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ABSTRACT: Unwanted N2O formation is a problem that has  
been noted in selective catalytic reduction (SCR) where copper  
zeolite catalysts are utilized. With its immense global warming  
potential and long-term stability, elevated atmospheric N2O has  
already been identified as a future challenge in the war on climate  
change. This paper explores the phenomenon of N2O formation  
during NH3-SCR over Cu-SSZ-13 catalysts, which are currently  
commercialized  in  automotive  emissions  control  systems,  and  
proposes a link between N2O production and the local copper  
environment  found  within  the  zeolite.  To  achieve  this,  a  
comparison  is  made  between  two  Cu-SSZ-13 samples  with  
different copper co-ordinations produced via different synthesis  
methods. A combination of synchrotron X-ray absorption near- 
edge spectroscopy, UV−vis, Raman, and density functional theory (DFT) is used to characterize the nature of copper species  
present within each sample. Synchrotron IR microspectroscopy is then used to compare their behavior during SCR under operando  
conditions and monitor the evolution of nitrate intermediates, which, along with further DFT, informs a mechanistic model for  
nitrate decomposition pathways. Increased N2O production is seen in the Cu-SSZ-13 sample postulated to contain a linear Cu  
species, providing an important correlation between the catalytic behavior of Cu-zeolites and the nature of their metal ion loading  
and speciation. 
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1. INTRODUCTION 

Selective catalytic reduction (SCR), also referred to as deNOx  
technology,  is  a commercialized  catalytic reaction  used  in  
combustion engines to convert unwanted nitrogen oxides into  
a benign mixture of nitrogen gas and water. NOx  gases are  
pollutants that pose a hazard to human respiratory functions  
and environmental ecosystems.1 Almost 50% of NOx emissions  
originate from combustion engines used in transport, with a  
further 20% arising from the stationary production of energy  
such  as  thermal  power  plants  and  industrial  boilers.2 To  
address this, SCR, which has been shown to reduce NOx  
emissions by as much as 95%,3  is currently used in diesel  
engine cars and trucks to meet emissions standards in Europe  
(Euro6), US (EPA Tier 2 and 3), and Southeast Asia. 

SCR  occurs  when  NOx  gases  are  flowed  through  an  
appropriately selected catalyst in the presence of a reductant  
such as ammonia. In SCR, it is important to match the right  
catalytic material to the operational environment the reaction  
will be performed under, considering factors like temperature  
and humidity. Small pore Cu-zeolites have been identified as  
excellent catalysts in the SCR reaction, being lauded for their  
unrivaled  NOx  conversion.4−6 Additionally,  their  strong 

 

 
 

performance in the highly topical low-temperature SCR (LT- 
SCR)  region (i.e., ≤350 °C)7,8 and  durability  following  
hydrothermal  aging9 make  them  excellent  candidates  for  
vehicular  SCR  and  the  current  catalysts  of  choice  for  
commercialized SCR in heavy goods diesel vehicles.10 

An issue that is becoming increasingly recognized is the  
unwanted formation of N2O during SCR where small pore Cu- 
and  Fe-zeolites  are  used  as  catalysts.11−14 A similar  
phenomenon has also been observed when Mn-Fe spinels,15  
V2O5-WO3/TiO2,16 and Mn/Ti-Si17 are used as the catalyzing  
agent. Although historically exempt from emissions regulations  
due  to  their  believed  lack  of  toxicity,  harmful  indications  
following long-term exposure18 and a global warming potential  
almost 300 times that of CO219 mean that N2O will inevitably  
become the subject of increasingly exacting legislation beyond 
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emissions standards. While pronounced formation of N2O has  
been experimentally observed previously, the mechanism by  
which this occurs is not completely understood and it is likely  
there is some degree of catalyst dependency. In Cu-zeolite  
systems,  N2O  formation  mechanisms  have  broadly  been  
associated with nonselective catalytic reduction (NSCR) and  
nonselective NH3 oxidation (NSNO) pathways,12,20 as well as  
additional SCR side reactions21 and the decomposition of  
NH4NO3 to form N2O and water.22−25 Liu et al.12 and Zhang  
et al.11  posited in a study of Cu-SSZ-13 that N2O formation  
mechanisms were temperature-dependent, occurring at low  
temperatures due to the decomposition of nitrates formed  
preferentially on Cu(OH)+ complexes thought to exist within  
Chabazite zeolites (CHA) cages as Lewis sites and at high  
temperatures  due  to  NH3 oxidation  by  O2 and  NOx.  
Kamasamudram et al.13 in their study of Cu-zeolites also  
identified  differences  in  N2O  selectivity  as  a  function  of  
temperature noting that peak production seemed to occur at  
around 300 °C in what would be considered the LT-SCR  
region, which they also attributed to the decomposition of  
surface  ammonium  nitrate  species.  They  also  noted  a  
relationship with copper loading where higher concentrations  
of copper were associated with higher rates of N2O formation,  
especially in the low-temperature region. Structural consid- 
erations were raised by Kwak et al. who noted that N2O  
production was framework-dependent with Cu-ZSM-5, Cu-β,  
and Cu-Y all forming larger amounts of N2O than Cu-SSZ-13  
under the same conditions.26  Specifically, in Cu-β, they also  
observed elevated N2O production in a hydrothermally aged  
sample, which was also observed by Lee et al. in Cu-UZM- 
35.27 

While the effect of temperature has been well established,  
less certain is the precise effect of copper speciation on N2O  
formation. The widely reported disparity in N2O production  
based on the framework type implies that not just the structure  
but the availability of certain copper co-ordination environ- 
ments is crucially important in the formation of nitrate species  
at low temperatures. This paper aims to explore in greater  
depth the relationship between the copper environment of the  
Cu-zeolite catalyst and its propensity for N2O formation. This  
is achieved by comparing Cu-SSZ-13 samples prepared by two  
different methods thought to induce the formation of different  
copper species within the framework: the first synthesized via a  
standard  wet  ion-exchange  method  known  to  produce  an  
efficient SCR catalyst material28 and the second prepared by a  
solid-state incorporation method. In particular, the presence of  
copper aluminate species, which has previously been associated  
with the deactivation of Cu-zeolites,29−31 is considered as a site  
for preferential nitrate formation. 

To demonstrate this correlation, the samples were studied  
using an ambitious combination of two synchrotron techniques  
at the diamond light source. The hard X-ray nanoprobe on  
beamline I14 was used to generate X-ray fluorescence (XRF)  
and X-ray absorption near-edge structure (XANES) maps,  
providing detailed, spatially resolved information on the nature  
of  copper  speciation  within  each  sample,  setting  a  high  
benchmark  for  the  characterization  of  the  catalysts.  The  
multimode infrared  imaging  and  microspectroscopy (MIR- 
IAM)  beam  on  B22,  differentiated  by  its  high  brilliance  
irradiation source and superior signal to noise, was then used  
to identify vibrational modes of nitrate components under  
operando conditions. Furthermore, density functional theory  
(DFT)  using  a  quantum  mechanics/molecular  mechanics 

(QM/MM) approach was employed to elucidate the reaction 
pathway for formation of N2O over the Cu-SSZ-13 catalyst. It 
is envisioned that the proposed mechanism for N2O formation 
based  on  experimental  evidence  will  facilitate  the  rational 
design and development of efficient catalysts for use in future 
practical NH3-SCR in systems. 

2. MATERIALS AND METHODS 

2.1. Sample Preparation. A parent SSZ-13 zeolite (Si/Al  
= 13) was synthesized using N,N,N-trimethyladamantammo- 
nium hydroxide as a structural directing agent in a fluoride  
medium,  under  static  hydrothermal  conditions.32,33 The  
proton form of the zeolite was obtained by calcining the  
sample in air by heating at 1 °C min−1 to 120 °C, held for 2.5 h  
and then at 4 °C min−1  to 550 °C, held for 10 h. Copper- 
exchanged forms of the zeolite were created via the following  
two preparations. The first method was a wet ion-exchange  
method, as reported previously.34 An amount of the H-SSZ-13  
was added to an aqueous solution of copper sulfate and heated  
at 80 °C for 2 h under stirring. The product was recovered by  
vacuum filtration, washed with copious amounts of water,  
dried overnight at 80 °C, and calcined in air. This sample is  
hereafter referred to as “Cu-Zeolite Wet Ion Exchange” (CZ- 
WIE). Crystals used for the CZ-WIE preparation were on  
average 8 μm in diameter. The second method was a solid ion- 
exchange preparation. Cu-nitrate was combined in a five-time  
stoichiometric  excess  with  the  H-SSZ-13 framework (five- 
times Cu content with respect to the Al amount in the zeolite)  
in a mortar and pestle and mechanically incorporated. The  
resultant sample was filtered and dried at 120 °C overnight,  
before being calcined again at 550 °C with a ramp rate of 2 °C  
min−1. This sample is hereafter referred to as “Cu-Zeolite Solid  
State  Exchange” (CZ-SSE).  To  ensure  consistent  and  
reproducible results during the study, both calcined zeolite  
samples were further hydrothermally treated at 650 °C for 4 h  
in synthetic air containing 5% H2O prior to experimentation.  
Crystals used for the CZ-SSE preparation were on average 2  
μm in diameter. The resultant samples featured a Cu loading of 
3 wt % analyzed by SEM-EDX (Tables S2 and S3). 

2.2. UV−Vis Diffuse Reflectance. UV−vis spectra were  
acquired under ambient conditions with a Shimadzu 2700  
UV−vis spectrophotometer fitted with an optical integrating  
sphere for solid powdered samples. Zeolites were pressed into  
a sample holder and mounted vertically in the integrating  
sphere.  A  standard  barium  sulfate (BaSO4,  Sigma-Aldrich,  
99%)  sample  was  used  for  baseline  scans.  Spectra  were  
collected from 200−1400 nm on a slow scan speed and a  
resolution of 0.5 nm. 

2.3. Raman Spectroscopy. Raman spectra were obtained  
from  an  InVia  confocal  Raman  microscope (Renishaw,  
Wotton-under-Edge,  UK)  equipped  with  a 50×  objective  
lens (Nikon, L Plan Apo, 50×/0.45, WD17) and Peltier cooled  
CCD. The sample was irradiated with either an 830 nm diode  
laser with the 34 mW maximum power output or a 514 nm  
Stellar  PRO  argon  laser (Modu-laser)  with  the 10 mW  
maximum power output. Attenuated laser power at the sample  
was achieved using neutral density filters. A grating with 1200  
lines/mm was used, yielding an overall spectral resolution of 1  
cm−1.  A  three-point  FFT  filter  has  been  applied  to  the  
spectrum. 

2.4.  Operando  IR  Spectroscopy.  A  Bruker  Hyperion  
3000  infrared microscope  fitted  with  a 36×  magnification  
objective and condenser coupled to a Bruker Vertex 80V FTIR 
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Figure 1. Nano-XRF images of copper SSZ-13 catalysts prepared by two different ion-exchange methods. (a) Nano-XRF (step size = 100 nm,  
detector 0.05) elemental map of CZ-WIE showing silicon (red) and copper (blue), b) nano-XRF (step size = 100 nm, detector 0.05) elemental  
map of CZ-SSE showing silicon (red) and copper (blue); the field of view (FOV) in these images is A and B: 14 μm squared, C and D: 4 × 6 μm  
and 4 × 4 μm, respectively. 
 
instrument  at  MIRIAM  beamline  B22 of  Diamond  Light  
Source was used to acquire IR spectra. A slit size of 25 × 25  
μm2  and  a  beam  size  of 10 × 10  μm2  was  used.  Bulk  
transmission  IR  experiments  were  performed  on 6 mm  
diameter wafers of catalyst particles (∼10 mg), which were  
formed by pressing at a pressure of 1.5 ton cm−2  for 1 min.  
Wafers were placed onto a CaF2  window mounted inside a  
temperature-controlled Linkam FTIR600 reaction cell. Gas  
stream  inlets  to the  cell  were  controlled  by  a  mass  flow  
controller. Prior to experimentation, wafers were dehydrated  
by heating at 300 °C under a nitrogen atmosphere 100 mL  
min−1  N2  flow. When adsorbed water bands were no longer  
visible in the spectrum, the Linkam cell was cooled down to  
the desired reaction temperature under N2 flow at a rate of 10  
°C min−1. Spectra were recorded from selected points across  
the sample with 256 scans and 4 cm−1 resolutions, equivalent  
to 32 s per measurement, using the Bruker OPUS software.  
NH3-SCR was performed using a “standard” gas mixture of  
500 ppm NO, 500 ppm NH3, and 1000 ppm O2 (balance N2)  
at 180 °C. The outlet of the cell was connected to a Portable  
quadrupole mass spectrometer (ECOSYS) to provide qual- 
itative  information  for  reactant  consumption  and  product  
formation. 

2.5. X-ray Fluorescence (XRF) and X-ray Absorption  
Near-Edge Spectroscopy (XANES). Nano-XRF and nano- 
XANES  experiments  were  performed  in  the  Hard  X-ray  
Nanoprobe beamline at Diamond Light Source. The sample  
was  suspended  in  isopropanol  and  drop-cast  on  a  silicon  
nitride  membrane (Silson  Ltd.),  which  was  subsequently  
mounted  on  a  dedicated  sample  holder  available  at  the  
beamline. The sample was scanned across the X-ray beam  
using a focal spot of 100 nm (FWHM) and matching step size,  
to form an image with the 100 nm lateral resolution. At each 

 
point in the image, a full XRF spectrum was collected using a  
four-element  silicon-drift  detector. Nano-XRF  images  were  
obtained at a photon energy, selected to excite Si, Al, and Cu  
fluorescence. Nano-XANES images were obtained by acquiring  
successive nano-XRF images at ∼100 photon energies crossing  
the K absorption edge of Cu (8.979 keV). Once acquired, the  
XRF spectrum at each point was integrated over a constant  
energy  window  corresponding  to  the  Cu  Kα  emission,  
resulting in a series of images. These were co-aligned and  
cropped to correct for drift and inaccuracy from the motion  
platform, resulting in a stack containing one image layer per  
photon  energy  of  the  XANES  scan.  Principal  component  
analysis and clustering were then applied to the resulting stack  
using  the  freely  available  package  HyperSpy.35 The  sum  
spectrum corresponding to all points within a cluster was  
extracted  and  analyzed  with  the  freely  available  package  
Athena.36 

2.6. IR Transmission Spectroscopy. The IR transmission  
cell was a Harrick temperature-controlled gas cell, with a path  
length of 10 cm, a volume of 17 cm3, and CaF2 windows. The  
IR spectrometer was a Thermo Scientific, Nicolet iS10. Twenty  
milligrams of the catalyst powder was placed into the Harrick  
Praying Mantis high-temperature reaction cell. Gas stream  
inlets to the reaction cell were controlled by a mass flow  
controller and spectra were recorded every 1 min. NH3-SCR  
was performed using a gas flow of 10 mL min−1 of NO, 10 mL  
min−1 of NH3, and 80 mL min−1 of O2 (a gas mixture of 1000  
ppm NO, 5000 ppm NH3, and 8000 ppm O2) at 180 and 250  
°C. 

2.7. Periodic DFT Models and QM/MM Models. The  
periodic  DFT  calculations  followed  well-established  and  
benchmarked  protocols,37 with  the  intermediate  structures  
generated by modifying the aforementioned crystal structure 
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coordinates  to  include  copper  aluminate  as  well  as  the  
important nitrogenous species. QM/MM protocols utilizing  
the ChemShell code38,39 as a platform to simulate adsorption  
and  vibrational  properties  of  both  protonated  and  metal- 
containing  zeolitic  aluminosilicates  have  demonstrated  ex- 
cellent convergence between experimentally derived values and  
those obtained by the embedded cluster models.40,41  There- 
fore, such a scheme was used in this study, whereby, the unit  
cell of CHAμ was extended to a sphere of 25 Å in radius  
around the acid site and the charge compensating proton was  
exchanged for a copper cation. Detailed information on this  
section can be found in the Supporting Information. 

3. RESULTS AND DISCUSSION 

3.1.  Nano-XRF  and  Nano-XANES.  Nano-XRF  and 
-XANES analysis was conducted to establish the nature and  
distribution  of  copper  species  across  each  SCR  catalyst.  
XANES is used to establish the presence of an aluminate  
phase in the CZ-SSE preparation. Overlaid XRF elemental  
maps of silicon (red), aluminum (green), and copper (blue) 
acquired with the 100 nm resolution are shown in Figure 1,  
which show representative crystals from the CZ-WIE (top)  
and  CZ-SSE  (bottom)  batch.  CZ-WIE  shows  a  relatively  
uniform distribution of copper across the sample and thin  
regions of copper depletion on the crystal edges where the  
silicon map appears more pronounced. Copper distribution is  
expected to be even across the sample during the wet ion- 
exchange preparation method, which sees copper starting in  
solution as Cu2+ hexa-aqua ions and being drawn in a sponge- 
like fashion into the porous structure when water ligands are  
dropped  during  dehydration.  Conversely,  in  the  CZ-SSE  
sample, the copper appears to be zoning around the edge of  
the crystal, with a region of copper depletion instead being  
present in the center of the crystal. This can be attributed to  
the  synthesis  method  of  mechanical  incorporation,  which  
forces  ion  exchange  to  occur  in  the  solid  state  almost  
exclusively via surface diffusion. 

Figure 2 shows the average Cu-XANES spectra for the CZ- 
WIE (black) and the CZ-SSE (red) samples. Cluster analysis  
of  the  XANES  maps  showed  that  for  both  samples,  one  
significant XANES spectrum could be extracted. This indicates  
that although there is a clear difference between the copper  
speciation of each sample, there is limited variation in copper  
speciation within each sample as a function of spatial variation. 

In total, four features of interest have been identified, all of  
which have been previously assigned by Deka et al.30 Feature 1,  
expanded for clarity between 8975 and 8980 eV, is assigned to  
dipole forbidden 1s → 3d transition in Cu2+. The feature is  
present in both samples but shifted from 8977 eV in the CZ- 
SSE sample to 8978 eV in the CZ-WIE sample. Feature 2 at  
8982 eV is associated with the 1s orbital to double degenerate  
4pxy   transitions  in  linear  Cu+   systems  like 
CuAlO2.30,42−4430,42−44 Although  present  in  both  samples,  
the feature is much more prominent in the Cu-SSE sample  
indicating a higher concentration of Cu+ species. Feature 3 at  
8986 eV is only seen in CZ-WIE and is associated with a Cu2+  
1s → 4pz ligand Cu2+ charge transfer. Feature 4: 8995 eV is  
seen in both samples. The difference can also be seen in the tail  
of the spectra. CZ-SSE appears to be experiencing a frequency  
shift relative to the CZ-WIE sample that is consistent with the  
longer bond length associated with Cu+ systems. Finally, it is  
worth noting that feature 4 highlights a drop in the rising  
absorption edge intensity and hence the difference in the 

Figure 2. Normalized average XANES spectra of CZ-WIE and CZ- 
SSE. Feature 1 at 8975−8980 eV; feature 2 at 8982 eV; feature 3 at 
8986 eV; and feature 4 at 8995 eV. 

 
number of unoccupied electronic states of the absorber atom  
in each catalyst. Overall, XANES indicates that both samples  
are exhibiting multiple copper environments. However, a side- 
by-side comparison of the two catalysts shows considerable  
differences in the intensity ratios of all of the edge-features  
discussed. In particular, the prominence of feature 2 indicates  
that there is more Cu+ in the CZ-SSE sample than the CZ-WIE  
sample. Additionally, the Cu-SSE sample is in good agreement  
with  a  Cu-SSZ-13 zeolite  previously  shown  to  have  an  
aluminate phase present.30  It is worth noting that although  
Deka et al. used a vapor deposition method to create an  
aluminate-rich catalyst, solid-state exchange is generally a more  
systematic preparation method as vapor deposition is known to  
have problems with gradients of copper impregnation across  
the zeolite bed.30 

3.2. UV−Vis Diffuse Reflectance. UV−vis confirms the  
presence  of copper  species within  the zeolite.  An intense  
absorption band is visible in the CZ-WIE and CZ-SSE samples  
at 200−225 nm (see Figure 3). Previous studies have assigned  
this feature to the charge transfer between O2−  → Cu2+  or  
3d10−3d94s1  Cu+  transitions,45 although its presence in the  
copper-free zeolite means that it could also partly be arising as  
a characteristic  transition  of  the  zeolite.46 The  broad  
absorption band at 800 nm in the CZ-WIE and CZ-SSE is  
assigned  to  the  d → d transition of isolated distorted  
octahedral  hexa-aqua  complexes  of  Cu2+  and  has  been  
previously  identified  in  Cu-SSZ-13,37 Cu-ZSM-5,47 Cu- 
SAPO-34,25 and Cu-BEA.48 

As the band is broad, it is likely that the absorption band  
may  be  due  to  three  different  types  of  Cu2+  complexes  
including divalent complexes charge compensated by an Al  
pair (e.g., [Cu(H2O)6]2+),  monovalent,  single  Al  charge  
compensated complexes (e.g., [Cu-OH(H2O)5]+), and com- 
plexes  involving  organic  ligands.  The  CZ-SSE  exhibits  
increased absorption in the region between 350 and 620 nm,  
which can be assigned to charge transfer in O−Cu−O and  
Cu−O−Cu linear copper systems like CuO.49  This is also  
evidenced in the UV−vis studies of copper loading in zeolites  
where higher copper loadings are accompanied by an increase 
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zeolite  preparation  shows  the  strong  crystallinity  of  the 
chabazite doublet. 

The  CZ-SSE  sample  also  clearly  features  the  chabazite  
doublet,  indicating  that  crystallinity  is  maintained.  Two  
additional bands are also observed in this sample at 655 and 
833 cm−1. The band at 833 cm−1 has previously been assigned  
to vs(T−O−T) stretches50 of the silicalite structure. However,  
as this feature is not seen in the other SSZ-13 preparations, it is 
instead speculated that these peaks may be attributed to a  
unique copper environment. Previous studies have explored  
the  spectroscopic  features  of  mononuclear  and  dinuclear 
CuxOy complexes that might be extant in Cu-zeolite samples.  
A study by Pappas et al.51  exploring the structure−activity  
relationship for Cu-CHA presented Raman data for hydrated 
and activated Cu-SSZ-13 samples with bands at 510, 580, and  
830 cm−1  that were assigned to [Cu(trans-μ−1,2-O2)Cu]2+  
species.52  A shoulder feature is also observed at around 620 
cm−1, which could be associated with bis(μ-oxo) dicopper(III)  
and mono-(μ-oxo) dicopper(II) species.52−54  Further, Vanel- 

Figure 3. UV−vis of H-SSZ-13 including the blank framework (red),  
4× wet ion-exchanged Cu-zeolite (blue), and solid-state exchanged  
Cu-zeolite (green); data are presented in Kubelka−Munk units, F(R)  
= (1 − R)2/2R, where R is the absolute reflectance of the sampled  
layer. 
 
 

in oxidic copper species.46 CZ-SSE also has a shoulder at  
around 300 nm that has previously been observed in optical  
transmission studies of CuAlO2.49  Overall, the UV−vis data  
indicate that both samples clearly evidence the presence of  
copper speciation, with the CZ-SSE clearly exhibiting multiple  
copper environments. 

3.3. Raman Spectroscopy. Raman spectra were acquired  
for the CZ-WIE, the CZ-SSE, and the copper-free parent  
zeolite. Representative spectra from five different areas of the  
sample were acquired and then averaged to create the traces  
presented in Figure 4. As expected, the copper-free parent SSZ- 
13 zeolite exhibits the characteristic chabazite SiO2 peak at 484  
cm−1. Like the parent material, the wet ion-exchanged Cu- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Raman spectra of SSZ-13 including the parent SSZ-13 
(black),  wet  ion-exchanged  Cu-zeolite (blue),  and  solid-state 
exchanged Cu-zeolite (red) acquired at 830 nm. 

 
 

deren et al. showed that such vibrational frequencies can be 
influenced by the type of framework the molecular copper 
species  are  being  hosted  in.55 Based  on  this,  it  may  be 
reasonable to consider that the band at 830 cm−1  could be 
associated with species featuring an O−O bond and that the 
band at 655 cm−1  could be linked to a Cu−O structure. 
Nonetheless, our computational work in the following section 
clarifies the nature of these vibrations. 

3.3.1. Raman Simulation. DFT calculations using 
cluster  
models  of  copper  incorporated  zeolites  have  been  used  
extensively to add in silico backing to observations in Raman  
spectra.54,56,57 However, to the best of our knowledge all of  
these studies have focused on multiple Cu2+ sites connected by  
bridging  oxygen(s).  Therefore,  to  assess  whether  the  
experimental peaks determined in our data can be attributed  
to Cu1+  aluminate we decided to construct a cluster model  
including  the  six-membered  ring  in  which  the  aluminum  
substitutes T1 sites. Our model is similar to those used by  
Artiglia et al.58 although we include a second layer of the ring  
system and in all cases terminate by a hydroxyl group (see  
Figure S6). For our calculations, we construct two models: (1)  
containing just the aluminum acid site with a proton on the  
proximal oxygen linker and (2) incorporating all of the atoms  
of model 1 with the proton substituted for a Cu+  ion. We  
observe  all  four  bands  found  experimentally  in  the  Cu+- 
included simulation with the band at 655 cm−1 (absent from  
the protonated model) ascribed to a bending mode of the Al−  
Cu−O angle. Much of the activity seen in the simulated  
Raman corresponds to proton waggle modes; however, we can  
confidently ascribe the important modes seen experimentally  
to ring motions. After this initial success, we decided to expand  
these minima models using a multiscale QM/MM protocol.  
Figure 5 shows the Raman spectra produced using the QM/  
MM methodology and the eight-membered ring embedded  
cluster (the  results  from  other  clusters  are  shown  in  the  
supporting  information (Figures  S8 and  S9)).  Using  the  
embedded cluster approach, the exact position of the Raman  
peaks  is  slightly  shifted  from  those  found  experimentally;  
however, there are clearly symmetrical and antisymmetrical  
Al−O−Cu stretch modes (at 603 and 647 cm−1, respectively)  
and can be assigned to the experimentally observed 655 cm−1  
peak. For the protonated alternative, the corresponding Al−  
O−H modes are substantially shifted to 577 and 603 cm−1 and  
are not in good agreement with the experimental spectra. More 
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Figure 5. Raman simulation using the QM/MM methodology and the eight-membered ring embedded cluster. Spectra for both the protonated 
(top) and copper cation containing (bottom) system are depicted with virtual dashed lines included to show the positions of the experimental 
peaks of interest. 

interestingly, there appear to be additional S−Al−O modes at  
835 and 840 cm−1 that appear in the embedded model, which  
can be assigned to the experimentally observed Raman activity  
at 830 cm−1. 

3.4.  IR Transmission Spectroscopy. To verify if Cu  
speciation has an influence on formation of N2O, we examined  
the catalytic performance of both catalyst samples using IR  
transmission spectroscopy. NH3-SCR was performed using a  
base gas mixture of 1000 ppm NO, 5000 ppm NH3, and 8000  
ppm O2, which is consistent with the standard conditions used  
during  operando  NH3-SCR  experiments.  IR  transmission  
spectroscopy data in Figure 6 demonstrates noticeably higher  
N2O formation on the CZ-SSE catalyst compared to the CZ- 
WIE catalyst. Information on NOx conversion of both catalyst  
samples is shown in Figure S3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Concentration of N2O over time upon exposure to NO + O2 
+ NH3 at 250 °C. 

3.5. Operando Infrared Microspectroscopy. The nature  
and location of Cu species are influenced by several factors  
such  as  the  structure  of  the  framework,  Si/Al  ratios,  Cu  
loadings, and synthesis methods. Furthermore, the oxidation  
states, location, and the chemical nature of Cu catalytic centers  
vary as a function of reaction conditions. Hence, only operando  
spectroscopic  techniques  are  capable  of  monitoring  the  
dynamic  behavior  of  catalysts  and  establishing  accurate  
structure−function relationships. In this study, we followed  
the  dynamics  of  reaction  using  operando  synchrotron  IR  
microspectroscopy  to  understand  the  role  of  key  surface  
species in the NH3-SCR reaction and to find their correlation  
with Cu speciation. 

Gas switching experiments were performed to elucidate the  
formation of surface complexes during NOx adsorption on the  
two Cu-zeolite samples. The focus was placed on the region of  
1200−2000 cm−1 where  bands  of  nitrogen-containing  
compounds dominate. Figure 7a shows a time series of IR  
spectra for each Cu-zeolite sample after exposure to NO and  
O2 gas at 180 °C. In the region of the IR spectra selected, it is  
anticipated that the bands emerging are almost exclusively  
arising out of the interaction between the reactants and copper  
sites. In both catalyst samples, a series of bands in the region  
1500−1650 cm−1 are observed soon after introduction of NO  
+ O2. Bands in this region are typically attributed to surface  
nitrate groups with different types of co-ordination, which are  
attributed to the monodentate nitrate linked to Cu sites at  
1570 cm−1, monodentate nitrate linked to Al sites at 1602  
cm−1, and bridging nitrate based on Al sites at 1625 cm−1.59−61  
Only bridging nitrates were formed on the catalyst surface in  
the first 5 min followed by bidentate species (Figure 7a). There  
appears to be a difference in band evolution between each  
sample, with the bands in the CZ-WIE sample appearing to  
increase with time and the peak ratios in the CZ-SSE sample  
appearing to show less variation over a 20 min period. 

Figure 7b shows a time series of IR spectra for each Cu- 
zeolite sample after exposure to NO, O2, and NH3 at 180 °C. 
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the Lewis acidic sites (1612 cm−1), which desorbed upon 5  
min  of  reaction  in  the  CZ-WIE  catalyst.  This  has  been  
observed previously by Lezcano-Gonzalez et al. and has been  
rationalized in terms of NH4+ ions reacting more slowly than  
NH3 adsorbed on Lewis acid sites.65 The significant difference  
between the two samples is the intermediate at 1433 cm−1  
forming as a result of ammonium interaction with nitrate  
species that are notably absent in the CZ-WIE sample. This  
observation is accompanied by the operando mass spectroscopy  
results (see Figure S2) confirming the higher formation of  
N2O over the CZ-SSE catalyst compared to the CZ-WIE  
catalyst under SCR condition, despite both samples exhibiting  
comparable overall NOx reduction efficiencies. 

While it has been postulated that in Cu-zeolite systems, the  
N2O formation mechanism may occur via decomposition of  
NH4NO3  to  form  N2O  and  water  especially  in  the  low- 
temperature region,22−25 it is proposed that the AlO2Cu+ sites  
within Cu-zeolites act as preferential sites for nitrate formation.  
With this assumption, we intend to verify if the newly formed 
intermediate  at 1433 cm−1 corresponds  to  the [SSZ- 
13((AlO2Cu+)NH3)NO3−] structure. The following section  
focuses on the assignment of peaks from simulated IR spectra  
that most closely matches post-exposure experimental IR data  
shown in Figure 7b. 

3.6. Simulated IR Spectra. To gain deeper insight into the  
origin of specific modes as well as to validate our AlO2Cu+  
active species, in silico DFT cluster models and QM/MM  
embedded  clusters  of  various  possible  intermediates  were  
constructed. Using the unembedded approach, a comparison  
between the in silico and experimental IR is shown in Figure  
S7, where the computed analytical frequencies assigned the  
new feature (at 1420 cm−1 in the model) to a NO stretching  
mode that was softened by the presence of hydrogen bonding  
to nearby NH3 molecules. The frequency that corresponds to  
the NH3 “wobble” mode was simulated at 1373 cm−1. Using  
the embedded QM/MM cluster alternative, this NO stretch  
mode was absent in the 1400−1500 cm−1  range when the 

 
Figure 7. Operando FTIR spectra of Cu-containing SSZ-13 zeolites 
(CZ-WIE and CZ-SSE) upon exposure to (a) NO + O2 and (b) NO + 
O2 + NH3 at 180 °C. 
 
The  introduction  of  NH3 yields  the  biggest  difference  in  
spectra within this region. Nitrate species in the region 1500−  
1650 cm−1  do not appear to exist after exposure to NH3  
indicating their fast consumption by gaseous NH3. The time  
series for the CZ-WIE sample is characterized by major band  
proliferation  at 1448  and  1268  cm−1,  which  both  appear  
following the depletion of a band at 1612 cm−1 and are visible  
immediately after NH3 exposure but consumed in the 5 min  
following.  The  CZ-SSE  sample  exhibits  an  even  greater  
response in this region with a more complex ensemble of  
bands visible at 1268, 1395, 1413, and 1448 cm−1. 

Following exposure to NH3, it is expected that the Cu- 
containing SSZ-13 zeolites will exhibit bands associated with at  
least three types of NH3  adsorbed species.43  These are (1)  
ammonium ions formed on Brønsted acid sites still present as a  
result of incomplete ion-exchange (δ(NH4+)as  at 1448 and  
δ(NH4+)s  at 1395 cm−1),62−65  (2) [Cu(NH3)4]2+  complexes  
arising  from  NH3 co-ordination  with  Cu2+  Lewis  sites  
(δ(NH3)as  at 1612 cm−1) and (3) NH3  wagging of NH3  in  
[Cu(NH3)4]2+  at 1268 cm−1.63−66  The absorption of NH3  
(1448 cm−1) on Brønsted acid sites is stronger compared to 

NO3−  bound  species  was  considered (see  the  supporting 
information, Figure S10). Indeed, this band only reappeared 
when the bound NOx species was instead NO2− (see Figure 8) 
with the NH3  “wobble” mode observed in this embedded 
cluster at 1241 cm−1. 

3.7. Reaction Mechanism toward N2O. The formation  
of  N2O  from [SSZ-13((Cu+)NH3)NO3−]  was  examined  
utilizing the periodic DFT methodology. The adsorption of  
NH3 and NO3− on the CuAlO2 was found to result in proton  
transfer from the nitrate moiety, giving HNO3 and NH3. NO3  
binding to the copper center was deemed to be very stable,  
whereas  NH4+  only  coordinated  Cu+  after  a  proton  was  
abstracted by NO3−. Therefore, the active [(Al2O4Cu)HNO3,  
NH3] intermediate was used as the starting point for the  
results  discussed  here.  These  species  are  stabilized  by  
hydrogen-bonding interactions at the negative oxygen sites of  
the zeolite framework. The potential energy landscape shown  
in Figure 9 explores the thermodynamics of the proposed  
reaction mechanism. The decomposition of [SSZ-13((Cu+)- 
NH3)HNO3] (1) into N2O proceeds via sequential dehy- 
dration steps. The first dehydration occurs via a proton transfer  
from NH3 to the OH moiety of the protonated nitrate group,  
which produces the H2N NO3 intermediate and releases one  
molecule of water (2). This reaction is endothermic with a  
formation energy of 1.17 kJ mol−1. After this step, two possible  
pathways diverge. The pathway for the formation of an early 
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Figure 8. Simulated QM/MM IR spectra of the [SSZ-13((AlO2Cu+)NH3)NO2−] model. The model used is shown in the extra framework: Cu  
(brown), Al (purple), O (red), N (blue), and H (gray) highlighted by a ball and stick depiction, while the framework SiO2 is shown using a wire  
framework motif. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. (a) Potential energy surface for the conversion of HNO3 and NH3 to NNO and 2H2O by the extra framework CuAl2O3 in CHA. All  
energies are given in eV. (b) Proposed mechanisms for the conversion of HNO3 and NH3 to NNO and 2H2O by the extra framework CuAl2O3 in  
CHA. 

NN  bond  after  the  first  dehydration  leads  to  two  
intermolecular hydrogen isomerization steps. The thermody- 
namics of this pathway point to a steady decrease in the energy  
of the intermediate step until the formation of NNO with a  
strongly exothermic by ∼0.5 eV. The alternative pathway sees  
the formation of a late NN bond and was calculated to be  
inaccessible via a NO−Cu−NH intermediate that was >4 eV  
higher in energy than the reactant (see Figure S11). Our  
results are in good agreement with the calculated pathways for  
N2O  production  on  H-AFX,  where  an  early  NN  bond  
formation  was  also  determined  to  be  crucial  for  effective  
HNO3  and  NH3  conversion.67 Overall,  periodic  DFT  
calculations  have  been  used  to  validate  the  experimental  
models and point to the early formation of an NN bound to be 

critical for a thermodynamically assessable pathway to N2O 
formation. 

 
4. CONCLUSIONS 

The present findings provide another perspective to elucidate  
the role of Cu speciation in NH3-SCR reaction. The data imply  
that catalyst performance in a reaction might be affected by the  
synthesis process. Spectroscopic techniques, including oper- 
ando XANES, UV−vis, and Raman, provided indirect evidence  
for the Cu speciation by detecting changes in the Cu co- 
ordination  environment.  While  the  XANES  indicates  the  
presence of a linear copper species such as CuAlO2, the data  
generated is not able to comment on what this species might  
“look” like or how it might be distributed. Given that both 
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samples have been subjected to standard high-temperature  
activations and gas experiments, it is expected that the Cu(I)  
species  must  be  stable,  making  a  compound  such  as  an  
aluminate phase one such possibility. Based on the higher  
production rate of N2O, this would also indicate that the  
species should be readily accessible. By exclusion, a crystalline  
phase might not constitute a large enough surface area to be  
considered “readily accessible”, meaning it may instead be a  
disperse species occurrent throughout the sample. Operando  
IR microspectroscopy pointed to the early formation of a new  
intermediate along with consumption of nitrate species and  
adsorption of NH3 on acid sites; attention should be paid to  
the Cu local environment that is closely correlated with the  
evolution of N2O. According to the DFT calculation results,  
both the adsorbed NH4+ and NO3− ions can be associated with  
CuAlO2 with  a  similar  energy  barrier  and  facilitate  the  
generation of intermediate [(Al2O4Cu)HNO3, NH3] species  
during the NH3-SCR reaction. This may also explain why the  
presence of a linear copper species such as CuAlO2  
significantly influences the local environment of Cu species  
toward N2O formation. In this respect, utilizing advanced  
characterization early in the  zeolite preparation process is  
important to gain a thorough understanding of how the native  
material originally presents and how it might evolve during the  
reaction. In a more generic vein, further comparative studies  
on zeolites prepared in different manners when applied as  
catalysts  might  provide  further  useful  insight  into  the  
mechanism of NH3-SCR. The observation of an alternative  
linear copper species is not limited to the CZ-SSE preparation  
presented here and may potentially occur in other preparations  
of Cu-zeolite such as those subjected to aging. These results  
are part of an ongoing body of research and represent the first  
stages of characterization. Nonetheless, the detailed under- 
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