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A B S T R A C T

In this work, TiO2 nano-octahedron and nano-rods were successfully synthesized, and Cu oxides were loaded on
them. Structures of CuO/TiO2 catalysts were studied by XRD, TEM, and Raman techniques. It was founded that
TiO2 nano-octahedron and nano-rods dominantly exposed (101) and (100) facets of TiO2, respectively. Cu ca-
tions located in tetrahedral vacant sites on (101) facet of TiO2 and coordinated with 4 neighbor oxygen, whereas
it located in octahedral vacant sites on (100) facet of TiO2 and coordinated with 6 neighbor oxygen, which
resulted in redox cycle Cu2++Ti3+⟵→Cu++Ti4+ and more acid sites on surface of CuO/TiO2 nano-octa-
hedron, and thus the enhanced NH3-SCR performance.

1. Introduction

Selective catalytic reduction (SCR) technology has been used
worldwide for the control of NOx emissions in exhaust gases from sta-
tionary sources and automobiles. Among the reducing agents can be
utilized in SCR, ammonia has been adopted in general, which is called
NH3-SCR [1–4]. Recently, numerous NH3-SCR catalysts such as Cu
[5–9], Mn [2,10–14], V [15–17], Fe [18–20], Ce [2,11,21,22] based
materials, has been reported to exhibit satisfactory catalytic activities.
V2O5/TiO2 is the most commonly used catalyst because of its high NO
conversion, high thermal stability, and excellent anti-SO2 poisoning
ability [15–17]. Some of V based catalysts have been commercialized.
Despite these achievements, the narrow operation temperature
window, as well as the volatility and toxicity of VOx, inhibits its en-
ormous application [23–25]. MnOx and other manganese-containing
catalysts present promising NOx conversions in the range 100–200 °C.
However, improvement N2 selectivity and poisoning resistance to H2O
and sulfur oxides at low temperatures is important for low temperature
application [26–28].

Alternatively, copper-containing catalysts, mostly in the form of Cu
exchanged zeolites such as Cu/SAPO-34 [29–31], also show superior
low temperature activity. Due to the high cost of copper exchanged
zeolites, copper-containing mixed oxide catalysts have also been de-
veloped. According to Weng’s report [32], CuOx impregnated on the co-
precipitated WO3-ZrO2 support shows high SCR activity in the range
200–320 °C. The acidity of the WO3-ZrO2 support allows to improve
ammonia adsorption, essential for high SCR activity. Sullivan et al.

[33,34] reported that copper oxide based catalysts prepared from two
different precursors (Cu(NO3)2 and CuSO4) with various oxide supports
(SiO2, TiO2 and Al2O3) are also active in the NH3-SCR reaction. Other
copper based catalysts, such as CuMnAl [35] and CuNb [36], also show
remarkable NH3-SCR activities between 200 and 300 °C.

In recent years, the facet-dependent catalysis [37,38] has exerted a
tremendous scientific and technological fascination. Song [39] and co-
workers studied the influence of exposed (001) facet of TiO2 support on
NH3-SCR performances of V2O5/TiO2 catalysts. They compared two
TiO2 supports including commercial P25 and TiO2 nano-sheets exposed
(001) facet of TiO2. They found that V2O5/TiO2 nano-sheets had strong
interaction with active V species, which resulted in enhanced redox
ability, and thus, improved NH3-SCR activity of V2O5/TiO2 nano-sheets.
Deng [40] and co-workers studied the NH3-SCR performances of Mn
loaded on TiO2 exposed (001) and (101) facets. MnOx could be highly
dispersed on (001) facet of TiO2, which brought more acid sites on
catalyst surfaces, and thus, enhanced the NH3-SCR performances of
catalysts. Shen et al. [41] found that V species on different exposed
facets of TiO2 support had different coordination structure, which re-
sulted that V2O5 loaded on (001) facet of TiO2 exhibited better NH3-
SCR activity than V2O5 loaded on (101) facet of TiO2. Owing to the
simple and clear structure of materials with dominant exposed facets,
the study of facet-dependent catalysis would be helpful to understand
the influences of loading metal oxides, supports, and interaction be-
tween them on NH3-SCR performance.

Our group has focused on the study of Cu dispersion on various
supports for several years [42–46], such as Al2O3, TiO2, and CeO2. It

https://doi.org/10.1016/j.cattod.2019.04.051
Received 23 December 2018; Received in revised form 28 March 2019; Accepted 14 April 2019

⁎ Corresponding author at: Jiangsu Key Laboratory of Vehicle Emissions Control, School of the Environment, Center of Modern Analysis, Nanjing University,
Nanjing 210093, PR China.

E-mail address: donglin@nju.edu.cn (L. Dong).

Catalysis Today 339 (2020) 265–273

Available online 15 April 2019
0920-5861/ © 2019 Published by Elsevier B.V.

T

http://www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2019.04.051
https://doi.org/10.1016/j.cattod.2019.04.051
mailto:donglin@nju.edu.cn
https://doi.org/10.1016/j.cattod.2019.04.051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2019.04.051&domain=pdf


was found that the catalytic activity of Cu based catalysts were highly
depended on the dispersion state of Cu species. A method to estimate
the loading metal dispersion capacity on surfaces of materials was
provided [46,47]. In addition, we developed a simple method to syn-
thesize TiO2 with certain morphology [48]. In the present work, we
studied the Cu ion dispersion on (100) and (101) facets of TiO2 by
loading copper oxides on TiO2 nano-octahedrons and nano-rods. In
addition, their effects on NH3-SCR performances were also investigated.

2. Experimental details

TiO2 supports with certain morphologies were synthesized ac-
cording to Liu’s method [48]. All the agents were purchased form
Aladdin, and were used without further purifying.

2.1. Preparation of Ti(OH)4 precursor

Concentrated hydrochloric acid (2mL) was dissolved in 50mL
deionized water under magnetic stirring. TiCl4 (6.6 mL) was added the
solution dropwise under ice-water bath. Diluted ammonium hydroxide
(concentrated ammonium hydroxide: deionized water= 1:4) was
added into the obtained solution until pH reached 9. The obtained
suspension was kept stirring for 2 h at room temperature. The suspen-
sion was washed by water and was centrifugal separated until no Cl−

ions could be detected by AgNO3 solution in the eluate. The obtained
white sediment was Ti(OH)4 precursor.

2.2. Preparation of TiO2 nano-octahedrons

Ti(OH)4 precursor was dispersed in a solution containing 0.2 g
NH4Cl, 15mL deionized water, and 15mL isopropanol. The mixture
was transferred into a Teflon-lined stainless steel autoclave and heated
at 180 °C for 36 h. The products were separated by centrifugation and
were washed with deionized water and ethanol for 3 times, respec-
tively. The obtained powders were dried at 70 °C overnight, and were
calcined at 450 °C for 3 h. The calcined sample was named as TiO2-NOs.

2.3. Preparation of TiO2 nano-rods

Ti(OH)4 precursor was dispersed in a solution containing 0.5 g
(NH4)2SO4, 15mL deionized water, and 15mL isopropanol. The mix-
ture was transferred into a Teflon-lined stainless steel autoclave and
heated at 180 °C for 36 h. The products were separated by centrifuga-
tion and were washed with deionized water and ethanol for 3 times,
respectively. The obtained powders were dried at 70 °C overnight, and
were calcined at 450 °C for 3 h. The calcined sample was named as
TiO2-NRs.

2.4. Preparation of CuO supported TiO2 with different shapes

CuO was supported on TiO2 by impregnation method. TiO2 powder
was impregnated in solution containing certain amount of Cu(Ac)2
(0.6 mmol Cu per 100 m2 TiO2, surface areas of TiO2 supports were
showed in Table S1). The mixture was water-bathed heated at 80 °C
until all the water in the mixture was removed. The obtained powders
were dried at 100 °C overnight, and was calcined at 450 °C in air for 3 h.
The final samples was named as 06CuO/TiO2-NOs for CuO supported
TiO2 nano-octahedrons, and 06CuO/TiO2-NRs for CuO supported TiO2

nano-rods.

2.5. Characterizations

X-ray diffraction (XRD) patterns were recorded on a Philips X’pert
Pro diffractometer using Ni-filtered Cu Ka radiation (0.15418 nm). The
X-ray tube was operated at 40 kV and 40mA.

Brunauer–Emmet–Teller (BET) surface area was measured by

nitrogen adsorption at 77 K on a Micrometrics ASAP-2020 adsorption
apparatus.

Laser Raman spectra (LRS) were recorded by using Renishaw Invia
spectrometer. Raman excitation at 514.5 nm was provided by Ar+ laser.
A laser power of 20mW was applied.

H2-temperature-programmed reduction (TPR) was carried out in a
quartz U-tube reactor connected to a thermal conduction detector with
H2–Ar mixture (7.3% H2 by volume) as reductant. 50.0 mg of sample
was used for each measurement. Before switched to the H2–Ar stream,
the sample was pretreated in a N2 stream at 300 °C for 1 h. TPR started
from room temperature at a rate of 10 C min−1.

X-ray photoelectron spectroscopy (XPS) analysis was performed on
a PHI 5000 Versaprobe system, using Al Ka radiation (1486.6 eV) op-
erating at an accelerating power of 150W. All binding energies (BEs)
were referenced to the C 1 s peak at 284.6 eV. This reference gave BE
values with an accuracy at ± 0.1 eV

TEM analysis was performed on a TF-20 transmission electron mi-
croscope. X-ray energy dispersive spectroscopy (EDS) mappings were
acquired using the Super-X EDS system which is composed of four si-
licon drift detector covering 0.7 s rad collection.

The in situ DRIFT experiments were performed on a Nicolet Nexus
5700 FTIR spectrometer by using a diffuse reflectance attachment
(HARRICK) equipped with a reaction cell (ZnSe windows). The number
of scans was 32 at a resolution of 4 cm−1 and the spectra were pre-
sented as Kubelka–Munk function referred to background spectra re-
corded catalyst in N2.

2.6. Catalytic activity tests

The NH3-SCR activity tests were performed in a fixed-bed reactor
with 0.2 g catalyst. The feed gas contained 500 ppm NO, 500 ppm NH3,
5 vol.% O2 with N2 as the balance gas. The total flow rate of the feed gas
was 100mL/min, corresponding to a space velocity approximately
30,000 h−1. Including NO, NH3, NO2, and N2O, the effluent gases were
continuously analyzed at 150 °C by an online Thermofisher IS10 FTIR
spectrometer equipped with a 2m path-length gas cell (250ml volume).

3. Results and discussions

3.1. Structure of TiO2 supports and CuO/TiO2 catalysts

TEM analysis was employed to investigate the morphology of TiO2-
NOs and TiO2-NRs samples. As it was displayed in Figs. 1a and S1, TiO2-
NOs exhibits octahedron shape with an average width of 22 nm and an
average length of 30 nm. According to the close-up image of TiO2-NOs
(Fig. 1c), TiO2 lattice fringe of d=0.35 nm is observed, corresponding
to the anatase TiO2 (101) crystal plane. This group of lattice fringe is
parallel to the exposed facet of TiO2-NOs, which demonstrates that
TiO2-NOs exposed (101) facet dominantly. In Figs. 1b and S1, TiO2-NRs
sample exhibits nano-rods shape with an average width of 17 nm and an
average length of 28 nm. In the close-up image of TiO2-NRs (Fig. 1d),
TiO2 lattice fringe of d= 0.19 nm is observed, corresponding to the
anatase TiO2 (100) crystal plane. This group of lattice fringe is parallel
to the long edge of TiO2 nano-rods, which indicates that TiO2-NRs ex-
posed (100) facet dominantly.

Raman results of TiO2-NOs and TiO2-NRs samples are showed in
Fig. 2. Both TiO2-NOs and TiO2-NRs samples exhibit Raman peaks at
144, 394, 514, and 636 cm−1, which are contribute to Eg, B1g, A1g,
and Eg modes of TiO2, respectively. A slight red shift of Raman peaks of
TiO2-NRs samples is observed comparing with that of TiO2-NOs sam-
ples. According to literatures [49], TieO bands with band length of
198.3 and 193.0 nm exist in exposed (100) facet of TiO2, whereas only
TieO bands with band length of 193.0 nm exist in exposed (101) facet
of TiO2. (101) facet of TiO2 has more lattice stress than (100) facet of
TiO2, which results in the Raman peaks red shift between TiO2-NOs and
TiO2-NRs samples. It is further confirmed that TiO2-NRs mainly expose
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(100) facet, and TiO2-NOs expose (101) facet dominantly.
XRD results of TiO2-NOs and TiO2-NRs are displayed in Fig. 3a. Both

TiO2-NOs and TiO2-NRs exhibit diffraction peaks at 25.3°, 36.9°, 37.8°,
48.1°, 53.9°, 55.0°, 62.1°, 62.7°, 68.8°, 70.3°, 74.0°, 75.0°, and 76.0°,
corresponding to (101), (103), (004), (200), (105), (211), (213), (204),
(116), (220), (107), (215), and (301) facets of anatase TiO2 (PDF#21-
1272). No peak of impurity is detected. It is indicated that both TiO2-
NOs and TiO2-NRs are pure anatase TiO2 phase.

In order to study CuO states on surfaces of 06CuO/TiO2-NOs and
06CuO/TiO2-NRs samples, XRD and TEM analysis were employed. As
showed in Fig. 3b, both 06CuO/TiO2-NOs and 06CuO/TiO2-NRs exhibit
diffraction peaks of anatase TiO2 (PDF#21-1272). No peak of impurity
or significantly peak shift is observed. It is indicated that CuO species
are highly dispersed on the surface of TiO2, and TiO2 lattice is not
doped by Cu species during the preparation process. As showed in Fig.
S2, It is found that Cu species are highly dispersed on surface of TiO2

supports. 06CuO/TiO2-NOs and 06CuO/TiO2-NRs exhibit octahedron
and nano-rods shapes, respectively, which indicates that TiO2 supports
are stable during Cu species loading process. In addition, EDS mappings
of 06CuO/TiO2 catalysts are showed in Fig. S3. In case of both 06CuO/

Fig. 1. TEM and HERTEM and simulation diagram of TiO2-NOs and TiO2-NRs: (a, c) TiO2-NOs, (b, d) TiO2-NRs.

Fig. 2. Raman results of the TiO2-NOs and TiO2-NRs supports.

Fig. 3. XRD results of (a) TiO2 supports and (b) 06CuO/TiO2 catalysts.
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TiO2-NOs and 06CuO/TiO2-NRs, EDS images of Cu and Ti match the
HAADF image well. It is estimated that Cu species are highly dispersed
on TiO2 supports, which matches the XRD results.

According to incorporation model [46], the dispersion of various
ionic compounds are proceeded by the incorporation of the metal ca-
tions into the surface vacant sites on the support, in which the loading
amounts of the compounds are not higher than their dispersion capa-
cities. The key factors determining the dispersion capacities of the ionic
compounds are: (1) the surface structure of the support which de-
termines the size and number of the vacant sites available; (2) the va-
lency of the dispersed ionic compound and the size of the anion, from
which the shielding effect of the capping anion(s) can be evaluated, and
(3) the sizes of the dispersed cations and the vacant sites on the surface,
from which the sites can be used for incorporation can be identified. In
case of Cu2+ cations, the ion radius of Cu2+ ions is much smaller than
that of O2−, which makes Cu2+ ions can enter in both tetrahedral va-
cant sites and octahedral vacant sites of TiO2. One Cu2+ cation needs a
capping O2− to balance the surface charge changing caused by Cu2+

loading. Therefore, the dispersion capacity of Cu2+ on (101) and (100)
facets of TiO2 can be estimated. As showed in Fig. 4, there are 2 tet-
rahedral vacant sites in each cell unit of exposed TiO2 (101) facet, and
exposed TiO2 (100) facet has 2 octahedral vacant sites in each cell unit.
In other words, exposed TiO2 (101) facet has 0.86mmol tetrahedral
vacant sites per 100 m2, and exposed TiO2 (100) facet has 0.92mmol
octahedral vacant sites per 100 m2 (Calculation details were showed in
supporting information). Obviously, the amounts of loading CuO in
06CuO/TiO2-NOs and 06CuO/TiO2-NRs samples are lower than their
dispersion capacities on TiO2-NOs and TiO2-NRs. Therefore, Cu species
are highly dispersed on the surface of TiO2-NOs and TiO2-NRs, which
matches the XRD results.

3.2. NH3-SCR performances of 06CuO/TiO2-NOs and 06CuO/TiO2-NRs

Here the structures of 06CuO/TiO2-NOs and 06CuO/TiO2-NRs are
clear. NH3-SCR performances of 06CuO/TiO2-NOs and 06CuO/TiO2-
NRs are further investigated. As it is showed in Fig. 5, NO conversions
of 06CuO/TiO2-NOs and 06CuO/TiO2-NRs offer upgrade firstly then
descending latter tendency at the temperature range from 150 °C to
450 °C. 06CuO/TiO2-NOs exhibits the highest NO conversions at 275 °C,
whereas the NO conversions of 06CuO/TiO2-NRs reach its maximum at
400 °C. When the reaction temperature is lower than 325 °C, NH3-SCR

performance of 06CuO/TiO2-NOs surpasses that of 06CuO/TiO2-NRs.
N2 selectivity of 06CuO/TiO2-NOs and 06CuO/TiO2-NRs are showed in
Fig. 5b. Both 06CuO/TiO2-NOs and 06CuO/TiO2-NRs exhibit N2

Fig. 4. Schematic diagram for TiO2 with different exposed facets: (a)TiO2 (101), (b) TiO2 (100),and (c) Cu cation in octahedral vacant site and in tetrahedral vacant
site.

Fig. 5. Results of normalized (a) NO conversion and (b) N2 selectivity.
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selectivity over 90%, whereas their N2 selectivity gradually decrease
when reaction temperatures increase. When temperature is over 250 °C,
N2 selectivity of 06CuO/TiO2-NOs declines more quickly than that of
06CuO/TiO2-NRs. N2 selectivity of 06CuO/TiO2-NRs maintains over
80% when temperature reaches 450 °C, whereas that of 06CuO/TiO2-
NOs decreases to 50%. Obviously, different exposed facets of TiO2

support have significant effect on NH3-SCR performances of 06CuO/
TiO2.

3.3. Relationship between catalyst structures and catalytic performances

In order to understand the relationship between exposed facets of
TiO2 support and the NH3-SCR performances of 06CuO/TiO2-NOs and
06CuO/TiO2-NRs samples, XPS, NH3-TPD, and H2-TPR analysis were
employed.

Surface element states were investigated by XPS analysis, and the
results are showed in Fig. 6. O1s peaks of catalysts can be divided as
two peaks centered at 529.5 and 531.7 eV. The fined peak at 529.5 eV
(O’) is contributed to lattice oxygen, and another fined peak at 531.7
(O”) is corresponded to adsorbed oxygen [21]. According to Ettireddy’s
report [50], O2 in air could be activated by oxygen vacancies on cata-
lyst surfaces, and thus participates in NH3-SCR. More surface adsorbed
oxygen is beneficial to NH3-SCR on metal oxide catalysts. In addition,
increasing surface adsorbed oxygen could accelerate the transformation
from NO to NO2, which could enhance low temperature NH3-SCR ac-
tivity. The relative surface oxygen concentration is calculated, and the
results are showed in Table 1. Obviously, 06CuO/TiO2-NOs has more
adsorbed oxygen than 06CuO/TiO2-NRs, which matches with their
NH3-SCR performances lower than 325 °C. In XPS spectra of Cu 2p,
peaks of Cu+ and Cu2+, peaks centered at 931.9 eV and 933.9 eV are
detected. [32] 06CuO/TiO2-NOs exhibits more surface Cu+ species
than 06CuO/TiO2-NRs (Table 1). Besides, Cu+ peak of 06CuO/TiO2-

NOs shifts to lower binding energy side than that of 06CuO/TiO2-NRs,
which indicates that Cu+ species on the surface of 06CuO/TiO2-NOs
have less positive charge. In Ti 2p spectra of 06CuO/TiO2-NOs, Ti4+ at
458.6 eV and Ti3+ at 457.0 eV are detected, [51] whereas only Ti4+

species can be detected in XPS spectra of 06CuO/TiO2-NRs. Moreover,
Ti4+ peak of 06CuO/TiO2-NOs moves to higher binding energy side
than that of 06CuO/TiO2-NRs, which indicates that Ti4+ species on the
surface of 06CuO/TiO2-NOs have more positive charge. According to
the catalyst structure analysis mentioned before, (101) facet of TiO2,
which is mainly exposed in 06CuO/TiO2-NOs, has only tetrahedral
vacant sites, whereas (100) facet of TiO2 has only octahedral vacant
sites. Therefore, Cu cation locates in tetrahedral vacant sites on (101)
facet of TiO2, and locates in octahedral vacant sites on (100) facet of
TiO2. As showed in Fig. 4c, Cu cation in tetrahedral vacant sites is co-
ordinated by 4 neighbor oxygen, and the distance between Cu and
neighbor Ti is lower than the case Cu located in octahedral vacant sites.
It is reasonable to infer that, Cu cation in tetrahedral vacant sites has
strong interaction with exposed TiO2 (101) facet of 06CuO/TiO2-NOs,
so that electron can transmit from Ti to Cu, which results in the XPS
peaks shift phenomena of 06CuO/TiO2-NOs. Moreover, the strong in-
teraction between Cu and TiO2 (101) facet is beneficial to
Cu2++Ti3+⟵→Cu++Ti4+ cycle. According to literatures [52], the

Fig. 6. XPS results of 06CuO/TiO2-NOs and 06CuO/TiO2-NRs: (a) Cu 2p, (b) O 1s, (c) Ti 2p.

Table 1
Surface atomic distributions of the 06CuO/TiO2 catalysts by XPS.

Sample Atomic ratio/%

O’ / (O’+ O’’) Cu+ / (Cu+ +
Cu2+)

Ti3+ / (Ti3+ +
Ti4+)

06CuO/TiO2-NRs 9.0 34.2 –
06CuO/TiO2-NOs 15.9 39.1 18.7
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oxidation reduction cycle on catalysts could not only enhance the redox
ability of catalyst, but also introduce more acid sites, which are bene-
ficial to NH3-SCR on catalyst.

Acidity of catalysts, which can influence the absorption of reaction
agents, is an important fact affect the NH3-SCR performance of cata-
lysts. This property of catalysts were investigated by NH3-TPD analysis.
As showed in Fig. 7a, both 06CuO/TiO2-NOs and 06CuO/TiO2-NRs
exhibits NH3 desorption signal from 100 to 400 °C. The total NH3 des-
orption could be fined as an overlap of 3 divided peaks centered at 175,
250, and 300 °C. According to literatures, [53] desorption peak at
175 °C belongs to physical adsorbed NH3. Peak at 250 °C is contributed
to NH3 adsorbed on Bronsted acid sites, and Peak at 300 °C is corre-
sponded to NH3 adsorbed on Lewis acid sites. It is noteworthy that NH3

desorption peaks belonged to Bronsted acid sites and Lewis acid sites of
06CuO/TiO2-NOs shift to high temperature side than that of 06CuO/
TiO2-NRs. It is indicated that 06CuO/TiO2-NOs has stronger acidity
than 06CuO/TiO2-NRs. Moreover, total acid contents of catalysts are
calculated by NH3 desorption peak areas, and are normalized by surface
areas of 06CuO/TiO2. In results, total acid content of 06CuO/TiO2-NOs
surpasses that of 06CuO/TiO2-NRs, which verifies the conjecture
mentioned in XPS analysis. The strong interaction between Cu in tet-
rahedral vacant sites and TiO2 (101) facet cause the redox cycle
Cu2++Ti3+⟵→Cu++Ti4+. The existence of redox cycle
Cu2++Ti3+⟵→Cu++Ti4+ enhances the acidity and acid content of
06CuO/TiO2-NOs.

The redox ability of materials is another significant fact which in-
fluences the catalytic activity of NH3-SCR catalyst. H2-TPR was utilized
to discuss this property of the synthesized catalysts. As illustrated in
Fig. 7b, both 06CuO/TiO2-NOs and 06CuO/TiO2-NRs exhibit similar
two-peak behavior. H2 consumption peaks α and β are a result of the
two step reduction from Cu2+→Cu+ and Cu+→Cu° [54]. The total H2

consumption is normalized by surface area of catalyst, and the results
are showed in Table S2. It is found that the normalized H2 consumption
of 06CuO/TiO2-NOs and 06CuO/TiO2-NRs are similar, which indicates
the close redox property of these two catalysts. Therefore, in 06CuO/
TiO2 system, the redox ability of catalysts is not the main reason ef-
fected on the NH3-SCR performances.

NH3 adsorption curves of 06CuO/TiO2 catalysts are showed in
Fig. 8. IR peaks at 1160, 1230, 1294, 1600, and 1650 cm−1 are

Fig. 7. (a) NH3-TPD and (b) H2-TPR results of 06CuO/TiO2 catalysts.

Fig. 8. In-situ DRIFTS results of NH3 adsorption and desorption on the 06CuO/TiO2 catalysts surface with temperature increasing.
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detected. They are contributed to NH3 adsorbed on Bronsted acid sites
(1650 cm−1) and Lewis acid sites on catalysts (1600, 1294, 1230, and
1160 cm−1), respectively [55,56]. At low temperature (< 325 °C), IR
peaks of NH3 adsorbed on Lewis acid sites of 06CuO/TiO2-NOs is higher
than that of 06CuO/TiO2-NRs. It is indicated that Lewis acid content of
06CuO/TiO2-NOs surpasses that of 06CuO/TiO2-NRs, which matches
NH3-TPD results. It is reasonable to infer that the enhanced acidity of
06CuO/TiO2-NOs promotes the NH3-SCR performance on it.

NO+O2 co-adsorption curves on 06CuO/TiO2 catalysts are showed
in Fig. 9. IR peaks at 1216, 1258, 1294, 1502, 1600, and 1627 cm−1 are
detected in NO+O2 co-adsorption curves at 100 °C. According to lit-
eratures, IR peaks at 1216 and 1258 cm−1 belong to bridge nitrate; IR
peaks at 1294 cm−1 belong to monodentate nitrate; IR peaks at

1502 cm−1 belong to liner nitrite; IR peaks at 1600 and 1627 cm−1

belong to bidentate nitrate [57,58]. With temperature increasing, IR
peaks of bridge nitrate, liner nitrite, and monodentate nitrate gradually
disappear. However, bidentate nitrate is stable. The intensities of IR
peaks of bidentate nitrate on 06CuO/TiO2-NOs are strong at 400 °C,
whereas that of 06CuO/TiO2-NRs significantly decrease and disappear
when temperature is over 325 °C. The stable bidentate nitrate occupies
metal sites on catalyst surfaces, which might results in the lower NH3-
SCR performances of 06CuO/TiO2-NOs than 06CuO/TiO2-NRs when
temperature is over 325 °C.

NH3+NO+O2 co-adsorption on 06CuO/TiO2 catalysts were fur-
ther investigated, and the result is showed in Fig. 10. No peak of bi-
dentate nitrate is detected in both NH3+NO+O2 co-adsorption curves

Fig. 9. In-situ DRIFTS results of NO+O2 adsorption and desorption on the 06CuO/TiO2 catalysts surface with temperature increasing.

Fig. 10. In-situ DRIFTS results of NH3+NO+O2 absorption and desorption on the 06CuO/TiO2 catalysts surface with temperature increasing.
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of 06CuO/TiO2-NOs and 06CuO/TiO2-NRs. According to literatures,
NH3 and NO competitively adsorb on catalyst surfaces. In results, one of
OeM band of bridge nitrate breaks, forming coordinated NH3 and a
monodentate nitrate. The nearby coordinated NH3 and monodentate
nitrate further transform to NH4NO3 covered on surface of catalyst.
[59] Obviously, NH4NO3 on surface of 06CuO/TiO2-NRs is much more
than that on the surface of 06CuO/TiO2-NOs, at low temperature.
NH4NO3 covers the active sites of catalysts, which inhibits NH3-SCR on
catalyst. Therefore, 06CuO/TiO2-NOs exhibits better NH3-SCR perfor-
mances than 06CuO/TiO2-NRs. When temperature increase, NH4NO3

gradually decomposes and disappears form surface of catalysts. Hence,
the covered NH4NO3 hardly influences NH3-SCR performances of
06CuO/TiO2 at high temperature.

4. Conclusions

In this work, CuO loading TiO2 nano-octahedron (06CuO/TiO2-
NOs) and CuO loading TiO2 nano-rods (06CuO/TiO2-NRs) were syn-
thesized. By modifying the morphology of TiO2 support, the effects of
TiO2 exposed facet on NH3-SCR performances were investigated. In
results, TiO2-NOs and TiO2-NRs expose (101) and (100) facets of TiO2,
respectively. In case of these two TiO2 expose different facets, the lo-
cation of Cu cations on their surfaces are different. Cu cations locate in
tetrahedral vacant sites on TiO2 (101) facets, whereas it locate in oc-
tahedral vacant sites on TiO2 (100) facets. The different coordination
environments bring the different NH3-SCR performances. In case of
06CuO/TiO2-NOs, Cu cations in tetrahedral vacant sites is coordinated
by 4 neighbor oxygen. The distance from Cu cations to neighbor Ti is
shorter than that of Cu cations in 06CuO/TiO2-NRs, which is co-
ordinated by 6 neighbor oxygen. Therefore, Cu cations in 06CuO/TiO2-
NOs exhibit strong interaction with exposed TiO2 (101) facets, which
results in redox cycle Cu2++Ti3+⟵→Cu++Ti4+ on the surface of
06CuO/TiO2-NOs. The redox cycle enhances the redox ability of cata-
lyst, and introduces more acid sites, which is beneficial to NH3-SCR on
catalyst. In addition, NH4NO3 is easy to form and deposit on surface of
TiO2-NRs at low temperature, which further decreases the NH3-SCR
performance of TiO2-NRs.
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