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A washing step is employed to adjust the residual surface hydroxyl
groups on the Cu-TiO, catalysts, which in turn influences the local
environment of copper species. Hydroxyl groups control both copper
dispersion and the Cu*/Cu?* ratio. Notably, a higher [Cu*]/[OH ] ratio is
associated with an enhanced reaction rate in CO conversion.

Copper oxides, both unsupported or supported by an oxide,"* have
been explored as catalysts of carbon monoxide (CO) oxidation. This
is because copper exhibits catalytic activity that is comparable to
that of precious metals, while available at a much lower cost.
Results of studies performed under high vacuum conditions
suggested that low valence copper species, notably Cu(1), are highly
effective at accelerating the rate of CO oxidation.> However,
identification of the precise copper oxidation state becomes diffi-
cult once the copper is supported by an oxide. This is particularly
notable when copper is supported by reducible metal oxides, such
as titanium dioxide or cerium oxide.*® The interaction between
copper oxides and reducible metal oxides alters the electronic and
structural properties of copper metal. Other surface species, includ-
ing those associated with supports and/or introduced via the
reactant stream, may also have an impact on CO oxidation due
to their capacity to alter the local chemical environment.”* Hydro-
gen pre-reduction has always been recommended as a means to
increase the concentration of Cu(i), which has an impact on the
rate of CO conversion.”'® Meanwhile, the addition of water (H,O)
vapor in the reactant streams, even at low concentrations, affects
the copper-based catalysts intended for use in CO oxidation.™ The
formation of CO-H,O surface complexes may also block the active
sites on the surface. As an H,O-derived species, the hydroxyl group
exhibits varied functions depending on the surface coverage.'*"
For example, the accumulation of hydroxyl groups inhibited the
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redox process catalysed by Cu-Ce0,.** The presence of hydroxyl
groups was suggested to be correlated directly with the formation
of surface bicarbonate species by Cu-CeO, catalysts."*

Traditional approaches to the synthesis of copper-based catalysts
include a calcination step. Calcination promotes the formation of
copper oxides via the thermal decomposition of copper hydroxides.
However, thermal post-treatments also reconstruct the surface and
lead to changes of critical surface properties. Here, we used a direct
approach to synthesise copper oxides supported by titanium dioxides
(Cu-TiO,) via a reaction between copper(n) acetate and sodium
hydroxide."'® In contrast to other copper precursors, copper(n)
acetate facilitates the formation of copper(n) oxide in a single step.
The precipitates from this reaction are then washed with deionised
H,O to adjust the concentrations of residual surface hydroxyl groups.
Using this simple approach, we can obtain a catalyst that features
hydroxyl groups in the immediate vicinity of copper oxide on the
catalyst surface. In this study, this platform was used to investigate the
impact of surface hydroxyl concentration on the rate of CO oxidation.

The copper weight loading was adjusted to achieve 10 wt%. The
precipitates were separated from the parent aqueous solution with-
out additional washing. It is symbolised as Cu-TiO,-pH14. Cu-TiO,-
pH9 and Cu-TiO,-pH7 were obtained after further washing of the
Cu-TiO,-pH14 precipitate with deionised water. The suffixes pH9
and pH7 represent the pH values of the final wash solution
measured immediately before the precipitates were collected.
X-Ray diffraction (XRD) profiles revealed no diffraction peaks that
could be attributed to copper oxides (Fig. S1, ESIT). Inductively
coupled plasma (ICP) analysis revealed a copper concentration of
9.2 wt%. The surface copper concentration determined by X-ray
photoelectron spectroscopy (XPS) was ~6.2 wt% regardless of the
number of washing steps. The surface area of the TiO, support is
116 m” geatal . Compared to the undoped TiO, support, the
addition of copper resulted in an overall decrease in total surface
area (Table 1). Meanwhile, the surface area gradually increased as
the pH value of the parent solution approached 7. This increase may
be explained by the fact that the washing step removes extra sodium
hydroxide from the pores of the Cu-TiO, catalyst. Therefore, more
surface area becomes available after the washing steps.
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Table 1 Physical properties and CO conversion rates of Cu-TiO, catalysts
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Copper concentration

Sample Surface area (m” gcatal ) Cu dispersion® (%) (Cu*/cu*)? (Cu*/oH")* Reaction rate® (umol s~ gcatal ")
Cu-TiO,-pH7 108 60.4 30.8 1.10 0.16
Cu-TiO,-pH9 101 56.4 36.6 1.09 0.06
Cu-TiO,-pH14 85 48.6 42.3 0.96 0.03

@ Measured by nitrous oxide (N,0) absorption. ? Integrated peak areas based on 932.4 eV for Cu’, 933.7 eV for Cu®', and 531.6 eV for OH ™.
¢ Measured at 75 °C, 1% carbon monoxide (CO) + 20% oxygen (O,) balanced with helium; gas hourly space velocity (GHSV), 36 000 h™".

Cu-TiO, catalysts were evaluated for CO oxidation. Results from
light-off activity tests revealed that Cu-TiO, obtained from aqueous
solutions at lower pH values are more effective at catalysing CO
conversion (Fig. 1a). The catalytic activity of Cu-TiO,-pH7 is similar
to that of Cu-TiO,-pH9. Both catalysts achieved a Ts, (50% CO
conversion) at ~125 °C and full CO conversion at reaction
temperatures below 200 °C. By contrast, and although Cu-TiO,-
pH7 and Cu-TiO,-pH14 have the same copper concentration based
on ICP and XPS analysis, reactions that included Cu-TiO,-pH14
achieved only 50% CO conversion at 185 °C. As shown in Table 1,
copper dispersion decreases with an increase in the concentration
of residual hydroxyl groups. The copper dispersion values for Cu-
TiOy-pH7 and Cu-TiO,-pH14 catalysts were 60.4% and 48.6%,
respectively. Therefore, it suggested that the concentration of sur-
face hydroxyl groups has a direct impact on copper dispersion and
the CO conversion. After the first reaction cycle, the samples were
cooled to ambient temperature with pure helium, and the activity
was re-evaluated with no additional treatment. This cyclic test
showed that the light-off curves determined for both Cu-TiO,-
PH7 and Cu-TiO,-pH14 exhibited the same trend after three runs
(Fig. S2, ESIY). Thus, our results suggest that localised hydroxyl
groups are stable under the conditions used in these experiments.

To further understand the impact of hydroxyl groups on catalytic
activity, we examined the impact of sodium hydroxide on the
otherwise completed Cu-TiO,-pH7 catalyst. Specifically, the Cu-
TiO,-pH7 catalyst was immersed in a 1 M sodium hydroxide
solution. After stirring for one hour, the solution was filtered, and
the collected precipitate was vacuum dried at 50 °C overnight.
Interestingly, we found that post-hoc exposure to a sodium hydro-
xide solution reduced the catalytic activity of Cu-TiO,-pH7. The Cu-
TiO,-pH7 catalyst treated with sodium hydroxide catalysed CO
conversion at a rate similar to that achieved by Cu-TiO,-pH14. We
then proceeded to measure the apparent activation energy for the
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Fig.1 (a) Light-off curves of the Cu-TiO, catalysts. Test conditions
included 1% CO and 20% O,/helium at a flow rate of 30 mL min~2. (o)
Arrhenius plots document the activation energy (E,) required for CO
oxidation in the presence of Cu-TiO, catalysts.
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four Cu-TiO, catalysts. As shown in Fig. 1b, CO conversion requires
an activation energy (E,) of 45.3 k] mol " in the presence of the Cu-
TiO,-pH7 catalyst. By contrast, E, values determined for reactions
catalysed by Cu-TiO,-pH9, Cu-TiO,-pH14 and sodium hydroxide
post-treated Cu-TiO,-pH7 were 54.8 k] mol %, 63.7 k] mol * and
61.6 kJ mol %, respectively. These differences suggest that the surface
hydroxyl groups are critical for achieving optimal catalytic activity.
We examined the contributions of surface hydroxyl groups
to the formation of carbonate species by evaluating Cu-TiO,
catalysts using diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS). Dynamic changes in peak intensity and
corresponding temperatures are shown in Fig. S3 (ESIt). We
identified a band at 1540 cm ™" that has been associated with
bicarbonates;** bands at 1270 cm ™" and 1650 cm ™' have been
assigned to carbonate species.'” Formates have been linked to
bands located at ~1350 cm™"."”'® Peak areas associated with
individual characteristic peaks were integrated to obtain quan-
titative information and relative ratios of the carbon-based
intermediates (Fig. 2a). Our evaluation of the Cu-TiO,-pH7
catalyst revealed that the ratio of bicarbonate to carbonate
increased with temperature and then gradually decreased at
temperatures >120 °C. Interestingly, this ratio remains rela-
tively constant with temperature increases in experiments
performed with the Cu-TiO,-pH14 catalyst. By contrast, the
level of total bicarbonates detected in Cu-TiO,-pH7 was initi-
ally higher than that detected in the Cu-TiO,-pH14 catalyst.
Bicarbonate loss is more rapid in response to temperature
increases, largely due to the differences in bicarbonate and
carbonate stability. Thus, regeneration of the active sites becomes
possible. This may explain why Cu-TiO,-pH7 is more effective at
catalysing CO conversion than Cu-TiO,-pH14. The integrated area
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Fig. 2 (a) Ratio between the absorbance of bicarbonates and carbonates

and the integrated area representing total formates as a function of

temperature. (b) Integrated area of the band representing the Cu™-CO

carbonyl band at 2100-2120 cm™ as a function of the reaction tempera-

ture. Catalysts examined include Cu-TiO,-pH7 and Cu-TiO,-pH14.
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corresponding to total formates detected in both Cu-TiO,-pH7 and
Cu-TiO,-pH14 catalysts increases with temperature. Notably, the
amount of formate over Cu-TiO,-pH14 increases when the tem-
perature is higher than 200 °C. This increase may be explained by
the positive relationship between the formation rate of formate and
the pH value.® Given that formate species have been identified as
possible intermediates in the process of CO conversion, the higher
levels of formates detected in Cu-TiO,-pH7 further confirm the
greater abundance of active sites in the Cu-TiO,pH7 catalyst
compared to the Cu-TiO,-pH14 catalyst. The second wavenumber
range featured one dominant peak at ~2100 cm™ " (Fig. S3, ESIt)
that has been attributed to the Cu'-CO interaction.>'>"® The
increasing temperature led to decreased intensity in studies featur-
ing both Cu-TiO,-pH7 and Cu-TiO,-pH14. However, the integrated
area of the peak identified in reactions catalysed by Cu-TiO,-pH7
was at least six times higher than the analogous peak in experi-
ments with Cu-TiO,-pH14 (Fig. 2b). This difference suggested that
CO was favourably adsorbed by Cu-TiO,-pH7 due to a greater
abundance of active sites. The third wavelength range featured
bands at ~3700 cm ' in which hydroxyl groups are typically
detected.' As a brief summary, our results revealed that residual
hydroxyl groups have a significant impact on the distributions of
carbonate, bicarbonate, and formate species, which could explain
the differential rates of CO conversion observed.

We performed hydrogen temperature-programmed reduction (H,-
TPR) to obtain an understanding of the different copper species on
the surface of each catalyst. While reduction of Cu-TiO,-pH7 and Cu-
TiO,-pH9 was detected at 60 °C, the dominant reaction was observed
below 120 °C. The results of deconvolution analysis revealed three
specific reduction peaks. The first reduction peak (Peak I) may be
related to either surface oxygen® or highly-dispersed copper species
located at the Cu-Ti interface.>" The second and third reduction peaks
(Peak IT and Peak III) contributed to the overall absence of peak-shape
symmetry; this finding may be the result of step-wise reductions of
copper{n) oxides.** Subsequent calculations revealed that the amounts
of consumed hydrogen that are indicative of a step-reduction process
decreased slightly from 83% for Cu-TiO,-pH7 to 80% for Cu-TiO,-
pH9 (Fig. 3a). This finding may explain why Cu-TiO,-pH7 and Cu-
TiO,-pH9 exhibit similar catalytic efficiencies in the low-temperature
range. For Cu-TiO,-pH14, the reduction reaction did not begin until
100 °C, and the majority of the reduction took place at a higher
temperature range. Our calculations revealed that 36% of hydrogen
consumption (percentages of Peak II and Peak III) occurred at
temperatures >125 °C. These high-temperatures may be needed to
reduce crystalline copper oxide.® Our results of H,"TPR revealed that
the copper species on the surface of the catalyst exhibit different
morphologies and oxidation states. Thus, we anticipate that the types
and concentrations of surface oxygen species may also be different.

To examine the differences among surface oxygen species,
CO temperature programmed surface reaction (CO-TPSR) was
applied, and the production of carbon dioxide was monitored.
The results of peak deconvolution analysis suggested that
different types of surface oxygen species existed at the various
temperature ranges. Low and medium-temperature oxygen
species (Peak I and Peak II) are dominant over both Cu-TiO,-
pH7 and Cu-TiO,-pH9 catalysts (Fig. 3b). While the percentage

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Hydrogen-temperature programmed reduction (H,-TPR) and
(b) carbon monoxide temperature-programmed surface reaction (CO-
TPSR) profiles. Catalysts examined include Cu-TiO,-pH7, Cu-TiO,-pH9,
and Cu-TiO,-pH14.

areas representing low and medium-temperature oxygen spe-
cies varied with the concentration of surface hydroxyl groups,
nearly 95% of the total oxygen species was detected at tem-
peratures <150 °C. The presence of these oxygen species
correlated with the high levels of activity of these catalysts
within the lower temperature range. High-temperature oxygen
species (Peak III) contributed to 5% of the overall reduction
catalysed by Cu-TiO,-pH7 and Cu-TiO,-pH9. By contrast, sur-
face oxygen species were detected primarily at temperatures
>150 °C in reactions featuring Cu-TiO,-pH14. Although Peak I
and Peak II associated with Cu-TiO,-pH14 were larger than
Peak III, they appeared only at temperatures >150 °C. By
contrast, both Peak I and Peak II associated with the Cu-
TiO,-pH7 and Cu-TiO,-pH9-catalysed reactions were detected
at temperatures <150 °C. Our results from TPR analysis using
hydrogen and CO as probe molecules confirmed the existence
of different active sites on the catalyst surface. Catalysts
obtained from solutions at pH 7 or pH 9 exhibit more active
sites than catalysts generated from solutions at pH 14.

We also used X-Ray photon spectroscopy (XPS) to explore the
oxidation state of copper species and to identify the types of
oxygen species involved in this reaction. The spectra were
deconvoluted into three pairs of peaks with each corresponding
to a different copper oxidation state (Fig. S4, ESIT). We analysed
the percentages of Cu” and Cu**, which are the two oxidation
states at the highest concentrations in Cu-TiO, catalysts. Our
results revealed an increase in the relative ratios of Cu*/Cu®*
that paralleled the increase in residual hydroxyl species
detected in the Cu-TiO, catalysts. The results shown in Fig. 4
documented a relative surface concentration of Cu” species of
30% in the Cu-TiO,-pH14 catalyst; this percentage is higher
than that detected in either of the other Cu-TiO, catalysts.
However, the relative surface concentration of Cu®" species in
the Cu-TiO,-pH7 catalyst was 77%. The main O 1s peak
gradually shifted from 529.5 eV to 529.1 eV in response to an
increase in pH (Fig. S4, ESIt). Meanwhile, the peak at 531.6 eV
was attributed to bridging surface hydroxyl groups.® The results
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Fig. 4 Concentrations of copper and oxygen species on the catalyst surface
based on the XPS spectra of Cu 2p and O 1s. Catalysts used in these
experiments include Cu-TiO,-pH7, Cu-TiO,-pH9, and Cu-TiO,-pH14.

shown in Fig. 4 document the larger fraction of the area
encompassed by the 531.6 eV peak. This finding is consistent
with the fact that the Cu-TiO,-pH14 catalyst was prepared from
a solution at higher pH.

It is important to note that our approach to the synthesis of Cu-
TiO, catalysts provides a direct platform that can be used to examine
the roles of active and bystander species. Conventionally, a calcina-
tion step was required to generate copper oxides. A pre-treatment
step was also included to further optimise activity. The use of these
variations and optimisations can complicate our understanding of
the specific contributions of localised species to the generation of
active sites and how effectively they participated in the reduction.
This may explain why most of the previous work on this subject
focused only on correlations between a single copper species and the
reaction rate.>® If we followed this traditional perspective and
correlated catalytic activity with the concentration of Cu™ or Cu**
alone, we are assuming that one copper species provides the major
contributions to an otherwise complex reaction system. As being
discussed previously,>'*"> we need to acknowledge the contribu-
tions of the local environment of these copper species, besides their
oxidation states, because these species may also have an impact on
catalytic performance. For example, results from previous reports
suggested that Ti*" might facilitate the formation of Cu* through a
redox reaction between Cu*" and Ti**.'*** Here, in addition to varied
Cu'" and Cu*" concentrations, we also detected different concentra-
tions of surface hydroxyl groups. Our results suggest that it is both
reasonable and important to consider the impact of surrounding
hydroxyl groups as part of the overall structure-activity relationship.
We chose 932.4 €V as the characteristic energy of Cu' species. We
obtained quantitative information from the surface hydroxyl groups
based on the peak identified at 531.6 eV. The ratio of [Cu'][OH ]
was determined based on values from integrated XPS peaks. Ratios
of 1.10, 1.09, and 0.96 were calculated for Cu-TiO,-pH7, Cu-TiO,-
PHY, and Cu-TiO,-pH14, respectively (Table 1). We also deter-
mined the reaction rate based on the formation of carbon dioxide.
We identified reaction rates (in the unit of pmol s~ gcatal ") of
0.16, 0.06, and 0.03 for Cu-TiO,-pH7, Cu-TiO,-pH9, and Cu-TiO,-
pH14, respectively (Table 1). These data indicate that the reaction
rates increased in parallel with increases in the concentrations of
copper(1) and hydroxyl groups. Collectively, our results suggest that
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all elements contributing to this process have a specific impact on
individual reaction domains.

The synthesis of Cu-TiO, via a direct reaction between
copper acetate and sodium hydroxide enabled us to explore a
role for localised hydroxyl groups in directing the oxidation of
carbon monoxide. Our results suggest that while the surface
abundance of copper(1) species is a critical factor, the ratio of
copper() to surface hydroxyl groups should also be considered
when it comes to optimizing the reaction rate.
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