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logies on Cu–Ce/TiO2 catalysts
for the selective catalytic reduction of NOx with
NH3 and DRIFTS study on sol–gel nanoparticles†

Ke Zhuang,‡a Pengkai Jin,‡b Liu Yang,b Jie Yao,a Lemeng Yu,a Zhongyi Sheng, *bc

Xinyue Chu,b Zhipeng Zhuang*de and Xiongbo Chene

The copper–cerium binary oxide catalysts supported by titanium dioxide with nanosphere core–shell

structures, nanotube (TNT) core–shell structures, impregnation (imp) nanoparticles and sol–gel

nanoparticles were prepared for NH3-SCR of NOx under medium-low temperature conditions. The

effect of different morphologies on the Cu–Ce/TiO2 catalysts was comprehensively studied through

physicochemical characterization. The results showed that the sol–gel nanoparticles exhibited 100% NOx

reduction efficiency in the temperature range of 180–400 °C. Compared with the other catalysts, the

sol–gel nanoparticle catalyst had the highest dispersion and lowest crystallinity, indicating that

morphology played an important role in the NH3-SCR of the catalyst. The in situ DRIFTS study on the

sol–gel nanoparticle catalyst shows that cerium could promote Cu2+ to produce abundant Lewis acid

sites, which would significantly increase the adsorption reaction of ammonia on the catalyst surface,

thereby promoting the occurrence of the Eley–Rideal (E–R) mechanism. With the Ce–Ti interaction on

the atomic scale, the Ce–O–Ti structure enhanced the redox properties at a medium temperature. In

addition, cerium oxide enhances the strong interaction between the catalyst matrix and CuO particles.

Therefore, the reducibility of the CuO species was enhanced.
1. Introduction

With the in-depth study on DeNOx catalysts, many high-
performance catalysts have been developed in recent years.
Copper-cerium binary oxide catalysts supported by titanium
dioxide (Cu–Ce/TiO2) have attracted extensive attention owing to
their low-cost and high-efficiency.1–4 Solution impregnation and
one-step hydrothermal methods were the common methods
used to prepare medium-low temperature NH3-SCR catalysts.3,5–7

In the eld of medium-low temperature NH3-SCR, catalysts
prepared by sol–gel and two-step methods have rarely been re-
ported. However, the two-step and sol–gel methods are already
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very mature in other elds.8–11 In our previous studies,11,12

various TiO2-based core–shell catalysts have been prepared
using the two-step method, such as a novel porous CeO2@TiO2

core–shell catalyst and MnOx-CeO2@TiO2 core–shell nanorod
catalyst. The TiO2 shell does not inhibit the catalytic activity of
the catalyst and improves the physicochemical properties of the
catalyst. The superior SO2 tolerance could be attributed to the
unique core–shell structure that lowers the possibility of surface
active sites being poisoned by SO2 and prevents the formation
of ammonium sulfate species from covering the active site. In
previous studies,2,13,14 the catalyst prepared by applying the sol–
gel method had the characteristics of good particle dispersion,
strong interaction among components, and low sample crys-
tallinity. In addition, the defect sites, valence and acid–base
properties of the catalyst elements can be adjusted through
different morphologies.15 Therefore, the sol–gel method may be
a good method for preparing an NH3-SCR catalyst at medium-
low temperatures.

Herein, Cu–Ce/TiO2 catalysts with different morphologies
were prepared by impregnation, sol–gel, two-step, and one-step
hydrothermal methods. This study assessed the efficiency of
catalysts on NOx removal in simulated ue gas. To investigate the
physicochemical properties, the BET, TEM, XRD, Raman, NH3-
TPD, HRTEM, XPS and H2-TPR techniques were used to char-
acterize the catalysts. The in situ diffuse reectance infrared
Fourier transform spectroscopy (in situ DRIFTS) characterization
RSC Adv., 2023, 13, 25989–26000 | 25989
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method was used to study the Cu–Ce/TiO2 catalyst with a sol–gel
nanoparticle morphology, and the specic reaction mechanism
was analyzed. The intense interaction between Cu, Ce and Ti in
the NH3-SCR reaction was also discussed.
2. Experimental section
2.1. Catalyst preparation

The chemicals used in this study were of analytical grade. The
reagents used in this experiment were from Sinopharm Chem-
ical Reagent Co., Ltd. The molar ratio of Cu : Ce : Ti in all cata-
lysts was 1 : 2 : 38.

2.1.1. Impregnation method. First, 120 ml deionized water,
1.7 g Ce(NO3)3$6H2O, 1.9 g Cu(NO3)2$3H2O and 6.0 g P25 were
mixed under 180 rpm stirring at 25 °C for 6 h. Then, the
resulting product was washed ve times in deionized water and
centrifuged. Finally, the obtained product was dried in an oven
at 80 °C and calcined at 550 °C for 6 h. The catalyst was
designated Cu–Ce/TiO2 (imp).

2.1.2. Sol–gel method. The catalyst was obtained using the
sol–gel method. First, 34.0 g tetrabutyl titanate, 2.3 g
Ce(NO3)3$6H2O, 36.9 g ethanol, 10.8 g deionized water, 18.0 g
acetic acid and 0.6 g Cu(NO3)2$3H2O were mixed under 180 rpm
stirring at ambient temperature. Aer stabilizing for four days
at 25 °C, the sol turns into a gel. The gel was dried at 105 °C for
24 h to obtain a honeycomb solid. The obtained solid was
pulverized and calcined in amuffle furnace at 550 °C for 5 h and
was denoted as Cu–Ce/TiO2 (sol–gel).

2.1.3. Core-shell nanospheres. Two-step preparation of Cu–
Ce@TiO2 core–shell nanostructured catalyst: The Cu–Ce (core)
was prepared using a one-step hydrothermal method,16 and Cu–
Ce@TiO2 was prepared using dynamic coating method.11

The Cu–Ce (core) was synthesized using the following
chemical materials: 50 ml deionized water, 8.1 g Cu(NO3)2-
$3H2O, 7.2 g Ce(NO3)3$6H2O and 300 ml glycol were mixed
under 200 rpm stirring at ambient temperature for 6 h. The
above solution was sealed in a Teon-lined stainless-steel
autoclave at 160 °C for 8 h. Finally, aer centrifugation, the
product was dried at 80 °C for 12 hours to form Cu–Ce (core).

In a typical synthesis, 2.6 g of Cu–Ce (core) was distributed
uniformly in 100 ml of anhydrous ethanol. 0.3 g NH3 was slowly
dropped into the above solution and then treated with ultra-
sonic for 30 min. Then, 133 ml tetrabutyl titanate was slowly
added dropwise under continuous mechanical stirring at 45 °C
for 24 h. The sediment was washed with deionized water and
then dried at 105 °C for 18 h. Finally, the obtained solid product
was calcined in a muffle furnace at 550 °C for 4 h. The catalyst
was denoted as Cu–Ce@TiO2 (nanospheres).

2.1.4. Core–shell nanotubes. The Cu–Ce@TiO2(TNT) cata-
lyst was prepared using the one-step hydrothermal method.5

First, 10.0 g P25, 2.6 g Ce(NO3)3$6H2O, 250 ml 10 M NaOH and
0.7 g Cu(NO3)2$3H2O were mixed under 280 rpm stirring at
ambient temperature for 4 h. Then, the above mixture was
sealed in a Teon-lined stainless-steel autoclave at 130 °C for
12 h. The resulting product was treated with 1.5 L of 0.1 M HCl
and then washed with deionized water until the pH was 7.
25990 | RSC Adv., 2023, 13, 25989–26000
Finally, the resulting powder was dried at 80 °C and calcined at
550 °C for 4 h. The catalyst was denoted as Cu–Ce@TiO2(TNTs).
2.2. Catalyst characterization

The surface area and pore size distribution of the catalysts
were measured by Brunauer–Emmett–Teller (BET) (Micro-
meritics ASAP 2460, America) at −196 °C by N2 adsorption/
desorption. The Raman spectra were recorded with a Lab-
Ram HR Evolution using a 633 nm laser Beam. The X-ray
diffraction pattern (XRD) of the advanced ray diffractometer
(Bruker D8, Germany) was used to study the crystal structure
of the catalyst. A transmission electron microscope (TEM) and
a high-resolution TEM (HR-TEM) instrument operated at 300
keV (JEM 2100 Plus, Japan) were used to evaluate the
morphological characterization of the samples. The NH3

temperature-programmed desorption (NH3-TPD) and H2

temperature-programmed reduction (H2-TPR) were performed
using a Tianjin XQ TP5080 autoadsorption apparatus equip-
ped with a thermal conductivity detector (TCD). Before the
experiment, each catalyst (150 mg) was placed in a nitrogen
stream (35 ml min−1) at 550 °C for 1 h and then cooled to 25 °C
in a nitrogen atmosphere. For the NH3-TPD experiment, the
sample was pre-treated with NH3 atmosphere at 120 °C for 2 h
and then purged by N2 for half an hour. Finally, the reactor
temperature was increased to 850 °C (N2 atmosphere) at a rate
of 10 °C min−1. For the H2-TPR experiment, the temperature
was increased to 850 °C at a regular heating rate of 10 °
C min−1 in a ow of N2 (35 ml min−1)/H2 (5 vol%). X-ray
photoelectron spectroscopy (XPS) (Thermo Escalab 250Xi,
America) was used to investigate the surface atomic states of
the catalysts.

In situ diffuse reection was used to study the reaction
mechanism. Infrared Fourier transform spectroscopy (DRIFTS)
spectra of adsorbed substances were investigated by applying
an IR cell equipped with a KBr window (A BRUKER VERTEX
80v, Germany) and recorded in the range of 4000–800 cm−1.
Before the adsorption, the wavenumber was set to 4 cm−1 and
the number of scans was set to 64 times. In the IR cell, the
sample was pre-treated with N2 at 600 °C for 3 h and then
cooled to the temperature required for the experiment. Aer
the temperature stabilizes, the infrared spectrum of the
sample is scanned as the background value and subtracted
from the background value in the subsequent response spec-
trum. The Kubelka–Munk function calculates the nal spec-
trum signal. For NH3 adsorption, the sample was xed in NH3

(800 ppm/60 ml min−1) for 2 h; then, the sample with N2 was
purged for half an hour, and the DRIFT spectrum was collected
simultaneously. The NO + O2 adsorption consists of two steps.
First, the sample was exposed to 800 ppm NO (60 ml min−1) for
30 min and was then let in 7.5% O2 for 10 min. Aer purging
the sample with N2 for 30 min, the DRIFT spectra were
collected simultaneously.

For the NH3 + NO + O2 experiment, the sample was exposed
to an NH3 atmosphere for half an hour and then purged the
sample with N2 for half an hour at 200 °C. Aerward, NO + O2

was passed into the IR cell, and the changes in the spectrum
© 2023 The Author(s). Published by the Royal Society of Chemistry
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were recorded over time. The pretreatment and background
spectra were treated similarly. A similar method was used for
the NO + O2 + NH3 experiment.

2.3. Activity and kinetic measurements

The NOx conversion was measured in a x-bed reactor (XQWFS-
3015, China) with a 4 ml sample of 40–60 mesh at 100 to 480 °C.
The reaction gas comprised 500 ppm NO, 500 ppm NH3, 7.5%
O2 and N2. Then, a ue gas analyzer (MRU Vario Plus, Germany)
was used to detect the outlet gas. The gas hourly space velocity
(GHSV) and total ow rate were 24 000 h−1 and 1600 ml min−1,
respectively.

The NOx conversion, N2 selectivity and NH3-SCR reaction
rate were calculated using eqn (1)–(3), respectively:

NOX conversionð%Þ ¼ C in
NOX

� Cout
NOX

C in
NOX

� 100; (1)

N2 selectivityð%Þ ¼
 
1� Cout

NO2
þ 2Cout

N2O

C in
NOX

þ C in
NH3

!
� 100 (2)

�rNOX
¼ XNOX

� LNOX

mc � 60� 22:4

�
molNOX

$gc
�1$s�1

�
; (3)

where −rNOx
is NOx consumption rate. Cin

NOX
, Cin

NH3
and Cout

NOX
,

Cout
NO2

, Cout
N2O are concentrations of inlet gas (ppm) and outlet gas

(ppm), respectively. XNOx
is the conversion of NOx (%) (eqn (1)),

LNOx
is the ow rate of NOx (ml min−1), andmc is the mass of the

catalyst (g).

3. Results and discussion
3.1. Catalytic activities

The SCR performance of all catalysts was investigated. From
Fig. 1a, the temperature window of the catalysts with different
morphologies increased in the order of Cu–Ce/TiO2(imp) < Cu–
Ce@TiO2(nanospheres) < Cu–Ce@TiO2(TNTs) < Cu–Ce/TiO2(-
sol–gel). As the temperature increased, the NOx conversion
decreased signicantly, which might be due to the enhance-
ment of the side reaction of NH3 oxidation.15 The N2 selectivity
of all samples is shown in Fig. 1b. The Cu–Ce/TiO2 (sol–gel)
catalyst exhibited a broader window of N2 selectivity. Further-
more, the NH3 conversion of all catalysts was investigated. As
shown in Fig. 1c, the NH3 conversion of all catalysts increases
with the temperature and reaches 100% at 300 °C. The rate of
NH3 consumption also reects the catalytic activity of the
catalyst. These results indicate that different morphologies
could effectively improve the NH3-SCR activity of Cu–Ce/TiO2

catalysts. In addition, the effects of H2O and SO2 on the NOx

conversion over the catalysts at 310 °C are illustrated in Fig. S1.†
The Cu–Ce/TiO2 (sol–gel) exhibited higher resistance to H2O
and SO2, and 71% NOx conversion was preserved for about 8 h.

3.2. NH3-SCR kinetic tests

To precisely study the performance of the catalyst, a kinetic
experiment was conducted.17 The potential impact of mass
transfer limitations from lm diffusion on the catalysts was rst
© 2023 The Author(s). Published by the Royal Society of Chemistry
ruled out (Fig. S2a and b†). The Arrhenius plots are shown in
Fig. 2a. In this graph, the slope was −Ea/R and the intercept was
ln kcf, where Ea and kcf represent activation energy and collision
frequency, respectively. In addition, the collision frequency
diagram is shown in Fig. 2b. The NOx consumption equation for
the NH3-SCR reaction is shown in eqn (4). The concentration,
constant parameters and forward reaction rate were
considered:18

�rNOX
¼ k

0 0 0
Ce

NOC
f
NH3

C
g
O2
; (4)

where constant k′′′ is an intrinsic reaction rate, rNOx
is the

observed NH3-SCR reaction rate (mol g−1 s−1), and CNO, CNH3

and CO2
are the concentrations of inlet gas (ppm). The expo-

nents of e, f, and g were the reaction orders of NO, NH3, and O2,
respectively. In this case, oxygen was in zero reaction order
owing to the excessive concentration of oxygen.17 The Ea of the
catalysts with different morphologies increased in the order of
Cu–Ce@TiO2(TNTs) < Cu–Ce/TiO2(imp) < Cu–Ce@TiO2(-
nanospheres) < Cu–Ce/TiO2(sol–gel). Therefore, the
morphology signicantly affected the activation energy of the
catalyst. Furthermore, the reaction rate increased with the
enhancement of the activation energy at high temperature.19

Notably, the Cu–Ce/TiO2 (sol–gel) catalyst had the highest
collision frequency, which could explain the largest collision
probability of NH3 and NO on the catalyst surface (Fig. 2b).
3.3. BET results

The specic surface area, pore volume, and pore size of the
samples are summarized in Table S1.† The results indicated that
the BET surface area and pore volume of the Ce/TiO2(sol–gel)
were the highest of all catalysts. Fig. 3 shows the pore size
distribution curves and N2 adsorption–desorption isotherms of
the catalysts. According to the denition of the International
Union of Pure and Applied Chemistry (IUPAC) classication, the
curves with signicant hysteresis loops in the P/P0 range of 0.7 to
1 in Fig. 3 can be classied as type IV, indicating that the sample
has a large number of mesoporous properties of particle accu-
mulation.11,20 The Cu–Ce/TiO2 (sol–gel) catalyst with a larger
surface area was benecial in improving the adsorption and
activation of the reactants.21 In addition, Fig. 3 shows that Cu–
Ce/TiO2 (sol–gel) and Cu–Ce@TiO2 (nanospheres) have H2 type
hysteresis loops, while Cu–Ce/TiO2 (imp) and Cu–Ce@ TiO2

(TNTs) exhibit an H3 type hysteresis loop.22 From the inset in
Fig. 3, the pore size distribution of Cu–Ce/TiO2 (sol–gel), Cu–
Ce@TiO2 (nanospheres) is concentrated at 10 nm, which
conrms that these two catalysts have typical mesoporous
structures. The abundant mesoporous structure could provide
channels for reaction gas to improve the catalytic performance.23

The Cu–Ce/TiO2 (sol–gel) exhibited the highest absorption
capacity under relatively high pressure, which might be attrib-
uted to the largest average pore volume.24,25 As shown in Table
S1,† the average pore diameters of Cu–Ce/TiO2 (imp), Cu–Ce/
TiO2 (sol–gel), Cu–Ce@TiO2 (nanospheres) and Cu–Ce@TiO2

(TNTs) are 28.59 nm, 12.32 nm, 10.69 nm and 15.54 nm,
respectively. In addition, Table S1† shows that Cu–Ce/TiO2 (sol–
gel) has the largest specic surface area among all the catalysts,
RSC Adv., 2023, 13, 25989–26000 | 25991
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Fig. 1 a) NOx conversion, (b) N2 selectivity and (c) NH3 conversion of all catalysts. Reaction conditions: 500 ppmNO, NO/NH3: 1, 7.5% O2 and N2

in balance, and GHSV = 24 000 h−1.

Fig. 2 (a and b) Arrhenius and collision frequency plots of all catalysts. Ea and Kcf denote energy activation and collision frequency, respectively.
Reaction conditions: 500 ppm NO; NH3/NO: 1; 7.5 vol% O2; balanced by N2, GHSV: 360 000 h−1.
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which is benecial for improving catalytic performance. Gener-
ally, the porous structure and larger specic surface area could
improve the catalytic performance by increasing the adsorption
of reactants and providing more active sites.15 The results are
consistent with the catalyst activity, as depicted in Fig. 1c.

3.4. XRD analysis

The X-ray diffraction patterns of the catalysts are illustrated in
Fig. 4. The characteristic peaks of ordered CuO (JCPDS 78-0428),
25992 | RSC Adv., 2023, 13, 25989–26000
CeO2 (JCPDS 81-0792), rutile (JCPDS 87-0920) and anatase
(JCPDS 83-2243) could be formed in Cu–Ce/TiO2 (imp) and
Cu–Ce@TiO2 (TNTs) catalysts. The crystalline sizes of TiO2, CuO
and CeO2 in the catalysts were calculated using the Scherrer
equation (Table S2†). In addition, the sharpness and relative
intensity of the anatase and rutile peaks for Cu–Ce/TiO2 (imp)
and Cu–Ce@TiO2 (TNTs) catalysts are more signicant than
those of the two other catalysts (Fig. 4). The low activity of Cu–
Ce/TiO2 (imp) and Cu–Ce@TiO2 (TNTs) catalysts might be due
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nitrogen adsorption–desorption isotherms and the corre-
sponding size distribution curves (inset) of all catalysts.

Fig. 4 XRD patterns of all catalysts.
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to the existence of the rutile phase.26 Compared with Cu–
Ce@TiO2 (TNTs), CeO2 and CuO peaks were unobserved on Cu–
Ce@TiO2 (nanospheres) (Fig. S3†). This is mainly because CeO2

and CuO combined well and were wrapped by TiO2, which could
reduce the intensity of the diffraction peaks of CeO2 and
CuO.2,27 Furthermore, the Cu–Ce/TiO2 (sol–gel) catalyst
demonstrated only pure anatase peaks, which was mainly
attributed to the high dispersion and amorphous phase of
copper and cerium.
3.5. TEM images

The morphologies and structures of Cu–Ce/TiO2 (imp), Cu–Ce/
TiO2 (sol–gel), Cu–Ce@TiO2 (nanospheres) and Cu–Ce@TiO2

(TNTs) were studied using TEM. Fig. 5a and b shows that
catalysts have well-dispersed nanoparticle morphologies. As
shown in Fig. 5c and d, the catalysts have spherical and nano-
tube structures, respectively. As shown in Fig. 5e, there are four
© 2023 The Author(s). Published by the Royal Society of Chemistry
kinds of lattice fringes. The measured lattice spacings of
0.35 nm, 0.32 nm, 0.18 nm and 0.26 nm were consistent with
the (101), (110), (220) and (110) planes of anatase, rutile, CeO2

and CuO, respectively.28–30 These results indicated that a large
amount of TiO2, CuO and CeO2 crystal phases were formed in
the Cu–Ce/TiO2 (imp) catalyst, which was consistent with the
XRD results. As shown in Fig. 5f, no planes corresponding to
CuO and CeO2 are observed in Cu–Ce/TiO2 (sol–gel), only the
anatase phase (101) plane is found to be consistent with the
lattice fringes identied as 0.35 nm.30 The HRTEM image of the
Cu–Ce@TiO2 (nanospheres) catalyst is shown in Fig. 5g. The
clear structure of the nanosphere was covered by the core–shell
structure of the TiO2 layer.31,32 As shown in Fig. 5e, CuO and
CeO2 particles are mainly entrapped into the inner cavity of the
TiO2 (TNTs). The measured lattice spacings were consistent
with the (110) and (111) planes of CuO and CeO2, which are
0.27 nm and 0.30 nm, respectively.2 The results agreed well with
the XRD results.

3.6. NH3-TPD

Generally, the NH3-SCR reaction was affected by the adsorption
and activation of NH3.33 As shown in Fig. 6, the surface acidity of
the catalyst is explored by the NH3-TPD characterization. A
broad peak around 142 °C could be observed for all catalysts,
which was attributed to the desorption of NH3 from weakly
acidic sites.12 For all catalysts, the desorption peaks at 288 °C,
325 °C and 332 °C corresponded to the NH4

+ released from the
acid site.1,27,34 Moreover, the desorption peaks at 458 °C, 639 °C,
670 °C, 680 °C and 686 °C were assigned to the NH3 desorbed
from the acid sites.34–36 Compared to the Cu/TiO2 (sol–gel) or Ce/
TiO2 (sol–gel) catalyst, the desorption peaks of the bimetallic
catalyst changed, indicating that a reaction occurred between
Cu and Ce. As depicted in Table S3,† Cu–Ce/TiO2 (sol–gel)
catalyst showed the highest amount of acid sites. In addition,
the acidity of the Cu–Ce@TiO2 (TNT) catalyst is lower than that
of Cu/TiO2 (sol–gel) or Ce/TiO2 (sol–gel), indicating that the
structure of the catalyst was changed. In contrast, the acidity of
catalyst Cu–Ce/TiO2 (sol–gel) is approximately equal to the sum
of Cu/TiO2 (sol–gel) and Ce/TiO2 (sol–gel), indicating that the
catalyst structure is well preserved. From Table S5,† the quantity
of acid sites in catalyst Cu–Ce/TiO2 (sol–gel) is signicantly
higher than that in catalysts Cu/TiO2 (sol–gel) and Ce/TiO2 (sol–
gel). In addition, the proportion of Brønsted acid is also
signicantly better than the other two catalysts. This enables
the catalyst to have better activity at high temperatures.

3.7. H2-TPR

Fig. 7 shows the H2-TPR characterization results of all samples.
For Cu/TiO2 (sol–gel) and Ce/TiO2 (sol–gel) catalysts, strong
reduction peaks appeared at 312 °C and 568 °C, respectively.
The peaks at 568 °C and 668 °C were attributed to the stepwise
reduction of Ce4+ to Ce3+ alongside strong interactions with
TiO2.21,37 From previous reports,34,37,38 less overall interaction
existed in the reduction of weakly magnetic Cu2+ and catalyst
substrate, resulting in the peak at 148 °C. Moreover, the isolated
Cu2+ ions could generate a reduction of peak (148 °C). It was
RSC Adv., 2023, 13, 25989–26000 | 25993
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Fig. 5 TEM and HRTEM images of four catalysts: (a and e) Cu–Ce/TiO2 (imp), (b and f) Cu–Ce/TiO2 (sol–gel), (c and g) Cu–Ce@TiO2 (nano-
spheres) and (d and h) Cu–Ce@TiO2 (TNTs).
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also concluded that the peaks at 189 °C, 193 °C, 218 °C, 232 °C,
247 °C, 279 °C and 312 °C were attributed to the reduction of
small-sized CuO particles (Cu2+ / Cu+ / Cu0). The H2-TPR
results showed that bulk and dimensional (two- or three-)
clusters of CuO were the main components of Cu–Ce/TiO2 (imp)
25994 | RSC Adv., 2023, 13, 25989–26000
and Cu–Ce@TiO2 (nanosphere) catalysts.39 Fig. 7 shows that the
sharpest peaks (except Cu–Ce@TiO2 (TNTs)) moved to lower
temperatures (232 °C to 189 °C, 312 °C to 218 °C and 247 °C to
193 °C), which is mainly attributed to the interaction between
CuO and CeO2–TiO2 substrates. Most importantly, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 NH3-TPD results for all catalysts.

Fig. 7 H2-TPR results of all catalysts.
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dispersion of CuO was enhanced under the reaction CuO and
CeO2–TiO2 substrates, thereby improving the medium-low
temperature reduction performance of CuO.36
3.8. XPS results

To investigate the surface composition and oxidation state of
the elements of the catalyst, all samples were characterized by
XPS. Fig. 8 shows the Cu 2p spectra of all catalysts. The peaks at
932 eV (Cu2+) and 952.4 eV (Cu+) were Cu 2p3/2 and Cu 2P1/2,
respectively.24,40,41 The peaks at 934.2 eV and the corresponding
satellite peaks were assigned to Cu2+, and the peaks located at
932.5 eV were attributed to Cu+. Compared with Cu–Ce/TiO2

(imp) and Cu–Ce/TiO2 (TNTs) catalysts, the surface relative
atomic number of Cu2+ in Cu–Ce/TiO2 (sol–gel) and Cu–
Ce@TiO2 (nanospheres) are much higher than that of Cu+

(Table S4†). It is worth mentioning that the increase in Cu2+

signicantly promoted the SCR activity of the catalyst, which
was in accordance with previous studies.36

The Ce 3d orbits of all catalysts are composed of twomultiple
peaks (v and u) and can be completely divided into 8 peaks
© 2023 The Author(s). Published by the Royal Society of Chemistry
(Fig. 8). The peaks marked v′ and u′ components were attributed
to 3d3/2 and 3d5/2 features of Ce

3+ species, while v/v′′/v′′′ and u/u′
′/u′′′ were assigned to the Ce4+ 3d3/2 and Ce4+ 3d5/2 species.42,43

Furthermore, compared with other catalysts, Cu–Ce/TiO2 (sol–
gel) exhibits a higher relative atomic fraction of Ce4+ (Table S4†).

In the Ti 2p spectra, the peaks of the four catalysts were
consistent. The peak near 458.8 eV was TiO2, and Ti4+ was mainly
present on the surface of the catalysts. As shown in Table S4,† the
Ti content in Cu–Ce/TiO2 (imp) and Cu–Ce/TiO2 (sol–gel) are lower
than that in Cu–Ce@TiO2 (nanospheres) and Cu–Ce@TiO2

(TNTs). The results demonstrated that TiO2 encapsulated Cu–Ce
in Cu–Ce@TiO2 (nanospheres) and Cu–Ce@TiO2 (TNTs) catalysts,
which was similar to the core–shellmorphology results of HRTEM.

From the XPS spectra, the O 1s spectra of all catalysts can be
separated into two peaks. The peaks at 529.8 eV and 531.7 eV
were dened as the lattice oxygen (Oa) peak and the weakly
adsorbed oxygen (Ob) peak, respectively.44,45 According to
previous studies,46,47 Oa had weakly active chemical properties
because of lower mobility than Ob. From Table S4,† the relative
atomic fraction of Ob (36.44%, Cu–Ce/TiO2 (sol–gel)) is much
greater than that of others. The presence of abundant Ob could
affect the promotion of the conversion of NO to NO2, which in
turn promoted the “fast SCR” process.48

2NH3 + NO + NO2 = 3H2O + 2N2 (5)

3.9. In situ-DRIFTs studies

3.9.1. NH3 adsorption. Fig. 9 shows that the NH3 adsorp-
tion on Cu–Ce/TiO2 (sol–gel) spectra was obtained by DRIFT.
Strong bands were observed at 1157 cm−1, 1222 cm−1, and
1596 cm−1 owing to coordinated asymmetric and symmetric
deformations of NH3 at Lewis acid sites on the surface.49 The
band at 1423 cm−1 was attributed to the asymmetric deforma-
tion of NH4

+ at the Brønsted acid site.50 There was a clear
negative peak around 1630 cm−1, which was likely to be water
desorbed by ammonia adsorption. Moreover, a clear negative
peak was the NH3 adsorbed on the Lewis site. In the N–H region,
some coordinated NH3 bands and one NH2 group band, which
corresponded to Lewis acid sites, were observed at 3360 cm−1,
3258 cm−1, 3145 cm−1 and 3396 cm−1, respectively.17,51 In
addition, the strong and negative bands of the O–H groups
occupied by NH3 adsorption were detected at 3684 cm−1 and
3626 cm−1, respectively.52,53 Aer the N2 purge, the intensity of
each peak did not change signicantly, indicating that the
adsorption of NH3 was stable.

3.9.2. NO + O2 Co-adsorption. Fig. 10 shows the DRIFT
spectrum of NO + O2 co-adsorption. As shown in Fig. 10, the
bands at 1245 cm−1, 1282 cm−1, 1530 cm−1, 1582 cm−1,
1608 cm−1, and 3534 cm−1 are detected for Cu–Ce/TiO2 (sol–gel)
catalyst. Compared with the single adsorption of NO, the
addition of O2 affected the adsorption of NO on the surface of
the catalyst. When O2 was introduced, four new additional
bands of 1608 cm−1, 1582 cm−1, 1282 cm−1 and 1245 cm−1

appeared. The surface nitro substance or nitrate on the active
site of the transition metal of the catalyst could produce bands
in the range of 1650 cm−1–1500 cm−1.54,55 The bands at
RSC Adv., 2023, 13, 25989–26000 | 25995
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Fig. 8 XPS high-resolution scans of the Cu 2p, Ce 3d, Ti 2p and O 1s peaks for the catalysts. (1) Cu–Ce/TiO2 (imp), (2) Cu–Ce/TiO2 (sol–gel), (3)
Cu–Ce@TiO2 (nanospheres) and (4) Cu–Ce@TiO2 (TNTs).

Fig. 9 In situ DRIFT spectra of Cu–Ce/TiO2 (sol–gel). Reaction
conditions: 800 ppm NH3 and 200 °C.

Fig. 10 In situ DRIFT spectra of Cu–Ce/TiO2 (sol–gel). Reaction
condition: 800 ppmNO (30min), followed by the introduction of O2 at
200 °C.
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1582 cm−1, 1530 cm−1, and 1245 cm−1 were classied as
bidentate or bridged nitrate.4,56,57 In addition, bands of mono-
dentate nitrate (1282 cm−1 and 1608 cm−1) were detected.
25996 | RSC Adv., 2023, 13, 25989–26000
When NO was introduced for 30 min, a band of nitrosyl
(1530 cm−1) appeared. Specically, the formation of this band
(3534 cm−1) represented the formation of a large number of –
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 In situDRIFT spectra of Cu–Ce/TiO2 (sol–gel) were pretreated
with 800 ppm NO and O2 (30 min) at 200 °C, and then 800 ppm NH3

and 7.5% O2 were introduced.
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OH groups on the catalyst surface, and these –OH groups came
fromH2Omolecules in the adsorption-reaction process.58 When
NO was adsorbed on the catalyst, it recombines to produce NO2

using eqn (6):

3NO / N2O + NO2 (6)

NO and NO2 could react with acid sites on the catalyst
surface to form H2O using eqn (7):

NO + NO2 + 2H+ / 2NO+ + H2O (7)

In summary, there were numerous acid sites on the catalyst
surface, which promoted the reaction in eqn (7). In the presence
of O2, the new bands were generated at 1608 cm−1 and
1245 cm−1, which were formed by the formation of bridge
nitrates on the catalyst. The strength of the groups on the
surface of the catalyst increased signicantly with the intro-
duction of O2. The amounts of nitrate and nitrosyl formed on
the CeO2 were improved considerably. In addition, the oxida-
tion performance of the catalyst surface increased with the
addition of O2, which could be seen from the stronger –OH peak
at 3534 cm−1. Therefore, more NO could be bonded to the
catalyst surface and react in the adsorption process.

3.9.3. The reaction between nitrogen oxides and pre-
adsorbed ammonia. Fig. 11 shows the DRIFT spectrum of Cu–
Ce/TiO2 (sol–gel) catalyst and pre-adsorbed NH3 when exposed
to NO + O2 at 200 °C. The adsorbed NH3 decreased aer the
introduction of NOx owing to the reaction between NOx and
adsorbed NH3. With the introduction of NO + O2, the new bands
(1614 cm−1, 1569 cm−1 and 1196 cm−1) corresponding to NOx

species appeared, and the species of NH3 (1160 cm−1) and NH4
+

(1597 cm−1 and 1423 cm−1) were gradually disappeared.50 The
negative peak at 1614 cm−1 changed to a positive peak, indi-
cating that the ammonia species adsorbed by the Lewis acid site
gradually reacted with NOx to form NH4NOx. To investigate the
Fig. 11 In situDRIFT spectra of Cu–Ce/TiO2 (sol–gel) were pretreated
with 800 ppmNH3 (30min) at 200 °C, and then 800 ppmNO and 7.5%
O2 were introduced.

© 2023 The Author(s). Published by the Royal Society of Chemistry
type of mechanism, NO, and O2 were introduced again aer
blocking ammonia. However, the band of 1196 cm−1 gradually
disappeared, indicating that the band corresponding to the NOx

species was unstable. However, the nitrite/nitrate band on the
catalyst became dominant, and the NH3-related bands of
3684 cm−1, 3350 cm−1, 3255 cm−1 and 3149 cm−1 (N–H region)
disappeared, which conrmed that the reaction of ad-NOx and
ad-NH3 was accelerated by cerium oxide.47,59 It was suggested
that NH4NOx species were formed. Because the NH4NOx species
decomposed into N2 and H2O, the N2 selectivity was enhanced.

3.9.4. The reaction between ammonia and pre-adsorbed
nitrogen oxides. Fig. 12 shows the DRIFT spectrum of Cu–Ce/
TiO2 (sol–gel) catalyst and pre-adsorbed NO + O2 when exposed
to NH3 at 200 °C. The bands at 1581 cm−1 and 1249 cm−1

rapidly decreased, indicating that part of the nitrate reacted
with ammonia to form NH4NO2/NH4NO3. Therefore, the inhi-
bition of active sites by nitrate on the catalyst might inhibit the
activity of NH3-SCR. In addition, aer purging with NH3 for 5
minutes, the Lewis acid bonded NH3 and Brønsted acid bonded
NH4

+ appeared on the catalyst at 3396 cm−1, 3258 cm−1,
3160 cm−1, 1571 cm−1, 1194 cm−1, 1159 cm−1 and 1481 cm−1 59.
The new band appeared within 5 minutes aer the introduction
of NH3. However, the NOx species band did not disappear,
indicating that NOx and NH3 could coordinate to different acid
sites.56 The above phenomenon indicated that the NOx species
adsorbed on Cu–Ce/TiO2 (sol–gel) was consumed by reacting
with gaseous NH3, which was in accordance with the Eley–
Rideal (E–R) mechanism.15

3.10. Discussion

The amide NH2 was an intermediate in the oxidation of NH3 to
N2, which was easily formed by hydrogen abstraction conver-
sion from coordinating ammonia on Lewis acid sites.49,53 From
the results of DRIFTS, the Brønsted acid sites on the Cu–Ce/
TiO2 catalyst were used as NH3 reservoirs. Specically, the NH3

could migrate to the Lewis acid sites to provide additional NH3
RSC Adv., 2023, 13, 25989–26000 | 25997
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Fig. 13 Proposed reaction scheme for NH3-SCR over Cu–Ce/TiO2 (sol–gel) catalyst.
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for the SCR reaction, which could form NH4NO3. Therefore, the
Lewis acid sites mainly contributed to NH3 activation (<400 °C).
The Brønsted acid site was essential for the binding and
dispersion of metal ions.60 From the peak intensity of nitrite
shown in Fig. 10 and 12, the adsorption of nitrite on Cu–Ce/TiO2

(sol–gel) was weak, resulting in a small number of nitrite
species that could participate in the reaction. Consequently,
this phenomenon could weaken the L–H mechanism. In
contrast, the E–R mechanism could be enhanced, indicating
that cerium oxide could promote the oxidation of NH3. There-
fore, the formation of NH2, which could react with gaseous NO,
was promoted.15,61 During the SCR reaction of reducing NOx

with NH3, the L–H and E–R mechanisms occurred simulta-
neously under medium-low temperatures, but the E–R mecha-
nismmight be dominant. Based on analysis of the in situ DRIFT
results, this research proposed a reaction for the Cu–Ce/TiO2

(sol–gel) catalyst as follows:

NH3/-NH2$ðaÞ þNH4
þ (8)

NH2$(a) + NO / NH2NO (9)

NH2NO / N2 + H2O (10)

Moreover, there was another reaction pathway on the Cu–Ce/
TiO2 (sol–gel) catalyst:

NOþOðaÞ/--� ΝΟ2 þ�ΝΟ3 þ aNO3 (11)

-–NO2 + NH+
4 / NH4NO2 (12)

-–NO3 + ]NO3 + NH+
4 / NH4NO3 (13)

NH4NO2 / NH2NO / N2 + H2O (14)

NH4NO3 / NH2NO / N2 + H2O (15)
25998 | RSC Adv., 2023, 13, 25989–26000
Furthermore, various NO2 and NO are adsorbed on the
surface of the Cu–Ce/TiO2 (sol–gel) (Fig. 10). The substance
reacts as follows:62

2NO + O2 / 2NO2 (16)

-–NO2 + 2NH3 / -−NO2[NH3]2 (17)

-–NO2[NH3]2 + NO / - / 2N2 + 3H2O (18)

where - denotes the catalyst surface.
Finally, the reaction mechanism diagram was drawn,

showing the changes in active sites and immediate products in
the reaction process of NH3-SCR (Fig. 13). These ndings could
provide new perspectives for medium-low NH3-SCR mecha-
nisms and DeNOx catalysts design.
4. Conclusions

Catalysts with different morphologies of Cu–Ce/TiO2 were
explored in this study. The sol–gel nanoparticle catalyst
exhibited excellent catalytic activity at 200–400 °C. Moreover,
different morphologies could signicantly affect the catalyst
activation energy and collision frequency. From the character-
ization test study, the catalysts with different morphologies had
different phases of CeO2, CuO and TiO2. The results of XPS and
XRD demonstrated that the solid structural interaction of
oxides (Ce, Cu and Ti included) generates metal oxides with
high dispersibility and adsorbed oxygen with highmobility. The
Cu–Ce/TiO2 (sol–gel) was conrmed to have the highest activa-
tion energy and collision frequency. This phenomenon sug-
gested that Cu–Ce/TiO2 (sol–gel) had the highest redox
cyclability and the largest amounts of Cu2+ and Ce4+. It is worth
mentioning that NH3 was preferentially adsorbed on Ti sites,
and abundant Lewis acid sites formed by cerium oxide could
facilitate the production of highly dispersed Cu2+ ions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the oxidation and activation of NOx and NH3 were
enhanced, resulting in the promotion of the acid cycle of NH3-
SCR. Specically, it was proposed that the reaction between
Cu2+-NOx, nitrate-Ce

3+ sites and NH3–Ti
3+ was themain reaction

route of the catalyst for NH3-SCR. Moreover, Ce promoted the
production of isolated Cu2+, which suppressed the formation of
the CuO species. The active oxygen generated by the strong
interaction of metal oxides could promote the formation of
nitrate oxidized by Cu2+-NOx. Furthermore, Ce enhanced the
redox cycle by promoting the electron transfer effect of the Cu
sites.
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