Size-activity threshold of titanium dioxide-supported Cu cluster in CO

oxidation

Wasim Ullah Khan?, Iris K. M. YuP€, Yuging Sun®, Matthew I. J. Polson?, Vladimir

Golovko?, Frank L. Y. Lam?®, Isao Oginof, Daniel C. W. Tsang®*, Alex C. K. Yip?

4 Department of Chemical and Process Engineering, University of Canterbury, Christchurch
8140, New Zealand
b Department of Civil and Environmental Engineering, The Hong Kong Polytechnic

University, Hong Kong, China

¢ Department of Chemistry and Catalysis Research Center, Technische Universitt Munchen,

Lichtenbergstrasse 4, Garching, 85748, Germany

dSchool of Physical and Chemical Sciences, University of Canterbury, Christchurch 8140,
New Zealand

¢ Department of Chemical and Biological Engineering, The Hong Kong University of Science
and Technology, Hong Kong, China

Division of Applied Chemistry, Faculty of Engineering, Hokkaido University, Sapporo,

Japan

*Corresponding author: dan.tsang@polyu.edu.hk (D. C. W. Tsang)



mailto:dan.tsang@polyu.edu.hk

Abstract

Development of non-noble metal cluster catalysts, aiming at concurrently high activity and
stability, for emission control systems has been challenging because of sintering and
overcoating of clusters on the support. In this work, we reported the role of well-dispersed
copper nanoclusters supported on TiO2 in CO oxidation under industrially relevant operating
conditions. The catalyst containing 0.15 wt.% Cu on TiO2 (0.15CT) exhibited a high dispersion
(59.1%), a large specific surface area (381 m?/gcy), a small particle size (1.77 nm), and
abundant active sites (75.8% Cu20). The CO oxidation activity measured by the turnover
frequency (TOF) was found to be enhanced from 0.60 x 10~ to 3.22 x 10 molco-molcy™t-s?
as the copper loading decreased from 5 to 0.15 wt.%. A CO conversion of approximately 60%
was still observed in the supported cluster catalyst with a Cu loading of 5 wt.% at 240 °C. No
deactivation was observed for catalysts with low copper loading (0.15 and 0.30CT) after 8 h of
time-on-stream, which compares favorably with less stable Au cluster-based catalysts reported
in the literature. In contrast, catalysts with high copper loading (0.75 and 5CT) showed
deactivation over time, which was ascribed to the increase in copper particle size due to metal
cluster agglomeration. This study elucidated the size-activity threshold of TiO2-supported Cu
cluster catalysts. It also demonstrated the potential of the supported Cu cluster catalyst at a
typical temperature range of diesel engines at light-load. The supported Cu cluster catalyst

could be a promising alternative to noble metal cluster catalysts for emission control systems.

Keywords: Pollution control; Copper nanoclusters; CO oxidation; Size-dependent activity;

Solid catalyst.

Capsule: Cu clusters show superior catalytic activity in CO oxidation than Cu nanoparticles,

which is strongly dependent on the degree of dispersion on the support material.



1. Introduction

The industrial growth, urbanization, and ever-increasing demand for transport vehicles in
recent decades have caused detrimental impacts on the environment. Along with catalytic
converters in cars, many industrial combustion processes have made significant contributions
to global emissions, particularly when it comes to toxic pollutants such as carbon monoxide
(CO), nitrogen oxides (NOx), and unburned hydrocarbons [1]. Among these pollutants, CO is
of particular concern because of its toxic nature as an odorless, noxious gas [2]. It can be fatal
to both humans and animals. Almost one million children under the age of five die annually
due to CO-enriched smoke from household solid fuel combustion, as reported by the World

Health Organization (WHO) [3].

In confined environments, CO is generated from household fuels for cooking or heating
purposes, and from second-hand smoke emitted from cigarettes [4]. To eliminate CO indoors,
ventilation, air purification, and direct removal using low-cost adsorbents, such as activated
carbon, have been reported [4]. However, the high electricity costs and complex design
involved in ventilation, limited durability and adsorption capacity of the adsorbents, and
frequent replacement of filters in air purification equipment limit the application of these
methods. Low/medium-temperature catalytic oxidation of CO to CO. is an attractive
technology in automotive emission abatement because the low energy input enables its use in
the advanced combustion engines with low exhaust temperature. Nevertheless, conventional
catalysts, such as noble or transition metal nanoparticles, show declining activity at low

temperatures because of the high activation energy and catalyst contamination with CO [5-17].

Metal nanoclusters have attracted considerable interest in recent years, mainly due to their
size-dependent electronic properties and corresponding unique catalytic activity [18-24]. Metal
nanoclusters occupy a niche between larger metallic nanoparticles (used in industrial

heterogeneous catalysis) and individual metal ions (e.g., active sites within industrial



homogeneous catalysts), offering an opportunity to explore the unique catalytic performance
of clusters in contrast with bulk-like metal particles. Furthermore, with these ultra-small
entities, spectroscopic studies and calculations can be utilized to develop an understanding of
the fundamentals [25] and mechanisms of oxidation reactions, such as CO oxidation [23]. The
distinctive electronic structure of ultra-small atomically precise metal clusters significantly
contributes to their strongly size-dependent and often superior catalytic activity [24, 26, 27].
Noble metal nanoclusters, such as Au and Ag, have shown superior catalytic activity in CO
oxidation at temperatures as low as 140 K [28-32]; however, the high cost and low abundance

limit commercial applications of these metals [33-39].

Copper nanoclusters are a promising alternative due to the low cost and ease of controlled
synthesis [40-42]. For example, Vajda et al. demonstrated an improved reactivity of copper
clusters in the hydrogenation of CO> to methanol [43, 44]. Furthermore, ultra-small Cu-oxo
clusters can also show unprecedented catalytic activity, as for example, in the oxidation of
methane to methanol [45, 46]. Among Cu nanoclusters, hexameric Cus nanoclusters (CuNCs)
stand out due to facile synthesis with high yields of clusters [47]. Due to the excellent affinity
for CO, CuNCs are investigated in this study for CO oxidation in which the chemisorption of
CO is the required elementary step. Titanium dioxide or titania (TiO) is one of the most
promising supports for heterogeneous catalysts due to its significant reducibility, low toxicity,
environmental friendliness, low cost. TiO, has a great potential in many emerging applications,
such as supercapattery electrode and photocatalytic duet reactions [48, 49]. Particularly, the
non-toxic nature, mechanical strength, and good stabilities under oxidative, acidic, and
hydrothermal conditions render TiO2 optimum support for anchoring CuNCs and, thus,
maintaining the metal dispersion under working conditions. Moreover, TiO> is also known for

promoting the activity of gold (Au) nanoparticles/clusters through the formation of Au-TiO>



interface and enhancement of the size-dependent electronic properties, which contribute

towards catalytic performance [20, 50].

So far, TiO2-supported CuNCs catalysts and their catalytic efficiency in CO oxidation, a
key reaction in automotive emission abatement, is not reported in the literature. Nolan (2017)
reported that the typical exhaust gas temperatures from a diesel engine ranges from 500 to

700 C at 100% load, and 200 to 300 ‘C with light-load [51]. The developed catalyst system

in this work is investigated in the temperature range of 100 to 240 °C, which lies within the
light-load temperature range. Hence, it could be a competitive option for automotive emission
abatement. We herein hypothesize that the rate of CO oxidation related with CO/O./CO;
adsorption-desorption is strongly dependent on the size, structure, speciation, and stability of
the Cu cluster [11-13, 52-57], which are regulated by the Cu loading. It is noteworthy that the
catalytic activity generally increases with decreasing metal particle size up to a certain limit,
below which catalytic activity may decrease [58, 59]. Changing the particle size may alter the
metal-support interface, which affects catalytic activity-controlling factors, including metal-
support interactions, surface structures, oxidation and electronic states, and active surface
oxide layer [59]. Moreover, under catalytic reaction conditions, nanocluster size and
distribution are affected by the presence of the reactant gases [60], such as CO leading to
restructuring of nanoclusters, as well as metal particle sintering that leads to catalyst

deactivation [61]. The above scientific questions are thus worth comprehensive investigation.

In this work, TiO2-supported CuNC (CT) catalysts with different copper contents (0.15to 5
wt.%) were synthesized and tested for CO oxidation. The cluster size-activity threshold and the
catalyst durability are specifically elucidated herein. Overall, this study aims at providing
insights into the use of metal cluster catalysts in industrial processes that require catalytic CO
oxidation, such as the emission abatement in petrochemical industries, CO-coupled NOx

reduction, and advanced combustion engines in automobiles.



2. Experimental

2.1 Catalyst preparation

Cus nanoclusters (CuNCs) were synthesized using the procedure reported by Albert et
al. [47]. In a typical procedure which utilizes Schlenk line technique (under Ar), 0.5 g (0.005
mol) of copper(l) chloride and 1.3 g (0.005 mol) of triphenylphosphine (PPhs) were added into
a Schlenk flask, and subsequently, 10 mL of dry, degassed tetrahydrofuran (THF) was added.
A white precipitate formed upon stirring the mixture for 30 min. The mixture was placed in an
ice bath and kept under continuous stirring. K-Selectride (5 mL of 1.0 M THF, 0.005 mol) was
then added slowly using a syringe. The mixture changed from white to dark red. The mixture
was stirred continuously for 1 h after removal from the ice bath. The resulting mixture was
filtered (using a funnel filter, porosity 3, with sintered glass disc) and washed with THF (2 x 5
mL). The filtrate was layered with hexanes for crystallization, and later, single crystals were

obtained for analysis.

Prior to catalyst synthesis, TiO2-P25 was pre-treated at 200 °C for 5 h under vacuum. To
prepare a stock solution of clusters, CuNC were crystallized in a Schlenk flask of known weight
under argon; removal of crystallisation solvent allowed measurement of the weight of clusters
without exposure to air. Addition of 50 mL of dry and degassed THF yielded a stock solution
of known concentration under argon without exposing the clusters to air. A known amount of
pre-treated TiO2-P25 (on the basis of a total catalyst mass of 1.1 g) was added into THF (10
mL) in a Schlenk flask under argon, followed by the addition of a calculated amount of CuNCs
stock solution to obtain desired copper loadings (ranging from 0.15 to 5 wt.%) assuming
complete adsorption of CuNCs. Wet impregnation was carried out by stirring the mixture at

room temperature overnight. The catalyst sample was subsequently vacuum-dried to evaporate



the solvent completely. The catalysts were designated XCT, where x represents the copper

content (wt.%) and CT represents a copper cluster supported on TiO2-P25.
2.2 Catalyst characterization

The single-crystal X-ray diffraction (SXRD) pattern of a pure copper nanocluster crystal was
recorded at 120 K using SuperNova Agilent Technologies. The powder XRD (PXRD) patterns
of the catalysts were recorded using the same equipment at room temperature over the 20 range
of 20 — 70° using Cu-Ko radiation (A1=1.54 A). The spent catalysts were analyzed using a
Philips PW1700 XRD instrument equipped with a Co-Ka radiation source. The scanning range
and step to be used for 26 were 20 — 80° and 0.05°, respectively. MPI Jade® software was used

to analyze the PXRD data. The average crystallite size of copper oxide was calculated using

ﬁé?se)’ where d is the mean crystallite size, K is the dimensionless

the Scherrer equation (d =

shape factor, 1 is the wavelength, £ is the line broadening at the full width at half maximum

(FWHM) of the peak, and @ is the Bragg angle.

X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi spectrometer, USA) with Al
Ka radiation was used to investigate the chemical state of Cu on the sample (0.15CT, 0.75CT,
and 5CT) surfaces before and after CO oxidation. Narrow high-resolution scan of Cu2p, was
obtained using 25 eV pass energy with a step size of 0.05 eV. The charge effect was corrected
by using the C 1s line at 285.0 eV. The obtained spectra were fitted by using a curve-fitting
program (XPSPEAKA41) and a least-squares procedure with peaks of 30% of the Lorentzian-
Gaussian peak shape after subtraction of the Shirley baseline. The component peaks were

identified by comparison of their binding energies (BEs) with the reported literature values.

Thermogravimetric analysis (TGA) was carried out using SDT Q600 (Alphatec Systems)
supported by TA Instruments Universal Analysis 2000 software, under nitrogen (100 mL/min)

from ambient temperature to 500 °C at a ramping rate of 10 °C/min. The thermal stability of
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the fresh catalysts was analyzed using a NETZSCH-STA 449 F3 Jupiter TGA under airflow

(20 mL/min) and at a ramping rate of 10 °C/min from ambient temperature to 500 °C.

Temperature-programmed desorption using CO, O, and CO2 (CO-TPD, O,-TPD, and CO:-
TPD, respectively) and CO chemisorption measurements were conducted on a BELCAT I
chemisorption apparatus. For each measurement, 25 — 30 mg of the sample was pre-treated
with high-purity helium (He) at 100 °C for 30 min for CO-, O.-, and CO.-TPD and at 150 °C
for 30 min for CO chemisorption, followed by cooling to ambient temperature. Then, the probe
gas mixture, i.e., 10% CO/He, 5% O/He, or 5% CO./He, was injected at 30 mL/min for 1 h,
followed by a flow of He (30 mL/min) for 30 min to remove any residual probe gas mixture in
the sample. The sample was heated to 500 °C in a temperature-controlled furnace with a
constant heating rate of 10 °C/min with He at 30 mL/min for CO- and O,-TPD. For CO,-TPD,
the sample was heated to 400 °C instead at the same heating rate and He flow rate. For CO
chemisorption, CO was injected in pulses until saturation was reached. The outlet signal was

measured by a thermal conductivity detector (TCD).

CO chemisorption analysis, as described above, was used to determine the quantity of active
metal per gram of catalyst that is available for reaction. The percent dispersion was defined as
the ratio of the available amount to the total amount of active sites times 100%. The active
particle size is estimated by geometrical calculations, assuming the crystallite shape is of
regular spherical geometry. The measured area, Am (M?/g), and the volume (expressed in terms
of density, pm) of active metal per gram of sample were used to calculate the average diameter

(D) of the active metal particles onto which adsorption occurred (D = 6/pmAm).

The UV-visible diffuse reflectance spectra (UV-Vis DRS) were collected using a Cintra 404
UV-Vis spectrophotometer equipped with an integrating sphere to determine the presence of

surface copper clusters and copper oxides.



2.3 Catalytic activity

The CO oxidation reaction was carried out in a stainless-steel tubular reactor containing the
catalyst (0.2 g) supported on quartz wool as a packed bed. The reactor temperature was
controlled using a resistively heated furnace. The temperature of the catalyst bed was
monitored using a K-type thermocouple. The reactant mixture was mixed using digital mass
flow controllers (ALICAT Scientific, USA), it contained 1% CO and 10% oxygen balanced
with argon, and was fed into the reactor at 20 mL/min. Reaction Kinetics were studied by
operating the reactor in a differential mode with CO conversion less than 15%. The effect of
the partial pressure of CO or Oz on the reaction rate was studied by adjusting the flow rate of
CO or Oz balanced with Ar. The total flow rate was kept at 20 mL/min. The kinetic experiments
were performed by varying the concentration of CO or Oz in the feed from 1 to 20%. The
products and unconverted reactants were measured using an online gas chromatograph (GC)
(SRI 8610C, SRI Instruments, USA) equipped with a flame ionization detector (FID) and a
thermal conductivity detector (TCD). The details of the GC system, the temperature program
used and the detection limits are given in Table S2. The CO conversion, rate of reaction, and

turnover frequency (TOF) were calculated using the following equations:

CO Conversion (%) = com——% x 100 (@))

Rate = FcoXco or FcoXco 2)
m mcu

TOF = FcoXco ©))

ncu

where Fco is the molar flow rate of CO (mol/s), Xco is the conversion of CO, m and mcy is the
amount of catalyst and copper in the catalyst used (g), ncu is the number of moles of Cu in the

catalyst, the rate of reaction is in molco/s-gcat Or molco/s-geu, and TOF is in (Ncu-s) ™.



3. Results and Discussion
3.1 Preparation and characterization of hexameric copper nanoclusters

The Cus nanoclusters (CuNCs) were characterized using SXRD by selecting a single crystal
in the CuNC sample. The SXRD results of the as-synthesized crystals were compared with
those reported in the literature, as shown in Table S1. The obtained crystal structure is different
from the reported structure with a higher content of THF, which is the residual solvent from
the synthesis and constitutes a part of the cluster structure associated with the ligand. Using the
same space group of P21, the crystal parameters were evaluated as a = 14.2847 (10) A, b =
16.0082 (10) A, ¢ =21.3909 (10) A, g =92.1230 (10)°, V = 4888.15 (5) A3, p = 1.369 g.cm™3,
and u = 2.716 mm1. The difference between the literature results [47] and the current findings
are attributed to the temperature difference used for SXRD, which was 120 K in our case. The
CuNCs were thermally treated under nitrogen when using TGA to estimate the removal and/or
thermal stability of organic ligands attached to the copper cluster core. Fig. S1 shows the weight
loss versus temperature; it can be seen that the ligand is completely removed at temperatures
above 250 °C. A slight weight loss (~3 wt.%) is observed initially at approximately 150 °C,
which indicates the removal of weakly-bonded THF. This is in agreement with the theoretically
calculated weight of 2.7% obtained from 0.75THF according to the formula of CuNCs, i.e.,
[(PPh3)CuH]e-0.75THF presented in Table S1, followed by the removal of triphenylphosphine
ligand (~75 wt.%; theoretically 6 moles of PPhs correspond to 80% of the total formula weight)
leaving behind Cu cluster cores. The slight increase at the end plateau may be ascribed to nitride
formation or oxidation [62]. The as-synthesized CuNCs were then deposited onto TiO2 and

used as a catalyst for CO oxidation.

3.2 Catalyst characterization
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To assess the thermal stability and loss of ligand under the catalytic reaction conditions, the
same concentration of oxygen (i.e., 10%) was used in the TGA. Fig. S2 shows that heating to
500 °C in the air led to slight weight loss for the 0.15CT (~ 2%) and 0.30CT (4%) catalysts but
a significant weight loss in the case of 5CT (27%). The change in weight at or before 120 °C
is attributed to the loss of water physically adsorbed on the catalyst surface. The onset
temperature for the initial weight loss over all the catalysts is found to be above 200 °C, which
implies that the copper cluster is still intact in the “as made” catalysts. A slight increase in
weight (0.35%) observed on 5CT at approximately 155 °C could be attributed to the oxidation
of surface copper species, which is not apparent in the low-loading catalysts (0.15 and 0.30CT).
Comparing the TGA of CuNC with and without the TiO> support, it is obvious that the sample
of CuNC supported on TiO> did not show any weight loss even at 200 °C, while the CuNC
without the support had approximately 12% weight loss. This result suggests that the CuUNC
supported on TiO> remained intact at 200 °C. Complete ligand removal was achieved around
376 °C, as evidenced by the onset of a plateau for the 5CT sample. The catalysts showed colour
change when exposed to high temperatures under an oxidative environment, which provides
an indication of thermal stability. The change in the colour of 5CT catalyst into yellow was
evident as compared with no colour change in 0.15CT and 0.30CT catalysts, indicating the
latter were more resistant to high temperature. The UV-Vis DRS results (Fig. S3) show similar
visible light absorbance spectra (A ~410 nm) of the bare support and the supported clusters. In
particular, a typical surface plasmon resonance peak for nanoparticles at approximately 560
nm was absent from all the spectra, which confirms that copper clusters do not agglomerate to

form nanoparticles [63] even at a high Cu loading (i.e., 5CT) in the case of “as made” catalysts.

To identify the nature of the crystalline phase present in the as-synthesized catalysts, PXRD
analysis was carried out. The characteristic peaks of copper or copper oxide are not detected

(Fig. S4), which is due to the ultra-small size of individual Cue clusters and fine dispersion of
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CuNCs over the support surface (i.e., no large crystals of Cus were formed during catalyst
fabrication) [64]. The diffraction peaks at 26 = 25, 37, 48, 54, and 56° are the characteristic
peaks of the anatase phase [65], and the peaks at 26 = 28, 35, 42, and 63° are assigned to the
rutile phase of TiO [66]. Further, XPS analysis of Cu2p binding states was performed to
determine the oxidation state of Cu at the surface of the as-prepared catalysts (Fig. 1). The Cu
2p3/2 signal at 932.0 eV showed that the surface of the fresh 0.15CT (75.8%) and 0.75CT
(72.6%) mainly contained Cu(l) species [67-69]. However, when the Cu content topped at 5
wt.%, Cu species on the 5CT surface was predominantly consisted of oxidized Cu form
including Cu(ll) (933.4 eV, 43.5%) and shake-up CuO (940—945 eV, 20.7%) [64-66]. Thus,
lower Cu loading improved the density of active sites (probably Cu.O) for CO adsorption and

oxidation on the catalyst surface.

The particle size, metal dispersion, and metal surface area, which are determined using CO
chemisorption, are important factors influencing the catalytic performance. In general, CO and
N20 are used as probe gases to study chemisorption of Cu sites. N2O chemisorption requires
oxygen uptake by CuP sites, and thus, any unreduced Cu sites are not taken into account [70].
Since copper exists in two oxide forms, the reduction of both forms of copper oxide needs to
be ensured before oxidizing Cu® sites using N.O. Moreover, reduction of Cu,0 is more difficult
than that of CuO [71]. Hence, the variations in (a) the temperature of copper oxide reduction
to Cu® and (b) the temperature of N,O reduction, i.e., Cu® oxidation to Cu*, affect the Cu site
evaluation. These concerns limit the use of N2O as a probe gas in our work, and therefore, CO
chemisorption was used for Cu site measurements. The chemisorption results in Table 1 show
that increasing the Cu loading from 0.15 to 5 wt.% led to a decrease in copper dispersion and
specific surface area. The 0.15CT catalyst exhibits a Cu dispersion of 59.1%, which is
approximately 12 times higher than that of the 5CT catalyst (5.1%). Similarly, Chary et al.

(2004) inferred the increase in copper amount from 2.5 to 10 wt.% caused a decrease in copper
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dispersion from 21.8 to 6.3%, respectively [72]. Findings demonstrated by Baharudin et al.
(2019) also revealed that the amount of copper clusters and their pre-treatment conditions (i.e.,
temperature and time) had significant impact on copper dispersion. They further reported that
increasing the amount of copper cluster from 0.5 to 13 wt.% drastically reduced the copper
dispersion from 41.9% to as low as 1.3% [62]. Furthermore, the average particle diameter for
the 0.15CT catalyst (1.77 nm) is approximately 5 times smaller than that of 0.75CT (9.59 nm),
and this gap further increases when comparing to 5CT (20.5 nm). These results suggest that

both the dispersion and the average particle diameter may play a pivotal role during the reaction.

The nature of the adsorption active sites and the extent of interaction between CO and the
catalyst surface were measured using CO-TPD, as shown in Fig. 2a. CO-TPD profiles for all
catalysts can be divided into at least two regions, i.e., the low-temperature region (LTR)
ranging from 60 to 250 °C and the high-temperature region (HTR) ranging from 250 to 460 °C.
In the LTR, CO-TPD for the 0.15CT catalyst exhibited a broader desorption peak at
approximately 155 °C, and this peak shifted to ~175 °C when the copper content was increased
from 0.15 to 0.75 wt.%. The peak maximum is almost the same (~175 °C) for the 0.75 and 5CT
catalysts, which indicates the similar nature of the adsorption sites in these catalysts. The
relatively low desorption peak temperature (155 °C) in 0.15CT implies that easier CO
desorption from its surface compared to catalysts with higher Cu loadings. It has been
recognized that the desorption peak temperature is related to the activation energy of the
desorption and that the heat of adsorption is equivalent to the activation energy of the
desorption for a spontaneous adsorption process [62, 73]. The increase in desorption peak
temperature from 155 °C to 175 °C for the 0.75 and 5CT catalysts indicates that these catalysts
with higher Cu contents exhibit higher activation energy of CO desorption [74]. Noteworthy,

there is a lower temperature shoulder in the profile for the 5CT catalyst, which is observed at
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the temperature similar to that of the peak maximum for 0.15CT sample. This could indicate

that the 5CT sample has two types of sites capable of desorbing CO at low temperatures.

In the HTR, all the catalysts also exhibited a noticeable peak, which is attributed to
predominantly CO adsorption on stronger adsorption sites. The desorption peak temperature
follows the same trend as in the LTR and increases from 290 to 305 °C when the Cu contents
increase from 0.15 to 0.75 wt.%. It is noteworthy that the 5CT catalyst exhibited two distinct
desorption peaks (cf. a peak with a shoulder as in LTR) at approximately 350 and 400 °C, which
can be assigned to the presence of stronger adsorption sites. It is reported that CO hardly
adsorbs on pure CuO [75], the adsorption sites in this work can be either Cu* and/or Cu®, with
the least possibility of Cu?*. The area under the curve of CO-TPD, which represents the CO
coverage, i.e., the amount of CO adsorbed, increases with the increasing copper content (Table
2). For instance, the 0.15CT catalyst showed a CO uptake of 0.103 mmol/g in the LTR, which
increased to 0.226 mmol/g for the 5CT catalyst, reflecting the fact that there were more

adsorption sites in the latter.

The O2-TPD results in Fig. 2b shows the adsorption behaviour of oxygen over the catalysts.
The catalysts have only one distinct peak in the temperature range of 60 to 310 °C. The 0.15CT
catalyst exhibited a broad desorption peak at ~180 °C. In contrast, the 0.75CT catalyst showed
distinct and broader desorption peak at a slightly higher temperature, i.e., 190 °C, with a
shoulder at a lower temperature of ~160 °C. This characteristic peak can be attributed to the
desorption of molecular oxygen species (O2) adsorbed on the surface [76, 77]. The area under
the curve is related to the amount of oxygen adsorbed over the catalyst surface, and it is found
that the 0.75CT catalyst exhibits more oxygen adsorption than the 0.15CT catalyst. For instance,
an O uptake of 0.194 mmol/g was observed on the 0.75CT catalyst compared to 0.177 mmol/g

for the 0.15CT catalyst (Table 2).
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The desorption of CO, within the reaction temperature range provides insight into the
catalyst affinity for the product, an important factor controlling reaction rate and product yield.
The CO»-TPD results show that CO, starts desorbing from the surface of 0.30CT and 0.75CT
at temperatures as low as 60 °C (Fig. S5). Both catalysts exhibit two desorption peaks between
60 and 360°C, which can be divided into two regions: the low-temperature region (LTR, 60 —
250 °C) and the high-temperature region, (HTR, 250 — 360 °C). The maximum desorption peak
in the LTR shifted from 170 °C to 160 °C when the Cu loading increased from 0.30 to 0.75
wt.%, suggesting the presence of relatively weaker adsorption sites for CO; in the 0.75CT
compared to 0.30CT. On the other hand, the shift of the maximum desorption peak in the HTR
is not obvious, indicating that the CO, adsorption sites over 0.30CT and 0.75CT have
comparable strength. Table S2 shows that the total amount of CO; adsorbed on the 0.30CT and
0.75CT catalysts are 0.244 mmol/g and 0.221 mmol/g, respectively. The lesser amount of CO>
adsorbed over the 0.75CT catalyst can be ascribed to the fact that CO2 mainly adsorbs on the
oxide support rather than on the Cu-based sites [78, 79]. Overall, it can be concluded that both
of these catalysts show the ability to release the CO> from the surface within the temperature
range of 60 to 360 °C. Moreover, both catalysts demonstrated a similar amount of CO> desorbed
from the surface, although CO> binds relatively stronger to the surface of the 0.30CT than that

of the 0.75CT catalyst.

3.3 CO oxidation reaction and kinetics over xCT catalysts

The catalytic performance of the materials with different copper nanocluster loadings (from
0.15 to 5wt.%) in CO oxidation was measured at atmospheric pressure in the temperature range
of 100 — 250 °C, with conversion and TOF graphs shown in Figs. 3a and 3b. The catalytic
activity test over the bare TiO, support (blank) showed no CO conversion in the
abovementioned temperature range. It, therefore, ruled out any catalytic role of the support
during the reaction [80]. Moreover, low oxidation state copper species are reported to be
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unstable in an oxidative environment [81]. Thus, unsupported CuNCs are not suitable for CO
oxidation reactions as very low surface area bulk copper oxides will be formed under reaction
conditions. Immobilization of CuNCs would allow the formation of catalysts with
exceptionally high dispersion of copper active sites [62, 82, 83]. The catalytic performance in
terms of CO conversion versus temperature showed that the activity increased with increasing
copper content (Fig. 3a). For instance, at 188 °C, the 0.15CT catalyst showed CO conversion
of approximately 6%, while the 5CT catalyst exhibited a CO conversion more than threefold
higher than that of 0.15CT. CuNC anchoring over TiO2-P25 was so effective that even small
contents of copper (0.15 wt.%) exhibited noticeable CO conversion (9%) at 240 °C
accompanied by the corresponding CO- formation. This significant increase in activity can be

attributed to the formation of active sites enhancing the conversion of CO into COa.

The activity results in terms of turnover frequency (TOF), as shown in Fig. 3b, clearly show
that 0.15CT exhibits superior catalytic activity in CO oxidation at 200 °C with a TOF (3.22 x
1073 (ncy-s) 1) more than 2 times higher than those of 0.30CT (1.41 x 1073 (ncy-s) ™), 0.75CT
(0.75 x 1072 (ncu+s) ™), and 5CT (0.60 x 1072 (ncy-s) 1) at 480 min time-on-stream. The results
also demonstrate that the stability of the catalysts is strongly dependent on the Cu loading. The
0.15CT and 0.30CT catalysts demonstrated excellent stability for a reaction duration of 480
min, while catalysts with higher Cu loading, i.e., 0.75CT and 5CT catalysts, showed
deactivation from 0.75 x 1073 (ncy-s) ™ t0 0.45 x 1072 (ncy-s) * and 0.60 x 102 (ncy-s) * to 0.03
x 1073 (ncu-s) L, respectively. These results suggest that copper loading of 0.30 wt.% is the
threshold limit for stable catalytic performance. The cause of deactivation is explored by the
characterization of the catalysts after the reaction, as discussed in Section 3.4. The results are
consistent with those reported by Du et al. [12], who investigated the influence of the size of
gold nanoparticles, ranging from 2.9 to 5.1 nm, on Au/TiO; catalysts for CO oxidation. The

catalyst with an average size of 3.8 nm outperformed the same catalysts with average sizes of
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2.9 and 5.1 nm. Bond [84] also demonstrated through the compensation plot concept that the
size of Au particles influences the activity during CO oxidation reaction. He concluded that
most of the particles remain non-metallic for active catalysts, while metallic catalysts tend to

show lower catalytic activity.

A kinetic study of the 0.15CT and 0.75CT catalysts was performed at 200 °C. The
logarithmic plots of the rate of reaction versus partial pressures of CO and O are shown in Fig.
4a and 4b, respectively. It can be observed that the rate of reaction increased with increase in
partial pressures of CO and O in the feed for both the 0.15CT and 0.75CT catalysts. The kinetic
orders were found to be 0.22 and 0.37 with respect to CO and O, respectively, for the 0.15CT
catalyst. In contrast, the 0.75CT catalyst gave CO and O kinetic orders of 0.19 and 0.30,
respectively. The Arrhenius plot (Fig. 4c) indicates that the apparent activation energies over
the 0.15CT and 0.75CT catalysts are 14.1 and 27.9 kJ/mol, respectively. These activation
energies are lower than those reported in the literature for TiO2-supported Cu catalysts prepared
by photo-deposition (ph) and impregnation (imp) techniques (33.1 and 59.2 kJ/mol for Cu-

TiO2-ph and Cu-TiO2-imp, respectively) [85].

Based on the kinetic results, a reaction mechanism can be proposed for 0.15CT and 0.75CT
catalysts. It has been reported in the literature that Mars van-Krevelen and Eley Rideal models
present the zero- and first-order reaction, respectively, with respect to O partial pressure [2].
Both the models are inconsistent with the kinetic results in this work, and hence they are not
considered. To investigate the role of the lattice oxygen of the reducible TiO. support, the
catalysts were first tested in a reaction condition with only CO and Ar in the absence of oxygen.
No formation of CO2 was observed despite the small loss of CO due to the chemisorption on
the catalysts’ surface. The Langmuir-Hinshelwood model relevant to the metal-support

interface can be considered in which CO chemisorbs on Cu active sites while O, adsorbs on
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the support. Both chemisorbed species react on the Cu-TiO; interface to form COz. The

following steps can be proposed:

k4
CO+ Cux & CO— Cux K, = L 4
k_q k_q
ks )
0, + TiO, * < 0, —TiO, * K, = = (5)
k_z k—z
ks ;
CO—Cu*+02—TiOZ*Ié—> CO, — Cu* + 0 —TiO, * K3:k_3 (6)
-3 -3
kay .
CO —Cu*+ 0 —TiO, * ]:—> CO, — Cu* + TiO, * K4=k_4 7)
—4 —4
s 1 k
— =5
CO, — Cu * 1:-, CO, + Cu=* ralaiies (8)

where Cu* and TiO2* represent the vacant sites that are assumed to be constant. Among steps
(4) to (8), step (6), i.e., the reaction across the interface between Cu active site (with adsorbed
CO) and titania (with adsorbed and activated O), is the rate-determining step (RDS). The
chemisorption of CO or O cannot be considered the RDS, as this would require rate expression
to be first-order kinetics with respect to CO or O [64], which contradicts the kinetic results.
The chemisorption of both CO and O is confirmed by CO- and O,-TPD; however, the CO»-
TPD profiles also corroborate the abovementioned findings. The proposed RDS, assuming that
O2 non-dissociatively chemisorbs over the TiO surface, is consistent with earlier reported
results [86]. Based on the elementary steps, the following rate expression is formulated, and

details can be seen in S1 in the supporting information.

S Kco Ko, [CO] [02] )
€02 ™ ™ (14 KcolCOT)(1+ Ko,[02])

To ensure that the surface reaction across Cu-titania interface was indeed the RDS, the rate
expression (Eq. 9) was fitted to the initial rate of reaction (IRR) measured at a different initial

partial pressure of CO for the 0.15CT and 0.75CT catalysts (Fig. 5). The rate constant, k, was
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approximately 4.71 x 10 and 6.67 x 10 mol/s-gca: for the 0.15CT and 0.75CT catalysts,
respectively. The experimental data are consistent with the rate equation formulated according
to the proposed elementary steps (Eqg. 4-8). This result indicates that the CO oxidation reaction
catalyzed by the TiO2-supported Cu cluster catalysts is limited by the surface reaction across
Cu-TiOz interface and, hence, rules out any role of adsorption or desorption as the RDS.
Therefore, it can be concluded that both 0.15CT and 0.75CT catalysts catalyze CO oxidation
overall according to the Langmuir-Hinshelwood reaction mechanism with the RDS occurring

across the Cu active site and titania support.
3.4 Post-reaction characterization of the catalyst

The CO chemisorption results of the spent catalyst (Table 1) showed a loss of dispersion and
an increase in particle size. The dispersion of the 0.15CT catalyst decreased from 59.1% to
53%. The particle size of the 5CT (63.1 nm) catalyst after the reaction increased three times
relative to that of the fresh catalyst (20.5 nm) based on modeling using Cu»O active species,
which are present in all spent catalysts. This is ascribed to the thermodynamically favorable
interface elimination process, which lowers the surface energy by reducing surface area

through agglomeration and, thus, decreases the total free energy of the system.

The XRD patterns of the spent catalysts (Fig. S6) show the presence of copper oxides that
are not found in fresh catalysts, confirming the agglomeration of metal particles during the
reaction. In addition to typical diffraction profiles of anatase and rutile, peaks for Cu20O and
CuO are also detected. The diffraction peak near 43° is difficult to distinguish between anatase
(PDF# 21-1272) and CuxO (PDF# 34-1354). It is clear that the CuO (PDF# 44-0706) peak is
present in the 0.75CT and 5CT catalysts at a 2-theta of 45°. The XPS analyses of the spent
catalysts, particularly the 5CT (no Cu(l) detected), further emphasized that the Cu(l) species

was oxidized after catalytic oxidation of CO (Fig. S7).
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The surface plasmon resonance (SPR) peak (Fig. S8) for copper nanoparticles is reported to
be in the wavelength range of 560 — 760 nm [63] while SPR peaks for pure Cu2O or CuO
correspond to the wavelengths of 600 to 800 nm [87, 72]. The exact position of the SPR peak
depends on the size and aspect ratio of the particle. The SPR peak at ~380 nm can be assigned
to Cu20 and/or CuO because these oxides are formed due to the oxidation of CuNCs during
the reaction. The formation of Cu.O nanoparticles, with a diameter of 2 nm, is observed to be
appearing at ~370 nm [88]. As indicated in XRD and XPS analyses, all catalysts showed Cu.O
and/or CuO, while none of the catalysts show Cu characteristic peak, which demonstrates that
Cu clusters are well dispersed and too small to be detected by XRD or XPS as was the case in
the fresh catalyst. The intensity of the SPR peak occurring at 380 nm increases when Cu loading
is increased, which shows the concurrent oxidation and sintering of surface Cu clusters. The
SPR peak with very weak intensity appearing at 567 nm indicates the presence of a small
number of metallic Cu nanoparticles as a result of sintering during the reaction over all the
catalysts. The intensity of the SPR peak increases with increasing amounts of copper,
suggesting that catalysts with higher copper contents (0.75 and 5 wt.%) are more prone to

sintering than catalysts with lower loading (0.15 wt.%).

As mentioned earlier, pure, unsupported CuNCs and TiO2-P25 supports cannot convert CO
to CO». The interface between Cu oxide species and titania is most likely the active center for
the reaction to proceed [64, 84, 89]. The Huttig temperature that causes significant mobility of
surface atoms is 134 °C for copper nanoparticles [90, 91], which is well below the reaction
temperature of 200 °C in this study. Therefore, surface copper species tend to aggregate at
higher copper loadings. Moreover, the Huttig temperature of Cu2O and CuO is found to be
229 °C and 260 °C, respectively, which are above the reaction temperature [92]. Hence, the
oxide particles are relatively less susceptible to aggregation as compared with metallic particles,

but the SPR peak intensity suggests otherwise. It can be inferred that the particle diameter,
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which is also an influencing factor in the UV-Vis DRS analysis, for copper oxides is large
enough to be detected by both XRD and UV-Vis DRS as opposed to particle diameter of
metallic Cu which is detected by UV-Vis DRS but not by XRD despite the aggregation. It can
also be seen from the CO-TPD results that the amount of CO adsorbed increased with
increasing Cu content, which is in agreement with the CO conversion measured over the tested
catalysts. The drawback of higher-loading catalysts is their long-term instability, as metal

agglomeration increases severely during the reaction.

The characterizations, e.g., UV-Vis DRS and XRD, after the long-term reaction test, also
show an increase in metal particle size. It has been reported that a change in particle size affects
the oxidation state of copper, which in turn influences the distribution of these oxides on the
surface of the catalyst [93]. The presence of CuO in the 0.75CT and 5CT catalysts, as indicated
in the XRD and XPS patterns of the used catalysts (Fig. S7 and Fig. S6), is another factor
contributing to the decrease in the activity of these catalysts over time because CuO is less

active than Cu0 and Cu® for the CO oxidation reaction [94].

Cu nanoparticles and supported noble metals, such as Au, Pd and Pt, are widely reported for
CO oxidation reaction [95-104]. The comparison of the rate of reaction (per gram of metal) for
the xCT catalysts with the CO oxidation results published in the literature reveals that the xCT
catalysts showed an activity (e.g., 5.06 x 10~ mol/s-gcu by 0.15CT) exceeding the catalytic
activity of expensive catalysts, such as Au clusters supported on TiOz (e.g., zero activity by
Auzs/TiO,) [25] and Cu supported on metal-organic framework UiO-66 (2.40 x 107> mol/s-gcu)
[94], under similar reaction conditions to the ones used in the current study (Table 3). Moreover,
the XCT catalysts (e.g., 5.06 x 10~° mol/s-gcy by 0.15CT) in this work also outperformed the
conventional Cu nanoparticles deposited on SBA-15 (4.18 x 10 mol/s-gcs) [95]. A
comprehensive investigation at a molecular level, for example, density functional theory (DFT)
calculations, is required to give more insights into the mechanism behind such performance.
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4. Conclusions

This study demonstrated the high CO oxidation activity of atomically precise Cu nanoclusters
(CuNCs) anchored on TiO2-P25. The results revealed the significance of interfacial active sites
and the size-activity threshold for copper loading content between 0.15 and 5 wt.%. The
excellent dispersion, high copper surface area, and more intensive active sites (i.e., Cu20), as
determined by CO chemisorption, UV-Vis DRS, XRD, and XPS, remained to be the key factors
behind the stable catalytic performance of catalysts with lower Cu loading. The 0.15CT and
0.30CT catalysts remained stable over the 8 h time-on-stream, revealing the upper copper
loading activity threshold at 0.3 wt.% as catalysts with higher loadings deactivated quickly and
significantly. The stability of these catalysts was assigned to the smaller particle size, higher
dispersion, and significantly lower content of active sites at the surface of the support, which
prevented particle agglomeration and growth. In contrast, 0.75CT and 5CT catalysts showed
metal sintering, which eventually resulted in catalyst deactivation. The metal particle sintering
was further confirmed by post-reaction CO chemisorption, UV-Vis DRS, and XRD. The
presence of CuO was found to be another factor affecting the deactivation of the catalysts over
time. The kinetic study revealed that the 0.15CT and 0.75CT catalysts followed the Langmuir-
Hinshelwood mechanistic model. The RDS was suggested to be across the interface boundary
reaction of CO adsorbed onto Cu active sites with oxygen species adsorbed on titania, as
confirmed by the experimental data obtained regarding initial reaction rates at various CO
partial pressures. The apparent activation energies were 14.1 and 27.9 kJ/mol for the 0.15CT
and 0.75CT catalyst, respectively, while the reaction orders with respect to CO and O2 were
0.22 and 0.37, respectively, for the 0.15CT catalyst and 0.19 and 0.30, respectively, for the
0.75CT catalyst. Importantly, our Cue-based catalysts demonstrated reaction rates (per gram of
metal) comparable to the rates obtained using gold-based materials, which are both more
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expensive and less abundant. These results showed the important role of the support and
appropriately low metal cluster loading needed to ensure long enough distances between active
sites (Cu cluster-derived species) required to guarantee high dispersion and small particle size
for concurrently achieving excellent activity and thermal durability, which is currently a
formidable challenge in the field of CO oxidation. The developed Cu-cluster catalysts exhibited
a long-term catalytic stability, indicating a potential application in automobile emission
abatement, such as that in the catalytic converter of vehicles. Future studies on the recyclability,
reactivation of the supported Cu-clusters, and the impact of other emission gases, including
NOy, water vapors, hydrocarbons etc., on the clusters activity will be useful to extend the

applications beyond automobile emission abatement.
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Table and Figure Captions

Table 1. CO chemisorption of TiO2-supported CuNC catalysts before the reaction.

Table 2. Quantitative results of CO- and O>-TPD for the XCT catalysts.

Table 3. Comparison of the literature and the current work on CO oxidation over Cu/TiO-

catalysts.

Fig. 1. Cu2p XPS spectra of the fresh 0.15CT, 0.75CT and 5CT catalysts.

Fig. 2. (a) CO-TPD profiles of the fresh 0.15CT, 0.75CT and 5CT catalysts; (b) O2-TPD

profiles of the fresh 0.15CT and 0.75CT catalysts.

Fig. 3. (a) CO conversion versus temperature for the XxCT catalysts [x = 0.15 — 5 wt.% Cul];

(b) Turnover frequency versus time-on-stream for the xCT catalysts [x = 0.15 — 5 wt.% Cul].

Fig. 4. Reaction rates as a function of (a) CO and (b) O partial pressures, and (c) the
Arrhenius plot of CO oxidation over the 0.15CT (hollow triangles) and 0.75CT catalysts

(filled circles).

Fig. 5. Initial reaction rate (IRR) versus initial partial pressure of CO for 0.15CT and 0.75CT

catalysts.

36



Table 1. CO chemisorption of TiO>-supported CuNC catalysts before the reaction.

CO adsorbed Cu Cu surface Cu Aver_age
Sample amount [cm?3 dispersion area surface partlcle
STP] [%] [méigea] | ¢ n‘;"zr/‘;am] d'?rr]"rﬁier
0.15CT 0.0851 59.1 0.572 381.1 1.77
0.75CT 0.0081 10.8 0.526 70.1 9.59
5CT 0.0226 5.1 1.64 32.8 20.5
Spent 0.15CT 0.0731 53 0.513 341.9 (fé?f)*
Spent 0.75CT 0.0042 4.9 0.318 31.8 (226131)
Spent 5CT 0.0051 17 0.533 10.7 (f23,'51)*

*Average copper oxide (Cuz0) crystallite size obtained from Scherrer equation

Table 2. Quantitative results of CO- and O»-TPD for the XCT catalysts.

CO uptake [mmol/g]
Sample Oz uptake [mmol/g]
LTR HTR Total
0.15CT 0.103 0.179 0.282 0.177
0.75CT 0.135 0.226 0.361 0.194
5CT 0.226 0.277 0.503 -

Table 3. Comparison of the literature and the current work on CO oxidation over Cu/TiO>

catalysts.
Rate
Catalyst Conditions (x10°° Ref.
molco/s-gcu)
1%Cue/Al20s CO/O, = 1:10 viv, Tr = 400 °C, 2.68
1%Cus/MWCNTcoon Frotat = 5 mL-min3, 2.53 78
19%CUs/MWCN Teristine m =100 mg 231
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Cu/SBA-15-chl-

Calc400 2.87
CU/SBA-15-chl- CO/O2 = 1:1 viv, Tr =200 °C, o1
_ o 4.18
Calc500 Ftota = 20 mL-min™, m = 60 mg
Cu/SBA-15-chl-
Calc700 2.13
5CUO/TIO; (A) CO/0; = 12'(%2968 viv, Tr= 3.81
Fiotar = 20 mL-min?t, 92
5CuO/TiO2 (A+R) m =40 mg 8.57
CO/0O, = 1:20 v/v, Tr = 200 °C,
CuO/TiOy Fiotar = 40 mL-min~?, 4.80 93
m =50 mg
CO/O2=1:1vlv, Tr =180 °C,
Cu/UiO-66 Ftota = 30 mL-min2, 2.40
m =120 mg
94
CO/O2 =1:21 viv, Tr = 250 °C,
Cu/UiO-66 Fiotar = 30 mL-min?t, 6.05
m =120 mg
0.15CT 5.06
CO/O, =1:10 v/v, Tr = 200 °C,
0.3CT 2.53 This
Fotal = 20 mL-min~?, K
0.75CT 1.01 wor
m =200 mg
5CT 0.15
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Fig. 1. Cu2p XPS spectra of the fresh 0.15CT, 0.75CT and 5CT catalysts.
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Fig. 3. (a) CO conversion versus temperature for the XCT catalysts [x = 0.15 — 5 wt.% Cul];
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(b) Turnover number versus time-on-stream for the XCT catalysts [x =0.15—-5wt.% Cu; T =

200°C, GHSV = 6000 ml/h.gcat, CO =1 kPa, O2 = 10 kPa balanced with He].
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