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Although the low-temperature reaction mechanism of catalytic CO oxidation reaction remains unclear, the active
sites of copper play a crucial role in this mechanism. One-step aerosol-assisted self-assembly (AASA) process has
been developed for the synthesis of mesoporous Cu-doped TiO2 microspheres (CuTMS) to incorporate copper into
the TiO; lattice. This strategy highly enhanced the dispersion of copper from 41.10 to 83.65%. Long-term sta-
bility of the as-synthesized CuTMS materials for catalytic CO oxidation reaction was monitored using real-time
mass spectrum. Isolated CuO and Cu-O-Ti were formed as determined by X-ray photoelectron spectroscopy
(XPS). The formation of the Cu-O-Ti bonds in the crystal lattice changes the electron densities of Ti(IV) and O,
causing a subsequent change in Ti(IlI)/Ti(IV) and Opon/OTotal ratio. 20CuTMS contained the highest lattice
distortion (0.44) in which the Opon/OTotal ratio is lowest (0.18). This finding may be attributed to the absolute
formation of the Cu-O-Ti bonds in the crystal lattice. However, the decrease of Ti(III)/Ti(IV) ratio to about 0.35
of 25CuTMS was caused by the CuO cluster formation on the surface. N,O titration-assisted Hy temperature-
programmed reduction and in-situ Fourier transform infrared spectroscopy revealed the properties of copper

and effects of active sites.

1. Introduction

Poor ambient air quality is a serious threat to human health in urban
areas. Toxic compounds, such as volatile organic compounds and CO,
are emitted from motor vehicles and industrial smokestacks because of
incomplete fuel combustion. Catalytic oxidation, which is used to clean
emissions, is a promising technology necessary for converting pollutants
into CO, and HoO (Srivastava et al., 2012). Harmful gases from cars
pollute the environment before a catalytic converter reaches the oper-
ating temperature of catalysts to achieve complete conversion. Envi-
ronmental regulations have been strengthened to convert effectively
exhaust pollutants from industrial and transport sources. Thus, highly
efficient catalysts for removing CO and other pollutants are in great
demand. The catalysts supported by noble metals, such as Au (Li et al.,
2020), Pd (Murata et al., 2019), Pt (Ma et al., 2019), and Rh (Zhang
et al., 2019), exhibit high activity for catalytic CO oxidation. Noble
metal-based catalysts are reactive at ultra-low temperatures (from 0 °C

to liquid nitrogen temperature) owing to the nature of noble metals and
dispersion (DeRita et al., 2017; Nie et al., 2017).

However, nanocatalysts easily agglomerate to form large entities, the
catalytic activity of which drastically decrease, especially at high tem-
peratures (Shokouhimehr et al., 2018; Lee et al., 2005; Kaminski et al.,
2015). Consequently, the application of noble materials is limited by
their low natural abundance, low working temperatures (Seo et al.,
2010; Liu et al., 2012; Guan et al., 2016), chemical states (Seo et al.,
2010; Newton et al., 2015; Guan et al., 2016), and metal dispersion
(Suchomel et al., 2018; Zhang et al., 2019; Li et al., 2020). Catalysts
based on the nanostructures of non-noble metals, such as Cu, Mn (Mo
et al., 2019), and Ni (Gao et al., 2016) compounds, are cost-effective
catalytic CO oxidation catalysts. In particular, copper-containing ma-
terials exhibit great performance in low-temperature conversion of CO
to CO, (Svintsitskiy et al., 2013; DeSario et al., 2019) at a high space
velocity (over 36,000 h™1) (Zhang et al., 2016).

In general, catalytic CO oxidation is significantly correlated with the
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state of the doped metal, defect structure, active sites, and interaction
between the doped metal and the supporter. Kim and Liu (2015) re-
ported that in TiOz-supported copper materials, the surface structure
between copper and titanium provides multiple components for cata-
lytic CO oxidation. The active sites of catalytic CO oxidation occur on
the surface of copper oxides and support TiO; and in the step edge be-
tween copper and TiO,. Highly dispersing the doping metal onto the
supporter is necessary to increase the exposure of surface copper or the
step edge of copper and TiOy matrix.

The development of highly dispersed catalysts is challenging. Con-
ventional preparation methods for producing highly dispersed metals
and metal oxides are inefficient and time consuming (Lin et al., 2015;
Ryu et al., 2015). Aerosol-assisted self-assembly (AASA) is a large-scale
and productive method for synthesizing highly porous materials (Ryu
et al., 2015; Fu et al., 2017). This process was first developed to obtain
mesoporous silica-based materials (Lu et al., 1999). Tsung et al. (2008)
used the acetate mediation system to produce metal alkoxides to syn-
thesize non-silica metal oxides. Doping metal oxides with metals as
bimetallic materials has been reported. Catalytically active nano-
structures are incorporated into mesoporous supports to increase the
dispersion of nanocatalysts. The one-step method is used to modify the
synthesis procedure. This method provides an effectively controllable
process for synthesizing metals and metal oxides with a strong interac-
tion (Hampsey et al., 2005; Lin et al., 2015; Lin and Yang, 2014).
Compared with the post-incorporation process, the one-step AASA pre-
vents pore blocking and doping copper aggregation. The high dispersion
of copper, which enhances the interfacial interaction of copper and ti-
tanium oxide, was found to be due to the formation of oxygen vacancy
and under-coordinated sites (Kwak et al., 2009; Seriani et al., 2015; Lee
et al., 2016).

The present work investigated the coexisting copper species of
CuTMS synthesized via a one-step AASA process. Previously, less
amount of copper was used to modified the electron structure of TiO3 as
visible-light-driven photocatalyst (Lin and Yang, 2014). And now copper
plays a role of thermal catalyst and TiO2 as support for catalytic CO
oxidation. An in situ technique was adopted to evaluate the effects of
active sites on the copper/titanium system material. The dispersion and
physicochemical properties of Cu species in TiO5 was investigated using
N5O titration-assisted Hy-TPR. The interaction between CO and Cu in
TiO, was observed using in-situ FTIR. The temperature-dependence of
turnover frequency (TOF) was evaluated to determine the contribution
of the active sites. The as-synthesized material exhibited remarkable
performance and long-term stability compared with commercial CuO.
The goal of this work is providing a potentially catalytic CO oxidation
candidate for manufacturing three-way catalytic converters.

2. Materials and methods
2.1. One-step AASA (Material) synthesis

All chemicals used were of analytical or reagent grade without
further purification and purchased from Sigma-Aldrich, Fluka, and
Nacalai Tesque Inc. Milli-Q water (Sartorius) was employed throughout
the experiments. The precursor was homogeneously mixed with tetra-
butyl titanate (Ti[OBuls, 98%):acetic acid (>99%):hydrochloride acid
(HCl, 37%):ethanol (absolute, >99.8%):Polyethylene-polypropylene
glycol (F127) at a 1:4:1.2:20:0.01 ratio. For copper-doped material, the
adapting copper loading was used (the one-step strategies. In the Cu/
TiO, material, the ratio of (Cu[NO3],-2.5H50)/ethanol stock solution
was adjusted for load systematically appropriate amounts of copper
ranging from ion ratios of 3.0, 10, 20, and 25 relative to the presence of
titanium ions. The sols were aged at ambient temperature for 2 h and
stirred at 400 rpm by using an air compressor as a driving force that
feeding aerosol into a spherical atomizer (D = 200 mm). The liquid
constituents were rapidly volatilized, and the droplets were transferred
through a quartz tube furnace at 400 °C with a back-end ultra-vacuum

pump. The dry powder was collected on a cellulose acetate membrane
filter (0.45 pm) and calcined at 400 °C (ramp 2 °C/min) in air flow for 5
h to remove the templet F127 and to induce crystalline TiO,. Hereafter,
the obtained TiO5 mesosphere is denoted as TMS. The copper-modified
materials are labeled as XCuTMS, where X is the percentage of copper/
titanium ratio in mole.

2.2. Material characterization

The prepared TMS and CuTMS samples were characterized. The
morphology and elemental distribution of the samples were examined
under a field-emission scanning electron microscope (FE-SEM) (JEOL
JSM-6500 F) fitted with an energy dispersive X-ray spectrometer.
Crystalline structures were analyzed using a D8 DISCOVER SSS multi-
function high-powered diffractometer and Cu-Ko radiation (4 =1.5405
A.

Textural properties were measured by Ny adsorption-desorption
isotherms at liquid Ny temperature by using a Micromeritics ASAP
2020 analyzer. X-ray photoelectron spectroscopy (XPS) was conducted
using a VG Scientific ESCALAB 250 equipped with a monochromated
XR5 X-ray and aluminum target (15 kV) measurement of electron
spectroscopy for chemical analysis system. Photoelectrons were
collected from a take-off angle of 90° relative to the sample surface. The
photoelectrons were then analyzed to ensure the element-binding en-
ergies of Ti 2p, O 1s, and Cu 2p.

2.3. Hydrogen temperature-programmed reduction (Hz-TPR)

To estimate the surface area, particle size, and dispersion of metallic
copper properties, a hydrogen TPR reaction combined with nitrous
oxide oxidation was performed in a U-shaped quartz reactor at atmo-
spheric pressure (Gervasini and Bennici, 2005; Lai et al., 2018). Fresh
CuTMS (200 mg) was loaded on 40 mesh silica bed with a steam rate of
60 ml/min (5% H, balance with Ar) and heated at 10 °C/min to reach
the first Hy-TPR result. First, hydrogen consumption was X, in which
copper oxide species was reduced to Cu(0) (CuO+ H,—Cu-+ H,0).
Subsequently, the mixed steam was switched to 5% N2O in Ar for 1 h
when the system temperature remained constant at 90 °C. According to
the reaction 2Cu + N;O—Cuy0 + N3, nitrous oxide reoxidized Cu(0) to
Cu(l). Second, hydrogen consumption after N»O exposure was Y:
(Cuz0 + Hy—2Cu + H,0). In the cooling procedure, argon was flowed
to prevent reoxidation on every batch of experiments. The copper
dispersion (Dc,) was calculated using Eq. (1) to determine the ratio of
surface copper and total copper in the material system. For the surface
area (Scy), the contribution from metallic copper was determined using
Eq. (2). Approximately 1.47 x 10! (atoms-m~2) was assumed as the
constant of average surface density for the metal. Theoretically, the TPR
results were used to evaluate the copper particle size (dcy) by assuming
that copper particles have a spherical shape in Eq. (3).

2Y
Da,(%) = 5 x 100% 1)
2Y x N,
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Seume ™) = S Mo % 14T % 109 @
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N,, : Avogadro’s constant = 6.02 x 10% mol™

Mg, : Relative atomic mass of copper = 63.546 g-mol™"

Pea : Density of motallic copper = 8.92 g-cm™



Fig. 1. SEM images of the surface morphology of (a) TMS, (b) 3.0CuTMS, (c) 10CuTMS, (d) 20CuTMS, and (e) 25CuTMS follow copper loading.
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Fig. 2. Full-range XRD patterns of the as-prepared TMS and copper containing
CuTMS mesoporous microsphere.

2.4. Insitu diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS)

In situ DRIFTS was performed using an Interspectrum spectrometer
(200-X) equipped with a deuterated triglycine sulfate detector operating
at 1 cm ™! resolution. A total of 32 scans were collected within the range
of 400-4000 cm ™. The samples were transferred to a DiffusIR heating
cartridge (PIKE) assisted with KBr windows (DI is 32 mm and thickness
is 3 mm) and non-oil vacuum pump (Edwards). Following the same
procedure before every catalytic CO oxidation test, CuTMS was pre-
treated with 5% oxygen in argon, heated to 300 °C, and then purged
with argon for 1 h to remove residual gases before performing the
measurements. CuTMS was loaded into the cell and heated to 250 °C to
trace the changes in binding groups on the material surface. During this
procedure, the DRIFTS recorded the controlled atmosphere as described
in the catalytic CO oxidation process.

2.5. Catalytic CO oxidation activity and stability test

For catalytic CO oxidation, gas steam mix, pulse, and exposure were
controlled by a Brooks mass flow controller (0254) equipped with a flow
meter (5850E). All batches of 36 mg of CuTMS reaction were placed in a
double-layer quartz bed in a U-shaped silica tube reactor and then
pretreated with 5% O in 40 ml/min argon (10 °C/min) at 300 °C for 30
min before catalytic CO oxidation. During the cooling procedure, pure
argon was introduced into the reactor to remove residual gas and pre-
vent atmospheric intrusion. Material activity test was operated from
room temperature to 250 °C (2 °C/min) for 1 h under 1:1 CO:0O4 ratio in
argon (GHSV = 100,000 h'). Real-time results were determined by
quadrupole mass spectrometry (Hiden HPR-20 R&D) equipped with a
quartz inert capillary inlet working at 180 °C. Stability tests of the ma-
terials were run in accordance with the abovementioned pretreatment
and catalytic CO oxidation processes. The temperature was increased to
10 °C/min and maintained at 250 °C for 200 h to measure the thermal

Table 1
Summary of the textural properties of CuTMS samples calcined in compressed
air flow for 5 h at 400 °C.

Sample SgET Pore Size Pore volume Crystallite size (nm)*
(m? g'ly* (nm)® (em®g

TMS 199 5.6 0.2982 7.1

3.0CuTMS 186 5.7 0.2493 8.5

10CuTMS 102 7.9 0.2227 11.2

20CuTMS 86 6.3 /125 0.2039 11.2

25CuTMS 81 6.2 /14.1 0.1926 11.5

2 Calculated from the linear part of the BET plot.
b Estimated by the BJH formula using the adsorption branch of the isotherm.
¢ Scherrer equation.

stability of commercial copper oxide and the as-prepared CuTMS.
3. Results and discussion
3.1. Morphology and characterization of CuTMS

The as prepared TMS and CuTMS materials via one-step AASA
showed a considerable change in color from slightly yellow to yellow-
green as the copper/titanium molar ratio increased (Fig. S1). The SEM
images of collected sample via one-step AASA sprayed is provided in
Fig. S2. The SEM images are shown in Fig. 1. Fig. 1(a) and the inserted
graph exhibit typical microsphere morphologies of the as-synthesized
TMS with particle size of 1-2 pm, the particle size histogram as shown
in Fig. S3. The elemental signals of copper and titanium were detected
by EDX analysis were providing in Fig. S4. Notably, the TMS surfaces
were free of cracks before copper loading. In Figs. 1(c) to 1(e), the
materials showed an obvious roughness with visible granular features on
the surface. As shown in the XRD pattern in Fig. 2, the common peaks of
TMS and CuTMS were observed at 20 of 25.3°, 37.8°,48.0°, 53.8°, 54.9°,
and 62.7°, which represented the diffraction peaks of the (101), (004),
(200), (105), (211), and (204) crystal planes, as a typical anatase phase
of TiO, (JCPDS 21-1272). The average sizes of anatase TiO, crystallite
were estimated by using the Scherrer equation (Table 1). The results
showed that the crystal size of anatase growth followed copper loading.
Several studies reported that metal ions promote the formation of
crystallization (Zhang et al., 2004; Mehrmohammadi et al., 2011; Zeng
et al., 2017). It is noted that the diffraction peaks decrease on 20CuTMS
and 25CuTMS samples which is due to the lower structural quality.
Furthermore, the absence of characteristic peaks of cuprous oxide and
cupric oxide species are due to small particle size and well-dispersed
copper (Park et al., 2017; Putrakumar et al., 2015). Both phenomena
indicated that the formation of defects, which suggested that a strong
interaction might exist between copper and TiO3. (Choudhury et al.,
2013) With increasing Cu content, the peaks slightly broaden and the
crystallite sizes are increasing, indicating a slight distortion in the crystal
structure. The formation of crystallographic point defects due to the
substitution of Ti*" by Cu?" may cause the diffraction peaks intensity
decreased with increasing the copper incorporation to 20CuTMS and
25CuTMS. Most copper ions might be inserted into the structure of TiO,
located at the interstice. The nitrogen adsorption measurements
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Fig. 4. Deconvolution of high-resolution XPS spectra on catalysts with various copper contents: (a) Ti2p, (b) O 1s, and (c) Cu 2p.

demonstrate that all the materials exhibit the type IV isotherm behavior
(Fig. 3a), with high BET surface areas ranging from 81 m?/g to 199 m?/g
of 25CuTMS to TMS (Table 1). The hysteresis loops of TMS and 3CuTMS
were similar to H2(a)-type pore structures with steep desorption
behavior at relative pressure P/Py of 0.4-0.6. A moderate desorption
branch in 10CuTMS, 20CuTMS, and 25CuTMS materials, which repre-
sented H2(b) tunnel properties, was observed. Both H2-type materials
were equipped with a pore-blocking structure; however, H2(b) had a
larger size distribution of neck widths than H2(a). This isothermal
desorption behavior matched with the material pore size distribution in
Fig. 3(b). The pore size distribution was calculated by BJH, and the
uptake of the adsorption branch is shown in Table 1. As expected, the
pore size increased in materials containing high amounts of copper,
especially 20CuTMS and 25CuTMS reveals the presence of two set of
pores with size centered at 6.3 and 12.5 nm, 6.2 and 14.1 nm, respec-
tively, which are significantly larger than that of the 10CuTMS. By
contrast, the textural properties of CuTMS with anatase crystalline
showed decreased pore volume, which was attributed to the growth of
anatase crystalline that partially blocked the tunnel path. Similarly, the
specific surface area decreased as the copper/titanium molar ratio
increased. One-step strategy and appropriate calcination conditions

facilitated the AASA method to prepare an ordered tunnel structure for
CuTMS.

Determining the composition and chemical state on the surface of
copper-doped TMS is crucial for understanding the catalytic CO oxida-
tion reaction. The XPS spectra of the CuTMS are shown in Fig. 4. The
peak positions of Ti 2p3/5 for TMS, 10CuTMS, 20CuTMS, and 25CuTMS
were located at 459, 459.3, 459.2, and 459.3 eV, respectively (Fig. 4a).
Notably, the binding energies of copper dopant samples shifted to higher
energies in Ti 2p3/» compared with TMS. A tailing peak at low energy
(457.9 eV) was observed and ascribed to Ti(III) (Luo et al., 2018; Bharti
et al., 2016). Xu et al. found that the formation of Ti®" defects is
attributed to lattice distortion, which enhances catalytic performance
(Xu et al., 2017). The formation of the Cu-O-Ti bonds in the crystal
lattice changes the electron densities of Ti(IV) and O, causing a subse-
quent change in Ti(III)/Ti(IV) and Opon/Orotal ratio. 20CuTMS con-
tained the highest lattice distortion (0.44) in which the Oyop/OTotal ratio
is lowest (0.18). This finding may be attributed to the absolute formation
of the Cu-O-Ti bonds in the crystal lattice. However, the decrease of Ti
(IIN)/Ti(IV) ratio to about 0.35 of 25CuTMS was caused by the CuO
cluster formation on the surface. The material element state and surface
compositions are summarized in Table 2. The results of XPS O 1s



Table 2

Surface chemical state and composition of the calcined materials that were estimated from the result deconvolution of XPS.

Binding energy (eV)

Evaluated of atomic ratio

Evaluated theconcentration ofOxygen vacancy

Samples Cu 5 Cu 2 Tigp Tizp Cu(B)/Cu(x + B) Ti(ID/Ti(IV) Onon®/OTotal®
Cu() Cu(p) Ti(ID) Ti(IV)
TMS — — — 459 — — 0.20
10CuTMS 932.1 933.7 457.8 459.3 0.41 0.42 0.22
20CuTMS 932.3 933.7 457.8 459.2 0.41 0.44 0.18
25CuTMS 932.3 933.8 457.8 459.3 0.39 0.35 0.21
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argon (100,000 GHSV).

analysis (shown in Fig. 4(b)) are as follows: the characteristic peak
consisted of a sharp peak and a wide weak peak, which are attributed to
TiO9 surface lattice oxygen (530 eV) and surface non-lattice oxygen
centered at around 532 eV, respectively (Bharti et al., 2016). Peak
tailing was due to the Cu-O bond at 529.2 eV. The deconvolution of O 1S
was estimated for the peak area ratio of Opop/Oota] to obtain information
regarding oxygen vacancy (Naldoni et al., 2012; Tang et al., 2016). In
Fig. 4(c) Cu 2ps,; of copper-doped TMS, shake-up satellite peaks were
observed between 940 eV and 945 eV. An asymmetric peak was over-
lapped by two peaks, centered at 932.1 and 933.7 eV, which were
assigned to Cu(a) and Cu(B) (Wang et al., 2016). Cu() is highly related
to the copper inserted into the structure of TiO, or might occupy some of
the titanium lattice site. Cu(a) act as superficial copper on the surface.
The (Cu(p)/Cu(a + B)) for 10CuTMS, 20CuTMS, and 25CuTMS were
0.41, 0.41, and 0.39, respectively. Therefore 25CuTMS shows more
superficial copper than 10CuTMS, 20CuTMS. The formation of the
Cu-O-Ti bonds in the crystal lattice changes the electron densities of Ti
(IV) and O, causing a subsequent change in Ti(III)/Ti(IV) and Opon/Ototal
ratio. 20CuTMS contained the highest lattice distortion (0.44) in which
the Opon/Ototal ratio is lowest (0.18). This finding may be attributed to
the absolute formation of the Cu-O-Ti bonds in the crystal lattice.
However, the decrease of Ti(III)/Ti(IV) ratio to about 0.35 of 25CuTMS
was caused by the CuO cluster formation on the surface. These results
suggested the introduction of copper-substituted titanium in the TiO,
lattice in which the structure of Cu-O-Ti formed (Choudhury et al., 2013;
Dong et al., 2016; Pham and Lee, 2016).

3.2. CO oxidation performance and stability of CuTMS

The catalytic CO oxidation conversion rate of the as-synthesized
CuTMS catalyst is shown in Fig. 5. In the TMS without CO conversion,
the mass spectrum was detected at m/z = 44 (Fig. S5). No considerable
counts above the background were detected, indicating the TMS bare
without matrix effect. The ability of catalytic CO oxidation improved at
various copper contents. The CO conversion of 3CuTMS was below 30%
at 250 °C. The remaining three samples showed complete mineralization
of CO to CO4 (Fig. S5) at 160 °C, 195 °C, and 225 °C. 20CuTMS showed
optimal copper loading conditions with the lowest T3( (84 °C) and T3,
(140 °C). For comparison, a commercial CuO material (99.995%) (Alfa
Aesar) was tested under the same condition and the same catalytic CO
oxidation procedure described in Section 2.4. The commercial CuO
powder exhibited a relatively low catalytic CO oxidation ability, and its
T10 and Ty was located at 137 °C and 163 °C, respectively. Furthermore,
10CuTMS and 25CuTMS exhibited a similar performance; however, the
conversion was reversed at Ty and Tgy. CuTMS catalytic CO oxidation
behavior has attracted great interest because reverse conversion occurs
in 10CuTMS and 25CuTMS at a relatively low reaction temperature
owing to the effects of active species that are strongly affected by tem-
perature. The differences in CuTMS catalytic CO oxidation activity were
investigated further. Reaction reversal occurred in 10CuTMS and
25CuTMS at a relatively high temperature. Therefore, the metal prop-
erties and active sites on the surface of 10CuTMS, 20CuTMS, and
25CuTMS were analyzed.

The stability test of catalytic CO oxidation of 20CuTMS and
25CuTMS was conducted at 250 °C (GHSV = 100,000 h'l) to evaluate
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their long-term performance compared with that of commercial CuO.
However, to the best of our knowledge, no stability test for catalytic CO
oxidation under extreme conditions (e.g., 200 h real-time measurement)
for evaluating CO tolerance has been developed. The stability of the
commercial CuO considerably decreased compared with that of the as-
prepared catalysts, wherein over 25% of CO conversion was observed
at 90 h of reaction (Fig. 6). After 200 h of measurement, the stability of
the as-prepared 20CuTMS and 25CuTMS did not substantially decrease.
The thermal stability of the structures of the materials is shown in
Fig. S6, which illustrates the XRD patterns of 10CuTMS, 20CuTMS, and
25CuTMS after catalytic CO oxidation and the XRD patterns of 20CuTMS
after stability test.

3.3. Study of in-situ FTIR

In-situ FTIR spectroscopy was performed to analyze the effects of
temperature and active sites of CuTMS on catalytic CO oxidation
(Fig. 7). The in-situ IR spectrum was obtained at the equivalent flux of

CO and O3 mixed with argon within the temperature range of 50 °C-250
°C. In-situ FTIR spectroscopy results showed that small amounts of CO
adsorbed onto TMS and formed strong adsorption bands at 2335 and
2360 cm ™!, which could be assigned to the adsorbed CO3 (Li et al., 2009;
Heo et al., 2018). These two peaks appeared immediately after intro-
ducing the reaction gas at 50 °C and did not markedly change with
changes in reaction temperature (Dong et 1., 2016). The in situ FTIR
spectra of TMS are shown in Fig. S7. The intensity of the bands of CuTMS
materials at 2335 and 2360 ¢cm ™! was almost consistent (Figs. 7a-c).
According to the spectra of 10CuTMS, 20CuTMS, and 25CuTMS, the
adsorption bands within the range of 2160-2080 cm ™! were attributed
to Cut-CO (Schumann et al., 2017). Among the peak groups, a small
shoulder was observed at 2080 cm ™! at low temperatures. This finding
was consistent with that of Hikov et al. (2006), who reported that Cu(0)
attaches to a TiO, surface. The peak of Cu(0)-CO was due to the
reduction of Cu™, which is typical of copper-stepped surfaces (labeled as
peak a) (Boccuzzi and Chiorino, 1996; Wang et al., 2012). The main
characteristic band located at 2130 cm™! indicated the formation of
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Fig. 8. Hy-TPRanalysis of (a) 10CuTMS, (b) 20CuTMS, and (c) 25CuTMS. The black curve is the result of the first H,-TPR, whereas the red deconvoluted curve

represents the hydrogen consumption after titration with N5O.

Table 3
Estimated physicochemical properties of CuTMS by NO titration-assisted H-TPR.
Sample peak a peak Area a Area f Dcy Scu Scu dcu
€9 € (au) (au) (in %)° (m*/gc)’ (0%/gear)” (in nm)*
10CuTMS 159.6 181.8 18.54 184.04 83.65 565.88 5.66 1.2
20CuTMS 149.8 179.2 22.62 327.16 79.21 535.86 10.72 1.3
25CuTMS 145.4 175.2 31.19 246.84 41.10 278.05 6.95 2.4

3 Dey = 2Y/X*100%.
b g, ~ 1353 Y/X.
¢ dCu = 6/(SCuPCu)-

carbonyls, which were associated with isolated Cu oxide (labeled as
peak p) (Boccuzzi and Chiorino, 1996). The disappearance of the bond
group following the increase in reaction temperature was due to the
removal of adsorbed CO. This phenomenon was highly related to reac-
tion temperature, which occurred within the temperature range of 70
°C-90 °C in 20CuTMS and 90 °C-130 °C in 10CuTMS and 25CuTMS. The
long-term stability of the material might be attributed to the rapid
removal of the adsorbed CO without visible CO and CO, accumulation
on the material surface, thereby preventing competition for and block-
ing the active sites (Szanyi and Kwak, 2014).

In-situ FTIR spectroscopy results indicated that the performance of
the active sites was highly related to working temperature. However,
these results combined with those of XPS showed that neither the ratio of
Ti(III)/Ti(IV) nor the estimated Cu(p)/Cu(x + p) did not provide enough
evidence to demonstrate that the performance and long-term stability of
the materials improved.

3.4. Effect of Active sites

The study of the active sites for catalytic CO oxidation of copper-
based materials are still under debate. Hydrogen TPR was performed
to determine the reduction ability, particle size, and dispersion of copper
and better understand the catalytic CO oxidation capability of CuTMS.
The first Hy-TPR peak in Fig. 8 represents the total hydrogen con-
sumption. TMS did not show a clear reduction peak at temperatures
below 350 °C (not shown for brevity). The redox temperatures of
10CuTMS, 20CuTMS, and 25CuTMS were 201 °C, 222 °C, and 236 °C,

respectively. Thus, an increase in hydrogen consumption was related to
an increase in copper content. Meanwhile, the shift in reduction peaks
toward elevated temperatures was due to the large particle size of
copper. However, Hy-TPR-1 results showed all the prepared copper
samples were equipped with one reduction peak only, and these samples
were difficult to assign to a specific copper species (Xue et al., 2013).
Coincidentally, all the reduction peaks located below 250 °C were
related to highly dispersed copper (Zedan et al., 2017; Marchi et al.,
1996). The second Hp-TPR was implemented after N2O exposure. The
results were used to calculate the average particle size, specific surface
area, and dispersion of copper (Table 3). During the reduction, the up-
take of Hy was located within the temperature range of 125 °C-225 °C.
The existence of a shoulder at the second reduction peak indicated
different sites of copper, which could be deconvoluted into two peaks
(peaks a and p). Peak « at about 150 °C corresponded to isolated copper
oxides, whereas peak f} at about 180 °C, which was assigned to copper in
the TiO, framework, contributed to the Cu-O-Ti structure.

As shown in Table 3, the copper ions in 10CuTMS and 20CuTMS
exhibited high dispersion of 83.65% and 79.21%, respectively. The
remarkable decrease in dispersion in 25CuTMS (41.10%) was due to the
large particle size of copper. The particle size of copper after further
calculation was 1.2, 1.3, and 2.3 nm for 10CuTMS, 20CuTMS, and
25CuTMS, respectively. The result shows the particle size of the isolated
copper oxide is less than 2.5 nm. That is consistent with no measurable
Cuy0 or CuO diffraction peaks in the XRD spectrum.

Copper species can contribute to the active sites of catalytic CO
oxidation. TOF calculation was performed to evaluate the effects of



Table 4
Effect of estimated active sites of @ and p according to the deconvolution result of
H,-TPR-2.

TOF70:c TOF 70°c TOF; 70°c TOF130°c TOF 130°c TOFp.130c
(s110%) (s110%) (s1103) (s110%) (s110%) (s110%)

3.00E-01 2.74E-02 2.72E-01 2.83E+00 2.59E-01 2.57E+00
1.69E-01 1.09E-02 1.58E-01 7.98E+00 5.16E-01 7.46E+00
5.14E-02 5.76E-03 4.56E-02 4.39E+00 4.93E-01 3.90E+00

different active sites (Xue et al., 2013). TOF reflects the active sites of
surface copper that convert the number of molecules of CO in a unit
reaction time to obtain the specific catalyst activity. In situ FTIR results
showed that the CO conversion rate consisted of conversion at 70 °C and
130 °C for estimating TOF (Guo and Vlachos, 2015). The estimated ef-
fects of the active sites was based on the deconvolution result of
H,-TPR-2 to identify the ratio of two sites of isolated copper oxide and
Cu-O-Ti.

TOFites-temperature 1S summarized in Table 4. The a-type active site,
which was the ratio of different active sites, provided almost stable
catalytic CO oxidation ability at various temperatures. Therefore, the
peak p-type of copper species with a Cu-O-Ti structure exhibited the best
catalytic CO oxidation performance. Interestingly, the estimated TOFp_7o
and TOFp.1 3¢ followed the order 20CuTMS ~ 10CuTMS > 25CuTMS and
20CuTMS > 25CuTMS > 10CuTMS, respectively. This phenomenon was
strongly related to the result of catalytic CO oxidation (Fig. 5).

4. Conclusion

In this work, we developed a well-dispersed CuTMS material with
long-term stability for catalytic CO oxidation. This material was syn-
thesized via a facile one-step AASA process. Real-time mass spectrum
analysis and in-situ techniques were performed to investigate the active
sites of copper and their contribution to the stability of CuTMS material.
In the catalytic CO oxidation reaction, CuTMS exhibited complete
oxidation of CO to CO, with a wide working temperature range and also
showed excellent stability under extreme conditions (GHSV = 100,000
hl, 250 °C at 200 h). The active sites played a crucial role in catalytic CO
oxidation. In-situ FTIR spectroscopy and N0 titration-assisted Ho-TPR
results revealed two active copper species that were assigned to well-
dispersed thin particles of isolated CuO and incompletely coordinated
copper introduced into the TiO, framework of Cu-O-Ti. These results
combined with those of catalytic CO oxidation conversion versus tem-
perature revealed that the effects of the active sites were determined by
the reaction temperature. In this case, the isolated CuO displayed an
outstanding performance for catalytic CO oxidation at relatively low
temperatures. The large amounts of Cu-O-Ti types of copper played a
dominant role in catalytic CO oxidation. Notably, the removal of the
surface binding group (2130 cm™!) indicated the working temperature
of different active sites. Ho-TPR provided information regarding the
active sites and the internal copper exposure sites. CuTMS holds great
application potential in three-way converters for removing CO in in-
dustrial smokestacks and automobile exhausts.
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