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Rigorous comparisons between single site- and nanoparticle (NP)-dispersed catalysts
featuring the same composition, in terms of activity, selectivity, and reaction mechanism,
are limited. This limitation is partly due to the tendency of single metal atoms to sinter
into aggregated NDPs at high loadings and elevated temperatures, driven by a decrease in
metal surface free energy. Here, we have developed a unique two-step method for the syn-
thesis of single Cu sites on ZSM-5 (termed Cug/ZSM-5) with high thermal stability. The
atomic-level dispersion of single Cu sites was confirmed through scanning transmission
electron microscopy; X-ray absorption fine structure (XAFS), and electron paramagnetic
resonance spectroscopy. The Cug/ZSM-5 catalyst was compared to a CuO NP-based
catalyst (termed Cuy/ZSM-5) in the oxidation of NHj, to N,, with the former exhibiting
superior activity and selectivity. Furthermore, operando XAFS and diffuse reflectance infra-
red Fourier transform spectroscopy studies were conducted to simultaneously assess the
fate of the Cu and the surface adsorbates, providing a comprehensive understanding of the
mechanism of the two catalysts. The study shows that the facile redox behavior exhibited by
single Cu sites correlates with the enhanced activity observed for the Cug/ZSM-5 catalyst.

heterogeneous catalysis | selective catalytic oxidation | ammonia oxidation | single site catalyst |
operando spectroscopy

Compared with bulk metal catalysts, smaller-sized metal arrays, i.e., nanoparticles (NDPs),
clusters, and single metal sites, enhance metal usage efficiency and impact strongly on the
activity and selectivity of reactions. In recent years, atomically dispersed catalysts have gained
significant attention as they maximize atom utilization and have distinct and tunable struc-
tural features (1-3). Atomically dispersed metals in single-site catalysts (SSCs) composed of
Earth-abundant metals tend to aggregate into larger NDs at elevated temperatures due to
their excess surface free energy, a phenomenon known as thermal deactivation or sintering
(4). One strategy to prevent collision and coalescence involves confining metal sites within
microporous solids such as zeolites and metal-organic frameworks (5-7), a strategy which
is effective at relatively low metal loadings. Moreover, SSCs demonstrate unique catalytic
properties distinct from NP-based catalysts, for example, in oxidation reactions, particle size
strongly influences activity and selectivity patterns (8—10). Despite the significant catalytic
advancements achieved through metal isolation, few studies rigorously compare the perfor-
mance of high-loading single sites (SSs)—in terms of activity and selectivity—with NP-based
counterparts featuring the same composition under identical conditions. While the effects
of metal particle size have been outlined, operando studies that illuminate the active sites
would provide a deeper understanding of the reaction mechanisms involved (8).

Selective catalytic oxidation of NH; to N, (NH;~SCO) is extensively used to eliminate
NH,; from oxygen-containing stationary and mobile exhausts, as the process operates
under mild conditions and is highly efficient (11, 12). Suitable catalysts for the NH;~SCO
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reaction should be cost-effective and highly stable for industrial applications, while ena-
bling complete conversion of NH; to N, at low temperatures (T < 400 °C), without
generating harmful NO, by-products. Among these existing catalysts, copper-based cat-
alysts have gained considerable attention due to the abundance of copper and its out-
standing performance in the SCO of NH; (13-16). Many studies have been devoted
toward controlling active sites through the manipulation of crystal size, as a means to
maximize the catalytic oxidation performance (13, 15).

Finely dispersed copper oxide species were found to be among the most efficient oxide
catalysts for NH;~SCO, but further increasing the copper loading did not improve the
catalytic activity, possibly due to the formation of CuO aggregates (17, 18). Zeolites have
high stabilities, high surface areas, and based on their porous nature, offer the possibility to
build multifunctional catalysts. Moreover, zeolites are well-defined crystalline, tunable
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supports that can play analogous roles to ligands in homogeneous
catalysts and enzymatic systems, while helping to stabilize isolated
metal atoms and clusters. Wang et al. showed that CuO NPs immo-
bilized on zeolites are active in the NH;~SCO reaction, with the
activity following the order: Cu/ZSM-5 > Cu/Beta > Cu/MCM-49
> Cu/Y > Cu/MOR (mordenite) > Cu/FER (ferrierite) (13).
Cu/ZSM-5 is also the most active catalyst in the NH;-selective cat-
alytic reduction (SCR) reaction (19-22). Therefore, in NH;-SCO,
Cu-modified zeolites follow the internal SCR (i-SCR) mechanism
(23), in which ammonia is first converted to NO_, which is then
catalytically reduced to N, by NH, species.

To achieve structural control and overcome drawbacks associ-
ated with the impregnation method, we report a two-step strategy
to immobilize thermally stable single Cu sites (SSs) on ZSM-5
(Cus/ZSM-5) with high a Cu loading of 4 wt%. We compared
the performance of the Cu SS-based Cus/ZSM-5 catalyst with a
CuO NP-based catalyst (Cuy/ZSM-5) with the same Cu loading,
in the NH;~SCO reaction. The redox behavior of the Cu SSs and
CuO NPs was investigated in the NH;~SCO reaction using oper-
ando X-ray absorption fine structure (XAFS), to disclose different
reaction mechanisms and identify the catalytically active species.
The different Cu intermediates in Cus/ZSM-5 and Cuy/ZSM-5
were validated by extended XAFS (EXAFS) wavelet transform
(WT) analysis and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS).

Results and Discussion

The Cug/ZSM-5 catalyst was synthesized using a two-step method,
which is scalable and achieves Cu contents as high as 4 wt%. The
Cu precursor [Cu(NOj;),-3H,0] is first reduced by H, to form
Cu clusters inside ZSM-5 and then it is annealed in air at 500 °C
for 5 h leading to dispersion of the Cu and the formation of highly
thermal stable Cu SSs. As a comparison, for Cuy/ZSM-5, the Cu
precursor is reduced by NaBH, to form large Cu NPs which are
annealed to the surface of ZSM-5 in air at 500 °C for 5 h to form
CuO NPs on the surface of ZSM-5. Cuy,/ZSM-5, which comprises
a mixture of CuO NPs and Cu SSs, was synthesized by grinding
the Cu precursor with ZSM-5 followed by annealing in air at
500 °C for 5 h. Since all three catalysts were annealed in air at
500 °C for 5 h, they are expected to be thermally stable.
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Structural Characterization of the Catalysts. Bright field-
scanning transmission electron microscopy (BF-STEM) was used
to characterize the catalysts, but due to the similar Z-contrast
of Cu, Si, and Al, Cu SSs are not distinguishable (Fig. 14).
Elemental mapping (EDX) images show that the Cu SSs are
homogeneously distributed on the ZSM-5 support in Cug/ZSM-
5 (81 Appendix, Fig. S14). EDX mapping images also show the
Cu remains atomically dispersed after catalysis (SI Appendix,
Fig. S1B), see below for the catalytic studies. In comparison, in
Cun/ZSM-5 (Fig. 1B and SI Appendix, Fig. S2), the CuO NDPs
are located on the surface of ZSM-5 with an average size of 9.7
nm, and their composition was confirmed by EDX mapping
(ST Appendix, Fig. S3). To further confirm that the Cu atoms
are atomically dispersed on ZSM-5 in Cug/ZSM-5, EXAFES and
X-ray absorption near-edge structure (XANES) measurements
were performed (Fig. 1 C and D). The Cu K-edge EXAFS in
R space of Cuy/ZSM-5 contains a peak at ca. 2.5 A, which
may be attributed to Cu—Cu scattering, whereas Cug/ZSM-5
has only one dominant peak at ca. 1.5 A, corresponding to
Cu—O bonds (Fig. 1D), verifying the presence of atomically
dispersed Cu sites. The Cu(II) SSs content was quantified using
electron paramagnetic resonance (EPR) spectroscopy employing
dilute CuSO,-5H,0 in Na,SO, as an external standard. At the
same Cu loading, nearly 80% of the Cu sites are in the form
of Cu(Il) SSs in Cug/ZSM-5, compared to 28% in Cuy,/ZSM-
5 and only 8% in Cuy/ZSM-5 (Fig. 1 E and F). Apart from
80% of Cu(Il) SSs in Cug/ZSM-5, the remaining 20% of Cu
species comprise CuO clusters. The Cu(II) SSs were re-examined
after catalysis, and nearly identical contents of Cu(II) SSs were
observed (Fig. 1 £ and F), verifying the stability of Cu species
in the three catalysts. However, after the reaction, the peak shifts
to a higher field, implying that the chemical environment of
Cu(II) SSs has changed, due to a change from H" balanced to
NH," balanced ZSM-5. A peak at 38.9° corresponding to CuO
(111) (PDF #48-1548) in the X-ray diffraction (XRD) pattern
is observed in Cuy/ZSM-5 and Cuy,/ZSM-5, confirming the
presence of CuO NPs (87 Appendix, Fig. S4). XPS shows that
the oxidation state of Cu species in Cug/ZSM-5 is different from
that in Cuy/ZSM-5 and Cuy/ZSM-5. While the majority of Cu
species in Cug/ZSM-5 are in the Cu(Il) oxidation state, Cu(I)
is also present, whereas only Cu(Il) is present in Cuy/ZSM-5
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Fig. 1. Characterization of Cug/ZSM-5 and Cuy/ZSM-5. (A and B) BF-STEM images of Cus/ZSM-5 and Cu,/ZSM-5; (C and D) EXAFS spectra and R space spectra of
the Cu K-edge EXAFS of Cus/ZSM-5 and Cuy/ZSM-5; (E) X-band cw EPR spectra of Cus/ZSM-5, Cus/ZSM-5, and Cuy/ZSM-5 before and after reaction (after catalytic
tests, see Materials and Methods for further details); (F) Quantification of atomic Cu(ll) sites.
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Fig. 2. Evaluation of Cus/ZSM-5, Cuy/ZSM-5 and Cuy/ZSM-5 (all 4 wt%) catalysts and ZSM-5 in NH;-SCO. (A and B) NH; conversion and N, selectivity as a function
of temperature [reaction conditions: 50 mg catalyst, 5,000 ppm NHs;, 5% O, balanced in He, gas flow 100 mL/min, weight hourly space velocity (WHSV) 600 mL
NH; h™" g7']; (O) stability tests at 300 °C for 100 h (50 mg catalyst, 2,000 ppm NHs, 5% O, balanced in He, gas flow 100 mL/min); (D) E, of Cug/ZSM-5 and Cu,/ZSM-5;
(E) Reaction order of O, for the Cus/ZSM-5 and Cuy/ZSM-5 catalysts; (F) Reaction order of NH; for the Cus/ZSM-5 and Cuy/ZSM-5 catalysts.

and Cuy/ZSM-5 (SI Appendix, Fig. S5). The Cu loading in
Cug/ZSM-5 and Cuy/ZSM-5 was quantified using microwave
plasma atomic emission spectrometry (MP-AES) (S/ Appendix,
Table S2).

Catalytic Studies. With the same Cu loading of 4 wt%, Cug/
ZSM-5 has the highest activity and selectivity to N, in the NH,—
SCO reaction among the three catalysts (Fig. 2 A and B and
SI Appendix, Fig. S6). The catalyst performance of Cuy/ZSM-5
is generally inferior to that of Cug/ZSM-5 across all temperatures,

and Cuy,/ZSM-5 displays intermediate activity. NH; conversion
employing Cug/ZSM-5 reaches a value of 93% with high selectivity
to N, (92%) at 350 °C, compared to Cuy/ZSM-5 which has a
lower activity and selectivity to N, of 85 and 73%, respectively.
Stabilization of SSs was validated from continuous on-stream
testing for 100 h at 300 °C (Fig. 2C). The apparent activation
energy (E,) of Cug/ZSM-5 is 58 kJ/mol (Fig. 2D), which is much
lower than Cuy/ZSM-5 (126.8 kJ/mol). Additionally, the reaction
orders for O, and NH; differ for Cug/ZSM-5 and Cuy/ZSM-5.
‘The higher reaction order of O, with Cug/ZSM-5 suggests that
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Fig. 3. Evaluation of Cus/ZSM-5 with different Cu loadings as catalysts in NH;-SCO. (A and B) NH; conversion and N, selectivity as a function of temperature
(reaction conditions: 50 mg catalyst, 2,000 ppm NH,, 5% O, balanced in He, gas flow 100 mL/min, WHSV 240 mL NH; h™" g™"); (C) NH; conversion as a function
of the Cu loading; (D) EPR spectra of Cus/ZSM-5 with different Cu loadings; (E) Proportion of Cu SSs in Cug/ZSM-5 at different Cu loadings; (F) TOF for Cus/ZSM-5
with different Cu loadings (Cyan dots: TOF for CuO NPs in Cu,q,/ZSM-5. The X-axis corresponds to the amount of CuO NPs in mmol).
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Fig. 4. Operando Cu K-edge XAFS spectra of Cug/ZSM-5 and Cu,/ZSM-5. (A and B) Operando Cu K-edge XANES spectra of Cus/ZSM-5 and Cuy/ZSM-5 as a function
of temperature [dashed line at 8,983 eV is the typical feature of Cu'(NH3)2]; (C and D) Operando R space spectra of Cus/ZSM-5 and Cuy/ZSM-5 as a function of
temperature (dashed lines at 1.5 and 2.5 A corresponding to Cu-N/O and Cu-Cu scattering in CuO, respectively); () Signal intensity of the Cu' 1 s-4p transition peak
at 8,983 eV. (F) Operando Cu K-edge XANES spectra of Cus/ZSM-5 and Cuy/ZSM-5 at 300 °C. All spectra were recorded in 5,000 ppm NHs, 5% O,, balanced in He.

higher O, concentration favors the reaction rate (Fig. 2E). The
negative reaction order of NH; with Cug/ZSM-5 indicates that
NH,; coordinates to the Cu(Il) sites, inhibiting O, binding
(Fig. 2F). The activity and selectivity of Cug/ZSM-5 increases
with the Cu loading (Fig. 3 A and B and SI Appendix, Fig. S7).
Cu SSs are the predominant active Cu species at loadings <4 wt%
(Fig. 3 D and E). At 225 and 250 °C the catalytic performance
improves almost proportionally as the Cu loading increases to
4 wt% (Fig. 3C), with the turnover frequency (TOF) remaining
constant at Cu loadings below 4 wt% (Fig. 3F). Such catalytic
behavior suggests atomically dispersed Cu sites are the main
active species. At a Cu loading of 10 wt% (Cu,go,/ZSM-5), only
23% of the Cu species comprise Cu SSs (Fig. 3E), leading to a
nonproportional increase in activity (Fig. 3C). Indeed, the TOF
of the CuO NPs in Cu,,,/ZSM-5 is lower than the average TOF
of the Cu SSs (Fig. 3F), confirming that CuO NPs are less active
than Cu SSs.

Redox Behavior of Cu SSs and CuO NPs. The geometric and electronic
structures of the active Cu species were investigated under actual
reaction conditions using operando Cu K-edge XAFS spectroscopy
(Fig. 4 and SI Appendix, Fig. S8). Between 200 and 300 °C, Cug/
ZSM-5 is partially reduced to Cu' under NH, + O,, verlﬁed by a
peak at Cu K-edge 8,983 ¢V [the typical feature for Cu'(NH,), 1's
— 4p XANES], which is considerably more intense in Cugy/ZSM-5

https://doi.org/10.1073/pnas.2404830121

compared to Cuyn/ZSM-5 (Fig. 4 A, E, and F). In the light off curve
of Cug/ZSM-5 shown in SI Appendix, Fig. S9, the reaction rate
increases rapidly from 200 °C, which corresponds t0 the formation
temperature of the Cu'(NH,), species (Fig. 4E). Cu'(NH,), species
might be the main active intermediate in NH 5~SCO, which follows
the internal SCR mechanism in whrch Cu' (NH3)2 is also the key
active species. Above 300 °C, the Cu' (NH3)2 feature at 8,983 eV
in Cug/ZSM-5 disappears along with an increase in the white-line
rntensrty at 8,996 eV (Fig. 4 A and E), 1nd1cat1ng oxidation to
Cu The weak adsorption band at 1,565 cm™ may be assigned to
Cu' (NH;), in the operando DRIFTS data (S/ Appmdzx, Fig. S10)
(24). When the temperature is <250 °C, the Cu' (NHs;), species is
observed, which is known to be an important intermediate for the
NH,-SCR reaction at low temperatures (24). When the temperature
is <250 °C, the Cu! (NH,), species is observed, which is known
to be an important rntermedlate for the NH;-SCR reaction at
lower temperatures (24). [Cu' (NH,),]" specres are weakly bound
to the zeolite (25), and the mobility of [Cu' (NHj;) ] facilitates the
formation of the dimeric species [Cu,(NH;),0,]”", thus enablin zg
the activation and dissociation of O, (26, 27) [CuZ(NH3)4O2
reacts with NH3 to form zjr superoxo [Cu' (NH3) (OO
corn lex and [Cu! (NH,),]" ’ ie., [CuZ(NH3)402] + NH; —
(NH3)3(OO*)] [Cu' (NH;),]" (28). Complete restoration
of [Cu (NH,),]* conﬁrms the reversibility of the oxidation of the
[Cu' (NH,),]" species, underlining it as a highly redox active species.
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measured in 5,000 ppm NH;, 5% O, balanced in He.

In comparison, the oxidation state of Cu in the NPs in Cuy/ZSM-5
hardly changes over the entire temperature range. Compared with
Cuy/ZSM-5, the ability to form Cu'(NH;), under SCO conditions
explains the superior catalytic performance of Cug/ZSM-5.

The aggregation of SSs to NPs and the redispersion of NPs to
SSs during reaction have been widely discussed (29-31). Thus, it
is important to identify the Cu species present under different
reaction conditions. The differences in the aggregation state of Cu
were determined during reaction by the Fourier-transformed
EXAFS, which contains features at 1.5 and 2.5 A corresponding
to Cu—N/O and Cu—Cu scattering, respectively. The absence of
a Cu—Cu scattering feature in Cug/ZSM-5 confirms the thermal
stability of the Cu SSs over the entire temperature range (Fig. 4C).
In comparison, a peak at 2.5 A corresponding to Cu—O—Cu was
observed in Cuy/ZSM-5, which indicates that CuO NPs are the
dominant species and are stable (Fig. 4D). Furthermore, Cug/ZSM-5
has a smaller Cu—Cu coordination number (C.N.) of 0.79 + 0.46,
compared to Cuy/ZSM-5. There are two types of Cu—Cu scatter-
ings in Cuy/ZSM-5, Cu—Cu (1) with a C.N. of 3.57 + 0.55 and
Cu—Cu (2) with a C.N. of 2.19 + 0.41 (5] Appendix, Fig. S11 and
Table S1). A smaller overall coordination number indicates that
most Cu sites in the Cug/ZSM-5 are SSs, whereas most Cu sites
are in the form of NPs in Cuy/ZSM-5. After reaction, the Cu—Cu
C.N. of Cug/ZSM-5 is similar to that before reaction (ST Appendix,
Fig. S12 and Table S1), which demonstrates the thermal stability
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of the Cu SSs in Cug/ZSM-5. Overall, the operando Cu K-edge
EXAFS shows that Cu SSs are the predominant active sites in
Cug/ZSM-5. With different active sites and different active species,
the two catalysts display different activities in the NH;-SCO
reaction.

In parallel, WT analysis (32) of the EXAFS spectra leads to a 2D
representation of the EXAFS, simultaneously revealing the signal fea-
tures in both R- and k-space. As shown in Flgl 5, Cug/ZSM-5 contains
a distinct first shell peak (centered at 4.5 A7, 1.5 A), which is associ-
ated with contributions from framework (fw) oxygen atoms For the
second shell sphere [RAA) > 2 A], the higher lobe at (6.0 AT 33A)
is well-resolved due to the different backscattering properties of various
atoms, which strongly depend on the atomic number. This lobe may
be attributed to the signals from the Si and/or Al atoms of the frame-
work. As the temperature is increased to 150 °C, a decrease of signals
from the Si/Al atoms of the framework suggests the formation of
Cu' (NH,), (28, 33, 34), in agreement with the XANES and EXAFS
results (Fig. 4). A moderately intense sublobe is observed in the low-k
range, characteristic of low-Z (O or N) scatterers. The pivotal stage
in activating oxygen involves the isothermal oxidation of the [Cu'
(NH,),]" species (28), as depicted in the WT analysis presented in
Fig. 5 Eand F. The higher-k lobe at 7.0 A™' probably results from the
scattering of the second shell Cu species, since oxygen-bridged Cu
dimers are formed after Cu' (NHj;), oxidation by O, (35). At hlgher
temperatures (300 to 350 °C), a higher signal for the lobeat ~7.0 A™!
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indicates that more Cu' species are oxidized into Cu'' ions. At 400 °C,
the signal for Cu—Cu scattering decreases, whereas the Cu—Si/Al scat-
terlng [ic, Si and Al from the ZSM-5 framework (fw)] signal
increases, suggesting the formation of the framework of fw-Cu 1 zeolite
(26, 27). In comparison, Cuy /ZSM 5 has a pronounced Cu—Cu
scattering lobe (centered at 5 A ,2.2 A)atall temperatures in addi-
tion to Cu—O scattering (centered at 45A7", 1.3 A). The Cu—Cu
scattering lobe further confirms the presence and the stability of CuO
NPs in Cuy/ZSM-5.

The Cu K-edge XAFS spectra were further compared by altering
the gas phase during operando measurements, i.e., from NH; + O,
to NH; to NH; + O, and finally O, (87 Appmdzx, Fig. 513) In
NH;, the peak at Cu K-edge 8,983 eV [Cu! (NHs;),] is considerably
more intense in Cug/ZSM-5, compared with that in Cuy/ZSM-5
(SI Appendix, Fig. S13). Switching to NH; + O, and O, gas feeds
led to different degrees of Cu(I) oxidation, suggesting a redox mech-
anism for the SCO reaction. WT analysis further validated the
presence of Cu' (NHy;), in Cug/ZSM-5 (S Appendix, Fig. S14).

Conclusions

We successfully synthesized thermally stable single Cu sites-
based catalysts, Cug/ZSM-5, with high loadings, using a facile
two-step method. The Cug/ZSM-5 catalyst shows excellent
activity and selectivity to N, in the NH;~SCO reaction.
Through a comparative analysis of the performance between
Cu SSs and CuO NPs in NH;-SCO, a clear size dependency
is observed, with monodisperse Cu atoms being advantageous.
The difference in the activation energy and reaction order
between Cu SSs and CuO NPs strongly implies that they oper-
ate via different reaction mechanisms. Operando XAFS studies
combined with WT analysis reveal structure—performance
relationships, elucidating subtle changes in the active sites
under actual working conditions. Specifically, Cu SSs facilitate
the formation of Cu (NH;), species, identified as a key active
intermediate, and exhibit enhanced redox processes that facil-
itate the NH;~SCO redox reaction.

Materials and Methods

Materials. Cu(NO,),-3H,0 and NaBH, were purchased from Sigma Aldrich, and
ZSM-5 was purchased from Zeolyst. All chemicals are used as received.

Catalyst Preparation.

Synthesis of cus/zsM-5. ZSM-5 (0.5 g, Si/Al = 11.5) was dispersed in ethanol
(20 mL) undervigorous stirring at room temperature. To the resulting suspension, a
solution containing Cu(NO,),-3H,0(79.2 mg for 4 wt% Cu loading, and it changes
with different Cu loading) in ethanol (5 mL) was slowly added, and stirring was
continued for 12 h at room temperature. The reaction mixture was then heated
at 40 °C under stirring until all the solvent had evaporated. The remaining solid
was heated to 300 °C for 1 h under 15% H,/Ar at 5 °C/min in a tube furace. The
solid was then heated to 500 °C for 5 h at 5 °C/min in air in a Muffle furnace to
afford Cug/ZSM-5.

Synthesis of CuN/zsm-5. Solution A, Cu(NO5),-3H,0 (79.2 mg) in degassed H,0
(5mL), was stirred under N, at 0 °Cfor 10 min. Solution B, NaBH, (6 mg) in degassed
H,0 (5 mL), was added to the Solution A. After stirring for 1 h at 0 °C, ZSM-5
(0.5 g) was added while stirring for 1 h. Next, the solid was washed with ethanol
(5 x 30 mL)and collected by centrifugation. After drying at 60 °C for 24 h, the solid
was heated to 500 °Cfor 5 hat 5 °C/min inairin a Muffle fumace to afford Cuy,/ZSM-5.
Synthesis of cuM/zsMm-5. Cu(NO,),-3H,0 (79.2 mg) and ZSM-5 (0.5 g) were
ground for 15 min, and the resulted mixture was heated to 500 °C for 5 h at
5 °C/min in airin a Muffle furnace to afford Cu,,/ZSM-5.

Ex Situ Characterization. EPR spectroscopy: Experiments were performed
in continuous-wave (cw) mode on a Bruker E580 X-band EPR spectrometer
equipped with a Bruker ER4122-SHQE cavity. Then, 20 mg powder of each sample
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was loaded into a high-purity quartz EPR tube (4.0 mm o.d., 3.0 mm i.d.) for
measurements. All cw EPR spectra were acquired at room temperature overa wide
magnetic field range. Typical spectrometer parameters were sweep time (300s),
center field (300 mT), sweep width (300 mT), modulation frequency (100 kHz),
microwave frequency (9.87 GHz), and microwave power (2.0 mW).

XRD: XRD pattems were recorded on a StadiP diffractometer (STOE) with a Mo
(Ko = 0.7093165 A) radiation. The operating voltage and current were 40 kV and
30 mA, respectively. 260 in the range of 2 to 40° were collected with a resolution
of 0.015° for each step.

X-ray photoelectron (XPS) spectroscopy was performed on Thermoscientific
instrument using an Al Ko source (1,486.6 eV). All peaks were calibrated using
adventitious C 1 s peak of 284.8 eV to correct charge shift of binding energies
after deconvolution.

MP-AES: The Cu loading in the catalysts was determined using an Agilent
4100 MP-AES (USA). Commercial Cu(NO5), standard solutions were used for
the calibration. The catalysts were dissolved in HNO, solution and were diluted
to around 1,000 ppm and filtered before analysis.

STEM: Aberration-corrected BF and annular dark field (ADF) STEM was
performed on a JEOL ARM300CF (E02) (Tokyo, Japan) transmission electron
microscope operating 300 kV. Simultaneous energy dispersive X-ray (EDX) spec-
troscopy and aberration-corrected BF/ADF-STEM imaging was performed on a
JEOLARM200CF (E01) operating at 200 kV and equipped with JEOL dual silicon
drift detectors at the electron Physical Sciences Imaging Centre (ePSIC) at the
Diamond Light Source (UK) (DLS). The ARM300CF operated with a convergence
semiangle of 26.2 mrad and BF and ADF collection semiangles of 0 to 31.6 and
77.0 t0 209.4 mrad, respectively. The ARM200CF operated with a convergence
semiangle of 23.0 mrad with BF and ADF collection semiangles of 0 to 21.9 and
37.5 to 128.3 mrad, respectively. Single-pass EDX spectra were collected with
drift correction. Data were acquired and processed using the Gatan Microscopy
Suite (a.k.a. Digital Micrograph) (36). Nanoscale catalyst particles were prepared
via a standard preparation route: A small amount (<5 mg) of catalyst powder
was dispersed in approximately 1 mL ethanol, after sonication and drop casting
onto holey carbon-coated gold TEM support grids. Gold was used instead of the
more typical copper grid to avoid overlapping fluorescent signals with the sample
during EDX mapping. The average particle size was calculated based on more than
50 particles for each sample.

Operando Cu K-Edge XAFS. XAFS of Cu K-edge (8.979 keV) was carried out
on the BL14B2 beamline at Spring8 (Japan). Spectra were recorded in trans-
mission mode with a Si(111) double-crystal monochromator. In the operando
experiments, 100 mg catalyst was pressed into a pellet (diameter 10 mm)
and measurements were conducted in an in situ cell at BL14B2 (Hard X-ray
bending magnet beamline in Spring-8, Japan). For operando XAFS at different
temperatures, the pellet was exposed to 5,000 ppm NH; and 5% O, balanced
in He and heated from 30 to 450 °C. For operando XAFS in different gases, the
pellet was exposed to NH; (5,000 ppm NH, balanced in He), then exposed in
NH,+0, (5,000 ppm NH,, 5% 0, balanced in He), and finally exposed to O,
(5% O, balanced in He), and the temperature was maintained at 300 °C. The
total gas flow rate was 120 mL min™". Spectra were recorded after stahilizing
for at least 10 min after attaining a steady state at each reaction temperature.
Cu foil standards were used for energy shift calibration. Three spectra were
merged to improve signal quality. XAFS data were performed using the Demeter
software package (including Athena and Artemis) (37). Athena software was
used for XANES analysis. Artemis software was used to fit the k- weighted
EXAFS data in real space with 3.0A™" <k <12.0A " and 1.0 A< R < 3.3 4.
The calculated amplitude reduction factor Sy’ from EXAFS analysis of Cu foil was
0.878, which was used as a fixed parameter for EXAFS fitting. The coordination
numberand bond length were calculated based on the reported structure from
Crystal open database: Cu (N0.9013014), CuO (No. 1011148).

Operando DRIFTS. DRIFTS were performed using a PerkinElmer Frontier FT-IR
Spectrometer. The sample was heated in He at 350 °C for 30 min to remove sur-
face contamination. After cooling to room temperature, the sample was exposed
t0 5,000 ppm NH; and 5%0,/He for 10 min, during which spectra were recorded.
Then, the sample was heated up from 30 to 450 "C with a ramp of 10 °C/min.
The spectra were recorded from 4,400 to 500 cm ™" with a resolution of 2 cm™".
Background DRIFTS spectra were recorded in He and subtracted from the sample
spectrum for each measurement.
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Catalytic Tests. The performance of the catalysts in NH;-SCO was evaluated in a
fixed-bed flow reactorat a gas flow rate of 100 mL/min, consisting of 5,000 ppm
NHs, 5 vol% 0,, and a He balance. Typically, 50 mg catalyst was placed in the
reaction tube, and quantification of products was performed with an online
Quadrupole Mass Spectrometer Quantitative Gas Analyser (Hiden Analytical, UK).
The reaction was investigated at temperatures ranging from 150 to 450 °C. The
reaction was kept stable for 30 min after attaining a steady state at each reaction
temperature to detect the signals derived from the substrates (NH; and 0,) and
products (N,, N,0, and NO). After cooling to room temperature, the postcata-
lysts were denoted as Cug/ZSM-5 AR (after reaction) and used for postcatalysis
characterization.

To estimate the activation energy, 50 mg catalyst powder was placed in a
fixed-bed flow reactor operating at a gas flow rate of 100 mL/min, consisting of
5,000 ppm NH;, 5 vol% 0,, and a He balance. The reaction was investigated at
temperatures ranging from 200 to 260 °C.

To obtain the reaction order of NH,, the O, concentration was kept as 5%,
and the concentration of NH, was varied. i.e., 2,500, 4,500, 6,000, 7,500, and
9,000 ppm. All tests were performed at 220 °C.

The reaction order of O, was obtained by keeping the NH; concentration con-
stantat 5,000 ppm, and the concentration of O, was varied from 5 to 9%. All the
tests were performed at 220 °C.
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