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ABSTRACT

Green NHj3 is a promising renewable fuel but suffers from having poor combustion characteristics.
High-temperature catalytic ammonia combustion (HT-CAC) provides an attractive solution to improve
the combustibility of NH3 and allows high-quality heat to be extracted with reduced harmful emissions.
Achieving HT-CAC is a difficult task due to (i) demanding stability requirements for catalysts and (i1)
potentially high NOx emissions. Here, we report that atomically dispersed Pt on 10%ZrO,-Al,03 can
facilitate the HT-CAC process. The catalyst ignites NH3 combustion just above 200 °C and has
excellent stability when operated at 1100 °C. The presence of the catalyst also reduces the NOx
emission to around 50 ppm without detectable NH3 slip. This work shows that combining single atom
catalysts with refractory support materials is an effective strategy for designing catalysts for HT-CAC,

which will in turn help to decarbonize many ‘“hard-to-abate™ sectors such as industrial heating.
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INTRODUCTION

Combustion has been and still is our primary method for producing energy. It reliably outputs
high-temperature and high-flux heat on demand, providing us with the versatility to fulfil almost all
kinds of energy needs either directly or indirectly. Many key sectors, such as the production of steel,
glass, and cement, as well as heavy-duty transportation, are deeply anchored to fossil fuel combustion
and have few viable alternatives. Greenhouse gas (GHG) emissions from these sectors are considered
"hard-to-abate," posing significant challenges to achieving a "net-zero" future.'” To put the scale of
the challenge into perspective, just the production of heat in heavy industry accounts for about 10% of

global CO, emissions,*’

a figure surpassing the emissions from all cars combined. To transition
towards sustainability and continue to harness the benefits offered by combustion, developing
renewable combustion fuels and associated technologies is needed.>”’

Ammonia (NH3), which can be made from air, water, and renewable energy, is a promising

candidate for such a renewable combustion fuel. It offers high energy density (12.7 MJ/L), excellent

stability, and a long history of large-scale production and utilization.®>!! Several potential renewable

12,13 14,15

energy-exporting and importing countries are actively investing in NHs-based renewable
energy infrastructures.'®!” Yet, NH3 combustion presents its own set of challenges: Firstly, NH3 has
poor combustion characteristics, marked by a narrow flammable range for an NHs/air mixture, high
ignition temperature, and slow flame speed.'®!” Current solutions, like co-firing NH3 with
conventional fuels or hydrogen (Figure 1A), either undermine its carbon-neutral potential or
necessitate the development of large-scale NHj3 crackers.?’ In addition, directly burning NH3 often
results in high NOx emissions (e.g., thousands of parts per million (ppm)?'), which can be challenging
to mitigate with existing current deNOx technologies.

Catalytic ammonia combustion (CAC) provides a solution by facilitating the combustion reaction
and reducing both fuel-derived and thermal-induced NOx, especially considering NHj3 serves as the
reductant in the selective (non) catalytic reduction (SNCR or SCR) of NOx.?>** However, most
previous works on CAC were carried out in the context of nitric acid production® or pollution-
control,®?” and thus not directly related to energy production. Some studied the combustion of NH3-

28-32

containing biogas, where CAC was investigated in the fuel-lean conditions. In those cases, high

NOx emissions were the main concern, which can be somewhat reduced at higher reaction temperatures
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(> 750°C) and with the presence of reductants such as CO and NHjs. For energy harvesting from

33-41 who

ammonia combustion, some pioneering work was carried out by Machida and colleagues,
investigated various oxides and supported metal catalysts for CAC up to 900°C (Figure 1B). In their
works, relatively low NOx emissions were achieved either at lower combustion temperatures (e.g.,
around 600°C>%) or at undesired fuel-rich conditions*' (air-to-fuel ratio A < 1). The relatively low
combustion temperatures will limit the thermal efficiency and the application scope of CAC, making
it not suitable for processes that require higher temperatures approaching or above 1000°C (e.g., steam
cracking, smelting)

Herein, we report high-temperature (1100°C) catalytic ammonia combustion (HT-CAC) under
fuel-lean conditions (i.e., air-to-fuel ratio A = 1.5, and 1 represents a stoichiometric ratio). Our best
catalyst, 0.5%Pt/10%ZrO2-Al>O3 (denoted as 0.5Pt/10ZrAl) ignites NH3 combustion at a temperature
of about 215°C. It also exhibits excellent thermal stability and keeps fully operational after long-term
reaction at 1100°C. In addition, this HT-CAC process can effectively lower the NOx emission and
achieve a NOx concentration of around 50 ppm. Our experimental evidence suggested that atomically
dispersed Pt species were responsible for the combination of excellent activity, selectivity, and stability

in the catalytic combustion reaction. We thus show that this single-atom-enabled, HT-CAC is a feasible

way of extracting high-quality heat from NH3 while minimizing harmful emissions (Figure 1C).

RESULTS AND DISCUSSIONS

0.5Pt/10ZrAl identified as an effective catalyst for HT-CAC

The oxidation of NHjs involves a rather complex reaction network with different nitrogen
containing compounds (Figure S1). There are at least three key reactions:*>2® (R1) selective oxidation
of NH3 to N> and H>O, our desired pathway; (R2) oxidation of NH3 to NO, essential in the Ostwald
process, which operates at relatively high temperatures (e.g., 600-900°C); and (R3) selective catalytic
reduction of NO using NH3. NH3 could also undergo decomposition to form H», followed by H»
combustion to water. At high temperature, these reactions likely take place both at the surface of the
catalysts and in the gas phase. Note that, if the combustion temperature is kept below 1300°C, the

formation of thermal-induced NOx from N; is usually minimum.*?
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4NHs(g) + 302(g) — 2N2 (g) + 6H2O(g) (R1)
AHaosx = -1266 kJ mol’!

4NH3(g) + 502(g) — 4NO(g) + 6H0(g) (R2)
AHaosx = -904 kJ mol™!

4NO(g) + 4NH3(g) + 02(g) — 4Na(g) + 6H20(g) (R3)
AHaosk = -1628 kJ mol™!

Our vision for a suitable catalyst for HT-CAC should have the following characteristics: (i) a good
low-temperature NH3; oxidation activity to “ignite” the fuel-air mixture (i.e., a low light-off
temperature); (ii) robust structural stability and (iii) high N> selectivity to ensure low NOx emission at
the desired high operating temperatures (e.g., >1000°C). In this context, we speculate that single-atom
catalysts (SACs) supported on high-surface-area, refractory materials may offer a promising solution.

SACs are renowned for their excellent thermal stability under oxidative conditions,**

although few
instances are currently known to us where SACs have been applied at temperatures above 1000°C. To
find a suitable catalyst for HT-CAC, we tested various materials using a fixed-bed reactor (Figures
S2A and S2B). In a typical experiment, a non-explosive mixture of 2 vol.% NHs and 3 vol.% O,
balanced with Ar, was supplied to the catalyst bed with a total flow rate of 100 ml/min. The catalyst
bed contained 200 mg of catalyst (~0.4 ml) mixed with 1200 mg of quartz sand (50-70 mesh, Sigma-
Aldrich), yielding a catalyst weight-to-flow ratio (W/F) of 2 x 102 (g min)/ml. The gas lines were
heated to avoid condensation, and the combustion products at any given temperature were analysed
using a mass spectrometer. (see Supplementary Information for more details). The catalyst bed was
heated from room temperature to 1100°C, with a ramp rate of 1°C/min between 200-300°C and
10°C/min thereafter, followed by a 4-hours (or more) at 1100°C. Upon reaching 1100°C, it took
approximately 30 minutes for the top surface of the catalyst bed to reach a steady-state temperature of
around 1095°C (Figures S2C and S2D). All reported temperatures refer to nominal furnace
temperatures unless specified otherwise.

Initial HT-CAC tests with A1,O3, ZrO,, quartz sands, or an empty tube showed NHs ignition (T1o)
at ~500°C, with 100% NH3 conversion achieved at 1100°C, likely due to homogeneous gas-phase
reactions. NOx emissions initially peaked at around 100 ppm but stabilised at 14~75 ppm after 1 hour

(Table S1, entries 1-4).
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Among tested materials, 10% ZrO2- Al203 (10ZrAl) exhibited excellent thermal stability and good
N: selectivity at 1100°C (Table S1, entries 5 and 6). Loading 0.5 wt% Pt (0.5Pt/10ZrAl) significantly
improved low-temperature performance, reducing T1o and Too from ~500-600°C to <300°C (Figure
2A, Table S1, entries 7-9). Fresh 0.5Pt/10ZrAl, however, initially showed low N; selectivity (< 80%)
and high NOx emissions (>2000 ppm) at 1100°C, which stabilised to about 30 ppm after 1 hour.
Intriguingly, when the used 0.5Pt/10ZrAl catalyst was recycled and reused in HT-CAC, the initial NOy
emission spike was eliminated. Its performance also improved: Too decreased to ~215°C, and N>
selectivity at 1100°C exceeded 99%, resulting in NOx emissions below 40 ppm (Figure 2B). This
indicates that the 0.5Pt/10ZrAl catalyst undergoes in situ activation during its first HT-CAC run at
1100°C.

To evaluate long-term stability under HT-CAC conditions, the 0.5Pt/10ZrAl-usedx1 catalyst was
subjected to multiple 10-hour runs at 1100°C. As shown in Figure S3, the catalyst consistently
achieved 100% NHj3 conversion and maintained low NOx emissions throughout each 10-hour run.
Upon reuse, the Too remained stable at about 223°C. Light-off curves for eight consecutive 10-hour
cycles (Figure 2C) demonstrated that Too stayed below 250°C, while NOx emissions (Figure 2D)
remained consistently low, around 50 ppm.

Under our standard test conditions, Ar was used as the balancing gas to accurately evaluate the
N> selectivity of the combustion catalysts. Since practical combustion will likely use air, which
contains a large amount of Nz, additional HT-CAC experiments were conducted with Nz as the
balancing gas. Starting from the fresh catalysts, the results of the 2" HT-CAC experiment were
presented in Figures 2E, 2F, S4, and Table S2, as we expect catalysts to be activated after the 1% run
of HT-CAC. The bare support (10ZrAl), quartz sand, and an empty tube exhibited high Ti¢ values at
around 500°C, whereas 0.5%Pt/10ZrAl exhibited Tio values at around 300°C. The importance of
having the right HT-CAC catalysts was even more pronounced at higher flow rates (200 ml/min,
W/Fio = 1 x 102 (g-min)/ml). In these cases, bare support, sand, or an empty tube resulted in
significant NH3 slip, with NH3; conversions below 90% at 1100°C. In contrast, 0.5Pt/10ZrAl
maintained 100% NH3 conversion, with NOyx emissions under 40 ppm. The Tio values dropped to

approximately 200°C.

Understanding the 10%Zr0O2-Al203 support material

6
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Various characterisation techniques were applied to study the 0.5Pt/10ZrAl catalyst and related
materials to gain insights into how they facilitate the HT-CAC process. The initial focus was on
understanding the properties of the support material. Aluminium oxides (Al2O3), particularly y-Al>O3,
are commonly employed as the catalyst support due to their large surface areas and good thermal
stability. However, at temperatures between 700 to 800°C, y-Al,O3 will be converted to 3-Al>O3 and
0-AL0;, eventually forming a-AlO; at temperatures around 1000°C.*¢ This phase transformation
usually results in sintering and a reduction in specific surface areas.*’ In this work, the Al,O; was
prepared by calcining AIN precursors (see the Method section). X-ray Diffraction (XRD) experiments
show that the resulting Al>O3, indeed, predominantly contains the a-Al2Os phase after being calcined
at 1100°C in the air for 4 hours (Figure SS5A), resulting in a significant reduction in the BET-specific
surface area (Figure S5B).

A common strategy for maintaining higher surface area in Al.Os is incorporating dopants or
additives to inhibit phase transitions.*® ZrO, was reported **°° as an effective additive for this purpose.
We found that by adding 10wt% ZrO> into the synthesis process of Al,O3, the resulting material
(denoted as 10ZrAl) provided the highest BET surface area at 1100°C (about 67 m?/g) among other
compositions we have tried (i.e., 2.5 wt%, 5 wt% or 20 wt% of ZrOz). XRD results confirmed that a
significant amount of 6-Al,03 co-exists with the a-Al,O; in the 10ZrAl after the same calcination heat
treatment at 1100°C (Figure S5A). The BET surface area of the 10ZrAl after calcined at 1100°C in air
for 4 hours was about 67 m?/g (Figure S5B), which is higher compared to pure Al,O3 (< 40 m*/g) or
pure ZrO> (~10 m*/g, Figure S6) prepared in similar approaches. In addition, 10ZrAl gave identical
hysteresis loops and the Type IV N3 adsorption isotherms®! (Figure S7) compared to Al>Os, indicating
that adding ZrO> does not significantly affect the pore distributions of Al>Os.

Representative scanning transmission electron microscopy (STEM) high-angle annular dark field
(HAADF) images of the fresh and used 10ZrAl are shown in Figure S8. The support consists of a
mixture of AlO3 and ZrO particles, approximately 10-20 nm in size. Atomically dispersed species
with higher contrast are observed on both ZrO; and Al>O3 particles in both fresh and used materials,
potentially originating from Hf impurities in the ZrO; precursors or Zr doping in Al2O3; (Table S3).
The catalytic performance of 10ZrAl, Al>O3, and ZrO; in HT-CAC is summarized in Table S1 (entries
4, 6, 8, and 9). Among these, 10ZrAl demonstrated the highest N> selectivity and the lowest NOx
emissions (<40 ppm) at high temperatures, outperforming both Al,O3 and ZrO». However, the ignition

7
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temperatures for 10ZrAl remained relatively high, with T1o around 470°C and Too around 600°C.

Identify atomically dispersed Pt in the 0.5Pt/10ZrAl catalyst as active sites for HT-CAC.

As shown earlier, adding 0.5 wt% Pt onto the 10ZrAl support material using a one-pot synthesis
method significantly improved the activities at both low-temperature and high-temperature regimes
while maintaining high N> selectivity at 1100°C. The BET surface area of the resulted catalyst
0.5Pt/10ZrAl reduced after being used in the HT-CAC but stabilised at approximately 20 m?/g (Figure
S9). From XRD (Figure S10), a significant amount of 6-Al,O3 phase was also found in 0.5Pt/10ZrAl
materials, consistent with the case of the bare 10ZrAl support. Scanning electron microscopy (SEM)
backscattered electron (BSE) images (Figure S11) of the fresh and used 0.5Pt/10ZrAl catalysts where
Pt particles with sizes around tens or hundreds of nanometers are found. Despite this, atomically
dispersed Pt species were identified in both fresh (Figure S12) and used catalysts (Figures S13, S14).
To address the potential co-existence of atomically dispersed Hf or Zr, correlative electron microscopy
imaging and XEDS analysis confirmed that at least some of the isolated atoms observed in HAADF
images were atomically dispersed Pt species. Notably, even after 80 hours of HT-CAC reaction at
1100°C (8 consecutive 10-hour runs), atomically dispersed Pt species remained present in the
0.5Pt/10ZrAl-usedx1-80h material (Figure S15). This underscores the stability and critical role of
atomically dispersed Pt as active sites in the HT-CAC process.

The presence of atomically dispersed Pt species can also detected via CO-DRIFTS spectroscopy.
As shown in Figure 31, the fresh catalyst contains both Pt nanoparticles as well as atomically dispersed
Pt species. After being used, the peak corresponding to atomically dispersed Pt becomes more
prominent. Pt L3-edge X-ray Absorption Fine Structure (XAFS) spectroscopy studies were performed.
While Pt particles dominate the Extended X-ray Absorption Fine Structure (EXAFS) results (Figure
S16, Table S4) and the detection of Pt-Pt bonds were inevitable, a clear presence of Pt-O bonds was
also observed. This is consistent with other direct evidence of atomically dispersed Pt species, such as
CO-DRIFTS and electron microscopy results. The amount of atomically dispersed Pt species in the
catalysts can be estimated using X-ray Absorption Near Edge Structure (XANES) through linear least
squares fitting with reference spectra of metallic Pt foil and a previously reported single-atom catalyst,
0.2Pt/m-A1,03-0, (Figure S17). The fitting results (Figures 3J and S18) revealed that ~45% of the
Pt in the fresh 0.5Pt/10ZrAl catalyst was atomically dispersed. This fraction decreased to

8
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approximately 20% in the 0.5Pt/10ZrAl-usedx1 catalyst. Additional usage in HT-CAC did not further
change this fraction significantly, as about 22% of Pt in the 0.5Pt/10ZrAl-usedx1-10h catalyst were
atomically dispersed. These results suggest that the quantity of atomically dispersed Pt stabilises after
the first HT-CAC cycle, highlighting the durability of these atomically dispersed Pt sites during the
process.

Integrating evidence from STEM, BET, CO-DRIFTS, and XAFS analyses, we conclude that the
0.5Pt/10ZrAl catalyst contains both atomically dispersed Pt species and relatively large Pt particles.
No small nanoparticles were observed in the 0.5Pt/10ZrAl-usedx1 catalyst, these particles likely
agglomerated significantly during HT-CAC at 1100°C. This extensive agglomeration makes them
difficult to detect using high-resolution TEM and suggests that they contribute minimally to the surface
area and catalytic activity. In other words, the activated 0.5Pt/10ZrAl catalyst can be considered a
single-atom catalyst, despite having large Pt particles as spectators. The excellent catalytic activity
towards ammonia (i.e., Too < 250°C), further suggests that the low-temperature regime is primarily due
to the atomically dispersed Pt species. In the high-temperature regime, the improvement in N»
selectivity observed after the HT-CAC cycle is likely associated with the agglomeration of Pt particles,
as large Pt particles or bulk Pt are known to promote NO formation during processes such as the
Ostwald process.>

To verify the hypothesis that atomically dispersed Pt species are the key active and selective sites
in HT-CAC, we prepared several model catalysts. One such reference catalyst, 0.5Pt/AlO3;, was
prepared using the same method as 0.5Pt/10ZrAl, except without adding Zr. Analysis of this catalyst
revealed the presence of both atomically dispersed Pt species and small nanoparticles, as confirmed
by in situ CO-DRIFTS spectra (Figure S19), STEM-HAADF images (Figure S20), and STEM-XEDS
results (Figure S21). As shown in Table S1 and Figure S22, the 0.5Pt/Al>O; catalyst also exhibited
an activation effect after the first HT-CAC run, consistent with the behaviour observed for the
0.5Pt/10ZrAl catalyst.

Next, we attempted to selectively remove metallic Pt species (i.e., Pt particles) from the
0.5Pt/10ZrAl-usedx1 catalyst using a sodium cyanide (NaCN) leaching method.®>® are the primary
active sites while Pt particles act as spectators, minimal changes in catalytic performance would be
expected after leaching. This hypothesis was validated experimentally. After treatment with a 2 wt.%
NaCN solution at 40°C for 6 hours, the resulting catalyst (0.5Pt/10ZrAl-usedx1-NaCN) exhibited a

9
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reduction in Pt loading from 0.52 wt.% to ~0.4 wt.%, as measured by ICP-OES (Table S5). Despite
this reduction, the leached catalyst maintained nearly identical low-temperature catalytic properties,
including T1o and Too, as compared to the original catalyst (Table S1, Figures 4A, 4B, and S23). CO-
DRIFTS and STEM imaging confirmed the presence of atomically dispersed Pt species after leaching
(Figures 4C-E and S24). A temporary increase in NOx emissions (~335 ppm) was observed at the
zeroth hour mark for the leached catalyst, likely caused by the formation of small Pt particles, either
due to redeposition or incomplete dissolution of larger particles during the leaching process. However,
as the reaction progressed, these small particles likely agglomerated, reducing NOyx emissions to levels
(~31 ppm) comparable to the unetched sample.

We also prepared another model catalyst, loading 0.5 wt% of Pt onto a pre-made 10ZrAl support
using an incipient wet-impregnation (IWI) method. The resultant material, labelled as IWI-
0.5Pt/10ZrAl, again exhibited a similar in situ activation behaviour to our best 0.5Pt/10ZrAl catalyst.
As shown in Figures 4F and S25, for the 2" run in HT-CAC using this model catalyst, the Too was
lowered from 435°C to 265°C, and the N> selectivity increased from about 77% to about 85%.
According to in situ CO-DRIFTS (Figure 4G), SEM-BSE (Figure S26), STEM-HAADF and XEDS
results (Figures 4F, 41 and S27), the fresh IWI-0.5Pt/10ZrAl catalyst mainly contains small Pt
nanoparticles with roughly 1-3 nm in size. However, after use in HT-CAC, atomically dispersed Pt
species were identified along with some residual Pt nanoparticles. These findings reinforce the
hypothesis that single-atom Pt sites are critical for achieving high catalytic activity (low ignition
temperature), stability, and N» selectivity at 1100°C in HT-CAC. This consistency across different
preparation methods highlights the pivotal role of atomically dispersed Pt species in optimizing HT-

CAC performance.

Understanding the in situ activation effect of the 0.5Pt/10ZrAl catalyst for HT-CAC.

The fact that in situ activation phenomena were consistently observed after the first HT-CAC run
for 0.5Pt/10ZrAl and other model catalysts presents an intriguing question: How can the high-
temperature HT-CAC process, which causes severe sintering of Pt particles and thus reduces NOy
emission sites, simultaneously enhance low-temperature catalytic activities?

Earlier we showed that the fraction of atomically dispersed Pt species, as determined by XANES
(Figure 3L), decreased from approximately 45% in the fresh 0.5Pt/10ZrAl catalyst to about 20% in

10
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the 0.5Pt/10ZrAl-usedx1 catalyst. Since the catalyst was prepared via one-pot synthesis, some Pt
species were likely trapped within the support, contributing to the XANES signal while remaining
inaccessible for catalysis. To evaluate the evolution of surface-accessible Pt sites after HT-CAC, we
conducted CO chemisorption experiments (Figure SA). The total CO adsorption per gram of catalyst
slightly decreased from ~197 uL/g for the fresh 0.5Pt/10ZrAl catalyst to ~188 pL/g for the used
0.5Pt/10ZrAl-usedx1 catalyst. Considering that both the support material®* (Figure S28) and Pt
contribute to CO chemisorption and that their surface areas differ significantly, we tested the bare
support and normalized all CO chemisorption data by their corresponding BET surface areas (Figure
S9). The results revealed that the used 0.5Pt/10ZrAl catalyst exhibited a significantly higher CO uptake
(4.8 uL/ m?) compared to the fresh catalyst (2.2 uL/m?). This strongly suggests that new adsorption
sites were created on the catalyst surface after the first HT-CAC run. According to CO-DRIFTS results
(Figure 3I), these new sites are likely atomically dispersed Pt species. Subtracting the estimated
contribution from the support, we found that the Pt dispersion increased from approximately 16% for
the fresh catalyst to about 23% for the 0.5Pt/10ZrAl-usedx1 catalyst (Table S6).

A plausible explanation for this increase of atomically dispersed species on the surface during HT-
CAC is schematically illustrated in Figure 5B. The fresh 0.5Pt/10ZrAl catalyst contains Pt
nanoparticles (NPs) and atomically dispersed Pt species, with some of the latter being embedded within
the support and inaccessible at the surface. During the first HT-CAC run, the high-temperature
conditions likely cause Pt particles and some atomically dispersed Pt species to undergo sintering,
forming larger particles. Concurrently, embedded Pt species may migrate to the surface, replenishing
and possibly increasing the population of surface-accessible active Pt atoms. Additional HT-CAC runs
did not further enhance low-temperature activity, likely because the catalyst structure stabilises after
the first cycle and any available embedded Pt atoms are depleted. This aligns well with observations
in co-precipitated catalysts, where embedded metal species migrate outward during high-temperature
treatments.>> Consistent with this picture, the total amount of atomically dispersed Pt species (~20%)
in the 0.5Pt/10ZrAl-usedx1 catalyst, obtained from XANES, matches well with its Pt dispersion
(~23%), estimated from CO chemisorption. This indicates that minimal embedded Pt species remain
within the catalyst support after the first HT-CAC run. Another possible route for generating isolated
Pt sites is the redispersion of Pt particles. At the high-reaction temperature, mobile Pt species could be
trapped by surface defects on the support, thus creating additional atomically dispersed Pt species, as

11
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previously reported.’*->® This mechanism could also explain why similar in situ activation behaviour
was observed for the impregnated sample (IWI-0.5Pt/10ZrAl), where the pre-formed support should
not contain a significant amount of embedded Pt species.

The nature of the active sites on the fresh and used catalysts was investigated using O>-TPD, with
the results scaled according to the BET surface area of the fresh 0.5Pt/10ZrAl and 0.5Pt/10ZrAl-usedx 1
catalysts (Figure 5C). Both catalysts exhibited similar O>-TPD profiles,>*! with a peak around 230°C
corresponding to surface chemisorbed oxygen and a broad peak around 450°C likely associated with
adsorbed oxygen related to oxygen vacancies on the support. At the low-temperature regime where the
in situ activation phenomenon was observed, the two catalysts displayed very similar oxygen
activation capabilities.

NH3-DRIFTS was also carried out to investigate the reaction mechanism at the low-temperature
regime. Compared to the bare support 10ZrAl-usedx1, both fresh and used 0.5Pt/10ZrAl materials
exhibited enhanced NH3 absorption, evident in stronger IR bands corresponding to NH3 on Lewis- and
Bronsted-acid sites (Figure $29).%°% Fresh 0.5Pt/10ZrAl displayed stronger NH3 absorption peaks,
probably due to its higher surface area compared to 0.5Pt/10ZrAl-usedx1. Oz was introduced at 220°C,
close to the Tio, for both fresh (236°C) and used (210°C) 0.5Pt/10ZrAl catalysts. As shown in Figures
5D, SE, S30 for fresh 0.5Pt/10ZrAl, NH3 species on Lewis acid sites dropped after 30 mins indicating

the oxidation reaction took place. New IR features®”*

appeared on both catalysts, corresponding to
intermediates such as -NH; (ca. 1349 cm™ and 1556 cm™), -NH (ca. 1445 cm™), and -HNO (ca. 1520
cm™ and 1882 cm™), consistent with the imide mechanism previously reported for NH; selective
catalytic oxidation (NH3-SCO) on Pt/ALOs and similar catalysts.®> At Tjo (~215°C) and 2 vol.% NHs,
the 0.5Pt/10ZrAl-usedx1 catalyst exhibited a reaction rate of ~1.2 - 10" mInusmolpc'h™!. This is nearly
identical to the previous study by Fudong Liu® and colleagues on Pt single atoms on Al,Os, where
they recorded a rate of ~2.0 - 10> mlnuzmolp'h™! at T (~210°C) with 0.05 vol.% NH3 (500 ppm),
considering NH3 oxidation in dilute NH3 and O> can be treated as a first-order reaction to the
concentration of NH3.%

In summary, these experimental results indicate that the in situ activation phenomenon is mainly
associated with an increase in the number of accessible single-atom Pt sites on the surface. This also
reinforces our previous argument that those single-atom Pt species are the active sites for HT-CAC.
The behaviours of these single-atom Pt sites on the 10ZrAl support were found to be consistent

12
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compared to previous reports.®

CONCLUSIONS AND PERSPECTIVES

This study demonstrated that the 0.5Pt/10ZrAl catalyst effectively facilitates the HT-CAC process
at 1100°C. The catalyst successfully ignited a dilute (2% NHs) and fuel-lean (A = 1.5) NHs-air mixture
with a low ignition temperature of just above 200°C. At 1100°C, the catalyst exhibited excellent
stability and effective NOx emission control (~50 ppm) without detectable NHs slip, confirming the
feasibility of HT-CAC as a challenging but achievable reaction.

Detailed characterizations and model catalyst investigations revealed that atomically dispersed Pt
species are the active sites for HT-CAC. At low temperatures, these single-atom Pt sites follow the
imide mechanism for NH3z oxidation, behaving consistently with previous reports and achieving
comparable reaction rates. At high temperatures, significant contributions from homogeneous
reactions are expected, presenting challenges for a molecular-level understanding of catalytic
contributions under extreme conditions. Novel tools and methodologies will likely be required to
address these challenges.

From a practical standpoint, a NHz-based energy infrastructure does not yet exist, and NH3 is still
produced as a chemical rather than a fuel. The cost of the NH; fuel and the equipment, as well as safety
considerations, have limited the scale of the current study both in space and time. Nevertheless, the
0.5Pt/10ZrAl catalyst demonstrated good potential to be scaled up. The catalyst achieved 100% NH3
conversion at W/F=1x10" g min/ml, translating to a gas hourly space velocity (GHSV) of 11,000 h!
in our packed-bed reactor. This is approaching the condition used in relevant processes that have
already been scaled up. For instance, the commercial volatile organic compound (VOC) combustion
catalyst usually contains 1-2 wt. % supported noble metal and was operated at dilute fuel concentration
(e.g., <1vo0l.% VOC) a GSHV around 10000-20000 h™! in a monolithic reactor.%®

Another example is the catalytic flow reversal reactors (FRR) that are used for heat recovery in

ventilation air methane (VAM) combustion. Kucharczyk et al.%’

obtained the activity data of various
palladium catalysts for VAM combustion in a large laboratory scale (20-30 m® h™! gas flow with 0.4-
0.9 vol. % CHay) at first and then chose Pd/monolithic and Pd/Al,O; catalysts for a medium-sized
catalytic FRR (length: 2.1 m, inner diameter: 0.66 m) test. This catalytic FRR can be autothermal when
ventilation air flow rate at 3000-3500 m> h™! and 0.5-0.6 vol. % CH4 (GHSV= 5850 h™!). Gosiewski et
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al.” later conducted the VAM combustion test in a medium-sized thermal FRR plant with a VAM flow
rate of 400 m>stp/h, and the reaction reached about 1100°C, and the temperature of the withdrawn hot
gas reached 950°C. The reaction is non-catalytic partially because no suitable high-temperature
combustion catalyst was developed or identified. Drawing parallels between VAM combustion and
HT-CAC, and leveraging the demonstrated high-temperature stability of the 0.5Pt/10ZrAl catalyst, we

deduce that HT-CAC has strong potential for scale-up under autothermal conditions.

EXPERIMENTAL PROCEDURES

Materials synthesis

The synthesis of 10ZrAl (10%Zr0O2-Al203). Firstly, adding 2g aluminium nitride (AIN, Sigma
Aldrich, CAS: 24304-00-5), 0.216g zirconyl nitrate (ZrO(NO3)2-xH20, Sigma Aldrich, CAS: 14985-
18-3) and 40ml deionised water into the beaker, then stirred at room temperature for one hour and
heated to 80°C until getting the dry mixture. Secondary, calcining the collected sample to 550°C by
5°C/min (BEQ, BTF-1200C-S) for 30min in air to get 10%ZrOx-AlOy oxides. Finally, calcining
10%ZrOx-AlOy at 1000°C (BEQ, BTF-1200C-S) by 5°C/min for 4 hours in air to get a fresh 10%ZrO»-
ALOs3 product.

The synthesis of Al2O3. The Al-Os support material was prepared by directly calcining AIN in air.
Initially, the AIN was calcined at 550°C for 30 minutes, followed by cooling to room temperature.
Subsequently, the samples were further calcined at 1000°C using a heating rate of 5°C/min and held

at this temperature for four hours in air.

The synthesis of ZrQ:. The ZrO: material was prepared by directly calcining ZrO(NOs)2-xH2O 1n air.
Initially, the precursor was calcined at 550°C for 30 minutes, followed by cooling to room temperature.
The samples were then calcined at 1000°C using a heating rate of 5°C/min and held at this temperature

for four hours in air.

The synthesis of 0.5Pt/10ZrAl (0.5%Pt/10%Zr02-Al203) by one-pot way. Firstly, adding 2g AIN,
0.216g ZrO(NO3)2-xH20, 0.5 wt. % Pt (H2PtCls-6H2O, Sigma Aldrich, CAS: 18497-13-7) and 40ml
deionised water into the beaker, then stirred at room temperature for one hour and heated to 80°C until
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getting the dry mixture. Secondary, calcining the collected sample to 550°C by 5°C/min for 30min in
air to get 0.5%Pt/10%ZrOx-AlOy oxides. Finally, calcining 10%ZrOx-AlOy at 1000°C by 5°C/min for
4h in air to get fresh 0.5Pt/10ZrAl product.

The synthesis of model catalyst of IWI-0.5Pt/10ZrAl. Directly adding 0.5 wt. % Pt (H2PtCls-6H>0)
according to the mass of as-prepared 10%ZrO>-Al.O3 powder, and then stirring at room temperature
for 1h and heated to 80°C until getting the dry mixture. This is followed by calcining 10%ZrOx-AlOy
at 400°C by 5°C/min for two hours in air to get fresh IWI-0.5Pt/10ZrAl catalyst.

The NaCN etching treatment. Adding a certain amount of sodium cyanide (NaCN, 2 wt.%) to NaOH
solution with a pH of 12, then adding the sample. Heating while stirring to 40°C and maintaining for
6 hours. Washing the sample with NaOH solution and deionised water for several times by

centrifugation, and finally drying at 80°C overnight.

The HT-CAC reaction tests

The catalytic performance evaluation system shown in Figure S1 mainly includes the high temperature
furnace (GSL-1700X-VT@60), calibrated mass flowrate controller (MFC, Sevenstar, D07-7D), and the
mass spectrometer (MS, Hidden Analytical, HPR-20 R&D), using a 7 mm inner and 12 mm outer
diameter corundum tube. The MS was used to detect the gas concentration before and after the reaction.
Before the NH3 catalytic combustion reaction, 200 mg catalysts and about 1000 mg quartz sand (50-
70 mesh, Sigma Aldrich) were mixed evenly and then put into the quartz tube. The temperature rising
rate during reaction is fixed at 10°C/min, and the furnace is kept at constant temperature for 10 minutes

at 200, 300, 500, 700, 900, 1100°C, respectively.

Test condition 1: 2 vol.% NH3 (Air liquid, 99.9995%), 3 vol.% Oz by 10%0-/Ar (Air liquid, >99.9%)),
while using pure Ar (Air liquid) as the balance gas. The total gas flow rate was 100 mL min-! to
meet a W/Fotal of 2x10° g minmr!, GHSV = 5500 h-l. Note: GHSV in this work was calculated by
the total flowrate divides the volume of catalysts bed (about 1.1ml), including the catalyst and sand.
In this condition, the NH3 conversion (A) was calculated at the temperature range of 200-1100 °C,
which was calculated by Eq. (1):
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A=(Cin-Cout)/Cin *100% (1)
where Cin and Coy¢ refer to the NH3 concentration of the inlet and outlet, respectively.
The final N selectivity is calculated by Eq. (2):

N selectivity = Cn2/(Cn2+CrnotCni2o) *¥100% (2)
C is the concentration of the gas in the total flow.
While the final NOx emissions (ppm) are calculated by Eq. (3):

NOy emissions= (CN0+CN20)/ (CN2+CN0+CN20+C Ar+C02+CNH3+CH20) (3)

Test condition 2: 2 vol.% NH3 (Leeden NOx, 99.9995%), 3 vol.% O by compressed air (Air liquid),
while using pure N> (Air liquid) as the balance gas. The total gas flow rate was 100 mL min! to meet

a W/Fotal of 2x10 g minmr!, GHSV = 5500 hl.

Test condition 3: 2 vol.% NH3 (Leeden NOx, 99.9995%), 3 vol.% O by compressed air (Air liquid),
while using pure N> (Air liquid) as the balance gas. The total gas flow rate was 200 mL min™! to meet
a W/Fotal of 1x10° g minm!, GHSV = 11000 h-'.
The NHj3 conversion (L) was calculated at the temperature range of 200-1100°C, which was calculated
by Eq. (4):

A=(Cin-Cout)/Cin x100% @))
where Ciy and Cou refer to the NH3 concentration of the inlet and outlet, respectively.
In this case, because the N is the balance gas (~95 vol. % N2 in total) for the reaction, while the N>
also is the production from the HT-CAC reaction, thus the accurate N selectivity in test conditions 2
and 3 were hard to get.
While the final NOx emissions (ppm) are calculated by Eq. (5):

NOx emissions= (CnotCn20)/(CnatCnotCn20tCartCoatCruz+Ch20) (5)

Catalyst Characterizations
The crystal structure was investigated using X-ray diffraction (XRD) with a Bruker D8 advance

instrument. The range of 20 was from 10° to 90°.

The element content was analyzed using inductively coupled plasma optical emission spectroscopy
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(ICP-OES) with a Perkin Elmer Avio 500 instrument. Solid samples were digested with a mixture of
HCI, HNO3 and HF.

The surface morphology of the 10%Zr0O>;-Al>20; and Al2O3 samples was characterized using scanning

electron microscopy (SEM) with a Zeiss Sigma 300 instrument.

The morphology and elemental mapping of these catalysts were investigated using aberration-
corrected scanning transmission electron microscopy (AC-STEM). This was conducted on a JEOL
ARM 200CF operating at 200 kV at the National University of Singapore, which is equipped with
Oxford Instruments X-ray energy-dispersive spectrometer, and a Thermo Fisher Themis Z operating
at 300 kV at East China University of Science and Technology, equipped with four in-column Super-
X detectors. To confirm the existence of Pt atoms within these catalysts, transmission electron
microscopy (TEM) bright field (BF) imaging, STEM high-angle annular dark-field (HAADF) imaging,
and corresponding X-ray energy-dispersive spectroscopy (X-EDS) analysis were performed using a
JEOL JEM-2800 microscope operating at 200 kV. This microscope is equipped with a JEOL EDS
detection system featuring 100 mm? Silicon Drift Detectors (SDDs) with a collection angle of
approximately 0.95 steradians. Gaussian peak fitting was employed to differentiate between the Pt L

and Au L peaks, while the background intensity was determined through linear fitting.

The BET specific surface areas and N> adsorption isotherms were determined using a Micromeritics 3

Flex adsorption analyzer after degassing the sample for 12 hours at 200°C in No.

The in situ CO-DRIFTS was conducted using a Nicolep iS50 instrument. The sample was reduced at
300°C for 60 minutes by 5 vol.% H2/N; at first, and then cooled down to 30°C to obtain the background
spectrum in Ar. Following the spectrum was collected when the 5 vol.% CO/N; was opened, finally
changed to Ar after adsorption CO for 15min. All the spectra were recorded by accumulating 64 scans

at a resolution of 4 cm™'.

The X-ray Absorption Fine Structure (XAFS) study was carried out at the Singapore Synchrotron Light
Source (SSLS). Spectra were collected at the Pt L3 edge (11564 eV). Data were collected in the
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transmission mode. In a typical experiment, about 150 mg of catalysts were pelletized. Several scans
were acquired to increase the signal-to-noise ratio and ensure reproducibility of data. Pt foil and PtO>
were used as references. Data analysis was done on Athena and Artemis software developed by B.
Ravel and M. Newville.”" After appropriate background subtraction, data ranges were assessed based
on the quality of data generally for k = 1.6-12.4 A"! and for R = 1.7-3.2 A. The fitting results are given
in Table S4.

The CO titration for Pt dispersions using an Autosorb IQ-C-AG (1 Stat.) EPDM instrument. The
sample was reduced at 300°C for 60 minutes by 5 vol.% H2/N: at first, and then cooled down to 50°C

to start CO titration procedures (27.7 uL per cycles, 6-10 cycles to saturate).

The Oz temperature-programmed desorption (O2-TPD) experiments were conducted using an Autosorb
IQ-C-AG (1 Stat.) EPDM instrument. Each sample was pretreated at 350°C for 60 minutes under a
helium atmosphere to remove impurities, then cooled to 50°C. Subsequently, 10% O> was adsorbed
onto the sample for 30 minutes. Following a 60-minute helium purge to eliminate any unadsorbed
species, the final measurements were recorded over a temperature range of 50 to 800°C, with a heating

rate of 10°C/min.

The in situ NH3-DRIFTS at 220°C was conducted using a Nicolep iS50 instrument. The sample was
treated at 300°C for 60 minutes by 20ml/min Ar to remove surface impurities at first, and then cooled
down to 220°C to obtain the background spectrum in Ar. Following the 2 vol.% NH3/Ar (100ml/min)
flowed into the sample holder for 30min and changed to 20ml/min Ar for another 30min. Finally, the
3 vol.% O2/Ar (100ml/min) was introduced to get the final data at 220°C for 30min. All the spectra

were recorded by accumulating 64 scans at a resolution of 4 cm™.

SUPPLEMENTAL INFORMATION

Please see in Supplementary Information.
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Figure 1. Schematic comparison of the HT-CAC with existing main approaches for NH3
combustion. Existing technologies include (A) co-firing NH3 with conventional fossil fuels in high-
temperature flame combustion, providing high-quality energy but resulting in CO2 and NOx emissions.;
(B) NHj3 catalytic combustion that can achieve low NOx emissions either at relatively low reaction
temperatures (e.g., 600°C) or under undesired fuel-rich conditions. (C) This work introduces high-
temperature catalytic NH3 combustion (HT-CAC) enabled by single-atom catalysts (with large particle
spectators). HT-CAC can selectively convert NH3 and air to N2 and H>O under fuel-lean conditions
and at temperatures above 1000°C, ensuring high-quality heat generation while minimizing NOx

pollution.
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Figure 2. HT-CAC performance of 0.5Pt/10ZrAl. (A) NH3 combustion light-off curves for various
catalysts, including fresh 0.5Pt/10ZrAl, 0.5Pt/10ZrAl-usedx1, bare 10ZrAl, 10ZrAl-usedx1, sand only,
and an empty tube. (B) NOx emissions measured at 1100°C nominal temperature (at the 0-hour mark)
and after stabilization (at the 1-hour mark). Error bars indicate standard deviations from three
independant tests. A more complete set of data can be found in Table S1. (C) Light-oft curves of
0.5Pt/10ZrAl-usedx1 during consecutive 10-hour tests; feed gas was switched to Ar between runs. (D)
NOx emissions during each 10-hour test cycle. Reaction conditions for (A—D): 2 vol.% NH3, 3 vol.%
0., Ar balance, 100 mL/min flow rate, W/F = 2 x 102 g-min/mL, GHSV = 5500 h"!. (E-F) HT-CAC
performance with N> as the balancing gas. (E) NH3 conversions at 1100°C for 0.5Pt/10ZrAl-usedx]1
under standard (W/F = 2 x 10~ g:-min/mL) and high flow rate (W/F = 1 x 10~ g-min/mL) conditions,
compared to 10ZrAl-usedx1, sand only, and an empty tube. (F) NOx emissions and NH; conversions
at 1100°C after 1 hour of reaction (Table S2). Reaction conditions for (E-F): 2 vol.% NHs, 15 vol.%
air, N> balance; flow rates of 100 mL/min (GHSV = 5500 h') and 200 mL/min (GHSV = 11,000 h™).
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Figure 3. Characterization the 0.5Pt/10ZrAl catalyst before and after HT-CAC. (A, B) STEM-
HAADF images of the 0.5Pt/10ZrAl-usedx1 catalyst. (C) STEM-XEDS mapping. (D-H)
Representative TEM image and the corresponding STEM-XED spectra. Additional images and X-EDS
maps of the fresh 0.5Pt/10ZrAl catalyst can be found in Figure S12. Full X-EDS spectra for (E, F) are
displayed in Figure S14. Additional STEM-HAADF images after 80-hour stability testing are in
Figure S19. (I) CO-DRIFTS spectra of 0.5Pt/10ZrAl, 0.5Pt/10ZrAl-usedx1 and 0.5Pt/10ZrAl-usedx1-
10h after in situ heat treatment in 5 vol.% H2/N> at 300°C for 60 minutes. (J, K) XANES spectra of
fresh and used catalysts with reference Pt foil and a magnified region. (L) The fraction of isolated Pt
atom estimated from fitting XANES curves (detailed in Figure S18), using spectra from reference

samples of Pt single atoms (Figure S17) and Pt foil.

27



OCoO~NOUITAWNE

Q100 oo . . N N Q — 0.5PY/10ZrAl-usedx1 R 0.5Pt/10ZrAl-usedx1 | € 0.5Pt/10ZrAl-usedx1-NaCN
A A 0.5PY10ZrAl-usedx1 ) P
Ik ® 0.5Pt/10ZrAl-usedx1-NaCN g [ 0.001 Ptatoms
g bos 100 | @ | ™\ 2106 cm”
s 2 o (o] o> ;\5 % i
% 601 @] x| = \
) > - = T
2 805 L oo =
8 40/ 8 8| 3 — 0.5Pt/10ZrAl-usedx1-NaCN
b B 2] Bt afes
I = < - Pt atoms
z a Z| 2 || 000t I
20 04 . 98 [ ‘I 2107 cm
2 o5py10ZrAlusedxl \ i £ i
0.5Pt/10ZrAl-usedx ’! - v | A
0 v I [V
200 400 600 800 1000 1200 2300 2200 2100 2000 190
f Temperature (C) g Wavenumber (cm-')
0 e iendeneN | < — IWI-0.5PY10ZrAl
1 b 3 Pt NPs
80 ,’ ,/ :-; | 0.02 A
9 | @ 1\ 2071 cm™
S 19 ¢ 5 .
S 607 ! £ !
4 | 1 L
2 [
g 40l ~ ~— IWI-0.5Pt/10ZrAl-usedx1
[8) b 2 Pt NPs
o ] ! <
2 l| | e wosPyi0ziA Z | 0001 Pratoms /) ;50 e
y 1 © IWI-0.5PY10ZrAl-usedx1 g ] :
: 1, E 2113 cm ‘: i
0 d\‘ hd |

200 400 600 800 1000 12002300 2200 2100 2000 1900
Temperature ('C) Wavenumber (cm™)

Figure 4. Catalytic performance and structural characterization of model catalysts. (A) Ammonia
combustion light-off curves for 0.5Pt/10ZrAl-used x1 before and after 40°C etching in 2 wt.% NaCN
solution for 6 hours. (B) Pt weight percent (wt.%) and N2 selectivity of 0.5Pt/10ZrAl-used x1 before
and after etching (1-hour mark at 1100°C). Additional N selectivity data is in Figure S23. Reaction
conditions: 2 vol.% NH3, 3 vol.% Oz, Ar balance, 100 mL/min, W/F = 2 x 10~ g-min/mL, GHSV =
5500 h!. (C) CO-DRIFTS spectra of 0.5Pt/10ZrAl-usedx1 before and after NaCN etching, recorded
after in situ heat treatment in 5 vol.% H>/N» at 300°C. (D, E) STEM-HAADF images of 0.5Pt/10ZrAl-
usedx1 before (D) and after (E) etching. Additional images are in Figure S24. (F) Ammonia
combustion light-off curves for IWI-0.5Pt/10ZrAl and IWI-0.5Pt/10ZrAl-usedx1. Corresponding N2
selectivity is in Table S1. (G) CO-DRIFTS spectra of IWI-0.5Pt/10ZrAl and IWI-0.5Pt/10ZrAl-usedx1
after in situ heat treatment with 5 vol. % H2/N; at 300°C for 60 minutes. (H) STEM-HAADF image
of IWI-0.5Pt/10ZrAl with small Pt nanoparticles highlighted (yellow arrows). (I, J) STEM-HAADF
image of IWI-0.5Pt/10ZrAl after HT-CAC, with (J) showing a magnified region from (I).
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Figure 5. Investigating the in situ activation effect of the 0.5Pt/10ZrAl catalyst for HT-CAC. (A)
CO adsorption volume (uL) and CO adsorption normalized by BET surface area (uL/(m?-g)) from CO
pulse titration tests of 0.5Pt/10ZrAl materials at 50°C. CO titration was conducted after reduction at
300°C for 60 minutes in 5 vol.% H2/N2, followed by cooling to 50°C for titration cycles. (B) Schematic
representation of the possible evolution of 0.5Pt/10ZrAl during the 1% run of HT-CAC. (C) O,-TPD
profiles of 0.5Pt/10ZrAl and 0.5Pt/10ZrAl-usedx1 (D, E) In situ NH3-DRIFTS spectra showing the
reactivity of adsorbed NHj3 species with 3 vol.% O2/Ar at 220°C for (D) fresh 0.5Pt/10ZrAl and (E)
0.5Pt/10ZrAl-usedx1 catalysts. Additional details can be found in Figures S29 and S30. The NH3-

absorption bands on B-acid sites and L-acid sites, as well as IR features for intermediates are

highlighted, according to the literature.
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Table S1. HT-CAC performance in Ar balance. Reaction conditions: 2 vol.% NH3, 3 vol.% O», Ar

balance, in total 100 mL/min, W/Fota= 2x10 (g min)/ml, GHSV= 5500 h™..

Activity NH; Selectivity (%) at NOx NOx
(°0C) conversion  1100°C at the Oh mark  emissions at ~ emissions at
Entry Samples at 1100°C 1100°C at 1100°C at
Tio  Too at the Oh N, N>O NO the Oh mark  the 1h mark
mark (%) (ppm) (ppm)
1 AlLO3 490 570 100 98.56 0.00 1.44 ~138 ~14
2 Zr0O; 500 675 100 99.20 044 0.36 ~82 ~75
3 Sand 540 870 100 99.09 032  0.59 ~80 ~58
4 Empty tube 600 880 100 98.89 037 074 ~104 ~59
10ZrAl (10%ZrO»-
5 470 600 100 99.64 0.19 0.18 ~35 ~33
AlO3)
6 10ZrAl-used x1 500 670 100 99.67 0.09 0.24 ~30 ~26
7 0.5Pt/10ZrAl 236 284 100 79.28 0.00 20.72 ~2153 ~29
8 0.5Pt/10ZrAl-usedxl 210 215 100 99.66 0.17 0.17 ~34 ~28
9 0.5Pt/10ZrAl-usedx2 212 216 100 - - - - -
10 0.5Pt/AL,O; 246 296 100 56.22 0.30 43.49 ~5141 ~47
11 0.5Pt/Al,O3-usedx1 234 240 100 90.42 024 934 ~93 ~43
12 0.5Pt/10ZrAl-usedx1- 200 219 100 9698 0.14  2.89 ~335 ~31
NaCN
13 IWI-0.5Pt/10ZrAl 310 435 100 7726  0.00 22.74 ~2402 ~2844
14 IWI-0.5Pt/10ZrAl- 230 270 100 84.57 0.10 1533 ~1582 ~455

usedx1

Note: NH3 conversion, selectivity, and NOx emissions at 1100°C represent average values derived from

data collected at two specific time intervals: the 0-hour mark (minutes 0-10) and the 1-hour mark

(minutes 55-65). The 0-hour mark indicates the furnace has just reached the nominal temperature of

1100°C, while the 1-hour mark reflects conditions after maintaining 1100°C for approximately one

hour.



Table S2. HT-CAC performance in N> balance, and different flow rates

Activity (°C NO«x
ctivity (°C) NH; NO, NH;
emissions
conversion  emissions at  conversion
at 1100°C
Entry Samples at 1100°C at 1100°C at at 1100°C at Reaction conditions
at the 1-
Tio Too the 0-hour the 0-hour the 1-hour
hour mark
mark (%) mark (ppm) mark (%)
(ppm)
1 0.5Pt/10ZrAl 300 500 100 ~33 100 ~25
0.5Pt/10ZrAl- 2 vol. % NHs
2 300 830 100 ~40 100 ~34
usedx1 15 vol. % Air
10ZrAl ( 10%ZrO»- N> balance
3 500 1050 100 ~31 100 ~12
ALO3) 100ml/min in total
4 10ZrAl-usedx1 500 1070 100 ~20 100 ~12 W/Ftotar= 2x1073 (g
5 Sand 480 - 86.4 ~42 86.0 ~38 min)/ml)
GHSV=5500 h!
6 Empty tube 600 1060 85.2 ~52 834 ~50
7 0.5Pt/10ZrAl 300 980 99.6 ~26 100 ~13
0.5Pt/10ZrAl- 2 vol. % NHs
8 200 840 100 ~24 100 ~19
usedx1 15 vol. % Air
10ZrAl (1 0%ZrOa2- N> balance
9 495 995 97.0 ~13 100 <10
ALO3) 200ml/min in total
10 10ZrAl-usedx1 448 - 87.9 ~15 90.7 <10 W/Ftota= 1x1073 (g
11 Sand 500 - 85.6 <10 82.8 <10 min)/ml)
GHSV=11000 h!
12 Empty tube 525 - 84.1 ~51 82.5 ~50

Note: NHj3 conversion, selectivity, and NOx emissions at 1100°C represent average values derived from
data collected at two specific time intervals: the 0-hour mark (minutes 0-10) and the 1-hour mark
(minutes 55-65). The 0-hour mark indicates the furnace has just reached the nominal temperature of
1100°C, while the 1-hour mark reflects conditions after maintaining 1100°C for approximately one

hour.



Table S3. ICP-OES results of Hf content in ZrO(NO3)2- xH>O and 0.5Pt/10ZrAl materials.

Sample Zr precursor Hf content
ZrO(NO3)2 - xH20-S Sigma, 99% 0.51%
0.5Pt/10ZrAl-S Sigma, 99% 0.14%
ZrO(NO3)2 - xH20-A Aladdin, 99.5% 0.49%
0.5Pt/10ZrAl-A Aladdin, 99.5% 0.11%

Note: The Zr precursor in 0.5Pt/10ZrAl-S was denoted as ZrO(NOs3)2-xH20-S (Sigma, 99%), while
the ZrO; precursor in 0.5Pt/10ZrAl-A was denoted as ZrO(NO3), - xH20-A (Aladdin, 99.5%).



Table S4. Summary of the EXAFS fitting of Pt Ls-edge of 0.5Pt/10ZrAl related materials.

Sample Npt-pt Rpept o%pept Npi-o Rpio o’po R factor

0.5Pt/10ZrAl 12.3£1.3  2.752+0.005 0.0043 1.6+0.6 1.86+0.04 0.0043 0.0074

0SPULOZIAL 1) 1416 2.756£0.007 0.0037  1.0:0.7  1.95:0.07 0.0037 0.0139
usedx 1
0.5Pt/10ZrAl-

11.5£1.6  2.767+0.006 0.0036 0.94+0.6 1.94+0.08 0.0036 0.0126
usedx1-10h




Table S5. Pt contents in different catalysts and their corresponding Too in HT-CAC.

Loss of Pt (%) Atomically dispersed
Sample determined from Pt (%) determined Too
ICP-OES from XANES
0.5Pt/10ZrAl - 45 284°C
0.5Pt/10ZrAl-usedx1 - 20 215°C
0.5Pt/10ZrAl-usedx1-NaCN 23.1 - 219°C
0.5Pt/10ZrAl-usedx1-10h - 22 225°C




Table S6. The Pt dispersion estimated from CO Chemisorption.

Amount of Volume of
catalysts  Volume  the Adsorption Calculated Pt
Materials used for of the adsorbed stoichiometr m Dispersion
CO adsorbed CO (ul) on for Pt-CO Y (g/mol) wt.% % )p
chemisorpti CO (ul) Pt ' °
on (g)
10ZrAl 0.11 11.33 -
0.5Pt/10ZrAl 0.11 21.67 10.33 1:1 195.08 0.5 16%
10ZrAl-usedx1 0.11 6.17 -
0.5PUT0ZrAl- 0.11 20.67 14.50 1:1 195.08 0.5 23%

usedx1
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Figure S1. Possible reaction network of NH3; combustion. Adopted from the J. A. Miller, M. D.
Smooke, R. M. Green, R. J. Kee, Kinetic Modeling of the Oxidation of Ammonia in Flames. Combust.
Sci. Technol. 34, 149-176 (1983).
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Figure S2. (A) Schematic experimental setup of the reaction system. (B) Schematic of the temperature

measurement setup in the laboratory. (C) Comparison of temperatures between the furnace and the

catalyst bed under test conditions: sand, 3 mL/min Oz, 97 mL/min Ar, and a heating rate of 1°C/min.

(D) Temperature measured at the top surface of the catalyst bed as a function of time after the furnace

reaches its nominal temperature of 1100°C. The top surface of the catalyst bed stabilizes at

approximately 1095°C after about 30 minutes. Test conditions: sand, O> 3 ml/min, Ar 97 ml/min.
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Figure S3. Results of the initial 10-hour stability test for the 0.5Pt/10ZrAl-used x1 material. The left
panel presents the light-off curve for its 2" HT-CAC run, following a prior single use. The reaction
was maintained at the target temperature of 1100°C for 10 hours, achieving 100% NH3 conversion and
low NOy emissions (inlet in the mid-panel) during the extended HT-CAC test. Afterwards, the catalyst
was cooled to room temperature before initiating a 3 HT-CAC run, with its light-off curve shown in
the right panel. Typical reaction conditions: 2 vol.% NH3, 3 vol.% Oz, Ar balance, total flow rate of
100 mL/min, W/Fw =2 * 10 (g'min)/mL, GHSV = 15,000 h'. The reaction temperature was ramped

from room temperature to 1100°C and held for 4 hours (unless otherwise specified) at 1100°C under

reaction conditions. Detailed information on the HT-CAC test and reaction data is provided in

Supplementary Information Table S1.



Q
oy

100 100-
2
80 P 80- -~
_— ra - — - 4_ -
® ey ® o .
5§ 60 ? 5 601 7
@ ' @ /
(] / O /
> ” > //
S 40 / ® 0.5Pt/10ZrAl S 401 /@ 0.5Pt/10ZrAl
© /@ 0.5Pt10ZrAl-usedx1 | ©, /€ 0.5Pt10ZrAl-usedx1
Z /e 10zl z ) 10ZrAl
201 4 10ZrAl-usedx1 20 - 10ZrAl-usedx
)/ Sand L Sand
0ls 4”.'”‘ . 4*Em;I)ty tube | NE o | | 4*Em;?ty tube |
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Temperature (°C) Temperature (°C)

Figure S4. Light-off curves of 0.5Pt/10ZrAl, 0.5Pt/10ZrAl-usedx1, 10ZrAl, 10ZrAl-usedx1, sand, and
empty tube in different conditions. (A) 2 vol.% NH3, 15 vol.% air, N> balance, in total 100 mL/min,
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mL/min, W/Fw= 1x107 (g min)/ml, GHSV= 11000 h™'.
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Figure SS. (A) XRD patterns of 10ZrAl and ALO; (10ZrAl-1000 & Al>O3-1000), after calcined at
1050°C (10ZrAl-1050 & Al203-1050), and 1100°C (10ZrAl-1100 & Al;0O3-1100) in air for 4h,
respectively. T-ZrO; means the mixed phase of tazheranite and tetragonal ZrO», which are difficult to
distinguish (b) BET specific surface areas changes and related AlO3 XRD phases of 10ZrAl and A1>O;
after calcined at 1000, 1050, and 1100°C in air for 4h, respectively. The SEM images show the

morphology of 10ZrAl and Al>Os3 after calcined at 1100°C in air for 4h, respectively.
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Figure S6. (A) BET specific surface areas and (B) XRD patterns of fresh ZrO: (ZrO,-1000) and after
calcined at 1100°C in air for 4h (ZrO»-1100), respectively.
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Figure S7. (A-C) N2 adsorption isotherm analysis of 10ZrAl and Al,Os: (A) fresh sample, (B) after

calcined at 1050°C in air for 4h, (C) after calcined at 1100°C in air for 4h. (D) N2 adsorption

1sothermals of fresh ZrO» and after calcined at 1100°C in air for 4h.
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Figure S8. Representative STEM-HAADF images of (A) fresh 10ZrAl, (B) magnified ZrO; region in
10ZrAl, and (C) magnified AlbO3 region in 10ZrAl. Representative STEM-HAADF images of (D)
10ZrAl-usedx1, (E) magnified ZrO: region in 10ZrAl-usedx1, and (F) magnified Al>O3 region in
10ZrAl-usedx1. (G, H) The STEM-HADDF image and EDS mappings of 10ZrAl-usedx1 sample. (I)
The sum X-ED spectrum from (G) at 0-10.0 keV, and (J) the sum X-ED spectrum at 5-10.0 keV.

Detailed Hf weight ratio data can be seen in Table S3.
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Figure S9. (A) BET specific surface areas and (B) N> adsorption isotherm analysis results for the

0.5Pt/10ZrAl, 0.5Pt/10ZrAl-usedx1, 0.5Pt/10ZrAl-usedx1-4h, 0.5Pt/10ZrAl-usedx1-10h
0.5Pt/10ZrAl-usedx 1-80h, respectively.

and
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Figure S10. XRD patterns of 0.5Pt/10ZrAl, 0.5Pt/10ZrAl-usedx1, 0.5Pt/10ZrAl-usedx1-4h,
0.5Pt/10ZrAl-usedx1-10h, and 0.5Pt/10ZrAl-usedx1-80h, respectively.



Figure S11. SEM-BSE images of (A) 0.5Pt/10ZrAl and (B) 0.5Pt/10ZrAl-usedx]1.
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Figure S12. Representative STEM-HAADF images of the fresh 0.5Pt/10ZrAl catalyst (A-C), with

ZrO; particles highlighted by green dashed lines. TEM-BF images of 0.5Pt/10ZrAl are shown in (D),

along with magnified views of the ZrO»-rich region (E) and the Al;Os-rich region (F). The

corresponding STEM-XEDS mappings (G) are obtained from the region shown in (D). The summed

X-ED spectrum of the ZrO; region in (E) is displayed in (H), with a magnified view of the 9.2-10.0

keV range shown in (I). Similarly, the summed X-ED spectrum of the Al,O3 region in (F) is presented

in (J), with a magnified view in (K). The Au, Fe, and Co signals are likely systematic X-ray artefacts

from the instruments, as confirmed by control experiments on carbon support (see Figure S13).
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Figure S13. (A) STEM-HAADF image of the reference carbon region. (B) Summed X-ED spectrum
from the region shown in (A), with a magnified view of the 9.2-10.0 keV range in (C). No Pt signal

was detected in the reference carbon region, and the observed Au signal comes from the microscope.



0.5Pt/10ZrAl-usedx1: Al,O. region

2500 1
d @)
Si
2000 || | & : 2000- |
; Al
Cu
Cu
S 15001 Cu 51500
& S Cu
> p Cu > Cu
5% 50 4 %
= - < ]
£ 1000 0 4 A, \ | £ 1000 \ﬂ 04—\ ]
9.2 94 96 9.8 100 92 94 96 9.8 10'0k
1
S Energy (keV) \ 1 \
500 - Sum peak of 2Al \ 500 ‘ \
Ti Fe Co KJ\\ Cl Sum peak of 2Al l
Au WM £\ v Au
0 T T T T T T T T T O T T T T T T T T T
0o 1 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
Energy (keV) Energy (keV)

Figure S14. (A, B) STEM-HAADF images of 0.5Pt/10ZrAl-usedx1, showing ZrO,-rich and Al,0Os-
rich regions, respectively. (C) Summed X-ED spectrum of the ZrO» region from Figure 3E, with a
magnified view of the 9.2-10.0 keV range shown in (D). (E) Summed X-ED spectrum of the Al,O3

region from Figure 3G, with a magnified view of the 9.2-10.0 keV range shown in (F).
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Figure S15. Characterization for the 0.5Pt/10ZrAl-usedx1-80h catalyst. (A-C) Representative STEM-
HAADF images, with ZrO> particles highlighted by green dashed lines. Small Pt nanoparticles are
indicated with red arrows in (B). (D) TEM image of 0.5Pt/10ZrAl-usedx1-80h, with magnified views
of the ZrO»-rich region (E) and the Al,Os-rich region (F). (G) EDS mappings corresponding to the
TEM region shown in (D). (H) Summed X-ED spectrum of the ZrO»-rich region from (E), with a
magnified view of the 9.2-10.0 keV range in (I). (J) Summed X-ED spectrum of the Al,O3-rich region

from (F), with a magnified view in (K).



a — 0.5Pt/10ZrAl b — 0.5Pt/10ZrAl-usedx1 c — 0.5Pt/10ZrAl-usedx1-10h
— Fit — Fit — Fit
b < 3
o 1 1 | 1 ] — 1 1
- | | - | | L | |
° | | ° | | ° | |
f'gj ' Window f:; ' Window é’ ! | Window
E | | = | | = |
[e)] 1 1 [e)] ] ] [»)] 1
(] I I [v] I I (0] q
= - = ; =

o 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
R (A) R(A) R (A)

Figure S16. k’-weighted Fourier transformed Pt Ls-edge EXAFS spectra of (A) 0.5Pt/10ZrAl, (B)
0.5Pt/10ZrAl-usedx1, and (C) 0.5Pt/10ZrAl-usedx1-10h. The fitting windows are highlighted. The

detailed fitting results are shown in Table S4.
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Figure S17. Characterizations of 0.2Pt/m-Al,03-O> as the reference sample for single atom Pt catalyst.
The EDS mappings (A) and corresponding sum X-ED spectrum (B) of 0.2Pt/m-Al,03-O,. The STEM-
HAADF images (C, D) of atomically dispersed Pt in 0.2Pt/m-Al>O3-O2. The EXAFS spectra (E) and
XANES spectra (F) of 0.2Pt/m-A1,03-O>, Pt foil, and PtO». Detailed synthesis method please see in
Ref 1.
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Figure S18. XANES spectra of materials and corresponding linear combination fitting curves of (A)
0.5Pt/10ZrAl, (B) 0.5Pt/10ZrAl-usedx1, and (C) 0.5Pt/10ZrAl-usedx1-10h samples. The linear
combination fitting curves were fitted by using standard Pt foil and the sample with 100% Pt atoms

(see in Figure S16). The fitting area was the grey area shown in (A-C).
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Figure S19. In situ CO-DRIFTS spectrums (A) 0.5Pt/Al,O3; and (B) 0.5Pt/Al,O3-usedx 1. Data were

collected after 5 vol.% Hz/N; reduction at 300°C for 60 minutes.
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Figure S20. (A) The STEM-HAADF image of 0.5Pt/Al,03-usedx1. (B) The STEM-HAADF image
of Pt NPs in 0.5Pt/Al,O3-usedx1. (C, D) The STEM-HADDF images of Pt atoms in 0.5Pt/Al,Os-

usedx1.
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Figure S21. STEM-XEDS mappings of 0.5Pt/Al>Oz-usedx1 and the corresponding sum X-ED
spectrum, highlighting the existence of some small Pt particles. (A) The HAADF image acquired
simultaneously. (B) Overlay of the Pt map and HAADF image. (C) O map. (D) Sum X-ED spectra. (E)
Al map. (F) Pt map.
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Figure S22. Light-off curves of 0.5Pt/Al,0O3, and 0.5Pt/AlOs-usedxl, respectively. Reaction
conditions: 2 vol.% NH3, 3 vol.% Oa, Ar balance, in total 100 mL/min, W/Fw= 2x10~ (g min)/ml,

GHSV= 5500 h'!.
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Figure S23. N; selectivity of 0.5Pt/10ZrAl-usedx1 before and after NaCN etched, respectively. The

N; selectivity at 1100°C was plotted using the data measured at the 0""-hour mark (minutes 0-10) when

the reactor reaches target temperatures.
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Figure S24. Electron Microscopy Characterization of 0.5Pt/10ZrAl-usedx1-NaCN. (A) STEM-
HAADF image of 0.5Pt/10ZrAl-usedx1-NaCN, with magnified views of the ZrO»-rich region (B) and
the Al,Os-rich region (C). (D) TEM-BF image of 0.5Pt/10ZrAl-usedx1-NaCN, with magnified views
of (E) the ZrOx-rich region and (F) the Al2O3-rich region. (G) STEM-XEDS mappings corresponding
to the TEM region are shown in (D). (H) Summed X-ED spectrum of the ZrO»-rich region from (E),
with a magnified view of the 9.2-10.0 keV range in (I). (J) Summed X-ED spectrum of the Al,Os-rich

region from (F), with a magnified view of the 9.2-10.0 keV range in (K).
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Figure S25. (A) Too and (B) N selectivity (1100°C) comparisons of main catalyst (0.5Pt/10ZrAl and

0.5Pt/10ZrAl-usedx1) by one-pot way, model catalyst (IWI-0.5Pt/10ZrAl and IWI-0.5Pt/10ZrAl-

usedx1) by IWI way, respectively.



Figure S26. SEM-BSE images of (A) IWI-0.5Pt/10ZrAl and (B) IWI-0.5Pt/10ZrAl-usedx]1.
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Figure S27. Characterization of IWI-0.5Pt/10ZrAl-usedx1. (A) TEM image of IWI-0.5Pt/10ZrAl-
usedx1, with magnified views of the ZrO-rich region (B) and the Al,Os-rich region (C). (D) EDS
mappings corresponding to the TEM region shown in (A). (E) Summed X-ED spectrum of the ZrO»-
rich region from (B), with a magnified view of the 9.2-10.0 keV range in (F). (G) Summed X-ED
spectrum of the Al,Os-rich region from (C), with a magnified view of the 9.2-10.0 keV range in (H).
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Figure S28. In situ CO-DRIFTS spectra of 0.5Pt/10ZrAl and 0.5Pt/10ZrAl-usedx1 at 50°C. The

spectra were recorded after the samples were subjected to in situ heat treatment with 5 vol.% H2/N; at

300°C for 60 minutes, following the method described in Ref 2.
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Figure S29. In situ DRIFTS of NH3 adsorption at 50°C on 0.5Pt/10ZrAl, 0.5Pt/10ZrAl-usedx1, and

10ZrAl-usedx1. The Lewis and Bronsted acid sites are presented in different colors.
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Figure S30. Detailed in situ NHs-DRIFTS results for 0.5Pt/10ZrAl catalysts at 220°C. Reactivity of
adsorbed NHj3 species with 3 vol.% O at 220°C over 0-30 minutes for (A) fresh 0.5Pt/10ZrAl and (B)
0.5Pt/10ZrAl-usedx1 catalysts. The contributions of Lewis acid sites, Brensted acid sites, -NHz, -NH,

and -HNO species are highlighted in distinct colors. Reaction conditions: 2 vol.% NH3 or 3 vol.% O»
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in an Ar balance, with a total gas flow of 100 mL/min.
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