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Abstract: In this work, the activity of xCuO-Ceg9Zrj10; catalysts for the reaction of NO + CO was
investigated. Especially, in situ DRIFTS was applied to investigate the surface species under the
adsorption of NO and/or CO and the reaction of NO and CO to understand the key intermediates
species and reaction process of NO + CO. The results suggest that the copper oxide species are well
dispersed on the surface of the catalysts, which can be easily reduced to form Cu* species. The Cu*
species are proposed to be important activity species. The results of this work also suggest that
N,0,2" is likely an intermediate species that plays an important role in NO reduction by CO. Thus,
more Cu* and highly dispersed copper oxide species are expected to be beneficial for the reaction of
CO + NO over the xCuO-Ce( 9Zr( 10, catalysts.

Keywords: xCuO-Cep9Zrj10, catalysts; CO + NO reaction; Cu* active species; in situ DRIFTS;
highly dispersed CuO

1. Introduction

NOy emission has a negative effect on human health and the environment due to causing acid
rain and photochemical smog in urban and industrial areas [1]. NO, removal is an important subject.
For the currently-reported technologies of NO, abatement, the reduction of NO by CO occurring over
three-way catalysts (TWCs) has attracted tremendous attention due to the simultaneous conversion of
CO and NO. Noble metal catalysts (Rh, Pt and Pd) have been used in the reaction of NO + CO [2-9],
due to their high activity and selectivity for NO reduction. Because of the scarcity and high price of
Rh, Pt has been considered to be a better catalytic candidate for the catalytic reduction of NO.

Copper as a potential metal for NO elimination has been extensively investigated because of its
low cost and relatively high activity. In the literature [10-24], copper oxide supported on different
oxides (e.g., SiOy, TiOy, Al;O3, CeO;) has been tested in the reaction of NO + CO. Among these
supports, CeO; has received special attention due to the role of the oxygen buffering center through
the facile Ce** /Ce®* redox cycle [1,25]. Meanwhile, the weak sintering resistance ability of CeO, can be
compensated by the incorporation of Zr; in addition, CeO; redox capacity also can be enhanced. Dong
and his group have reported the use of copper-based catalysts for the reaction of NO + CO [12,13,15-24].
They suggested that the excellent performance of NO reduction and CO oxidation was attributed to the
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strong interaction between copper and the unique redox behavior of CeO,. Hu et al. [15] pointed out
that the highly dispersed CuO was the main active species for the reaction. Zhang et al. [1] reported
that the Cu* species was beneficial to the chemisorption and reduction of NO to produce N,O. The
ratio of Ce/Zr can result in a different interaction between Cu and Ce, which influences the formation
of Cu* species [1]. The different preparation methods for CuO-loaded Ce(Zr)O, catalysts also led to
different dispersibility of CuO and the existent status of copper species. Moreover, different reaction
mechanisms have been brought forward due to the change of active species. Thus, it is worth studying
a controllable way to prepare highly dispersed copper species on Ce-Zr oxides in order to improve
its catalytic performance for NO + CO. Furthermore, it is a key issue to investigate the copper active
species and formation of intermediate species during the catalytic process on these copper-based
oxide catalysts.

In the present work, the mixed oxides xCuO-Ce( 9Zr; 10, (x represents the content of Cu) were
prepared by using a simple co-precipitation method under the assistance of the surfactant CTAB
and investigated systematically by means of various characterizations, especially in situ DRIFTS.
The studies are mainly focused on: (1) understanding the effects of structure, texture, reducibility and
surface copper species of the obtained samples on the catalytic performance of the NO + CO reaction;
(2) investigating the formation of intermediate species during the interaction of CO or/and NO with
the catalyst surface by in situ DRIFTS; and (3) confirming key active species for the NO + CO reaction
and the reaction process.

2. Results and Discussion

The xCuO-Ce(9Zr 10, (xCuOCZ) oxides with various contents of copper were prepared by
co-precipitation, and their actual mass contents of copper were determined to be about 2, 5, 12 and
16 wt %, whereas x was 2, 5, 12 and 16, respectively.

2.1. XRD Studies

Figure 1 displays the XRD patterns of Ce9Zr(10; (CZ) and xCuOCZ oxides. The diffraction
peaks around 26 of 28.5°, 33.1°, 47.5° and 56.4° were clearly observed, which were attributed to the
cubic fluorite structure of CeO, (JCPDS 65-5923). This implies that the zirconia dopant is contained
within the CZ lattice and formed a solid solution while maintaining the fluorite structure [11,26].
For the xCuOCZ catalysts, no reflections characteristic of CuO structure were observed, which may
be due to some copper being well dispersed as CuO nano-crystalline or to a limited amount of Cu
ion being included in the surface structure [27]. The average crystallite size was calculated according
to the Scherrer equation listed in Table 1. For the CZ, 2CuOCZ, 5CuOCZ, 12CuOCZ and 16CuOCZ
catalysts, their average crystallite size was 7.6, 7.5, 6.4, 5.5 and 5.2 nm, respectively. It can be seen that
the average crystallite size decreased with an increase in copper content. The results reveal that copper
species should disperse on the surface of xCuOCZ by forming small or large CuO particles.

The N; adsorption-desorption isotherms of the CZ and xCuOCZ catalysts are shown in Figure S1.
The isotherms of all catalysts were of the classical type IV with the hysteresis loop of the H2 type,
characteristic of a mesoporous structure that was derived from the accumulation of particles [12,26].
The textural data and the specific BET (Brunauer, Emmett and Teller) surface areas are also listed in
Table 1. With the increase of copper content from 2-16 wt %, the surface area of the catalyst increased
from 98-119 m?-g~!. The change of the surface area can be related to the presence of the lower atomic
mass of Cu on the catalyst surface in comparison to Ce and Zr. This results in a solid with lower
density and therefore slightly higher surface area values.
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Figure 1. XRD patterns of the CZ and xCuOCZ catalysts.

Table 1. Surface and structure properties of the CZ and xCuOCZ catalysts.

Copper Average Crystallite SAD Pore Size

Sample Content (wt %) Size 2 (nm) (m2.g 1)  ¢(nm) Rp/Fg ¢
Ccz - 7.6 94 4.8 0.32
2Cu0OCZ 2 7.5 98 49 0.24
5Cu0OCzZ 5 6.4 116 5.3 0.27
12CuOCZ 12 5.5 121 49 0.15
16CuOCZ 16 52 119 57 0.13

2 Calculated from the XRD measurement according to the Scherrer equation. The Scherrer equation is
D = 0.9A\/(BcosB), where A is the wavelength of the Cu Ko (1.5418 A) radiation, B is the full width at
half maximum of the diffraction peak in radians, 0.9 is the shape factor for spherical particles and 6 is the
angle of the diffraction peaks; ? BET (Brunauer, Emmett and Teller) surface and € pore size calculated from
N adsorption/desorption measurement; ¢ area ratio of Rp to Fag from Raman spectra.

2.2. H,-TPR Studies

H,-TPR (Temperature Programmed Reduction with Hj) profiles of CZ and xCuOCZ catalysts
are represented in Figure 2. CZ had only one reduction peak at 564 °C assigned to the surface
CeO; reduction [28-30]. After the addition of copper, all reduction peaks in the 150-280 °C range
were associated with the reduction of Cu species [17,23,29,31-33]. In fact, the reduction of Cu species
supported on ceria was complex and controversial. Here, different Cu species were identified according
to the literature [1,20,23,30,33,34]. The first peak at 177-198 °C was assigned to the reduction of highly
dispersed CuO for xCuOCZ [1,17]. The second peak of 2CuOCZ and 5CuOCZ located at 276 and
265 °C, respectively, was assigned to the reduction of the copper ion incorporated into the CeZrO,
lattice [35]. For 12CuOCZ and 16CuOCZ, the second peak at 218-246 °C was assigned to the reduction
of small CuO particles [20]. The third peak at 254 °C observed for 16CuOCZ was in agreement with
the reduction of larger CuO particles [29]. It was observed that the areas of the first peak increased
with the copper content, suggesting an increase in the amount of highly dispersed CuO. However, the
amount of small CuO particles for 122CuOCZ was far more than that of 16CuOCZ, whereas larger CuO
particles were present in the 16CuOCZ. On the whole, the entirety of CuO in 12CuOCZ is more easily
reduced than that in the other catalysts.
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Figure 2. H»-TPR (Temperature Programmed Reduction with H;) profiles of CZ and xCuOCZ catalysts.

2.3. Raman Spectra Studies

Raman spectroscopy can be used to obtain additional structural information due to its potentiality
and sensitivity to metal-oxygen arrangement and lattice defects. The Raman spectra of the xCuOCZ
and CZ catalysts are shown in Figure 3. For the CZ sample, the strong peak at 453 cm~! was attributed
to the Fo; Raman active mode of the fluorite structure [16,20,36]. In addition, a peak at 619 cm !
was also observed, corresponding to the defect-induced (D) in the cubic ceria fluoride phase [12,36].
In general, the peak at 619 cm~! can be attributed to the presence of oxygen vacancies in the ceria lattice.
However, the Raman lines of CuO were absent in all of the samples, indicating that the CuO-related
species are in the form of highly dispersed and clustered states on the surface of the xCuOCZ catalysts.
The strong peak at 453 cm ! shifted to low wavenumbers after adding Cu into the CZ catalyst, which
should be attributed to the interaction between CZ and copper species [12].This is in line with the
XRD results. It is also well known that an increase in the area ratio of the oxygen vacancy peak (Rp)
to Fpg indicates a much higher defect degree and a large amount of oxygen vacancies in the CeO,
materials. In our case, the area ratio of Rp/ Fag summarized in Table 1 is 0.32, 0.24, 0.27, 0.15 and
0.13 for CZ, 2CuOCZ, 5CuOCZ, 12CuOCZ and 16CuOCZ, respectively. It is clearly shown that the
sequence of the Rp/Fyg area ratio follows the decreasing order: CZ > 5CuOCZ > 2CuOCZ > 12CuOCZ
> 16CuOCZ. As a result, the concentration of oxygen vacancies decreased with the addition of copper
to these catalysts. This may be assigned to the interaction between CZ and copper species leading to
the decrease of the Ce®* amount, which is consistent with the shift of the Raman peaks.
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Figure 3. Raman spectra of the CZ and xCuOCZ catalysts.
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2.4. XPS Studies

XPS was adopted to study the surface composition and elemental oxidation states of the xCuOCZ
catalysts. The XPS of Cu2p, Ce3d and Ols are displayed in Figure 4. For all catalysts, the XPS of
Cu2p was numerically fitted with five components with the assignment defined in Figure 4a. The low
binding energy at 931.1-931.6 eV and high binding energy at 933.2-933.5 eV were ascribed to Cu*
and Cu?* species with a shake-up or satellite peak located at 938.6-948.6 eV, respectively [17,19,37].
The intensity of the XPS of Cu2p was too weak to distinguish in the 2CuOCZ sample; therefore, no
further calculations were performed. Cu-LMM Auger spectra were also recorded to further verify
the valence state of copper, as shown in Figure S2. For the 2CuOCZ, no Auger peaks were observed.
This may be because the copper content was too low to be detected. For the other copper-containing
samples, two weak Auger peaks at 570.2 and 569.2 eV could be observed, which are assigned to Cu*
and Cu?*, respectively [17]. The amount of the surface copper species was then calculated from the
atomic ratio of Cu* to Cu?* (Cu*/Cu?*) according to the procedure described in the Experimental
Section and presented in Table 2. The results show a decrease in the Cu*/Cu?* value according
to the order: 12CuOCZ (0.17) > 16CuOCZ (0.15) > 5CuOCZ (0.071) > 2CuOCZ (0). These results
confirmed that the content of Cu™ species on the surface of 122CuOCZ catalyst is larger than that of the

other catalysts.
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Figure 4. XPS of Cu2p (a),Ce3d (b) and O1s (c) for the catalysts.
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Table 2. XPS data of the CZ and xCuOCZ catalysts.

Cu(at %)  Ce (at %) Zrx (at %) O (at %)

Catal}'St Ta gb Ta gb Ta gb Ta gb Ce/Zr Cu*/Cu?>* Ce3*/Ce** ¢ Oads/(oads +Ow + Olatt)
Ccz - - 30 335 33 38 667 627 882 - 0.24 0.43

2CuOCZ 13 20 292 388 32 32 662 560 121 - 0.23 0.34

5CuOCz 28 55 283 280 3.1 1.8 657 647 156 0.071 0.22 0.37

12CuOCZ 80 84 252 312 28 15 640 589 208 0.17 0.18 0.31

16CuOCZ 106 108 23.6 279 26 24 631 590 116 0.14 0.19 0.29

2 T represents the theoretical atomic percent calculated according to ICP (Inductively Coupled Plasma)
measurement; ° S represents the surface atomic percent calculated from the XPS measurement; © area
ratio of Ce®* to Ce** (Ce3"/Ce*") estimated by considering the deconvolution peak areas of Ce®* and
Ce**, Ce®* /Ce* = Aareas(Ce™)/ Aareas(Ce**) = Aareas(Vo + V' + tig + ')/ Aareas(® + 0" + 0" + u+ u” +u'"").

Figure 4b exhibits the XPS of Ce3d that was divided into ten peaks by peak-fitting deconvolution
for each sample. The 3ds/, corresponded to v, while the 3d3,, corresponded to u. The doublets (v, u),
(@”,u”),and (0", u'"") represent the 3d'%4f" initial electronic state assigned to Ce**, whereas the signals
(©', u') and (vy, ug) represent the 3d'%4f! state of Ce3* [12,38,39]. Furthermore, the relative abundance
of the Ce®* /Ce** of each sample was estimated by considering the area of the deconvolution peaks.
In Table 2, the Ce3* /Ce** content was calculated to be 0.24, 0.23, 0.22, 0.18 and 0.19 for CZ, 2CuOCZ,
5Cu0OCZ, 12CuOCZ and 16CuOCZ, respectively. The Ce3* content follows the decreasing order
CZ > 2CuOCZ > 5CuOCZ > 16CuOCZ > 12CuOCZ, which indicates the presence of the lowest amounts
of Ce®*/Ce** species on the 12CuOCZ surface. Additionally, it is worth noting that the ratio of
Ce3t /Ce** was positively correlated with the ratio of Cu*/ Cu?*.

The O1s spectra of xCuOCZ catalysts are shown in Figure 4c, together with their deconvolution
obtained by fitting Gaussian peaks after Shirley-background subtraction. The Ols spectra showed
different features, which depended on both the chemisorbed oxygen species and lattice oxygen.
Here, three kinds of surface oxygen species were identified. The peak with binding energy at
531.1-531.3 eV can be attributed to the defect oxide or the surface oxygen ions with low coordination
and weakly-bonded oxygen species (O,q4s) adsorbed on oxygen vacancies, and the peak with binding
energy at 532.3-532.7 eV is assigned to adsorbed oxygen species from hydroxyl and adsorbed water
species (Oy) on the surface [38,40]. The peak with binding energy at 529.1-529.5 eV was ascribed to
lattice oxygen (Ojayt) [23]. The ratio of O,g4s to Oagqs + Ow + Opaye Was calculated and is presented in
Table 2. The O,45/(O,gs + Ow + Ojay) ratio decreases in the following order, CZ (0.43) > 5CuOCZ (0.37)
> 2CuOCZ (0.34) > 12CuOCZ (0.31) > 16CuOCZ (0.29), which is consistent with the Raman results.
Therefore, the decrease in the content of the oxygen vacancy and Ce®* together with the increase of Cu*
and Ce*" amounts may be attributed to the redox equilibrium (Cu?* + Ce3* <> Cu* + Ce**) shifting to
the right through the interaction between Cu and CZ [12].

The surface atomic concentration and atomic ratio of these catalysts obtained from XPS analysis
are also listed in Table 2. For the CZ, 2CuOCZ, 5CuOCZ, 12CuOCZ and 16CuOCZ, the theoretical
copper atomic percent was 0, 1.3, 2.8, 8.0 and 10.6, respectively, with a corresponding surface copper
atomic percent of 0, 2.0, 5.5, 8.4 and 10.8. It can be seen that the copper atomic percent on the
catalyst surface was higher than the theoretical value, which indicated that the copper species enrich
the surface of the catalyst. Similarly, the surface cerium atomic percent was also higher than the
theoretical amount. On the contrary, the surface zirconium atomic percent was lower than the
theoretical content. The results show a decrease in the surface Ce/Zr value according to the order
of 12CuOCZ (20.8) > 5CuOCZ (15.6) > 2CuOCZ (12.1) > 16CuOCZ (11.6) > CZ (8.82). It was obvious that
the ratio of Ce/Zr was higher in copper catalysts than that in CZ. This may be due to the interaction
between Cu and CZ.

2.5. NO-TPD Studies

NO temperature-programmed desorption (TPD) was carried out to study the interaction between
NO and the surface active sites of CZ, 5CuOCZ and 12CuOCZ. For CZ, a single desorption peak of



Catalysts 2016, 6, 124 7 of 18

NO at about 400 °C was detected (Figure S3). A N,O desorption peak was also detected above 400 °C,
which is attributed to the decomposition of adsorbed NO. The results exhibit a small adsorption of
NO on the CZ. For 5CuOCZ, two NO desorption peaks were observed, one at 250 °C and the other at
375 °C, as shown in Figure 5a. N, N,O and O, desorption was also observed during the process of
NO TPD, demonstrating that the reactions of 2NO — N,O + O, N;O — N3 + O or 2NO — Ny + Oy
happen on the surface of the 5CuOCZ catalyst. The decomposition of NO formed reduced species (N
and N;O) and O,; however, the intensity of the O, desorption peak was weak, because of O, adsorbed
on the surface of the catalyst. From 200 °C, the ion current intensity of oxygen decreased slowly and
maintained constant after 270 °C, which was attributed to the reaction of adsorbed oxygen species with
the adsorbed NO species (nitrite species) forming nitrates on the surface of the sample. The nitrate
species could decompose, forming NO and O, at high temperature. However, it was found that the ion
current intensity of NO at 375 °C was weak, and no desorption of O, was observed for the 5CuOCZ
catalyst (Figure 5a), suggesting that the amount of nitrate species was very small and that oxygen
derived from the decomposition of nitrate species remains adsorbed on the surface of the 5CuOCZ
catalyst. It also indicates that the 5SCuOCZ catalyst possesses weak adsorption capability for NO. For
12CuOCZ, there were three NO desorption peaks at about 270, 290 and 390 °C, displayed in Figure 5b,
indicating that 12CuOCZ possesses more NO adsorption sites on its surface than 5CuOCZ. Two Np
desorption peaks were detected at ~250 and 360 °C along with two desorption peaks of N,O at ~260
and 360 °C over 12CuOCZ. Compared to 5CuOCZ, the desorption amount of N,O was much lower,
whereas that of N, was far higher, because more N,O transformed to N; and O on 12CuOCZ. The slow
decrease in the ion current intensity of oxygen after 200 °C should also be due to the formation of
nitrate species from oxygen and nitrite species on the surface. O, and NO desorption was detected
at 393 °C, whereas N,O and N, desorption was not. The O, and NO desorption should come from
the decomposition of nitrate species; moreover, the desorption amounts of O, and NO are larger than
that of 5CuOCZ. In general, these results suggest that 122CuOCZ possesses more active sites for the
adsorption and reaction of NO.
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Figure 5. NO temperature-programmed desorption (TPD) of 5CuOCZ (a) and 12CuOCZ (b).

2.6. Catalytic Activity of NO + CO

The catalytic activity for the reduction of NO with CO over the xCuOCZ catalysts at different
temperatures is given in Figure 6. The results shown in Figure 6a present a similar behavior, indicating
that the NO conversion increased with the reaction temperature over all of the xCuOCZ catalysts.
The catalysts containing copper enhanced NO conversion compared to CZ. The Tsy (temperature
at 50% NO conversion) of CZ, 2CuOCZ, 5CuOCZ, 12CuOCZ and 16CuOCZ was 425, 289, 266, 209
and 214 °C, respectively, and the Tqgg (temperature at 100% NO conversion) of 2CuOCZ, 5CuOCZ,
12CuOCZ and 16CuOCZ was 400, 350, 300, and 300 °C, respectively; however, CZ NO conversion only
reached 63% at 450 °C. The Tygg of 12CuOCZ and 16CuOCZ was the same and the lowest among these
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xCuOCZ catalysts, but 12CuOCZ had a relative higher NO conversion below 225 °C. CO conversion
was similar to the trend of NO conversion over the xCuOCZ catalysts, as shown in Figure 6b.
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Figure 6. (a) NO conversion, (b) CO conversion, (c) N,O yield and (d) N yield in the CO + NO reaction
over the CZ and xCuOCZ catalysts.

Figure 6¢,d shows the yield of N,O and N, during the NO reaction with CO over the xCuOCZ
catalysts. N, and N,O are the only products of the reaction. The N, yield was much lower below
200 °C, and it was below 5% at 150 °C. At these conditions, N,O was the main product for the reaction
of NO + CO. Here, the N;O yield of 2CuOCZ, 5CuOCZ, 12CuOCZ and 16CuOCZ was 6.5%, 12.9%,
25.6% and 17.1% at 150 °C, respectively. Clearly, N,O was the main product at a low temperature and
easily reduced to N by CO at a high temperature (above 250 °C). Generally, N,O is considered an
intermediate species before transforming to N, in the NO + CO reaction. Hence, these results illustrate
that NO transforms to NO at a low temperature over the xCuOCZ catalysts, especially on 12CuOCZ.
N; yield increased and N;O yield decreased with an increase in the reaction temperature above 200 °C.
Similarly, 12CuOCZ and 16CuOCZ showed the highest N, yield at near 100% around 300 °C. On the
whole, 12CuOCZ presents an excellent catalytic activity for NO + CO among the xCuOCZ catalysts.

In summary, the xCuOCZ catalysts possess large BET surface areas (98-121 m?-g~1), which are
beneficial to the dispersion of copper species on the surface of catalysts. The initial NO adsorption
and decomposition over highly dispersed Cu species are believed to be an important step for
NO + CO reaction [1,20]. Here, an enhancement in NO conversion was observed upon the addition
of Cu to CZ; for example, the NO conversion over 2CuOCZ was 6.5% at 150 °C and reached a value
of 100% at 400 °C. Improvement in NO conversion is evident with the further addition of copper.
The 12CuOCZ catalyst exhibited the best activity among the xCuOCZ catalysts. It is in agreement with
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the results of TPR that show highly dispersed CuO species on the surface of the xCuOCZ catalysts
with an increase in the amount of Cu, especially the 12CuOCZ catalyst, which possesses more highly
dispersed CuO species than the others (Figure 2). Additionally, compared to CZ, the xCuOCZ catalysts
present special surface physicochemical advantages, as shown by the results of XPS. The strong
interaction between Cu and CZ leads to the formation of Cu* species. It has been reported that
NO chemisorbs preferentially on Cu*, which is beneficial to the reduction to N,O at a low reaction
temperature (Figure 6¢) [1]. Here, the decreasing order of the surface Cu* /Cu?* ratio is 12CuOCZ (0.17)
> 16CuOCZ (0.15) > 5CuOCZ (0.071) > 2CuOCZ (0) (Table 2). The N,O is generated in an expected
decreasing order of 12CuOCZ > 16CuOCZ > 5CuOCZ > 2CuOCZ (Figure 6¢). Interestingly, a linear
relationship is observed between N,O yield at 150 °C (the lowest reaction temperature tested) and
the Cu*/Cu?* ratio for the xCuOCZ catalysts (Figure S4). The results indicate a positive correlation
between the formation of N,O as the intermediate species and the content of Cu*. Thus, it suggests
that the Cu™ species and highly dispersed CuO species play key roles in the reduction of NO with CO.

The N, yield of some reported copper-based catalysts was similar to that of 12CuOCZ at the
high temperature of the CO + NO reaction [12,16,19,23], but was lower than that of 12CuOCZ at low
temperature. Table S1 shows the reactivity for various catalysts in comparison with the 12CuOCZ
catalyst. A 1.65CuO/Ceg7Zr( 330, catalyst prepared by the incipient-wetness impregnation method
exhibited low surface area and poor Cu dispersion [20]. It showed a slightly higher NO conversion,
but similar N yield (30%, 84% and 100% at 200, 250 and 300 °C, respectively) with 12CuOCZ (17%,
80% and 100% at 200, 250 and 300 °C, respectively) above 200 °C, but the tests were carried out
under much lower GHSV (Gas Hour Space Velocity) (12,000 ngaS-h_l-mL_lcatalyst) than that of
12CuOCZ (50,000 ngas-h’l-mL’lcatalyst). A Cu/MgO-CeO; catalyst had a relatively better activity
(i.e., a higher NO conversion and N yield, 85%, 100% and 100% N yield at 200, 250 and 300 °C,
respectively) than that of 12CuOCZ (17%, 80% and 100% N, yield at 200, 250 and 300 °C, respectively)
under a lower GHSV of 16,000 ngaS'hil'mLilcatalyst [14]. Cu/CeyZr;_O; catalysts prepared by
flame synthesis also showed a similar NO conversion and N yield (33%, 88% and 99% at 200, 250 and
300 °C, respectively) compared to 12CuOCZ (17%, 80% and 100% at 200, 250 and 300 °C, respectively)
at the GHSV of 50,000 mLgas h~t.mL~ 1cata1yst [1]. Therefore, compared to the reported copper-based
catalysts, 12CuOCZ exhibits a relatively better activity not only at low temperature, but also at high
temperature at the GHSV of 50,000 mLgas h! ~mL_1cataly5t.

2.7. DRIFTS Studies

Based on the better catalytic activity of the 12CuOCZ, in situ DRIFTS studies were carried out on
this catalyst in order to understand the reaction process of NO + CO. Figures 7-10 show the formation
of surface species during NO or CO adsorption (and sequential introduction of both) over the 12CuOCZ
catalyst by means of in situ DRIFTS. The adsorption of 0.5 vol % NO/N; over the catalyst at 150 °C
(Figure 7a) shows several peaks at 1605, 1556, 1480, 1346 and 1215 cm L. The former three peaks were
ascribed to bidentate nitrate (v(N=0)) and monodentate nitrate (vas(NO,)), respectively [1,11,20,41,42].
The IR (Infrared Radiation) peak at 1346 cm ! was assigned to cis-hyponitrites (N,O,27) [16,20,43],
and the IR peak at 1215 cm ! was ascribed to the bidentate nitrite adsorbed on Cu?* [11]. The surface
adsorbed NOy species on the CZ catalyst was detected at 1562 and 1461 cm~! as shown in Figure
S5a. It can be observed that a larger number of adsorbed species of NO are present on the 12CuOCZ
compared to those on the CZ catalyst. The results indicate that the catalyst copper species are beneficial
to the adsorption of NO. Upon switching to 0.5 vol % CO/Njy, the surface adsorbed NO, species were
reduced by CO, as shown in Figure 7b, in which the peaks of bidentate nitrate (v(N=0)) at 1605 cm !
and bidentate nitrite at 1215 cm ™! vanished. The results show that the bidentate nitrate (1605 cm ™)
and bidentate nitrite (1215 cm~!) reduced in the process of CO adsorption. Bidentate carbonate species
at 1299 cm™~! [44,45] and chemisorbed CO on Cu™* at 2106 cm~ ! [1,20,46] were also detected, as shown
in Figure 7b. This suggests that CO oxidizes form the bidentate carbonate. The intensities of the peaks
related to nitrate species (1300-1560 cm ') increased, which appears to be due to the overlap of nitrate
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species and carbonate species (1556, 1480 and 1404 cm™!). After 0.5 vol % NO/N, was introduced
once more, the carbonate species (1556 cm~ 1) were reduced after 5 min (Figure 7c), and the bidentate
nitrite (1215 cm ') was detected again. However, the relative intensity of this peak (bidentate nitrite at
1215 cm™~!) was lower than that in Figure 7a, likely due to reduction of Cu?* to Cu™* species during CO
treatment. Following the addition of CO again, it was noticed that the intensity of chemisorbed CO on
Cu* at 2106 cm ! became larger (Figure 7d) than that in Figure 7b. This provides further evidence for
the reduction of Cu?* to Cu* during the CO adsorption process.

2106 1556 1480

| 0.05 1404
_ 1605 \J 1346
= \/\1299
= M
~ [d) CO-5mi 1215
'é after (c
= P |
z, ¢) NO-5min N
g after (b) / \/\—\,
L [b) CO-5min
2
g after (aA / \
N> »

a) NO-5min g SN,

2400 2100 1800 1500 1200 900
Wavenumber (cm )

Figure 7. DRIFTS of adsorbates produced from the flow of: (a) 0.5 vol % NO/N; for 5 min; (b) 0.5 vol %
CO/Nj, for 5 min after (a); (c) 0.5 vol % NO/N, for 5 min after (b); and (d) 0.5 vol % CO/N, for 5 min
after (c) over 12CuOCZ at 150 °C.

| 0.05 1480 1399
1556 1346
(d) NO-5min 2106 /\/\{3071214
after (c) / \,,
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after (b)
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Figure 8. DRIFTS of adsorbates produced from the flow of: (a) 0.5% CO/Nj for 5 min; (b) 0.5% NO/N,
for 5 min after (a); (c) 0.5% CO/Nj, for 5 min after (b); and (d) 0.5% NO/N, for 5 min after (c) over
12Cu0OCZ at 150 °C.
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Figure 9. DRIFTS of adsorbates produced from the flow of: (a) 0.5 vol % NO/N, for 5 min; (b) 0.5 vol %
CO/Nj for 5 min after (a) the NO treatment; (c) 0.5 vol % CO/Nj for 5 min on a fresh sample; and
(d) 0.5 vol % NO/Nj for 5 min after (¢) over 12CuOCZ at 300 °C.
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Figure 10. Dynamic changes of DRIFTS of adsorbates produced from the flow of 0.5 vol % NO/N, and
0.5 vol % CO/Nj over the 12CuOCZ catalyst at different temperatures.

An additional experiment was carried out in which the fresh 12CuOCZ was first exposed to
0.5 vol % CO/Nj at 150 °C without 0.5 vol % NO/Nj pretreatment (Figure 8a). Here, the adsorbed
species of CO were similar to those of Figure 7b. Compared to 12CuOCZ, only one adsorbed peak
of CO was detected at 2127 cm ™! on the CZ catalyst (Figure S5b). Clearly, the amount of adsorbed
species of CO on the 12CuOCZ catalyst was larger than that on the CZ catalyst, which indicates that
the copper species on the 12CuOCZ catalyst favor CO adsorption. Upon switching to 0.5% NO/Np,
a decrease in the amount of adsorbed species of CO was detected, as shown in Figure 8b, especially
the carbonate at 1556 cm ™! [47], suggesting that the CO adsorption species interacted with nitrate
and nitrite. The NO adsorption species were similar to those in Figure 7a, but the bidentate nitrate at
1556 cm~! was not detected. This result suggests that the adsorption of CO prevents the formation
of bidentate nitrate v(N=0) at 1556 cm~!. In Figure 8c, the intensity of chemisorbed CO on Cu* at
2106 cm ! did not significantly change after 5 min of 0.5 vol % CO/N, adsorption in comparison to
that in Figure 8a. This demonstrates that the Cu?* species pretreated by NO are more easily reduced
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by CO. Upon switching to NO again (Figure 8d), the intensity of the bidentate nitrite adsorbed on Cu?*
at 1214 cm~! was much lower. It also indicates that Cu?* is further reduced to Cu* by CO [48].

Figure 9 shows the DRIFTS of CO or NO interaction with 12CuOCZ at a higher temperature of
300 °C. In Figure 9a, the bands at 1607 and 1555 cm ! assigned to bidentate nitrate v(N=0), the band
at 1528 cm ! assigned to nitrate and the bands at 1233 and 1215 cm ™! assigned to bidentate nitrite
were observed after NO adsorption on the surface of 12CuOCZ. Upon switching to 0.5 vol % CO/Np,
the surface adsorbed NOy species nearly vanished, as shown in Figure 9b. At the same time, the
monodentate carbonate and carboxylate bands at 1467 and 1392 cm 1 [11,47] formed. This illustrates
that the nitrate and nitrite species are reduced by the adsorbed CO. In order to further understand
the change of adsorbed species, the 12CuOCZ catalyst without NO pretreatment was exposed to
0.5 vol % CO/Nj; at 300 °C, shown in Figure 9c. Here, the CO adsorption species were similar to
those of Figure 9b. Further exposure of the CO-saturated sample with 0.5 vol % NO/Nj at the same
temperature (Figure 9d) resulted in the appearance of bands related to nitrite and nitrate, which were
similar to the spectrum of Figure 9a. This demonstrates that CO adsorption species can react with
nitrite and nitrate. Namely, the adsorbed species of CO and NO completely react at 300 °C. However,
the visible Cu*CO species and cis-hyponitrites (N,0,27) at 150 °C (Figures 7 and 8) were not observed
at 300 °C, because they may have reacted quickly.

Figure 10 illustrates the DRIFTS of CO + NO reaction over 12CuOCZ at various temperatures.
Several peaks were observed at 50 °C. The peaks at 1874, 1609, 1346 and 1215 cm ! were ascribed
to the nitrosyl species (chemisorption of NO on Cu*) [1], bidentate nitrate (v(N=0)), cis-hyponitrites
(N20,%7) and bidentate nitrite adsorbed on Cu?*, respectively. The peaks at 2109 and 1308 cm !
were ascribed to chemisorbed CO on Cu* and bidentate carbonate, respectively. The change of the
adsorption species was observed with increasing temperature from 50-350 °C. At 100 °C, the intensities
of peaks at 1609 cm~! assigned to bidentate nitrate and at 1215 cm ™!
decreased rapidly, whereas, the intensity of the peaks at 1346 cm ™! (cis-hyponitrites (N2O,2~)) and at
2109 cm ™! (Cu*CO) increased. This may be due to nitrite and nitrate participation in the reaction with
CO adsorbed species. Above 150 °C, the cis-hyponitrites (N,O,27) together with the Cu*CO species
also gradually vanished accompanied by the formation of CO,. This suggests that the N,O,2~ reacts
with Cu*CO species to form N,O and CO, (Figure 6). It can be noticed that the intensities of various
nitrates and carbonates decreased above 300 °C, which also indicated that the adsorbed species are
more active and react to produce CO, and Nj.

The reaction process of CO + NO over copper oxide supported on Ce(Zr)O, has been discussed
in the literature [1,12,20]. In this catalyst, cerium oxide and oxygen vacancies were also suggested
to be taking part in the reaction process. In this study, 12CuOCZ shows a much lower amount of
oxygen vacancy than that of CZ, which was not in accord with the activity. Therefore, the oxygen
vacancy presence was not the only influencing factor on the reaction activity. Moreover, the above
results and discussion suggest that the Cu* species and highly dispersed CuO species play a key
role in the reduction of NO with CO. Therefore, we propose the following reaction process. First,
the chemisorption of NO on the highly dispersed Cu* species formed nitrosyl species (1874 cm !
(Figure 10)) (Equation (1)) at the beginning of the NO reaction, yet the oxidation of nitrosyl species
(1874 cm™~1) could also take place along with the formation of nitride at 1215 cm~! (Equation (2))
and nitrates (Equation (3)). At the same time, the NO can also adsorb on the cerium or copper
species forming the diazo compounds N,0,2~ (1346 cm™1) (Equations (4) and (5)) [16,43]. The CO
can also adsorb on the highly dispersed Cu* species (2109 cm~!) (Equation (6)) that can react with
diazo compounds N,O,2~ to produce CO, and N,O (Equations (7) and (8)) above 100 °C, as shown
in Figure 6b. The N,O is further reduced to N, by the Cu*CO along with the formation of CO,
(Equation (9)). CO can also adsorb on the cerium species forming carbonate or carboxylate. The

ascribed to bidentate nitrite

carbonate or carboxylate could transform to CO, at high temperature. This suggests that the formation
of N,O should be related to the presence of diazo compounds N,O,%~. At high temperature, N,O
successively reacts with adsorbed Cu*CO to form N; and CO;. The above DRIFTS results indicate
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that nitrite (1215 cm~!) could be reduced by Cu*CO forming N, and carbonate (Equation (10)). At the
same time, Cu* can also be obtained by the reduction of dispersed copper oxide in the adsorption
and reaction of CO + NO. Hy-TPR results also suggest the presence of highly dispersed copper oxide
species that can be easily reduced at low temperature (Figure 3), in which the decreasing order of
dispersed copper oxide species follows: 12CuOCZ > 16CuOCZ > 5CuOCZ > 2CuOCZ. From Figure S3,
a good linear relation can be seen between N,O selectivity and Cu*/Cu?* at a low reaction temperature.
Generally, N,O is recognized as an intermediate species in the reaction of NO + CO. Therefore, more
Cu* and dispersed copper oxide species will be beneficial to the reaction of CO + NO over the xCuOCZ
catalysts, which could explain the best catalytic activity of 12CuOCZ.
The process can be described over 12CuOCZ as follows:

Cu* 4+ NO — Cu** —NO~ (1)

Cu** =NO™ + Ce** —0™ = Cu*" —NO,~ + Ce>* )

Cu?* —NO, ™ + Ce** —0~ = Cu?* —NO;~ + Ce** (3)

2Ce> + 2NO — Ce*t — N,O,% — Ce*t (4)

2Cu** —NO~ — Cu** — N,0,% — Cu?* (5)

Cu* + CO—Cu* - CO (6)

Ce** —N,0,> — Ce*t + Cut —CO— Cu® + N,O + CO, + 2Ce3* 7)
Cu?* — N,0,> — Cu?* + Cu* —CO —3Cut + N,O + CO, (8)
Cu* —N,O + Cu™ —CO—2Cu* + N, + CO, 9)

Cu®>* —NO,~ + Cu™ —CO—2Cu* + 1/2N, + carbonate (10)

3. Experimental Section

3.1. Materials

Cerium nitrate hexahydrate (Ce(NOj3)3-6H,0, 99.0%) and zirconium nitrate pentahydrate
(Zr(NO3)4-5H50, 99.0%) were purchased from Guangfu Fine Chemical Industry, Tianjin, China. Copper
nitrate trihydrate (Cu(NOj3),-3H0, 99.5%) was purchased from Guangfu Technology Development
Co. Ltd., Tianjin, China. Cetyltrimethyl ammonium bromide (CTAB, 99.0%) and sodium hydroxide
(NaOH, 96.0%) were purchased from Kemiou Chemical Reagent Co. Ltd., Tianjin, China. Carbon
monoxide (CO, 99.99%), nitric oxide (NO, 99.9%), nitrogen (N3, 99.999%) and hydrogen (Hj, 99.999%)
were purchased from Guangming Gas Chemical Industry Research Institute, Dalian, China. Helium
(He, 99.999%) was purchased from Haipu Beifen Gas Industry Co., Ltd., Beijing, China. All chemicals
were used as received without any further purification.

3.2. Catalyst Preparation

The xCuO-Ce(9Zr10; (denoted as xCuOCZ) catalysts with different copper content were
prepared by co-precipitation with the assistance of cetyltrimethylammonium bromide (CTAB).
Briefly, 6 mmol CTAB was dissolved into 200 mL distilled water under ultrasound irradiation
(KQ5200DE, Kunshan ultrasonic instrument Co., Ltd., Kunshan, China) for 15 min at 25 °C, then 2.79 g
Ce(NO3)3-6H,0, 0.47 g Zr(NO3)4-5H,0 and Cu(NOs3),-3H,0 (0.16, 0.26, 0.39 or 0.58 g) were added
under vigorous stirring. After stirring for 0.5 h, 0.2 mol-L~! sodium hydroxide solution was added
into the above solution dropwise till the pH value of the mixed solution was 10 and then further stirred
for about 10 h. The final suspended solution was aged at 90 °C for 3 h, filtered, and the precipitate
was washed with hot water till the final pH of the filtrate was around 7 and then dried in a static air
oven at 110 °C for 6 h. Then, the dry samples were milled and calcined at 450 °C for 4 h to obtain the
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xCuOCZ catalysts, where the x corresponds to 2, 5, 12 and 16. Cep 9Zr( 10, (CZ) was also prepared in
accordance with the method described above without the addition of Cu(NO3),-3H,O.

3.3. Catalyst Characterization

The specific BET surface areas were measured by nitrogen adsorption equilibrium isotherms at
—196 °C using a Micrometrics Tristarll 3020 instrument (Micromeritics Instrument Corporation,
Norcross, GA, USA). X-ray diffraction (XRD) analysis was performed on a Rigaku D/MAX-3B
diffractometer (Rigaku Industrial Corporation, Tokyo, Japan) at room temperature, with Cu K«
radiation (A = 1.5418 A) at 40 kV and 20 mA in a 20 scanning range of 20°~70° at a scanning rate of
4°.min~!. Average particle sizes were calculated from the line-width broadening of the XRD peaks
using Scherrer’s equation (Scherrer’s equation is D = 0.97A/(3cos0), where A is the wavelength of the
Cu Ko (1.5418 A) radiation, B is the full width at half maximum of diffraction peak in radians, 0.9 is
the shape factor for spherical particles and 6 is the angle of the diffraction peaks.). The Cu content
was determined by inductive coupled plasma-atomic emission spectroscopy (ICP-AES) (Optima
7000 DV, Perkin Elmer, Waltham, MA, USA). For ICP-AES analysis, a small amount of sample was
dissolved in a mixture of HF-HNOj at a concentration of 2040 mg-L~!. The amounts of Cu, Ce and
Zr were analyzed by X-ray fluorescence spectrometer (XRF) using a Bruker S4 Explorer instrument
(Bruker Corporation, Billerica, MA, USA). Raman spectra were recorded with a Jobin Yvon HR 800
micro-Raman spectrometer (HORIBA Scientific, Kyoto, Japan) at 457.9 nm and a laser power of
200 mW. X-ray photoelectron (XPS) spectra were recorded using an AXIS ULTRA DLD instrument
(Kratos Analytical Limited, Kyoto, Japan) operating at 2 x 10~° mbar and monochromated Al Ka
radiation (1486.60 eV). The binding energy positions of Cu** and Cu* in our samples were relatively
close; therefore, their quantification by conventional XPS peak deconvolution was deemed unreliable.
A more accurate approach was adopted according to the literature [1] by calibrating the relative peak
areas of Cu®* to that of the corresponding satellite peak. The binding energies were calibrated with
respect to the Cls energy of incidental graphitic carbon at 284.6 eV. The Cu2p3/, binding energy peak
area of a CuO standard relative to that of the corresponding satellite peak (Ic,2*/Isat) was determined
to be 1.9. Based on this calibration, the relative Cu* content of x*CuOCZ samples was calculated by
subtracting the expected Cu?* (based on the measured Cu?* satellite peak area) from the overlapping
Cu2p;,; peak areas in the 927-938 eV range. To compensate for sample charging, a charge of 1.6, 1.2,
2.1, 1.8 and 1.5 eV was applied to the CZ, 2CuOCZ, 5CuOCZ, 12CuOCZ and 16CuOCZ (different
charge compensation for different samples), respectively, and the Cls peak position (284.6 eV) of
adventitious elemental C was used as standard for peak corrections. The Cu-LMM Auger spectra of
xCuOCZ were simultaneously obtained in the XPS measurement. For Hy-TPR measurements, 30 mg
catalyst were pre-treated under O, flow (30 mL-min~1) at 300 °C for 1 h, to remove water and other
atmospheric contaminants. TPR analysis was carried out by heating the sample from 60 °C up to
600 °C at a constant rate of 10 °C-min ! under a 5 vol % H, /N, flow. The uptake amount during the
reduction was measured by using a thermal conductivity detector (TP5080, Xianquan, Tianjin, China).
For the temperature-programmed desorption of NO (NO TPD), the samples (100 mg) were exposed to
50 mL-min~! of pure He held at 400 °C for 1 h. The samples were then cooled down to 150 °C under
the same gas flow. Following this, the sample was exposed to 25 mL-min~! of 0.4 vol % NO/He held
at 150 °C for 1 h. The sample was then heated to 600 °C with a temperature ramp of 10 °C-min~! in a
He flow of 25 mL-min~!. NO (30 m/z), NO, (46 m/z), N,O (44 m/z), N, (28 m/z) and O, (32 m/z)
signals were simultaneously detected and recorded online using a mass spectrometer (QIC-20, HIDEN,
Warrington, UK). In situ diffuse reflectance infrared Fourier transform spectra (DRIFTS) were recorded
on a FTIR spectrometer (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA) equipped with
a high-sensitive MCT detector cooled by liquid Nj. The DRIFTS cell (HC500, Harrick, Pleasantville,
NJ, USA) was fitted with ZnSe windows and a heating cartridge that allowed samples to be heated to
below 450 °C. The samples were dried at 300 °C for 1 h before DRIFTS measurements to eliminate
the physisorbed water and finely ground in a ceramic crucible. Prior to each spectrum recording, the
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sample was flushed in a 40 mL-min~! of N, for 30 min for background collection at each studied
temperature and then exposed to a 40 mL-min~! of 0.5 vol % NO/Nj, 0.5 vol % CO/N, or 0.5 vol %
NO/Nj; + 0.5 vol % CO/Njy, balanced in N at the desired temperature. All spectra were measured at
the respective temperatures and under continuous flow of gas. The spectral resolution was 4 cm™~!,

and the number of scans was 32.

3.4. Catalytic Activity Test

Catalyst activities of xCuO-Ce9Zrp10; for the NO + CO reaction were carried out in a
conventional fixed-bed reactor with a 6 mm-diameter quartz glass tube. Gaseous mixtures of 1%
NO/He (25 mL-min~!) and 1% CO/He (25 mL-min~!) were fed to the catalyst bed, the total flow
rate of the feed gas was 50 mL-min~!, corresponding to a GHSV of 50,000 ngas-h’l -mL’lcatalyst.
The catalyst density was 1.67 g-cm 3. In each experiment, 100 mg of the catalyst (40-60 mesh,
250420 um) without dilution were set in the reactor by using quartz wool. The gas composition was
analyzed before and after the reaction by an online gas chromatography, using a 5 A molecular sieve
column to separate NO, N, and CO and using a Paropark Q column (3 m x 3 mm, Lanzhou Zhongke
Antai Analysis Technology Co., Ltd., Lanzhou, China) to analyze N,O and CO;. The activity was
evaluated by the following Equations (11-14):

Conversion of NO = ([NOJi, — [NOJout)/ [NOJin x 100%; (11)
Conversion of CO = ([COJin — [COJout)/[COJin x 100%; (12)

Yield of N;O = Conversion of NO X 2[N2O]out/ ([NOJin — [NOJout) x 100%; (13)
Yield of Ny = Conversion of NO x 2[Np]out/ ([NOJin — [NOJout) X 100%; (14)

where [NOJ;, and [COJi, refer to the inlet NO and CO concentrations, respectively, and
[NOlout, [COlJout, [N2Olout and [Ni]out refer to the reactor outlet NO, CO, N,O and Nj
concentrations, respectively.

4. Conclusions

In conclusion, the xCuOCZ catalysts were prepared by a simple co-precipitation method with
the assistance of CTAB. With the addition of copper, the Cu* species was formed on the surface of the
xCuOCZ catalysts, which may be attributed to the redox equilibrium (Cu?* + Ce3* <> Cu* + Ce**)
through the interaction between copper and cerium. Additionally, the Cu™ species can also be derived
from the reduction process of the dispersed copper oxide species in the NO + CO process through the
DRITES studies. Interestingly, a good linear relationship is presented between N,O yield at 150 °C
and the Cu*/Cu?* ratio for the xCuOCZ catalysts. Combining various characterizations and in situ
DRITES, the results suggest that the Cu* species plays an important role in the reaction of NO + CO
over the xCuOCZ catalysts. The surface N,0,27, an important intermediate species, can be further
transformed to N, O as the intermediate product of the NO + CO reaction; moreover, N,O is easily
further reduced to N, by CO. Thus, the Cu® species on xCuOCZ is recognized as one of the main
active components for NO reduction by the CO reaction. Sample 12CuOCZ shows the best catalytic
performance among these xCuOCZ catalysts, which can be attributed to the presence of more Cu*
species and dispersed copper oxide.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/8/124/s1.
Table S1: Tested conditions for various catalysts. Figure S1: N; adsorption-desorption isotherms curves of
CZ and xCuOCZ catalysts. Figure 52: Cu-LMM Auger spectra of xCuOCZ; Figure S3: NO-TPD of CZ. Figure S4:
Relationship between N,O yield at 150 °C and the Cu*/Cu?* ratio from XPS. Figure S5: DRIFTS spectra of
adsorbates produced from the flow of (a) 0.5 vol % NO/N; for 5 min and (b) 0.5 vol % CO/N, for 5 min over CZ
at 150 °C.
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