigating the reaction mechanism of NH; CeZr0O,, and they found that metallic Pt promoted the deep

oxidation is critical for designing highly eflicient AOCs.

Until now, various materials have been studied for the NHj;-
SCO reaction, including noble metal catalysts (Pt, Ru, Ir, Ay,
and Rh),8’13_16 modified zeolite catalysts,lo’w_20 and tran-
sition metal oxide catalysts.”'~>> Noble metal catalysts are
generally recognized as the most efficient AOCs due to their
superior catalytic performance at temperatures below 300
°C.*7?* In particular, the Pt/ALO; catalyst was reported to be Received: January 18, 2023
the most active AOC due to its superior activity and is widely Accepted:  March 24, 2023
used in practical applications.”” However, this catalyst still Published: April 6, 2023
suffers from poor N, selectivity on account of the over-
oxidation of NHj; to produce the undesirable byproducts N,O
and NOx.'**’" Generally, the state of active species will

dehydrogenation of NH; and that the reaction obeyed the
imide mechanism on Pt/Al,O;. By contrast, HNO and N,H,
were observed on Pt/CeZrO, during NH; oxidation,
indicating the coexistence of the imide mechanism and the
hydrazine mechanism. Clearly, the state of Pt species
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Figure 1. NH; conversion in the NH;-SCO reaction over Pt/Al,O; catalysts in the absence (A) and presence (B) of water vapor. Effect of H,0
addition on NH; conversion over Pt/Al,O; catalysts at 200 °C (C). Arrhenius plots of NH; conversion over Pt/Al,O; under different conditions
(D). Feed composition: S50 ppm NH;, 5% O,, and 5% H,O (when added) in the N, balance.

significantly affects the reaction pathway of ammonia oxidation
on Pt-based catalysts.

Herein, a series of Pt/Al,O; catalysts were prepared, and the
state of Pt species was carefully adjusted by heat treatment.
Afterward, these samples were systematically characterized by
N, adsorption, X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HR-TEM), ultraviolet—
visible spectrophotometry (UV—vis), X-ray photoelectron
spectroscopy (XPS), X-ray absorption fine structure (XAFS),
NH, temperature-programmed desorption (NH;-TPD), and
H, temperature-programmed reduction (H,-TPR). Moreover,
the reaction mechanism of NH; oxidation on these Pt/Al,O4
catalysts was investigated by kinetic studies and operando
diffuse reflectance infrared Fourier-transform spectroscopy
combined with mass spectrometry (DRIFTS-MS). This
study provides new understanding on the mechanism of
NH; oxidation over supported Pt catalysts and offers some
advice for designing high-efficiency AOCs.

2. EXPERIMENTAL SECTION

A series of Pt/Al,O; catalysts with 0.5 wt % Pt loading were
prepared by an impregnation method using boehmite (Sasol,
SB-1) as the support, which was pre-calcined at 800 °C for 6
h.*>*! Afterward, these Pt/ALOj; catalysts were calcined in a
muffle furnace at different temperatures for 3 h and were
further denoted as Pt/Al-X, where X refers to the calcination
temperature. The catalytic testing was performed on a fixed-
bed flow reactor connected to an infrared spectrometer
(Nicolet iS 50). Then, these Pt/Al,O; catalysts were
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systematically characterized by various techniques, and detailed
information on catalyst synthesis, activity testing, and
characterization can be found in the Supporting Information.

3. RESULTS

Figure 1 shows the catalytic performance of Pt/Al,O; in NH;
oxidation in the absence and presence of water vapor. Pure
Al,O; was entirely inactive for NH; oxidation, achieving
negligible NH; conversion throughout the activity test,
regardless of the absence or presence of water vapor. In
contrast, Pt/Al-500 exhibited superior catalytic activity for
NH; oxidation at temperatures below 250 °C. Notably,
increasing the calcination temperature significantly enhanced
the low-temperature activity of Pt/AL,O; catalysts for NH;
oxidation. Specifically, Pt/Al-500 achieved an NH; conversion
of 87% at 250 °C, while Pt/Al-600 and Pt/Al-700 obtained 85
and 83% NH; conversion at 200 and 175 °C, respectively.
Moreover, the Pt/Al-800 catalyst almost completely oxidized
NH, (98.6%) at the low temperature of 175 °C, while further
increasing the calcination temperature resulted in a slight
decrease in the catalytic activity of Pt/Al-900. Unfortunately,
the N, selectivity gradually decreased from ~85% (175 °C) to
~20% (350 °C) as the reaction temperature increased (Figure
S1).

In the presence of H,O (Figure 1B), the catalytic activity of
the Pt/Al,O; catalysts was suppressed to some extent,
especially in the samples calcined at low temperatures. For
example, on the Pt/Al-600 catalyst, the NH; conversion at 200
°C was decreased to 56.7% in the presence of H,O, which was
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Figure 2. XRD patterns (A), normalized Pt-Ly;; XANES spectra (B), k*-weighted EXAFS spectra (C), Pt 4d XPS spectra (D), O 1s XPS spectra
(E), Cl 2p XPS spectra (F), DR-UV—vis spectra (G), H,-TPR profiles (H), and NH;-TPD profiles (I) of Pt/Al,O; catalysts.

significantly lower than that without water vapor (85%). In
contrast, Pt/Al-800 was hardly affected by water vapor,
achieving an NH; conversion of 95.6% at 175 °C, and the
N, selectivity was similar to that in the absence of water vapor.
Compared to related catalysts reported in the previous
literature,”~'%*"*" the obtained Pt/Al-800 catalyst proved to
be one of the most active catalysts (Table S1). The reaction
products of NH; oxidation on these Pt/Al,O; catalysts are
shown in Figure S2. On Pt/Al-500, the formation of N, and
N,O exhibited a similar trend, achieving a maximum value at
about 300 °C. Notably, the temperature for maximum N,
generation gradually dropped on Pt/Al,O; catalysts pretreated
at higher temperatures. Instead, the temperature for maximum
N,O formation remained stable at 250 °C over various Pt/
Al,O; catalysts. This indicated that the reaction mechanisms
for the generation of N, and N,O were slightly different.
Besides, even in the presence of water vapor at a high gas
hourly space velocity of 400,000 h™’, the Pt/Al-800 catalyst
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still showed excellent catalytic performance (Figure S3),
revealing its superior ability in practical applications.

A step-response experiment was further performed to
investigate the effect of water vapor on these Pt/Al,O,
catalysts (Figure 1C). On Pt/Al-600, the NH; conversion
suddenly decreased from 73 to 44% on the introduction of
H,0, while it could not be restored entirely (61%) after the
removal of water vapor, revealing that the influence of H,O on
this sample was irreversible. On the contrary, the Pt/Al-800
catalyst was hardly affected by water addition, achieving >96%
NH; conversion regardless of the presence of water vapor and
exhibiting superior water tolerance. To further investigate the
difference between these Pt/Al,O; catalysts, kinetic measure-
ments were performed, and Arrhenius plots are shown in
Figure 1D. In the absence of H,0, the apparent activation
energy (Ea) on Pt/Al-800 (120.7 kJ/mol) was significantly
lower than that on Pt/Al-600 (192.5 kJ/mol). The
introduction of water vapor slightly increased the Ea on both
samples, while the Ea on Pt/Al-800 (138.3 kJ/mol) was still
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remarkably lower than that on Pt/Al-600 (217.9 kJ/mol).
Clearly, the activation energy for NH; oxidation on Pt/Al-800
was much lower than that on Pt/Al-600 despite the presence of
H,O in the reaction system. Based on the above tests, it was
concluded that the Pt/Al,O; samples pretreated at high
temperatures showed superior low-temperature activity and
water tolerance in the NH;-SCO reaction.

These Pt/Al,O; catalysts were further systematically
characterized using various techniques (Figure 2). The N,
adsorption results show that Al,O; had a Brunauer—Emmett—
Teller-specific surface area of 167.9 m*/g, and the introduction
of platinum species hardly affected the surface properties of the
Pt/Al,O; catalysts (Table S2). In contrast, high-temperature
treatment induced a slight decrease in the specific surface area
of Pt/Al,O; samples, especially on Pt/Al-900 (139.3 m*/g),
possibly caused by the sintering of the Al,O support.” XRD
patterns showed that only the y-AL,O; crystal phase (20 = 67,
45.6, and 37.2°) was observed on the Pt/AL,O; catalysts
calcined at low temperatures (Figure 2A), revealing the good
dispersion of platinum species. In contrast, metallic Pt species
(20 = 46.2 and 39.7°) emerged on the Pt/AL,O; samples
pretreated at high temperatures. Moreover, a weak diffraction
peak (20 = 32.8°) due to 5-AlL,O; appeared in the pattern of
Pt/A1-900, possibly due to the transition of y-Al,O; during
heat treatment, consistent with the surface properties.*> HR-
TEM images also confirmed the existence of Pt nanoparticles
on the Pt/AlL,O; catalysts pretreated at high temperatures
(Figure S4). Besides, the morphology of the AL, O; carrier did
not appear to be affected by heat treatment, and the effect of
the carrier morphology was not further discussed in the present
work.

X-ray absorption near-edge structure spectra showed that
the white lines of the Pt-;j; edge of Pt/Al-500 and Pt/Al-600
were close to those of the PtO, reference, while the white lines
of Pt/Al-800 and Pt/Al-900 were near those of the Pt foil
(Figure 2B). Extended XAFS (EXAFS) spectra showed that
the peak (1.8 A) due to the first shell of Pt—O scattering was
found on Pt/Al-500 and Pt/Al-600, while the signal for Pt—Pt
scattering was not observed for these samples (Figure 2C).*
In contrast, only the peak (2.5 A) due to the first shell of Pt—
Pt scattering was found on Pt/Al-800 and Pt/Al-900.* These
results indicated that dispersed oxidized Pt species were
present on Pt/AI-500 and Pt/Al-600, while metallic Pt
nanoparticles were present on Pt/Al,O; catalysts pretreated
at high temperatures.

The XPS spectra showed that the binding energies of Pt
4d;,, on Pt/Al-500 (316.2 eV) and Pt/Al-600 (315.6 €V) were
significantly higher than those on Pt/Al-800 (314.4 eV) and
Pt/Al-900 (314.8 eV), indicating that more electron-rich Pt
species were present on the Pt/Al,O; catalysts pretreated at
high temperatures (Figure 2D).'>* Moreover, the binding
energy of O 1s on Pt/Al-500 and Pt/Al-600 (531.0 eV) was
slightly lower than that on Pt/AI-800 and Pt/Al-900 (531.3
eV), suggesting the presence of electron-rich O species on the
former two samples (Figure 2E). This was consistent with the
XAFS results showing that oxidized Pt species were present on
Pt/Al-500 and Pt/Al-600, while metallic Pt species were
present on Pt/AI-800 and Pt/Al-900. Besides, the XPS spectra
also showed that a minor peak (198.8 eV) due to the Cl 2p
orbital was observed on these Pt/Al,O; catalysts, which was
attributed to residual CI” from the preparation process.
According to the previous literature,””*® the presence of
residual CI” on Pt/Al,O; catalysts could enhance the sinter
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resistance of Pt species during calcination, thus resulting in the
highly dispersed oxidized Pt species on Pt/Al-500 and Pt/Al-
600. In contrast, high-temperature pretreatment could remove
the residual CI™ species and promote the decomposition and
aggregation of oxidized Pt species to form metallic Pt
nanoparticles on Pt/Al-800 and Pt/Al-900. UV—vis analysis
further confirmed the presence of [PtCls]*~ species (263 nm)
on Pt/Al-500 and Pt/Al-600,"~* while they could not be
observed on the samples pretreated at high temperatures
(Figure 2G).

A H,-TPR experiment was further performed to study the
redox properties of the Pt/AL,O; catalysts (Figure 2H). A
minor H, consumption peak at around 350—450 °C was
observed for Al,O;, attributed to the reduction of surface
oxygen species.”””' Besides, another peak at ~ 250 °C was
observed for Pt/Al-500 and Pt/Al-600, which was assigned to
the reduction of oxidized PtOx species.”” The H, consumption
due to the reduction of PtOx on Pt/Al-500 and Pt/Al-600 was
17.2 and 10.5 umol/g, respectively. However, the H,
consumption should be between 25.6 and 512 umol/g
assuming that all the PtOx species (PtO and PtO,) on the
Pt/ALO; catalysts were reduced completely.”” Hence, it
suggested that a significant amount of PtOx on Pt/Al-500
and Pt/Al-600 could not be reduced under the H,-TPR
condition, which might be due to the effect of the residual CI~
species.32 In contrast, no H, consumption due to Pt species
was observed on the Pt/Al,O; samples pretreated at high
temperatures. An NH;-TPD experiment was conducted to
further evaluate the acid properties of these Pt/Al,O; catalysts
(Figure 2I). The TPD profile could be deconvoluted into two
peaks: the peak at low temperature (~100 °C) was attributed
to the desorption of weakly adsorbed NH;, and the broad peak
at 150—300 °C was assigned to NH; bonded to strong acid
sites.”> The amount of NH; desorption on Al,O; was 0.42
mmol/g, and the introduction of Pt species only slightly
increased the number of acid sites on Pt/Al-500 (0.43 mmol/
g). High-temperature calcination induced a slight decrease in
the number of acid sites on Pt/Al-800 (0.36 mmol/ g) and Pt/
Al-900 (0.35 mmol/g), possibly due to the decrease in the
specific surface area on these samples.

The reaction mechanism of NH; oxidation on Pt/Al,O,
catalysts was further investigated by an operando DRIFTS-MS
experiment. DRIFTS spectra of NH; adsorption showed that
several peaks could be observed on Al,O; (Figure 3),
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Figure 3. In situ DRIFTS spectra of NH; adsorption on Pt/Al,O;
catalysts at 100 °C. Feed composition: 1000 ppm NHj in Ar balance.
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attributed to the vibrations of NH; coordinated on Lewis acid
sites (1241, 1263, and 1624 cm™') and NH,* bonded to
Bronsted acid sites (1456 and 1490 cm™).*>°*7>° After
impregnation with platinum species, the number of adsorbed
NH; species on the Pt/AL,O; catalysts was significantly
increased, including those on both Lewis acid sites (1241,
1263, and 1624 cm™) and Brensted acid sites (1456, 1490,
and 1690 cm™). The increase might be related to Pt species
and hydroxyl group formation due to chlorine species. After
heat treatment, the number of Brgnsted acid sites on Pt/Al-
800 and Pt/Al-900 was remarkably decreased, and the
intensities of the peaks due to Lewis acid sites were equal to
those of Al,O;. Therefore, it was speculated that the Lewis acid
sites on the Pt/Al,O; catalysts were mainly composed of Al
sites, and the Bronsted acid sites were related to the surface
hydroxyl groups bonded to oxidized Pt species and chlorine
species.’® ®° The result was consistent with NH;-TPD
analysis, while the difference might be due to the different
adsorption temperatures and experimental setup.

A DRIFTS-MS experiment of the temperature-programmed
surface reaction was conducted on these Pt/Al,O; catalysts
(Figure 4). After pretreatment, the catalysts were exposed to
NH;/0, at 100 °C for 120 min, followed by heating to 400 °C
(2 °C/min). On Pt/Al-600, a large amount of adsorbed NH,
on both Lewis acid sites and Bronsted acid sites was observed
at 100 °C, whereas neither N, nor N,O was produced (Figure
4A,B). As the reaction temperature gradually ramped up to 225
°C, a large amount of gaseous N, was produced, accompanied
by a rapid decrease in adsorbed NHj species, especially those
on the Lewis acid sites. Further increasing the reaction
temperature induced a slight increase in N,O formation and a
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gradual decrease in N, generation. NH; adsorbed on Lewis
acid sites vanished at temperatures above 300 °C, while a
certain amount of NH," bonded to Bronsted acid sites (1456
cm™") was still observed even at a high temperature of 400 °C.
Moreover, nitrate species (1547 and 1582 cm™') gradually
emerged at temperatures above 300 °C, which possibly
contributed to the formation of gaseous NOx.”' ™%

On the Pt/Al-800 sample (Figure 4C,D), NH; oxidation was
slightly enhanced at lower temperatures, achieving a maximum
production of N, at 200, 25 °C lower than the corresponding
temperature on Pt/Al-600. Similarly, N, formation gradually
decreased as the temperature further increased to 350 °C,
while N,O generation was enhanced in this process. Generally,
the change in the intensity of peaks due to Lewis acid sites
(1241 and 1263 cm™") was consistent with the light-off curve
of N, formation, indicating the critical role of Lewis acid sites
in this reaction. In contrast, NH," bonded to Brensted acid
sites (1456 cm™') remained stable even at high temperatures.
Moreover, characteristic peaks (2237 and 2210 cm™) due to
adsorbed N,O were also observed on these samples at
temperatures above 250 °C (Figure SS), consistent with the
formation of gaseous N,0.546 Experiments on other Pt/Al,0,
catalysts showed similar phenomena and further confirmed the
critical role of Lewis acid sites in this reaction (Figure S6).

To further investigate the reactivity of different acid sites, a
step-response experiment was performed on these Pt/Al,O4
catalysts at different temperatures. Pure Al,O; was inactive for
NHj; oxidation at 200 °C (Figure 1), and the adsorbed NH,
species on Al,O; hardly reacted with gaseous O,, with
negligible N, produced (Figure S7A). Incidentally, the gaseous
O, employed contained low concentrations of N, and CO,
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Feed composition: 1000 ppm NH; and 5% O, in Ar balance.

(m/z = 44), which were brought into the reaction gas when O,
was introduced (Figure S7B). On the Pt/Al-600 catalyst, the
adsorbed NHj species were also found to hardly react with O,
to form surface intermediates or gaseous products at the low
temperatures of 175 and 200 °C (Figure SA,B, respectively).
As the reaction ramped up to 225 °C, NH; adsorbed on the
Lewis acid sites (1258 cm™) could slowly react with gaseous
O, to generate a small amount of N, in the first few minutes
(Figure SC). During the above-mentioned processes, NH,"
bonded to Bronsted acid sites was inactive toward O,, and the
associated peak (1456 cm™') had low intensity.

On Pt/Al-800, the adsorbed NHj species on the Lewis acid
sites (1241 and 1263 cm™') showed high reactivity toward
gaseous O, even at the low temperature of 175 °C, generating
a certain amount of N, in the first few minutes (Figure 6A).
The reaction was remarkably enhanced as the temperature
increased to 200 and 225 °C, with more N, produced on
exposure to O,. Similar to Pt/Al-600, a small amount of NH,*
on Bronsted acid sites (1456 and 1493 cm™) was observed
and showed low reactivity in this reaction. Moreover, Pt/Al-
500 showed performance similar to that of Pt/Al-600, while
Pt/Al-700 and Pt/Al-900 showed performance close to that of
Pt/Al-800 (Figure S8).

To better evaluate the reactivity of adsorbed NH; species on
the Pt/Al,O; catalysts, another experiment was performed on
these samples (Figures 7 and S9). The samples were pre-
exposed to NH;/Ar at 200 °C for 30 min and then further
exposed to O,/NH;/Ar for 30 min. On Pt/Al-600, the
introduction of O, hardly affected the adsorption of NHj
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species and induced a negligible increase in N, formation
(Figure 7A). This indicated that the activation of O, and its
further reaction with adsorbed NH; were the rate-determining
step on this sample at 200 °C. On Pt/Al-800, by contrast, the
adsorbed NHj species, especially those on the Lewis acid sites
(1258 and 1220 cm™), rapidly reacted with O, to generate a
large amount of N, (Figure 7B). Notably, the amount of
adsorbed NH; on Lewis acid sites (1258 and 1220 cm™) was
significantly decreased, revealing that O, activation and its
further reaction were faster than NHj; adsorption under current
conditions, making NH; adsorption the rate-determining step
on this sample. The same experiment was conducted on other
Pt/Al,O; catalysts (Figure S9), and the result further
confirmed that O, activation was inefficient on the Pt/Al, O,
catalysts calcined at low temperatures. In contrast, O,
activation was enhanced, and NH; adsorption became the
rate-determining step on the Pt/Al,O; catalysts pretreated at
high temperatures.

4. DISCUSSION

In the present work, the state of Pt species on the Pt/Al,O,
catalysts was carefully regulated by adjusting the heat
treatment. EXAFS and XPS spectra indicated that the platinum
species were mainly present as dispersed oxidized Pt species on
the Pt/AL,O; catalysts pretreated at lower temperatures. On
Pt/Al-800 and Pt/Al-900, by contrast, these oxidized Pt
species gradually decomposed and converted to metallic Pt
nanoparticles during heat treatment. Besides, a certain amount
of Lewis acid sites was observed on the Al,O; support, while
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Figure 6. Reactivity of adsorbed NH; toward O, on Pt/Al-800 at 175 (A), 200 (B), and 225 °C (C) and corresponding gaseous products (D).

Feed composition: 1000 ppm NH; and 5% O, in Ar balance.

the introduction of Pt species significantly increased the
number of Bronsted acid sites on Pt/Al-500 and Pt/Al-600. In
contrast, these Bronsted acid sites on the Pt/Al,O; catalysts
gradually vanished after heat treatment, possibly due to the
elimination of chlorine species and the formation of metallic Pt
nanoparticles.

During the NH;-SCO reaction, the Pt/ALO; catalysts
pretreated at different temperatures exhibited distinctly
different catalytic performances. Specifically, the low-temper-
ature activity of the series of Pt/Al,O; catalysts was gradually
improved as the calcination temperature increased. In
particular, Pt/Al-800 showed extremely high activity for NH;
catalytic oxidation at the reaction temperature of 175 °C,
regardless of the absence or presence of water vapor. Despite
the superior activity, the N, selectivity on these Pt-based
catalysts should be further improved. Previous studies have
shown that doping of transition metals (Cu, Fe, and V) can
improve the N, selectivity of Pt-based catalysts but at the
expense of a decrease in the low-temperature activity.”'*'**
Besides, bi-functional catalysts with dual layers (Pt/ALO; +
Cu/SSZ-13) or a core—shell structure (Pt/ALO;@Cu/ZSM-
S) proved to be effective in the NH;-SCO reaction with high
N, selectivity.'"***® Recently, Zhang et al.>* proposed a fast
i-SCR mechanism on a novel CuOx/Al,O;-H catalyst, which
showed high activity and N, selectivity in the NH;-SCO
reaction.

Generally, NH;-SCO involves two steps, including NH;
adsorption and O, activation. In the present work, the Al,O;
support, with a high specific surface area, provided abundant
acid sites for NH; adsorption, and Pt species were responsible
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for O, activation. The NH;-TPD profiles and DRIFTS spectra
showed that Al,O; mainly provided Al Lewis acid sites for NH;
adsorption. Besides, a certain amount of adsorbed NH; on
Bronsted acid sites was also observed on Pt/Al-500 and Pt/Al-
600, which was unstable and gradually desorbed as the
temperature increased. Instead, the adsorbed NH; on Pt/Al-
800 and Pt/Al-900 was similar to that on the Al,O; support.
An operando DRIFTS-MS experiment further confirmed that
NH; adsorbed on Lewis acid sites was more reactive than that
on Brensted acid sites. Hence, the Lewis acid sites (mainly the
Al sites) play an important role in the NH;-SCO reaction over
Pt/AlL,O; catalysts.

As mentioned above, heat treatment of the Pt/AlLO,
catalysts induced the transformation of oxidized Pt species to
metallic Pt nanoparticles, the latter of which possibly showed
better ability for O, activation. Specifically, EXAFS spectra
showed that only oxidized Pt species could be observed on Pt/
Al-500 and Pt/Al-600. Instead, both oxidized and metallic Pt
species were observed on Pt/Al-700. Consequently, their low-
temperature activity was gradually improved, with Pt/Al-700
showing the best performance among them. Notably, on Pt/
Al-800 and Pt/Al-900, only metallic Pt species were observed,
and these samples exhibited superior activity for NHj;
oxidation at the low temperature of 175 °C. It has been
reported that metallic Pt(111) was beneficial for oxygen
dissociation to form atomic oxygen species, which further
promoted the dehydrogenation of ammonia.*”®” This
suggested that metallic Pt nanoparticles were beneficial for
the activation of gaseous O,, which further participated in NH;
dehydrogenation and transformation. Instead, oxidized Pt
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species were inefficient for O, activation at low temperatures,
and the oxygen species in the oxidized Pt nanoparticles may
have participated in the reaction at high temperatures.
According to the reaction products (Figure S2), it was
speculated that metallic Pt nanoparticles were responsible for
N, generation, especially at low temperatures. In contrast, the
rapid activation of gaseous O, on Pt nanoparticles at high
temperatures might increase the concentration of surface
oxygen species, which further induced the generation of N,O
and NOx.

Based on the above discussion, the reaction mechanism of
NH;-SCO over Pt/Al,O5 was proposed. The first step was the
activation and dissociation of oxygen on metallic Pt nano-
particles to generate reactive atomic oxygen (eq 1). Then, NH,
adsorbed on Lewis acid sites reacted with the reactive atomic
oxygen to produce —NH, and —NH intermediates (eqs 2 and
3).” Afterward, —NH further reacted with atomic oxygen to
form —HNO species, which reacted with —NH species to
produce N, and H,0O (eqs 4 and 5), and N,O was also
produced (eq 6). At high temperatures, the activation and
dissociation of oxygen were greatly enhanced, and —NH
species could dehydrogenate deeply to produce atomic N
species (eq 7), which further reacted with atomic oxygen to
generate NO and NO, (eqs 8 and 9).

Pt + 0, —» P’-0, — Pt’ + 20" (1)
M-NH, + O* - M—NH, + —OH )
M-NH, + O - M-NH + —OH ()
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M-NH + O* - M—HNO (4)
M-NH + M—HNO - 2M + N, + H,0 (s)
M-HNO + M—HNO — 2M + N,0 + H,0 (6)
M-NH + O* - M—N + —OH (7)
M-N + O - M-NO — M + NO (8)
M-NO + O* - M + NO, 9)

Generally, it has been widely reported that water vapor will
suppress the reaction of NH;-SCR and NH;-SCO due to the
competitive adsorption of H,O and NH; for the same
adsorption sites.”” Moreover, the presence of water vapor
will also moisten the catalyst surface and change the catalysts’
properties, such as inducinéé the transformation of Lewis acid
sites to Bronsted acid sites.”” In the present work, the Bronsted
acid sites were less reactive than the Lewis acid sites. Hence,
the interconversion of acid sites caused by water vapor would
not benefit the NH;-SCO reaction. Besides, H,O could also
moisten oxidized Pt species to produce hydrated platinum
species, thus affecting the activation and dissociation of O,,
finally resulting in an inferior activity and water tolerance of
Pt/Al-600 during the NH;-SCO reaction.’””? Overall, metallic
Pt nanoparticles seem less affected by water vapor, and the Pt/
AI-800 catalyst shows excellent water tolerance during NHj;
oxidation.
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5. CONCLUSIONS

A series of Pt/Al,Oj catalysts were synthesized, and the state of
Pt species was carefully regulated by heat treatment, and these
catalysts were further applied in the NH;-SCO reaction. On
conventional Pt/Al,O; catalysts, the platinum species were
mainly present as dispersed oxidized Pt species, which were
inefficient for oxygen activation at low temperatures, thus
resulting in poor catalytic performance for Pt/Al-500 and Pt/
Al-600 in ammonia oxidation. Instead, high-temperature
treatment of Pt/Al,O; catalysts induced the aggregation of
platinum species to form metallic Pt nanoparticles on Pt/Al-
800. DRIFTS-MS experiments revealed that the Lewis acid
sites were more reactive than the Breonsted acid sites.
Moreover, compared to oxidized Pt species, metallic Pt
nanoparticles were beneficial for oxygen activation and less
affected by water vapor, thus contributing to the superior
activity and water tolerance of Pt/Al-800.
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