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AbstractCarbon nanotubes (CNTs) are widely utilized as catalyst promoters because of their unique structure and
electrical properties. In this study, CNTs were added as a promoter to V-Ce/TiO2 (VCT), which is a commercial cata-
lyst used for the NH3-SCR reaction. We investigated the role of CNTs in the V-Ce/TiO2-CNTs (VCTC) catalyst. There-
fore, we characterized them using X-ray diffraction (XRD), N2 adsorption/desorption experiments, thermogravimetric
analysis (TGA), transmission electron microscopy (TEM), temperature-programmed reduction of H2 (H2-TPR), tem-
perature-programmed desorption of NO/NH3 (NO/NH3-TPD), X-ray photoelectron spectroscopy (XPS), and in situ
Fourier transform infrared spectroscopy (FT-IR). Higher NO conversion and N2 selectivity were achieved in the VCTC
catalyst than in the VCT catalyst, confirming the favorable effect of CNTs on the NH3-SCR reaction. Additionally,
CNTs considerably influenced the crystal structure formation of the metal oxides located on the catalyst surface. Con-
sequently, metal-metal and metal-support undergo distinct interactions, thereby positively influencing catalytic charac-
teristics such as redox properties, oxidation state, acid sites, and the formation of nitrate species.
Keywords: NH3-selective Catalytic Reduction, Carbon Nanotubes, Sol-gel, Redox Property, N2 Selectivity, Monodentate

Nitrate

INTRODUCTION

Nitrogen oxide (NO) from fossil fuels is closely linked with envi-
ronmental problems, such as photochemical smog formation and
acid rain [1,2]. To protect the environment, it is essential to con-
trol the generation of NO from fossil fuels. Two major methods are
used to reduce the amount of NO released from stationary sources:
selective non-catalytic reduction (SNCR) and selective catalytic
reduction (SCR). SNCR, although a convenient and cost-effective
method, is hindered by low efficiency and high operating tem-
peratures (above 900 oC) [1-3]. In contrast, NH3-SCR catalysts exhibit
high activity in the temperature range of 300-400 oC [1-6]. Vana-
dium-based catalysts (V-Mo/TiO2, V-W/TiO2, and V-Ce/TiO2) are
most widely used, demonstrating over 90% conversion of NO for
industrial applications [1-5,7,8].

Conventionally, flue gases produced from stationary sources were
discharged at temperatures over 300 oC [1,3,7,10]. However, with
the development of combustion technologies, industrial boilers and
turbines are gradually being operated at lower temperatures; there-
fore, it is necessary to develop a catalyst for denitrification at low
temperatures of 100-300 oC [1-5,7]. Significant efforts have been
made to develop catalysts for practical NH3-SCR reactions at low

temperatures (below 300 oC) [2-4]. However, it has been challeng-
ing to satisfy other crucial characteristics of the catalysts, such as
high resistance against H2O, N2 selectivity, and NO conversion.

Therefore, recent studies have focused on designing catalysts
with high NO conversion in the low-temperature NH3-SCR reac-
tion [1-3]; they include V-, Mn-, CeO2-, and carbon-based catalysts
[3,6,8,11-13]. Among the various candidates, carbon materials, espe-
cially carbon nanotubes, are highlighted as catalyst supports owing
to their excellent adsorption and electronic properties. Huang et al.
prepared CNT-supported V2O5 catalysts for low-temperature NH3-
SCR [14]. In their study, the V2O5/CNT catalyst showed high per-
formance in the NH3-SCR of NO in the temperature range of 100-
250 oC [14]. The CNTs could adsorb a number of NH3 molecules
that easily reacted with NO species, leading to a high NO conver-
sion [14]. Su et al. synthesized three different types of MnOx/CNT
catalysts for the NH3-SCR reaction: MnOx located inside, outside,
and in/out of CNTs [15]. MnOx existing inside the CNT channels
was found to display a high catalytic performance for low-tem-
perature NH3-SCR reactions, owing to oxygen supply and NO ad-
sorption [15]. Valtanen et al. reported a low-temperature NH3-SCR
reaction over noble metals (Pt, Pd, and Rh) supported on CNT
catalysts [16]. Among the three catalysts, Pt/CNT showed a rela-
tively high NO conversion in the temperature range of 100-300 oC
[16]. Thus, the CNT-based catalyst demonstrated highly improved
catalytic performance toward the low-temperature NH3-SCR reac-
tion. However, low N2 selectivity is a critical problem while using
CNTs as catalyst support in the low-temperature NH3-SCR reac-
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tion. Therefore, new approaches are required to realize the merits
of CNTs and eliminate their drawbacks, and a better understand-
ing of the role of CNTs is highly desirable.

In this study, a small quantity of CNTs was added as a promoter
to V-Ce/TiO2, a widely used commercial catalyst, to improve its cat-
alytic efficiency in low-temperature NH3-SCR reactions. CNT-pro-
moted V-Ce/TiO2 catalysts were synthesized via sol-gel and im-
pregnation methods; a V-Ce/TiO2 catalyst was prepared for com-
parison. To characterize CNTs and examine their effect on the syn-
thesized catalysts, we performed X-ray diffraction (XRD), N2 ad-
sorption/desorption experiments, thermogravimetric (TG) analysis,
transmission electron microscopy (TEM), temperature-programmed
reduction of H2 (H2-TPR), temperature-programmed desorption
of NO/NH3 (NO/NH3-TPD), X-ray photoelectron spectroscopy
(XPS), and in situ Fourier transform infrared spectroscopy (FT-IR).

EXPERIMENTAL SECTION

1. Catalyst Preparation
TiO2-CNTs were prepared with different CNT weight ratios (0,

0.5, 1, 3, and 5 wt% TiO2) using the sol-gel method. Initially, 6 mL
of titanium tetraisopropoxide (TTIP, Sigma-Aldrich, St. Louis,
Missouri, USA) was sonicated in 100 mL of ethanol for 15 min.
CNTs were added to the solution and sonicated until completely
mixed. Thereafter, 100 mL of distilled water was added to the solu-
tion, and the mixture was sonicated until a sol was formed. The
sol was then transformed into a gel via aging in air. After the aging
process, the gel was dried at 110 oC for 12 h in air and thermally
treated at 500 oC for 2 h (ramp rate of 5 oC min1 in N2 gas). A TiO2

sample without CNTs was prepared using the same method.
V and Ce were loaded onto TiO2 or TiO2-CNTs supports via the

incipient wetness impregnation method, using ammonium meta-
vanadate (99%, Sigma-Aldrich, St. Louis, Missouri, USA) and cerium
nitrate (99%, Sigma-Aldrich, St. Louis, Missouri, USA) as metal
precursors. The loading amounts of V and Ce metals were set at 1
and 10 wt%, respectively. After impregnation, the samples were
dried at 110 oC for 12 h in air and thermally treated at 500 oC for
2 h in N2 gas atmosphere. The catalysts are denoted as VCT and
VCTCx, where x represents the wt% of CNTs.
2. Catalyst Characterization

The crystal structure of the catalysts was probed using X-ray
diffraction (XRD, D/MAX-2500, Rigaku, Corp., Japan) by a detec-
tor equipped with Cu K radiation. Transmission electron micros-
copy (TEM) images were obtained using FEI Tecnai G2 F30 TEM
(FEI Co., Hillsboro, OR, USA) at 300 keV with sample loading on
holey copper grid coated with carbon. Brunauer-Emmett-Teller
(BET) surface areas were determined from N2 adsorption-desorp-
tion isotherms recorded at 196 oC (BELSORP-max, Microtrac-
BEL Corp., Osaka, Japan). Thermogravimetric (TG) analysis was
carried out using a TGA N-1500 instrument (SCINCO, Seoul, South
Korea) under air flow at a heating rate of 10 oC·min1. The weight
changes in the samples were recorded until saturation was reached.
H2 temperature-programmed reduction (H2-TPR) and NO/NH3

temperature-programmed desorption (NO/NH3-TPD) experiments
were conducted using an Autochem 2950 HP instrument (Micro-
meritics Instrument Corp., Norcross, GA, USA). In the H2-TPR

experiment, 100 mg of the sample was loaded onto a quartz tube
and pretreated under a flow of 10% O2 in He, at 200 oC for 1 h.
After pretreatment, TPR experiments were carried out in the tem-
perature range of 50-800 oC, using 10% H2/Ar at a ramping rate of
5 oC·min1. For the NO/NH3-TPD experiments, 100mg of the sam-
ple was mounted in a quartz tube and pretreated with He, at 200 oC
for 1 h. After pretreatment, it was cooled to 50 oC under a flow of
0.5% NO (or 5% NH3)/He for 1 h and subsequently purged with
He. Thereafter, the pretreated sample was heated from 50 to 800 oC
at 10 oC·min1. X-ray photoelectron spectroscopy (XPS) was con-
ducted using an ESCALAB Mk II spectrometer (VG Scientific,
Ltd. Cambridge, UK) using Al K radiation (hv=1,486.6 eV) at a
constant energy of 50 eV. The binding energies were aligned based
on the C 1s transition at 285 eV. In situ FT-IR was performed in a
ceramic IR cell with ZnCe windows using a diffuse reflectance IR
accessory (PIKE Technologies, Inc., Madison, WI, USA) placed in
a Nicolet iS10 spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with an MCT-A detector operating at 196 oC.
The background spectrum was recorded using a KBr pellet and
was subtracted from the IR spectrum of each sample. All spectra
were recorded by accumulating 64 scans at a resolution of 8 cm1.
3. Catalytic Reaction

The catalytic reaction was performed under atmospheric pres-
sure in a fixed-bed reactor. Before the reaction was initiated, the
catalyst was pretreated with N2 at 200 oC for 1 h, after which the
temperature was reduced to the desired value. The reactant gas con-
sisted of 500ppm NO, 500ppm NH3, and 5% O2, with N2 account-
ing for the balance. Under wet conditions, 3% of H2O was injected
using a plunger pump (NP-KX-201, NS, Japan) and was passed
through a pre-heater at 200 oC before being introduced into the
catalytic reactor.

The catalytic reaction was carried out in the temperature range
of 160-300 oC at 60,000 h1 of a gas hourly space velocity (GHSV).
The product gas from the reactor was recorded using a NO ana-
lyzer (VARIO plus, MRU GmbH, Neckarsulm, Germany). The NO
conversion and N2 selectivity were defined as follows:

(1)

(2)

where [NO]in and [NH3]in correspond to the concentrations of NO
and NH3 at the reactor inlet, respectively. [NO]out, [NH3]out, and
[N2O]out correspond to the concentrations of NO, NH3, and N2O
at the reactor outlet, respectively.

RESULTS AND DISCUSSION

1. Catalytic Activity
Fig. 1(a) depicts the temperature dependence of the NO conver-

sion for VCT and a series of VCTCx catalysts with different CNTs
weight ratio under dry reaction condition: 500 ppm NO, 500 ppm
NH3, and 5% O2 in N2 balance. This reaction data shows that cata-
lytic activity was strongly dependent on the CNTs contents. When
a small quantity of CNTs was added to the VCT catalyst (VCTC0.5
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and VCTC1), its catalytic activity was enhanced. However, a fur-
ther increase in the CNTs content (VCTC3 and VCTC5) led to a
deterioration of the catalytic performance.

It is important to investigate the N2 selectivity level because low
N2 selectivity in the NH3-SCR reaction of NO causes secondary
air pollution [3]. N2 selectivity was calculated using Eq. (2) based
on the precisely measured N2O concentration. For N2 selectivity,
NO2 concentration was not regarded because it is rarely produced,
presented in Fig. S1. Fig. 1(b) shows the N2 selectivity under dry
reaction condition. The N2 selectivity was stable in the range of 160
to 260 oC but it slightly decreased at the temperature above 280 oC.

Fig. 2(a) is a NO conversion data over VCT and a series of VCTCx
catalysts under wet reaction condition; 500ppm NO, 500ppm NH3,
5% O2, and 3% H2O in N2 balance. The NO conversion under wet
condition tendency is similar to NO conversion in the absence of
H2O. The VCTC1 catalyst had the highest catalytic activity, even
in the presence of H2O, and in particular, for the VCTC1 catalyst,
the catalyst activity hardly decreases in the presence of H2O (93%
and 93.4% at 240 oC in the absence/presence of H2O, respectively).
Fig. 2(b) presents the N2 selectivity under wet reaction condition.
This result also shows that N2 selectivity during SCR reaction in
the presence of H2O is not much different compared to N2 selec-

tivity performed under dry reaction condition. These reaction data,
including NO conversion in the presence/absence of H2O, clearly
indicates that the addition of CNTs in VCT catalyst improves the
catalytic activity, but there is an optimum ratio. For N2 selectivity,
however, CNTs addition does not always guarantee improvement,
indicating that the addition of CNTs does not highly influence the
original properties for N2 selectivity. Thus, it is necessary to care-
fully control the amount of CNTs in catalysts for achieving high
NO conversion.

To further investigate the role of CNTs in the NH3-SCR cata-
lytic system, XRD, SEM/TEM, H2-TPR, XPS, in situ FT-IR, and
NH3/NO-TPD measurements were performed.
2. Characterization of the Catalysts
2-1. Textural and Structural Properties

The only difference between the VCT and VCTCx catalysts is
the addition of CNTs during the sol-gel synthesis of TiO2. Hence,
N2 adsorption experiments and powder XRD analysis were per-
formed to investigate any changes in the textural properties and
crystalline structures caused by this addition. Table 1 summarizes
the BET surface area and total pore volume. It shows that CNTs
addition has a tendency to produce more BET surface area and pore
volume. Moreover, Table 1 contains the actual amount of carbon

Fig. 1. NO conversion (a) and N2 selectivity (b) over VCT and VCTCx catalysts under dry condition (500 ppm NO, 500 ppm NH3, and 5% O2
with N2 as the balance); GHSV=60,000 h1.

Fig. 2. NO conversion (a) and N2 selectivity (b) over VCT and VCTCx catalysts under wet condition (500 ppm NO, 500 ppm NH3, 5% O2,
and 3% H2O with N2 as the balance); GHSV=60,000 h1.
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in the VCT and VCTCx catalysts, measured by TG analysis. It is
clearly found that the increase in the amount of carbon material in
a series of VCTCx catalysts is from 0.42 to 4.17 g. The reason that
VCT catalyst has 0.07 wt% of carbon material is the presence of
trance/residual carbon in VCT catalyst during the synthesis method
[17]. The powder XRD spectra of the VCT and VCTCx catalysts
are shown in Fig. 3. Diffraction peaks for the VOx phases are not
observed in the XRD spectra of any of the as-prepared catalysts,
indicating the high dispersion of V (or small mean size of V parti-
cles) [18,19]. All catalysts mainly exhibit anatase TiO2 diffraction
peaks (JCPDF #21-1272) [20,21]. This implies that CNTs do not
influence the crystal structure of anatase TiO2. However, there is a
noticeable difference in XRD spectra in Fig. 3: One is XRD inten-
sity and the other is new peaks. First, XRD intensity highly became
larger and larger with increasing the amount of CNTs in VCTCx
catalysts, indicating that catalyst with CNTs achieved good crystal
structure and large particle size. The reason for this phenomenon
is given by Ma and co-workers [22]. They reported that CNTs
addition would help to form crystal structure and have big parti-
cle size because CNTs behave like a nucleation seed during TiO2

synthesis via the sol-gel method [22]. The next difference is the
new characteristic peaks at 28.6o and 33.2o, which were assigned to
the cubic fluorite CeO2 structure (JCPDF #34-0394) in VCTCx
catalysts [21,23]. As mentioned above, since the addition of CNTs

helps to form a well-developed TiO2 structure having fewer vacant
sites, CeO2 is mainly located on the surface of TiO2. Thus, new
peaks only appeared in VCTCx catalysts. On the other hand, no
peaks attributed to cubic CeO2 were observed in the VCT catalyst
because CeO2 was incorporated into the surface vacant position of
TiO2 [24]. In terms of physical properties, the apparent role of CNTs
in the VCTC catalyst is to influence the formation of crystalline
phases of the catalyst. This may lead to distinct metal-metal and
metal-support interaction.

SEM and TEM experiments were performed to observe the pres-
ence of CNTs. Fig. 4 presents the images of the TiO2, TiO2-CNTs,
V-Ce/TiO2, and V-Ce/TiO2-CNTs catalysts. For samples without
CNTs, CNTs are not observed in SEM and TEM images while it
clearly shows the coexistence of CNTs in the TiO2-CNTs and V-
Ce/TiO2-CNTs, even after calcination at 500 oC in an N2 atmo-
sphere. In addition, it is revealed that CNTs in TiO2-CNTs and V-
Ce/TiO2-CNTs are not segregated, decomposed, or covered.

SEM and TEM images clearly show CNTs coexisted with cata-
lyst nanoparticles, and moreover, CNTs are entangled by them-
selves. Kim et al. insisted that the polar group functionalized by
CNTs improved electron transfer by rebuilding the nanoparticle
interaction, and this is determined by the degree of interaction
between CNTs and catalyst [25]. Ye et al. reported that catalytic
activity toward SCR reaction would be improved when CNTs in
catalysts have oxygen functional groups [26]. Followed by these
insistences, in order to confirm the bonding interaction such as
carbon-carbon and carbon-metal, XPS analysis was performed and
it gives the result of C 1s spectra for each catalyst, shown in Fig. 5.
C 1s spectrum is deconvoluted into three peaks for VCTCx cata-
lysts, respectively: C-C at 285 eV, C-O at 286.5 eV, and O-C=O at
288.8 eV [25,26]. According to the literature, C-C band is assigned
to bonding interaction inside of CNTs, and C-O and O-C=O are
attributed to chemical interaction between carbon and metal oxide
[25,26]. As given in Fig. 5, it is clearly observed that C 1s spectrum
linearly became bigger and bigger with an increase of CNTs con-
tents. However, the specific peaks attributed to C-O and O-C=O
did not have a linear increase tendency, having optimal point. When
the amount of CNTs increased from 0.5 to 1 wt%, the amount of
peaks related to C-O and O-C=O increased from 19.9 to 45.4%;
when the amount of CNTs was further increased to 3 and 5 wt%,
those of C-O and O-C=O tended to decrease to 36.7 and 22.4%,
respectively. This result indicates that 1 wt% of CNTs in VCTC
catalyst would achieve the strongest interaction between CNTs

Table 1. Textural properties of the prepared catalysts

Samples Notation
Carbon material content BET surface area

(m2 g1)
Total pore volume

(cm3 g1)
Crystallite size

(nm)bTheoretical (g) Actuala (g)
V-Ce/TiO2 VCT 0.07 52.10 0.28 13.29
V-Ce/TiO2-CNTs0.5 VCTC0.5 0.5 0.42 52.40 0.32 13.95
V-Ce/TiO2-CNTs1 VCTC1 1 0.86 67.50 0.32 17.01
V-Ce/TiO2-CNTs3 VCTC3 3 2.30 65.84 0.38 18.10
V-Ce/TiO2-CNTs5 VCTC5 5 4.17 61.31 0.37 20.25

aEstimated by TG analysis.
bEstimated by Scherrer equation at 25.3o.

Fig. 3. Powder X-ray diffraction spectra of VCT and VCTCx catalysts.
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and metal oxide, indicating that VCTC1 catalyst would have a rel-
atively easy electron transfer property by rebuilding the more nano-
particle interaction compared to other catalysts.
2-2. Reduction behavior and Oxidation State

As revealed by the XRD analysis, CeO2 in the VCT catalyst was
highly dispersed, while CeO2 in the VCTCx catalyst formed nano-
particles with high crystallinity. It was expected that this differ-
ence would significantly influence the redox properties of the cata-
lyst. Additionally, the catalyst redox properties were reported as
one of the important factors for the low-temperature NH3-SCR of
NO. To investigate the redox property modifications caused by the
addition of CNTs, we carried out H2-TPR experiments for the
VCT and VCTCx catalysts. For a precise reduction study, H2-TPR
analysis was carried out toward TiO2, TiO2-CNTs, V/TiO2, and V/
TiO2-CNTs and the result is in Fig. S2, which shows the reducibil-
ity of sample with CNTs is slightly increased. In accordance with
previously reported findings, the peak assigned to the V species is

observed in the temperature range of 400-500 oC; and the peak
corresponds to the reduction of CeO2 at approximately 450 oC [12,
18,19,23]. The H2-profiles of the VCT and VCTCx catalysts are
shown in Fig. 5. The VCT catalyst presented one reduction peak: a
peak at 434 oC was attributed to the surface CeO2 species [12,23].
In this sample, the reduction peak assigned to the V species was
not observed because it overlapped with the reduction peak of
CeO2, given in Fig. S2 [18,19]. However, with the addition of CNTs,
it was clearly observed that this one reduction peak split into two
peaks, V species and surface CeO2 species. Furthermore, in some
catalysts, a new peak was observed at 357 oC, which corresponded
to surface/chemisorbed oxygen species that may readily facilitate
oxygen diffusion from the surface layers [27]. This is because metal
oxides easily interact with CNTs via the hybridization of orbitals
and confinement effect, leading to enhanced redox properties and
active oxygen species [27]. The above results demonstrate that the
addition of CNTs to the VCT catalyst enhances the redox proper-

Fig. 4. SEM and TEM images of as-synthesized samples.



The effect of CNTs on V-Ce/TiO2 for low-temperature selective catalytic reduction of NO 2339

Korean J. Chem. Eng.(Vol. 39, No. 9)

ties. We consider that this improvement is significantly related to
the high catalytic activity in the NH3-SCR of NO.

XPS experiments were performed to determine the atomic con-
centration and oxidation states of a few layers on the catalyst sur-
face (<4.0 nm). Vanadium is regarded as the main active component
for NH3-SCR reaction. Thus, it is necessary to investigate the oxi-
dation state change of V species with an increase of CNTs content
in detail. The XPS spectra of V 2p3/2 over VCT and VCTCx cata-
lysts are given in Fig. 7. The main peak centered at 517.1 eV is
divided into two peaks; V4+ (516.5 eV) and V5+ (517.5 eV) [6]. This
result clearly presents that the peak ratio between V4+ and V5+ is
significantly influenced by the amount of CNTs. The V4+ peak
ratio did not linearly increase with the increase of CNTs content,
which is similar behavior to the ratio of C-O and O-C=O in the C
1s spectrum. When the amount of CNTs increased from 0 to
1 wt%, the amount of V4+ increased from 40.9 to 67.1%; when the
number of CNTs was further increased to 3 and 5 wt%, those of
V4+ tended to decrease from 54.2 to 41.9%, respectively. Namely,
the V4+ known as an active species for NH3-SCR reaction reaches
the highest value in the VCTC1 catalyst, expecting that this is the

Fig. 5. X-ray photoelectron spectra of C 1s; VCTC0.5 (a), VCTC1 (b), VCTC3 (c), and VCTC5 (d).

Fig. 6. H2 temperature-programmed reduction of VCT and VCTCx
catalysts.

Table 2. Surface atomic ratios obtained by X-ray photoelectron spec-
troscopy

Samples
Relative concentration (%) Ti peak position (eV)

Ce3+/Cetotal O/Ototal Ti 2p1/2 Ti 2p3/2

VCT 23.5 56.3 465.3 459.3
VCTC0.5 23.3 59.8 464.9 459.3
VCTC1 27.8 65.7 464.9 459.1
VCTC3 28.1 59.7 465.1 459.2
VCTC5 25.4 45.7 465.3 459.2

major reason for having the good catalytic performance. The Ce
3d XPS spectra of the VCT and VCTCx catalysts are shown in Fig.
8(a). The curves of the Ce 3d spectra for both catalysts are com-
posed of eight peaks corresponding to four pairs of spin-orbit
doublets. The four main Ce 3d5/2 peaks observed at 881.7, 884.1,
888.4, and 898.0 eV correspond to the v, v', and v'', and v''' compo-
nents, while the peaks of Ce 3d3/2 appearing at 901.2, 904.6, 908.0,
and 916.9 eV correspond to u, u', u'', and u''' components, respec-
tively [28-31]. The main peaks labeled v, v'', v''', u, u'', and u''' are
ascribed to the 3d104f0 state of Ce4+ ions, whereas those denoted
by v' and u' are attributed to the 3d104f1 electronic state of Ce3+

ions [28-31]. This result establishes the coexistence of Ce3+ and
Ce4+ in both the catalysts. In the Ce 3d XPS spectrum, clear differ-
ences in the Ce3+/Ce4+ peak ratio originate from the addition of
CNTs. The amount of Ce3+ is of great importance for the NH3-
SCR of NO using CeO2-based materials. Ce3+ is beneficial for the
oxidation of NO to NO2, which enhances the catalytic perfor-
mance of the NH3-SCR reaction through a fast SCR route [30]. As
summarized in Table 2, the Ce3+ concentration of the VCTCx cata-
lyst is higher than that of the VCT catalyst. Additionally, as shown
in Fig. 8(b), the O 1s spectra of the VCT and VCTCx catalysts appear
to be different. Specifically, O 1s spectra are deconvoluted into
three peaks as follows: Lattice oxygen (O) at 529.0-530.0 eV, chem-
isorbed oxygen (O) at 531.0-532.0 eV, and hydroxyl groups (O)
at 532.8-533.7 eV [28,32]. O is recognized as one of the most
active species for NH3-SCR of NO because it acts as an electron
acceptor and has superior oxidation activity [33]. Thus, the O on
the catalyst surface is regarded as a crucial factor in the catalytic
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performance. We speculate that the CNTs in the VCTC catalyst
increases the amount of chemisorbed oxygen species (as con-
firmed by the H2-TPR experiment) and leads to high NO conver-
sion. This is supported by the study of Wang et al., regarding the
importance of the formation of disordered or defective supports,
induced by the addition of CNTs to the catalyst [34]. These defects
were reported to have contributed to the formation of chemisorbed
oxygen, which is beneficial for the SCR reaction [34]. Fig. 8(c)
shows the Ti 2p spectra of the VCT and VCTCx catalysts. The
XPS spectra of the core levels of Ti 2p3/2 and Ti 2p1/2 for the as-pre-
pared catalysts are 459.1-459.3 eV and 464.9-465.3 eV, respectively
[21,28]. The Ti 2p peaks shifted slightly to lower binding energies
after the addition of CNTs, indicating the presence of Ti3+ [33,34].
According to the literature, this binding energy shift is mainly

attributed to free electrons and oxygen deficiencies [35,36]. When
carbon materials are added to TiO2, a new Ti-C bond is formed by
the interaction between CNTs and TiO2, which produces free elec-
trons and oxygen deficiency on the TiO2 surface, leading to the gen-
eration of Ti3+ species. This helps to generate highly active O species,
resulting in high NO conversion [36].
2-3. NH3 Adsorption Study

NH3 is a crucial component of the SCR reaction considered in
the present study. Several acid sites are beneficial for the adsorp-
tion of NH3 molecules because NH3 species located on the cata-
lyst surface can readily react with NO to produce N2 and H2O
[28,32,38]. Therefore, NH3-TPD analyses were performed to inves-
tigate the change in NH3 adsorption and desorption behavior upon
the addition of CNTs; FT-IR experiments were performed to identify

Fig. 7. X-ray photoelectron spectra of V 2p3/2; VCT (a), VCTC0.5 (b), VCTC1 (c), VCTC3 (d), and VCTC5 (e).
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the types of ammonium species present on the catalyst surface.
NH3-TPD analyses were performed to investigate the NH3

adsorption/desorption behavior upon the addition of CNTs. Fig. 9
shows the change in NH3 adsorption and desorption behavior of
the VCT and VCTCx catalysts. The TPD profile below 100 oC is
closely related to physically adsorbed NH3. The peak observed at
100-200 oC was assigned to weak acid sites, and the peak in the
temperature range of 200-400 oC was attributed to the intermedi-
ate strength acid sites [28,39]. In the NH3-TPD profiles, the peak
intensity of the VCTCx catalyst showed a greater increase over the
entire temperature range when compared with that of the VCT
catalyst. According to the literature, the thermal stability of NH4

+

ions adsorbed on Brønsted acid sites is weaker than that of coordi-
nated NH3 attached to Lewis acid sites [28,40]. This corresponds
to the detection of peaks associated with Brønsted acid sites in the
temperature range of 100-200 oC and Lewis acid sites above 200 oC.
The CNTs present in the VCTC catalyst increased the number of
NH3 adsorption sites, leading to an improvement in both acid

sites. As shown in Fig. 9, however, a number of CNTs in VCTCx
do not always increase the Brønsted and Lewis acid site. Since the

Fig. 8. X-ray photoelectron spectra of VCT and VCTCx catalysts; Ce 3d (a), O 1s (b), and Ti 2p (c).

Fig. 9. Temperature-programmed desorption of NH3, following NH3
adsorption, in a 10% NH3/He flow.

Fig. 10. Fourier transform infrared (FT-IR) spectra with tempera-
ture increase with interval 50 oC after the NH3 adsorption
on VCT and VCTC1 catalysts.
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Brønsted and Lewis acid sites in the case with over 3 wt% of CNTs
in VCTC catalyst could be decreased, the amount of CNTs in
VCTCx has to carefully be controlled for achieving more amount
of acid site.

FT-IR analysis was carried out toward VCT and VCTC1 cata-
lysts, which those samples had a big difference observed in NH3-
TPD experiments. To identify the adsorbed NH3 species on the
catalyst surface, IR spectra were collected for the VCT and VCTC1
catalysts after exposure to a flow of NH3. Fig. 10 shows the FT-IR
spectra of NH3 on the VCT and VCTC1 catalysts with increasing
temperature. Several peaks were observed for both the catalysts at
1,620, 1,456, 1,356, 1,270, and 1,223 cm1, respectively. The peaks
at 1,620, 1,270, and 1,223 cm1 belonged to NH3 strongly adsorbed
on Lewis acid sites, and that at 1,456 cm1 originated from NH3

coordinated on a Brønsted acid site [18,37-40]. Another peak at
1,356 cm1 is attributed to the wagging (-NH2) amide species located
on the catalyst surface [18,37-40]. These results validate the exis-
tence of Brønsted/Lewis acid sites on the catalyst surface, and sug-
gest that various types of ammonium species could be adsorbed
on the catalyst surface. In addition, the FT-IR spectra revealed that
the amount of NH3 adsorbed increased with the addition of CNTs.
However, the peak difference between the VCT and VCTC1 cata-
lysts was merely the intensity, and no additional peak was induced
by the addition of CNTs. This means that the role of CNTs is lim-
ited to increasing the amount of adsorbed NH3 species on the
VCTC catalyst.
2-4. NO Adsorption Study

The NOx species adsorbed on the catalyst surface determines
the catalyst activity and reaction mechanism [28,32]. Among the
various types of NOx species, monodentate nitrate species are pre-
dominantly considered because they are unstable on the catalyst
surface and positively influence the low-temperature NH3-SCR reac-
tion [32,39,43]. Hence, NO-TPD was performed to investigate the
change in the NO adsorption and desorption behavior upon the
addition of CNTs; FT-IR experiments were carried out to investi-

gate the type of NOx species adsorbed on the catalyst surface.
The NO desorption peaks can be divided into two sections in

the NO-TPD profiles, given in Fig. 11. The peak below 200 oC is
attributed to the decomposition of monodentate nitrate, and the
peak above 200 oC is attributed to bridged and bidentate nitrates,
which have high thermal stability [43]. The TPD profiles of the VCT
and VCTCx catalysts crossed exactly at 200 oC. The VCTCx catalyst
formed abundant monodentate nitrate species, whereas the amount
of bridged and bidentate nitrate species was lower than that of the
VCT catalyst. This result indicates that certain kinds of nitrate spe-
cies are clearly increased by the addition of CNTs, indicating that
the CNTs present in the catalyst play a role in selectively forming
the nitrate species. This was because the active oxygen species pop-
ulating the VCTCx catalyst promptly reacted with NO and formed
monodentate nitrate species. Another reason reported by Cao et
al. is that adsorbed NO species mainly exist as monodentate nitrate
on the oxidized C-O sites in CNTs [44]. Thus, the VCTCx catalyst
with C-O sites created by CNTs could possibly produce more mono-
dentate nitrate species than the VCT catalyst. This TPD result reveals
that using CNTs as promoters can remarkably improve the adsorb-
ing capacity of monodentate nitrate species.

Fig. 11. Temperature-programmed desorption of NO following NO
adsorption, in a flow of 0.5% NO/He.

Fig. 12. FT-IR spectra with temperature increase with interval 50 oC
after NO+O2 adsorption on VCT and VCTC1 catalysts.



The effect of CNTs on V-Ce/TiO2 for low-temperature selective catalytic reduction of NO 2343

Korean J. Chem. Eng.(Vol. 39, No. 9)

To investigate the adsorbed NOx species on the catalyst surface,
IR spectra were collected for the VCT and VCTC1 catalysts after
exposure to NO and O2. Fig. 12 shows that several peaks appear
for both catalysts at 1,741, 1,647, 1,600, 1,560, 1,529, 1,510, 1,488,
1,456, 1,393, and 1,366 cm1, respectively. The IR peaks at 1,529
and 1,456 cm1 belong to monodentate nitrate species, while the
peak at 1,600, 1,560, 1,510, and 1,393 cm1 is attributed to adsorbed
bidentate and bridged nitrate species [32,42,45]. The peak cen-
tered at 1,510 and 1,488 cm1 corresponds to linear nitrate species,
and the peaks at 1,647 and 1,366 cm1 correspond to adsorbed NO2

species and nitro compounds, respectively [42,43]. In addition, the
peak observed at 1,741 cm1 is ascribed to the stretching vibra-
tions of C-O and C=O owing to the presence of CNTs [32]. The
change induced by the addition of CNTs is absorbance intensity.
In particular, the intensities of the IR bands attributed to the nitrate
species of the VCTC1 catalyst are much larger than those of the
VCT catalyst, which indicates an increase in the NO adsorption
capacity after the addition of CNTs. The monodentate nitrate spe-
cies on the VCTC1 catalyst surface are largely retained, compared
with those on the VCT catalyst. Monodentate nitrate species are
unstable and positively influence the NH3-SCR of NO [39,43].
Moreover, the peaks of the nitro compound and NO2 species are
well developed in the VCTC1 catalyst. This may be due to the high
redox ability and abundance of Ce3+ species. Yao et al. reported
that these characteristics greatly improved NO oxidation and cre-
ated a number of NO2 species on the catalyst surface, leading to
significantly enhanced NO conversion [30]. Our FT-IR results are
in good agreement with those of Yao et al. [30]. Thus, it is reason-
able to suggest that the VCTC1 catalyst containing monodentate
nitrate and NO2 species significantly enhanced NO conversion.

As confirmed by NO-TPD and FT-IR experiments, the NOx

species adsorbed on the VCTC1 catalyst mainly exist as monoden-
tate nitrates, which can readily react with NH3 to form a more reac-
tive intermediate. These results suggest that the use of CNTs as
promoters leads to the formation of more monodentate nitrate
species and significantly improves NH3-SCR performance.

CONCLUSIONS

VCT and VCTCx catalysts were synthesized to investigate the
role of CNTs in the V-Ce/TiO2 catalysts in the NH3-SCR reaction
of NO. The VCTC1 catalyst showed significantly enhanced cata-
lytic activity and N2 selectivity at 160-340 oC in the absence or pres-
ence of H2O compared to VCT catalyst. In this reaction test, it was
confirmed that the optimal CNTs content in the VCTCx catalysts
was 1 wt% for the NH3-SCR reaction. XRD analysis revealed that
CeO2 in the VCT catalyst was highly dispersed, while CeO2 in the
VCTCx catalyst formed nanoparticles located on the catalyst sur-
face, implying that the apparent role of CNTs in the VCTC catalyst
is to influence the formation of crystalline phases of the catalyst.
This phenomenon leads to a change in the redox properties. Accord-
ing to XPS analysis, V4+, Ce3+, and chemisorbed oxygen present in
the VCTC1 catalyst are increased in comparison to those of the
VCT catalyst. In terms of catalyst acidity, it was found that the
VCTC1 catalyst had a higher number of acid sites than the VCT
catalyst, because the addition of CNTs promoted the formation of

CeO2 nanoparticles on the TiO2 support. Moreover, the presence
of CNTs in the VCT catalyst induces NO oxidation to NO2 spe-
cies. This in turn forms the monodentate nitrate species, which is
a crucial factor for the NH3-SCR of NO. The amount of adsorbed
monodentate nitrate species on the VCTC1 catalyst was larger than
that on the VCT catalyst. Therefore, we determined that the addi-
tion of an optimized quantity of CNTs to the catalyst positively influ-
enced its catalytic properties. This can be applied to industrial
processes involving low-temperature SCR reactions to convert NO
more efficiently.
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Fig. S1. Outlet concentration of NO2 (ppm) over VCT and VCTCx
catalysts during SCR reaction. Reaction condition: 500 ppm
NO, 500 ppm NH3, 5% O2, and 3% H2O with N2 as the bal-
ance; GHSV=60,000 h1.

Fig. S2. H2 temperature-programmed reduction of TiO2 (a), TiO2-
CNTs (b), V/TiO2 (c), V/TiO2-CNTs (d), VCT (e), VCTC0.5
(f), VCTC1 (g), VCTC3 (h), and VCTC5 (i).

Fig. S3. In-situ FT-IR analysis of NH3 and NH3+O2 performed at
200 oC over VCT and VCTC1 catalysts.
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Fig. S4. In-situ FT-IR analysis of NO+O2 over VCT and VCTCx catalysts.


