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Abstract—Cu/CHA catalysts with various Cu loadings (0.5 wt%-6.0 wt%) were synthesized via incipient wetness
impregnation. The catalysts were applied to the selective catalytic reduction (SCR) of NO with NH; and NO oxidation
reaction. XRD and N, adsorption-desorption data showed that CHA structure was maintained with the incorporation
of Cu, while specific surface areas decreased with increasing Cu loading. At intermediate Cu loading, 4 wt%, the high-
est NH;-SCR activity was observed with ~98% N, selectivity from 150 °C to 300 °C. Small amounts of water, 2%,
slightly increased NO conversion in addition to the remarkable N,O and NO, reduction at high temperature. Water
effects are attributed to the improved Cu ion reducibility and mobility. NO oxidation results provided no relation
between NO, formation and SCR activity. Physicochemical properties, NO conversion, N, selectivity, and activation
energy data showed that impregnated samples” molecular structure and catalytic activity are comparable to the conven-

tional jon-exchanged (IE) samples’ ones.
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INTRODUCTION

NO,; is the common term for mono-nitrogen oxides (NO and
NO,), which are exhausts from automobiles and stationary sources
during combustion (fossil fuels in vehicles' engines or coal in elec-
tric power plants). NO, species are toxic pollutants that cause health
problems such as lung infections, respiratory allergies, bronchitis
and pneumonia, as well as environmental problems such as ozone
destruction, acid rain, subsequent acidification of soils and waters,
eutrophication, and material corrosion [1-5]. Among various kinds
of NO, removal technologies, NO direct thermal decomposition
to N, and O, is one [6]. Although NO decomposition is thermo-
dynamically favorable, AG}):— 86 kJ/mol [5], this reaction is kineti-
cally very difficult to achieve in the presence of oxygen due to the
high activation energy of 365 kj/mol [7]. Selective catalytic reduc-
tion (SCR) is one of the favorite technologies for NO, removal
from lean exhaust gases in automotive applications. Standard SCR
is the reaction of nitric oxide (NO) with ammonia (NH;) in the
presence of oxygen to form nitrogen and water [8]:

4NO+4NH;+0,—4N,+6H,0

The application of vanadia (V,0s) based SCR catalysts’ for NO,
removal in the stationary sources (e.g., power plants) has led to the
possibility and experimentation of this application in vehicles. TiO,-
supported V,Os, promoted with WO, has been commercially used
in Europe for automobile applications [9]. Nevertheless, in the U.S
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there are concerns that vanadium oxide-based catalysts are not suited
for mobile NH,-SCR application because of their narrow opera-
tion temperature window (350-400 °C) at which a relative high con-
version is achieved [10], the undesired activity in catalyzing SO,
oxidation to SO;, the rapid decrease in activity and selectivity at
550 °C, and the toxicity of the vanadia species, which begin to vol-
atilize above 650 °C [11,12]. Various metal-exchanged zeolites-base
metal catalysts have been also investigated for NO decomposition
and SCR catalytic activity; and shown positive results in NO, reduc-
tion, although bare zeolites did not show higher NO reduction activ-
ity [13-27]. While both Cu and Fe-zeolite catalysts are better choices
than vanadia-based catalysts, it has been reported that Fe/zeolites
showed lower reactivity at low temperature than Cu/zeolites [6]: the
effective temperature ranges for Cu- and Fe-ZSM-5 are 250-450 °C
and 350-650 °C, respectively [28].

Recently, Cu based zeolite, especially chabazite, CHA (Cu-CHA)
has been selected for SCR applications because it showed excep-
tional hydrothermal stability in addition to the higher NO reduc-
tion activity [29]. The improved hydrothermal stability is due to
small-pore structure where the largest pore has an opening of 3.8 A
with an 8-membered ring structure [30]. Chen et al. reported that
catalysts with 8-membered rings display better hydrothermal sta-
bilities than other zeolites with 10 or 12 membered rings [31]. An-
other important property that makes CHA type zeolite a good SCR
catalyst is that CHA does not permit large molecular size hydro-
carbons (diesel fuel) to enter and adsorb within the framework
[32,33]. In addition to the typical aluminosilicate framework zeo-
lites, SAPO-34 (silicoaluminophosphates) or modified SAPO-34
(e.g MeAPSO-34) has been also applied for NO, treatment as an
automotive catalyst. SAPO-34 zeotype catalysts have proven to be
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uniquely effective in NH,-SCR, in particular Cu/SAPO-34, due to
its higher hydrothermal stability than Cu/SSZ-13 (most commonly
used CHA structure zeolite in NH;-SCR) [34,35]. Also, Leistner et
al. [36] studied the TPR experiments and showed that Cu in Cu/
SAPO-34 is more easily reduced compared to Cu/SSZ-13. This
actually facilitated the redox processes and exhibited higher SCR
activity at 150 °C than Cu/SSZ-13. This is important because the
new SCR catalyst requirement is to work well in a wide tempera-
ture window of exhaust gas: 150-550 °C. It is indicated that the Cu-
SAPO-34 catalyst had a relatively higher De-NO, performance than
the Cu-SSZ-13 catalyst across a wide range of reaction tempera-
tures range (100-700 °C) [37].

Petitto and Delahay [38] tested SAPO-34 supported Cu (<2 wt%)
catalysts with different silicon content (0.57-3.8 wt%) and Ti (0.20-
1.97 wt%) for NH;-SCR of NO reduction. They observed that ~2
wt% Ti containing SAPO-34 showed higher NO conversion com-
pared to the SAPO-34 and SAPO-18 zeolites, although they authors
show products (e.g., N,O and NO,) selectivity and the effect of Cu
loading on NO conversion in detail. Their sample was furnished
by Clariant where the Si contain is 3 wt% and the H form CHA
zeolite support used in our study was very similar to this zeolite.
There are several preparation techniques to put the active species
at the zeolite exchange sites such as hydrothermal synthesis (HS),
solid state ion exchange (SSIE), aqueous solution ion-exchanged
(IE) methods reported in the literature, where IE is the most pop-
ular among them [15,30,32,39-41]. However, less attention has
been given to the incipient wetness impregnation (IW1) to pre-
pare Cu exchanged CHA framework zeolites. Table 1 shows the
comparison of available Cu/CHA catalyst synthesis methods with
their advantages and disadvantages.

In the present work, we prepared CHA framework zeolite sup-
ported different Cu loading (0.5-6.0 wt%) samples by IWI method
to investigate NH,;-SCR and NO oxidation reaction. Specifically,
we focused on the feasibility of using IWI method prepared Cu-
CHA framework catalyst for catalytic activity and selectivity in the
presence water. We observed that the as-prepared samples showed
comparative NO reduction and high N, selectivity performance

Table 1. Comparison of Cu/CHA synthesis methods

with and without water presence, providing that IWI method can
also be applied to Cu-modified zeolite catalysts for NH,-SCR and
NO oxidation reaction.

EXPERIMENTAL

1. Catalyst Synthesis and Characterization

Commercial H form chabazite (CHA) framework (Al=21.6%,
P=20.1%, Si=4.3%, Ti=1.9%) zeolite was graciously supplied by Clari-
ant, and copper (ii) nitrate hemi (pentahydrate) (=98%) was pur-
chased from Sigma Aldrich. Oxygen gas (Extra Dry Grade), argon
gas (UHP Grade), 2,000 ppm NO in helium, and 2,000 ppm NH,
in helium were purchased from Praxair. 200 ppm NO, gas in Ar
and 200 ppm N,O gas in Ar were purchased from Global Calibra-
tion Gases LLC. A series of supported copper on CHA catalyst
was synthesized using incipient wetness impregnation of aqueous
copper nitrate onto CHA at room temperature. After impregna-
tion, the samples were dried at room temperature for 12 hr and at
100 °C overnight and then calcined in flowing air (100 ml/min) at
500 °C for 4 hr with ramping rate 2 °C/min in a tubular furnace.
After calcination, the samples were crushed and sieved to 450 pm
in size.

Specific surface areas of the catalysts were measured by the
Brunauer-Emmett-Teller (BET) method with a Quantachrome
Instrument Nova 2200e surface area and pore size analyzer. Approx-
imately 0.15g powder sample was first evacuated at room tem-
perature for 30 min and then heated at a rate of 2 °C/min to 225°C
under vacuum condition. The surface area was calculated from
a linear BET plot acquired from analysis at liquid N, temperature
(=196 °C) under N, adsorption-desorption isotherms. The pore
size distributions were obtained by Barrett-Joyner-Halenda (BJH)
method.

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku Miniflex diffractometer at ambient conditions using fil-
tered Cu-K radiation (1.5406 A°) operated at 40kV and 40 mA.
Diffraction data were collected from 10 to 80° with a resolution of
0.02° (26). X-ray photo-electron spectroscopy (XPS) was performed

Synthesis method Advantage

Disadvantage

Solid state ion-exchange - Straightforward method

- Needs elevated temperature (700 °C & higher)
- High temperatures partially damage the zeolites

(SSIE) [81] - Allows easily achieved Cu loading control - Tncomplete CuO presence after synthesis
- Needs several repeated cycles to achieve the desired Cu amount
- 3 to 4 ion-exchanges were required to obtain high metal
Aqueous ion exchange - Most commonly used loading.
(IE) [16,82] - Gives excellent catalytic performance. - Surface area and pore volume dropped significantly (especially

for SAPO-34)
- Significant drop in zeolite crystallinity (for SAPO-34)

Impregnation method

(TWT) [83] obtained

Catalyst with high metal loading can be

- Pores are easily blocked by reactive metals

- Introduces the active metal into the zeolite
framework during the preparation process

In-situ hydrothermal

synthesis (HS) [67] - Simplifies the preparation

- Activity is lower than ion-exchange but higher than impreg-
nation.
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on a SPECS Phoibos 100 hemispherical analyzer using Al Ko
(1,486.6 V) X-ray source at the Center for Functional Nanomate-
rial at the Brookhaven National Lab. The surface charging effect
during measurement was compensated by referencing the bind-
ing energy (BE) of C 1s (BE=284.6 V) as an internal standard.

2. Catalytic Activity Measurement

Catalytic activity tests were performed using a fixed bed quartz
tube reactor (3/8” O.D and 7.6" height) operated at atmospheric
pressure. Within the reactor tube, 40 mg of a catalyst was placed in
the center of the reactor. The reaction temperature of the catalyst
was measured by a thermocouple (Omega, K-type) embedded
within the reactor bed. The flow rate of gasses was monitored with
a mass flow meter (Omega Engineering, Inc., FMA-1700A/1800A
series). Catalyst was preheated at 450 °C in flowing 20% O,/Ar (100
ml/min) for 1 hr to remove any impurities. NH,-SCR reaction was
examined in flowing a mixture of 500 ppm NO, 500 pm NH;, 10%
O,, and Ar balance with a total gas flow rate of 200 ml/min. Cata-
lytic activity was also examined with 2% water (H,O) presence with
other experimental conditions remaining the same (500 ppm NO,
500 pm NH;, 10% O,, and 2% H,O with Ar for balance). Water
vapor was generated by passing Ar gas through a heated gas-wash
bottle containing deionized water. NO oxidation reaction was car-
ried out in the absence of NH; and H,O, but other experimental
conditions remained the same (500 ppm NO and 10% O, with Ar
for balance).

For catalytic activity test, the reaction temperature was studied
from 450 °C to 100 °C in intervals of 50 °C. At the target reaction
temperatures, a minimum waiting time of ~45 min was applied to
reach a steady state. Gas lines were heated with electric heating cable
between 100 °C and 120 °C to prevent the condensation of water
vapor and adsorption of ammonia in the lines. On-line analysis of
the products was collected in 3-minute increments by FI-IR spec-
troscopy (Perkin-Elmer, Frontier TM) in a heated 2-meter gas cell
(MARS Series Model #MARS 0.4L/3V-SS, International Crystal
Laboratories) set at 120 °C and KBr window (Perkin-Elmer, Fron-
tier TM). The NO and NH, conversions were calculated from the
concentrations flowing from the inlet to the outlet by using the
following equations:

[NO]Inler — [NO]Ourler
[NO]Ithet

[NH3]Tnlet — [NH3]Outlet
[NH;]

NO conversion (%)= %100 (1)

NH; conversion (%)= x 100 ()

Inlet

RESULTS AND DISCUSSION

1. Characterization of the Catalysts
1-1. Physicochemical Properties

N, adsorption-desorption plots showed type I isotherms for H-
CHA and series of Cu/CHA catalysts, indicating that all samples
contained microporous structure (not shown for brevity). The BET
results of different Cu/CHA catalysts are shown in Table 2. The
specific surface area of H-CHA sample is 486 m”/g. Increasing the
Cu loading led to a continuous decrease in the BET surface area,
while 4.0wt% Cu/CHA and 5.0wt% Cu/CHA samples showed
similar surface areas, 424 m’/g and 428 m’/g, respectively. Com-

Table 2. Physical properties of the catalysts

Catalysts Surface area (m’/g)
CHA 486
0.5 wt% Cu/CHA 467
1.0 wt% Cu/CHA 465
2.0 wt% Cu/CHA 446
4.0 wt% Cu/CHA 424
5.0 wt% Cu/CHA 428
6.0 wt% Cu/CHA 415

pared to H-CHA, 4.0 wt% and 5.0 wt% Cu loading samples’ sur-
face areas decreased by ~12%. Increasing the Cu loading further
resulted in decreasing the surface area, reaching 415 m’/g for the
sample with the highest Cu loading, 6 wt% Cu-CHA. Although the
specific surface areas were decreased with Cu impregnation due to
pore blocking, CHA structure was not deformed or collapsed based
on the XRD results (explained in the following section).

The observed trends are similar to recently reported data from
Ndyalkova et al. [22], although the authors used different zeolite
framework (BEA), metal species (Fe), and calcination conditions
(temperature and time). They suggested impregnation method leads
highly dispersed Fe species inside zeolite based on the slightly de-
creasing, 9%, of surface areas (0.5wt% Fe-BEA: 567 m’/g and 4
wt% Fe-BEA: 516 m’/g). With the series of Cuw/FAU and Fe/Cu-
SSZ-13 catalysts, Kieger et al. [42] and Zhang et al. [43] also re-
ported decreasing surface areas with increasing Cu and Fe load-
ing due to the microporous channels blocking without destruc-
tion of the zeolite structure.

1-2. XRD Analysis

The XRD spectra of fresh Chabazite (CHA) and series of Cu/
CHA catalysts are shown in Fig. 1. All the XRD peaks in 20=
12.97 ((—110) reflection), 16.17 ((—111) reflection), 20.82 ((—210)
reflection), 23.32 ((—121) reflection), 25.27 ((211) reflection), 26.20
((—220) reflection), and 30.97 ((—131) reflection) showed the typi-
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Fig. 1. XRD patterns of (a) CHA, (b) 0.5% Cu/CHA, (c) 1% Cu/
CHA, (d) 2% Cu/CHA, (e) 4% Cu/CHA, (f) 5% Cu/CHA,
and (g) 6% Cu/CHA samples. Inset: XRD patterns between
35° and 40°.
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Fig. 2. (a) NO conversion as a function of temperature over Cu-CHA, (b) NH; conversion as a function of temperature over Cu-CHA, (c)
N,O formation profiles during NH; SCR on Cu-CHA. (d) NO, formation profiles during NH; SCR on Cu-CHA. Reaction conditions:
50 ml/min (500 ppm) NO, 50 ml/min (500 ppm) NH,, 10% O, balanced with Ar, total flow rate 200 ml/min. ~40 mg sample is used.

cal CHA structure diffraction patterns: a hexagonal unit cell with
the space group R3m along with the initial unit cell dimensions of
a, b=13.675A and c=14.767 A [44]. This result indicates that the
H-CHA sample was highly crystalline and after Cu loading the
original zeolite crystalline structure was maintained. Additionally,
in Fig. 1, there is no evidence of CuO peaks (36.30° and 38.72°) in
the diffraction pattern for any of the Cu loaded samples [16,17].
Recently, Wang et al. [16], reported the XRD patterns of Cu/SAPO-
34 synthesized by the solid state ion exchange method and observed
CuO phases even at 2.0 wt% Cu loading sample due to the incom-
plete CuO exchange into the H-SAPO-34. It has been reported
that CuO inhibits NH;-SCR reaction [38]. XRD patterns of fresh
and hydrothermally aged zeolites (FAU, CHA, MFI, and BEA)
supported Cu samples proved the relationship between CuO and
catalytic activity [14,45]. Also, Kwak et al,, observed CuO and amor-
phous zeolite phase for aged Cu-Y, which was related to the com-
plete loss of NH,-SCR activity. Aforementioned published results
suggest that the highly dispersed Cu and prevention of CuO for-
mation during Cu/zeolite synthesis with different catalyst prepara-
tion methods will be the first and the most important step for
higher catalytic activity. Based on the XRD patterns in Fig. 1, we
can conclude that for the Cu/CHA catalysts prepared by incipient
wetness method under the conditions employed in this work there
are (1) no structural changes in the CHA framework as the Cu
content increases and (2) no CuO formation. The XRD patterns
are supported by BET results (Table 2), which show a slight decrease
in the specific surface area as the Cu loading increases, indicating
that Cu ions were well dispersed within the CHA cages without
structure deformation [46].

2. Standard NH,;-SCR and NO Oxidation
2-1. Effect of Cu Loading on NH,-SCR

Standard SCR undergoes a transition in the nature and/or posi-
tion of active center as a function of temperature; therefore, the
effects of Cu loading on the NO, reduction activity and products
concentrations over Cu/CHA catalysts were examined as a func-
tion of reaction temperature between 450 °C to 100 °C, as shown
in Fig. 2. Note that we performed NO, reduction activity test from
high (450 °C) to low (100 °C) temperature to avoid any reactant or
product gas (after reaction) adsorption into the zeolite pore. Also,
H-CHA does not show SCR activity (See Fig. 2(a)). This is a clear
indication that Cu sites are the ones responsible for SCR reaction
in agreement to previous literature reports on H-SSZ-13, H-ZSM-
5, and H-Beta, where the proton form zeolite is not very active for
the standard SCR reaction [15,47,48].

Under the present experimental conditions, gradual increase in
Cu loading enhanced the NO and NH; conversion that reaches
maxima while further increase of Cu loading leads to a decrease
of the catalytic activity (e.g., 6% Cu/CHA). Optimum Cu loading
for the NO conversion was observed with 4 wt% and 5wt% Cu/
CHA catalysts (Fig. 2(a) and 2(b)) that were reaching 80-85% NO
conversion at 200 °C to 300 °C. That is four-times higher activity
than for 0.5% Cu loading. In Fig. 2(b), although NH, conversion
results were similar to the NO conversion trends, slightly increased
NH, conversion indicated that non-selective NH; oxidation was
also affected by Cu loading and reaction temperature, consequently
producing additional NO and a decrease of the SCR activity at
high-temperatures. In addition to the Cu loading effects on NO
and NH; conversion, the reaction temperature at the maximum
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NO and NH; conversion was shifted to a lower temperature as the
copper content increased up to 5 wt%, while 6 wt% Cu/CHA showed
lower NO and NH; conversion at lower reaction temperatures. These
results clearly demonstrate that controlling Cu loading could improve
the NO reduction activity and decrease reaction temperature. At
>350 °C, most of the samples with higher Cu loading the activity
started to decline, and this is in agreement with the result of Ma et
al. [37], who observed a decrease in the NO, conversion at 390 °C
on Cu/SAPO-34.

These catalytic trends could be related to the different nature of
Cu species for different loadings (supplementary Fig. S1(a) and
(b)). Kwak et al. [54] reported that in the ion-exchanged CHA
zeolite such as Cu-SSZ-13 two different Cu ions existed in/on Cu-
SSZ-13 via H,-TPR and DRIFTS measurements. They proposed
that Cu ions primarily exchanged with protons in the six-mem-
bered rings at low Cu loading, while at high Cu loading, Cu is also
located in the large cages. A similar positioning was observed with
Cu/SAPO-34 [49-51]. Wang et al. [16] showed that as the Cu
loading is increased over SAPO-34 the number of the Lewis acid
sites monotonically increased while the number of Brensted acid
sites decreased. They also claimed that the Lewis acid sites play a
key role in low temperature SCR activity, as we also observed in
our result that the NO conversion at low temperature increased
due to the increased amount of Cu loading except for 6 wt% Cu/
CHA. For the high copper content, the presence of copper oxide
species is highly attributed (supplementary Fig. S1(b)). Ayo et al.
[52] suggested that Cu first preferentially occupied the ion ex-
change sites and, once those were saturated, CuO was accumu-
lated. Wang et al. [16] observed different types of Cu structures in
the solid state ion exchanged Cu/SAPO-34 samples, such as iso-
lated Cu”* and Cu,O, clusters (dimeric or oligomeric Cu species).
The SCR reaction is often thought to take place on the isolated
Cu’* sites [53]. It was reported that isolated Cu™ increased up to
2.0wt% Cu loading on SAPO-34 and only slightly increased with
higher Cu loading, while the amount of Cu,O, clusters continu-
ously increased with increasing Cu loading, and the NH; oxida-
tion activity extensively increased with increasing the amount of
Cu,O, clusters [16]. In our observation we also found that iso-
lated Cu’* sites were responsible for the NH;-SCR reaction at low
temperature, while the Cu,O, could catalyze NH; oxidation at high
temperature. Although dimers were postulated as the active cen-
ters for NO decomposition (N,O and NO, formation) [54,55], that
is not necessarily attributed to NH; -SCR. It can be hypothesized
that 6 wt% Cu/CHA contains Cu,O, clusters which are related to
the lower catalytic activity, which we also noticed from the X-ray
photo-electron spectroscopy (XPS) spectra (supplementary Fig.
S1(a) and (b)). Even though our XRD results (Fig. 1) do not show
the evidence of Cu,O, in the 6 wt% Cu/CHA spectrum, it is possi-
ble that Cu,O, are not crystalline structure or are too small to be
detected by XRD. The CuO particles moderately active in nonse-
lective NH; oxidation and selectivity of the reaction moved toward
N,O and NO, formation [44]. Note that isolated Cu®" ions are
intrinsically less active in oxidation reactions than Cu ion dimers
and Cu,O, clusters. The activity of 6%Cu/CHA (Fig. 2) clearly
demonstrates that this is indeed the case. Based on the XRD and
XPS, activity results, and literature reviews, we can hypothesize that

5wt% and 6 wt% samples contain either Cu ion dimers or Cu,O,
clusters which have undetectable size using the XRD.

Fig. 2(c) and 2(d) display the N,0O and NO, concentration pro-
files, respectively, showing significant differences in product selec-
tivity for different Cu loading samples. Although both 4 wt% and
5wt% Cu/CHA samples show similar NO and NH; conversions,
4 wt% Cu/CHA sample produced lower N,0 and NO, concentra-
tion (higher N, selectivity) compared to 5wt% Cu/CHA sample in
almost the whole reaction temperature ranges. Under the condi-
tions in our study; the highest activity and N, selectivity were achieved
between 200 °C to 300 °C for the 4% sample. Near 100% selectivity
to N, during NO reduction reaction was achieved in these tem-
perature regions. Note that N,O and NO, concentrations were
<5ppm up to 350 °C over 4% Cu/CHA catalyst. However, both
N,O and NO, concentrations were gradually increased at high
temperature, >350 °C, due to the non-selective NH, oxidation. The
interesting results in Fig. 2(c) are the N,O production trends with
2-6 wt% Cu/CHA samples through the whole range of tempera-
tures. N,O production showed a local maximum at 200 °C, then
declined and inclined again from 300 °C. Therefore, we can explain
N,O formation as a dual mode mechanism. The low-temperature
N,O formation around 200 °C is a result of NH; oxidation by NO
that formed NH,NO; surface species and decomposed by the fol-
lowing reaction [56,57]: NH,NO;—N,0+2H,0. Meanwhile, the
high temperature N,O formation was mainly from the oxidation
of NH; by O,. Even though N, formation by NH; oxidation is
thermodynamically more favorable (AG=—327 kJ/mol) than other
products, the pathways leading to N,O or NO formation are also
thermodynamically achievable, AG=—275kJ/mol and AG=-241
KJ/mol, respectively [58]. However, N,O is very stable because the
catalytic decomposition of N,O requires temperatures higher than
450 °C [45]. Ma et al. [37] found that the ammonium nitrate spe-
cies are more thermally stable on Cu/SAPO-34 compared to Cu/
SSZ-13, which leads to less N,O production during SCR. However,
more NO, was produced at higher temperature because ammo-
nia oxidation over Cu/SAPO34 is higher compared to Cu/SSZ-13.
These phenomena well match our results where we observed higher
NO, production after 350 °C.

2-2. Water Effect on NH;-SCR Reaction

The presence of water vapor is inevitable for the application of
SCR in diesel engines. Therefore, we further examined the water
effect on the catalytic activity and product selectivity in the pres-
ence of 2% H,O. As shown in Fig. 3(a)-(d), the results for NH;-
SCR with presence of 2% H,O differ, especially N,O and NO, for-
mation, from those obtained in the absence of water.

Water did not inhibit the activity for NO conversion. However,
the presence of water slightly increased the SCR activity with in-
creasing the Cu loading and it resulted in a significant improve-
ment of N, selectivity at high temperatures. The 4, 5 and 6 wt%
Cu/CHA samples show similar activity at temperatures up to 300 °C
as measured by NO conversions of ~85%-90%. This is followed by
a decline in the activity following the order of 4 wt%<5 wt%<
6wt% Cu/CHA in the high-temperature regions, 350 °C-450 °C.
These results can be interpreted as due to the migration of all Cu
species to the large cage to maximize coordination with water.
Thus, 4 wt% Cu/CHA maintained the highest activity up to 400°C
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sample is used.

in the presence of water vapor (Fig. 3(a)), whereas NO conversion
started to decline at 300°C when there was no water, as shown in
Fig. 2(a). It was reported that hydrated Cu species are more read-
ily reducible than ‘naked’ Cu ions [59] because their interaction
with zeolite framework weakens, and they have easier access to the
reducing agent. Recently, Gao et al. [15] and Kwak et al. [60,61]
provided the binding strength and reducibility of Cu® ions inside
the CHA framework by using H,-TPR and FTIR under hydrated
and dehydrated conditions. They concluded that hydrated Cu** ion
monomer (Cu**-OH) was highly mobile and easily reducible in the
presence of moisture due to the lower redox barrier. The enhanced
Cu”* mobility and reducibility can decrease the SCR reaction tem-
perature and maintain NO conversion even at higher temperature,
in agreement with the results in Fig. 3(a).

Meanwhile, one very interesting phenomenon we observed that
the 5wt% and 6 wt% Cu/CHA samples showed similar activity like
4 wt% at temperatures up to 300 °C. This indicates, at least under
hydrated conditions, that the active sites for NH,-SCR all isolated
Cu’" ions are in very similar chemical environments. This obser-
vation suggests that with >5wt% loading samples, the formation of
Cu,O, clusters on the external surface of SAPO-34 might migrate
from isolated Cu*" species formed during the hydration condi-
tion. Wang et al. [62] also reported this phenomenon and sug-
gested the generation of more isolated Cu’* ions during aging.
And the isolated Cu’" species on Cu-SAPO-34 catalyst was claimed
as the active sites for NH,-SCR reaction in the temperature range
100-200°C by Li et al. [63,64]. Our observation confirmed that in

dehydration condition 5wt% and higher loading samples have
Cu,O, clusters presence that generates highly active Cu™" ions during
hydration condition. This contributed to the higher number of
Cu™ ions that affected the NO, adsorption and activation on the
catalyst surface.

Note that the presence of water in the feed gas results in de-
creasing N,O and NO, formations. Especially, for the highest reac-
tion temperature at 450 °C, significantly lower N,O formation was
observed, <~8 ppm (Fig. 3(c)). In the case of NO,, ~50% reduction
was observed compared to without water at 450 °C, while NO,
production slightly increased <300 °C for 4-6 wt% samples. Fig. 3
results confirmed that small amounts of water could inhibit the
unselective oxidation of NH; and thereby enhance the high-tem-
perature activity. Because, in hydrated condition the Cu,O, clusters
form isolated Cu® species whereas Cu,O, clusters are responsible
for the NH; oxidation activity extensively. Furthermore, the pres-
ence of water enhanced the activity due to the lower Cu™" reduc-
tion barrier as well as the modification of the structure of active
sites. Based on these results, we can conclude that the SCR activ-
ity and N; selectivity increased in the presence of water.

2-3. Effect of Cu Loading on NO Oxidation

NO oxidation has been suggested as the rate-determining step
during the “standard” NH,-SCR reaction [65]. Also, it is well known
that the fast SCR [NO+NO,+2NH;—2N,+3H,0], an equimolar
NO/NO, ratio, is the most efficient for the conversion of NO, com-
pared to only NO or NO, feed [12]. Thus, the effect of Cu loading
on NO oxidation [2NO+0,—2NQO,] over Cu/CHA was exam-
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ined as a function of temperature from 450 °C to 100 °C.

Fig. 4(a) and 4(b) show the NO conversion and NO, produc-
tion for the different Cu containing (0.5 wt%, 4 wt%, and 6 wt%
Cu/CHA) catalysts. As shown in Fig. 4(a), the H-CHA sample shows
negligible NO oxidation activity. Although NO oxidation over Cu/
CHA was also found to be quite low; NO conversion increased
with increasing Cu loading and increasing temperatures. Up to
250°C, NO conversion over 4 wt% and 6 wt% Cu/CHA catalysts
is very similar, but 4 wt% Cu/CHA sample shows higher NO con-
version at >250 °C. At 400 °C, 4%Cu/CHA sample shows the high-
est NO conversion, ~32%, which yields ~160 ppm NO, production.
Further increasing temperature, NO conversion exhibits a slight
decrease because the NO/NO, thermodynamic equilibrium favors
for NO at >400 °C. Also, further increasing of the Cu loading such
as for 6%Cu/CHA sample shows lower NO oxidation due to the
different types of Cu structures (Supplementary Fig. Sl(a) and
(b))

This result shows that the fast SCR reaction does not improve
standard NH,-SCR activity under this experimental condition.
This result strongly suggests that NO does not necessarily have to
be oxidized to NO, for the standard SCR reaction to proceed. Al-
though it has been suggested that NO has to be oxidized to NO,,
which is the rate-determining step of the mechanism [12,66-69],
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observed results provided that NO is directly activated by Cu spe-
cies without the NO, formation step. Since the 4 wt% Cu/CHA
sample shows much higher NO conversion into N, during the
NH,-SCR (Fig. 2(a) and 3(a)) at <250 °C than that of 6 wt% Cu/
CHA sample, NO oxidation results cannot directly explain how
fast SCR involves higher NO conversion (or N, selectivity) during
the NH,-SCR reaction. It was reported that NO oxidation cannot
be activated over lower Cu loadings (or monomeric Cu ion) on
Cu/CHA catalysts, in agreement with our results [13,70,71]. Based
on the reported and observed NO oxidation results, it is possible
that synthesized 0.5 wt% Cu/CHA sample by impregnated method
contains monomeric Cu ion, while 4wt% and 6 wt% Cu/CHA
samples contain dimeric Cu ion. However, NO oxidation activity
is still quite low below 300 °C. Therefore, it can be concluded that
incipient wetness synthesized Cu/CHA samples are more suitable
for reduction than for oxidation of NO.
2-4. Apparent Activation Energies for Reduction and Oxidation of
NO

The apparent activation energy for the reduction of NO by NH,
over impregnated Cu/CHA was calculated using the data obtained
at 100 °C-250 °C. Previous studies showed that the SCR reaction is
known to be first-order with respect to NO under stoichiometric
NH,; conditions: ryo=—Kk[NO] [72]. The first-order rate constants

(b)
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Fig. 5. (a) Arrhenius plot of rate constant (k) for NO reduction versus inverse temperature. Reaction condition: 50 ml/min (500 ppm) NO,
50 ml/min (500 ppm) NH;, 10% O, balanced with Ar, total flow rate 200 ml/min. ~40 mg sample is used. (b) Arrhenius plot of rate
constant (k) for NO oxidation versus inverse temperature. Reaction conditions: 50 ml/min (500 ppm) NO, 10% O,, and balanced with

A, total flow rate 200 ml/min. ~40 mg sample is used.
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were obtained from the conversion of NO as:

kz(;i%%;)hﬂl—X) 3)
where Fy;, is the molar feed rate of NO (mol/s), m,, is the catalyst
mass, Cyp is the NO concentration (mol/cm’) in the inlet gas and
X is the fractional conversion of NO.

Based on the rate constant calculated from Eq. (3), an Arrhenius
plot of logarithm of rate constant In(k) versus inverse temperature
was obtained, as shown in Fig. 5(a). The apparent activation energy
over the impregnated 0.5 to 6 wt% Cu/CHA catalysts for the NH;-
SCR reaction is 28-40Kk]/mol, which also falls in the range of 29-
89 kJ/mol obtained for various zeolites-based SCR catalysts [13,73-
76]. Our calculated activation energy is also closely related to the
value (41.5%3.7kJ/mol) over ion-exchanged Cu/SAPO-34 sample,
which was prepared by the solid state ion exchanged (SSIE) method
by Wang et al. [16]. Interestingly, in our result the more active
samples (4% and 5% Cu/CHA) showed the higher E, and this
might be related to the higher number of active sites with those
samples that are able to chemisorb more NO, and lead to obtain-
ing a higher pre-exponential factor, A. This kind of uniqueness is
defined as the so-called compensation phenomenon in catalysis
[77], which is recalled by Richter et al. [78] and Bond et al. [77]
that the rate constant k (Eq. (3)) not only varies with E, but also
with the pre-exponential factor (A), which itself depends on the
concentration of active sites.

Additionally, the apparent activation energy for NO oxidation is
shown in Fig. 5(b). It was reported that NO oxidation over zeolite-
supported metal is also first-order in the reactant NO [59,79,80].
The calculated activation energy (250-400°C) was 17-35k]J/mol and
this value is in line with previously reported values for other zeo-
lite-based catalysts range of 24-48kJ/mol [60-62,64]. The activa-
tion energy for our impregnated samples displays similar activation
energy as ion-exchanged Cu-CHA samples, suggesting identical
catalytic centers in both.

CONCLUSIONS

A series of Cu/CHA catalysts were synthesized by incipient wet-
ness method. The physicochemical properties of the catalysts and
Cu loading (0.5 wt%-6 wt%) effects were investigated by means of
BET, XRD, XPS, standard NH,-SCR, and NO oxidation reaction.
As shown in XRD data, the impregnated Cu did not change the
H-CHA structure and indicates that Cu ions were well dispersed
within the CHA cages without structure deformation. Catalytic
activity and N, selectivity during the NH,-SCR reaction were con-
trolled by both reaction temperature and Cu loading. The NH;-
SCR activity and N, selectivity increased with increasing Cu load-
ing up to 4-5 wt%. In the case of >5 wt% Cu loading sample, both
NO conversion and N, selectivity decreased due to the possible
Cu0, cluster formation by XPS observation, even no formation
of crystalline Cu,O, was observed in the XRD patterns. The high-
est NO conversion was observed at reaction temperatures 200 °C-
300°C for standard SCR reaction with 4 and 5wt% Cu/CHA cat-
alysts. The lowest reaction temperature at the highest NO reduc-
tion activity shifted with increasing Cu loading up to 4-5wt%. In

the presence of water, NH;-SCR activity and N, selectivity in-
creased due to the enhancement of Cu™* ion mobility and reduc-
ibility. NO oxidation activity of Cu/CHA was very low and con-
firm that Cu/CHA catalysts are poor NO oxidizing catalysts. It
appears that the optimum Cu loading via incipient wetness impreg-
nation (IWI) method was 4 wt% for NH,-SCR reaction. Catalysts
prepared by IWI showed similar NH,-SCR activity, N, selectivity,
and activation energy to the catalysts prepared by solid state ion-
exchange (IE). Thus, the impregnation method is feasible for SCR
catalysts synthesis for fundamental research and application of NO
conversion during the NH,-SCR reaction. Finally, the observed
results clearly indicate that active Cu sites were affected by experi-
ment conditions, such as Cu loading, dehydration/hydration, and
reaction temperature.
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To study the state of Cu species on the surface we investigate
the binding energy of the Cu 2p transition peaks of the Cu/CHA
catalysts. Fig. S1(a) shows XPS spectra of Cu 2p of 2, 4, and 6%
Cu/CHA samples. As can be seen, two peaks were observed at ~935
eV and ~955 eV, which are corresponding to Cu 2ps, and Cu 2p,,,
respectively. In addition to these peaks, shake-up satellite peak was
also observed which is corresponding Cu**. However, Cu’ species
was not observed which appears at higher binding energy than Cu
2ps,. Moreover, in many literatures the other satellite shakeup peak
around 963 eV (which is higher binding energy than Cu 2p,;,) was
reported [69,83,84]. However this 963 eV satellite peak is missing
in our data because there is an overlap with the ascending KLL
Auger line of O,. However, these satellites can be assigned to the
charge transfer between the transition metal 3d and surrounding
ligand oxygen 2p orbitals. In Fig. S1(b), for three samples we closely
look into the main Cu 2p,;, peak which is deconvoluted into three
contributions around 932.2, 934.4, and 936 eV. This kind of decon-
volution is also reported in Li et al. for the Cu-SAPO-18 catalysts

prepared by incipient wetness method [84]. The peak at 932.2 eV
is assigned to Cu(I) species including isolated Cu" ions and Cu,O.
This peak is more prominent for the 4% and 6% Cu/CHA. The
peak at 936 eV corresponds to the Cu** ions coordinating to frame-
work oxygen atoms of CHA zeolite, and this peak is present for all
the samples. The peak at 934.4 eV is assigned to CuO species on
the zeolite and this is more intense for the 6% Cu/CHA sample
than others while the peak corresponds to the Cu™* ions (936 V)
remains the same for all samples. Therefore, we can state that this
excess amount of CuO on 6% Cu/CHA is responsible for the lower
SCR activity as well as pore blocking (Table 2). While in presence
of water the SCR activity is increased specially in low temperature
almost similar like 4% Cu/CHA. This result indicates that copper
species undergo significant changes during hydrothermal treatment.
It can be explained that agglomerated copper oxides on the surface
migrated inside the pores during hydrothermal treatment and formed
isolated Cu™ species (Lewis acid sites) that decrement low tempera-
ture SCR activity, where CuO do not show acidic properties [16,49].
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Fig. S1. Cu 2p X-ray photo-electron spectroscopy (XPS) spectra of 2, 4, and 6% Cu/CHA samples (a) Full scale of 925-960 eV (b) magnified

region of 925-940 eV.



