Downloaded via UNIV OF LJUBLJANA on March 30, 2026 at 10:42:54 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

n
<

pubs.acs.org/acscatalysis Research Article

This article is licensed under CC-BY 4.0 @ @

The Synergetic Effect of Cu*/Cu®* in Unsupported Cu,O on the
Activity and Mechanism of Low-Temperature CO Oxidation: A
Transient Kinetic and Isotopic Study

Michalis A. Vasiliades,§ Georgia-Maria D. Zarkou,® Cheng Zhang, Alexandra Theodosiou, Mirko Prato,
Saso Gyergyek, Petar Djinovic, Sotirios Christodoulou,* and Angelos M. Efstathiou*

Cite This: ACS Catal. 2026, 16, 5499-5519 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

ABSTRACT: This work has been motivated by the lack of “CO/O—'”COIO 1zc01/(gz_mco/oz
knowledge concerning the influence of the surface Cu*/ Cu?* molar ’

Kr. 13
ratio on the composition and reactivity of the adsorbed phase g::: ke "CO CO Oxidation 2:2 Reo 0
established on the unsupported Cu,0-CuO solids during CO 2z ] C1‘_’=2?7'§:é0 Zo4
oxidation in excess oxygen (1% CO/20% O,/He) and at low 02] / CO: _ 02 _
temperatures (T < 200 °C). Variation of the Cu*/Cu®" ratio was 0.0 E-R mechanism 0.0 M-vK mechanism
achieved under controlled calcination conditions applied on an 05 1%;: (;2)0 25 30 05 1%“1: (;z)o 25 30

initially c-Cu,O synthesized by the colloidal method. The influence
of the Cu*/Cu’" molar ratio on the mechanism of CO oxidation
(Langmuir—Hinshelwood, Mars—van Krevelen, or Eley—Rideal),
the surface concentration of active CO-s and COO-s reaction ; S 4
intermediates, and the thermal stability of carbonate-type adsorbed ~ ©“:© CuCu=5  Cuo Cu'/Cu*<0.02
inactive species formed on the working catalytic surface were

derived using the SSITKA technique combined with mass spectrometry and in situ DRIFTS. It was found that for high Cu’/Cu®*
molar ratio values (ca. ~4.9), CO oxidation follows an Eley—Rideal mechanism, where gaseous CO reacts mainly with labile lattice
oxygen species. Reversibly chemisorbed CO (6 ~ 0.15) was measured, but this was not in the CO oxidation path. On the other
hand, for low Cu*/Cu?* molar ratio values (ca. 0.01—0.025), the mechanism shifts toward M-vK type, where the concentration of
active COO-s was found to increase with increasing Cu®*/Cu* molar ratio. Two types of linear adsorbed CO-s were identified by
SSITKA-DRIFTS under working reaction conditions, and these were associated with Cu®>* and Cu" sites. The ratio of the two
adsorbed CO species did not vary proportionally with the Cu*/Cu*" ratio. The specific CO oxidation rate (per gram or m? of Cu,O)
was found to increase with increasing Cu*/Cu?" ratio, while the opposite is true for the apparent activation energy (E, o KJ mol ™).
An E,, of 80 kJ mol ™" for Cu®/Cu** ~ 4.9 compared to 125 k] mol™" for Cu*/Cu** ~ 0.01 was measured. TOF¢q (5—13 values were
estimated based on the active sites associated with reaction intermediates truly participating in the CO oxidation reaction path. The
TOFo was also found to increase with increasing Cu*/Cu’* ratio, largely due to the increased concentration of Cu,O-CuO
heterojunctions of the hollow structure formed (Cu*/Cu*" ~ 4.9), and likely to their enhanced site activity. Dynamic rates of lattice
oxygen reduced and its amount (He — 1%CO/He step-gas switch) and those for oxygen refilling (He — 2% O,/He step-gas
switch) over the reduced Cu,0-CuO, the chemical structures of CO-s and CO,-s formed, and the thermal stability of CO,-s in the
oxygen atmosphere were determined. HRTEM highlighted the morphology change of Cu,O particles with varying calcination
temperature of c-Cu,0O NPs. X-ray photoelectron spectroscopy allowed us to estimate the surface Cu" and Cu** composition as a
function of calcination temperature. In situ CO-DRIFTS enabled the examination of variations in the surface Cu*/Cu®* ratio under
the CO oxidation reaction conditions.

KEYWORDS: SSITKA-CO oxidation, SSITKA-DRIFTS, Cu,0, Cu,0-CuO heterojunction, redox dynamics in Cu,O,
CO oxidation mechanism, reduction of lattice oxygen by CO
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1. INTRODUCTION

Catalytic CO oxidation (eq 1) has long played a pivotal role in
the elimination of carbon monoxide in industrial flue gas
streams and automotive exhausts and, recently, of traces CO in
feed gas streams of fuel cells for proper operation.' ™
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The today’s primary challenge in developing effective
catalysts for CO oxidation is focused on the synthesis of
cost-effective non-noble metal-based catalytic materials with
high activity and stability.” Cu-based materials have attracted
academic and industrial interest due to copper’s high activity
for CO oxidation, where copper is either anchored onto a
metal oxide support (supported Cu) or introduced in its
crystal structure (Cu-doped metal oxides).®™ "

The catalytic performance of unsupported Cu,O (x = 1 or
2) for CO oxidation is determined by variations in crystal
structure and surface electronic characteristics that affect the
chemisorption behavior of CO and O, (binding strength and
surface coverage), as well as the offering of labile lattice
oxygen."*™'® Unsupported Cu,0 was shown to exhibit
complete oxidation of CO (3.6% CO/21% O,/Ar) at room
T for the first time,'” while no significant conversion of CO
had been observed at 140 °C over CuO."® On the other hand,
Cu,0-CuO heterojunctions (Cu*/Cu®**) formed after con-
trolled calcination in air (T, and time-on-stream) or in situ
oxidation in H,0, of pristine Cu,O were reported to exhibit
high activity for CO oxidation at T < 200 °C.""™*" A Cu,0-
CuO heterojunction intermediate phase with increasing T,
was proposed according to Raman studies.'” Due to the lattice
mismatch at the interface of the heterojunction (Cu,0-CuO)
and coupled with the lattice strain, a large number of oxygen
vacancies are formed as opposed to Cu,O and CuO (EPR
studies). The sites at the interface are considered responsible
for the high activity in the CO oxidation reaction.”'

The complete CO conversion and stability at 150 °C in an
O, rich environment (1% CO/20% O,/N,) were reported
after optimization of the number density (per gram of
material) of Cu,0-CuO heterojunctions (Cu/Cu** molar
ratio)."” This heterojunction in Cu,O-T., materials was
proposed to synergistically promote the CO oxidation path by
continuously generating and filling oxygen vacancies on the
catalyst surface. The atomic-scale distance of Cu,O(Cu*)—
CuO(Cu*") formed by the heterojunction was conducive to
the rapid migration of oxygen formed after O, dissociation on
Cu,O to fill an oxygen vacancy in CuO via oxygen spillover.'
Similarly, Wei et al.”’ investigated the Cu,O-CuO nanosphere
system (hollow morphology) with a tunable Cu**/Cu" ratio
for low-temperature CO oxidation (1% CO/3% O,/N, gas
mixture). Catalytic, kinetic, and characterization studies (TEM,
XPS, FTIR, and H,-TPR) resulted in a similar conclusion
regarding the synergetic mechanism of the low-temperature
CO oxidation: that Cu,O and CuO offer active sites for oxygen
dissociation and CO oxidation, respectively. An optimum
Cu?*/Cu* molar ratio offers a matched reaction rate on the
two solid domains for enhanced catalytic activity.”” The hollow
morphology for a given Cu,O or CuO nanoparticle size
(nanometers) provides also a larger number of exposed copper
ions at the surface and the interior cavity. A different chemical
environment for specific Cu,0O or CuO domains is formed,
which was implied after comparing the CO oxidation activity
between Cu,0-CuO nanospheres and the milling mixture of
Cu,0/CuO nanospheres of similar size and chemical
composition.20

Wang et al.”' investigated the synergetic mechanism of Cu*
and Cu** double active sites present in the Cu,0-CuO
heterojunction (flower sphere nanoparticles) using O,-TPD, in
situ FTIR (CO/O, atmosphere), XPS, and DFT calculations.
The main conclusions were that introducing CuO on the
surface of Cu,O produces oxygen vacancies, new reaction sites,
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and two reaction paths at the interface. In the first path, CO
and molecular O, are first adsorbed at the interface
(heterojunction), and then, adsorbed molecular O, is activated
and interacts with adsorbed CO to form CO,; the RDS is that
of the interaction between activated oxygen and adsorbed CO
(Langmuir—Hinshelwood mechanism). The second path
consists of the reaction between adsorbed molecular oxygen
with CO(g) forming a chemical bond, followed by the
spontaneous formation of CO,(g) (Eley—Rideal mechanism).
The first path with a lower barrier is favored at lower
temperatures, while at higher temperatures, both reaction
paths can occur.”'

The identification of the contribution of different surface
sites of c-Cu,O NCs in the catalytic activity of CO oxidation
reaction (use of excess O, and up to 240 °C) was highlighted
successfully by using large NCs (450—1030 nm), with face
sites as the dominant active sites, and smaller NCs (34—110
nm) with edge sites.”> During CO oxidation, a c-Cu,O
(core)—CuO (shell) structure was evident (XRD, HRTEM,
and XPS studies). Similar apparent activation energies E, of
~120 kJ mol™' (Arrhenius plots) were estimated for the c-
Cu,0-CuO (450—1030 nm) system, as well as a much lower
E, value of ~80 k] mol™" for the c-Cu,0-CuO (34—110 nm)
catalysts. The compensation effect in heterogeneous catalysis
was also experienced.

Reaction kinetic analyses (examining the reaction orders of
CO and O,) and DFT calculations were conducted to
investigate how site structure—specifically, face versus edge
sites—impacts the mechanism of CO oxidation on c¢-Cu,O-
CuO catalytic surfaces.”” For face sites on c-Cu,O-CuO (450—
1030 nm), the Mars—van Krevelen (M-vK) mechanism
prevails: CO adsorbs at the Cuj site, reacts with an adjacent
O;c site to produce CO,, and generates a surface oxygen
vacancy (O,). This reaction path displays a higher activation
energy compared to that at step sites on c-Cu,0-CuO (34—
110 nm), where a L-H or M-vK mechanism prevails.””

CO oxidation on Cu,O(111) was suggested to adopt the
Eley—Rideal (E-R) mechanism, in which adsorbed oxygen
species (O,-s) react with CO directly from the gas phase,*
while reaction with lattice oxygen has a higher energy barrier.
Regarding the Cu,O-CuO hollow nanosphere catalytic system
with a tunable Cu*/Cu?* ratio, Wei et al.”® proposed the M-vK
type mechanism that best explained the observed enhanced
CO oxidation activity on Cu,O-CuO composite structure.
Dynamic studies on the kinetics and mechanism of reduction
of Cu,0 and CuO with CO and their dependence on
morphology (the case of Cu,0) were reported.'*** In situ
synchrotron-based X-ray diffraction and EXAFS showed that
the isothermal reduction mechanism can vary considerably
with experimental conditions (e.g., gas flow-rate, CO
concentration, and temperature), and complex kinetics must
be involved."* The morphology-dependent reducibility of
Cu,0O NCs was also found to depend on the P.n, where
diffusion of subsurface lattice oxygen becomes a dominant
process step with increasing PCO'24

The present work was motivated by the lack of knowledge
concerning the influence of the surface Cu*/ Cu** molar ratio
on the chemical composition and activity of the adsorbed
phase formed on unsupported polycrystalline Cu,O-CuO
catalytic surfaces for the low-temperature CO oxidation in
O,-rich conditions. The influence of the Cu*/Cu®* molar ratio
on the mechanism of CO oxidation was also probed based on
the analysis (material balances) of transient isotopic response

https://doi.org/10.1021/acscatal.5c06757
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curves of *CO and "CO, after applying the steady state
isotopic transient kinetic analysis (*CO/0, — *C0/0,
SSITKA step-gas switch) in combination with dynamic rate
data analysis of the lattice oxygen reduction by CO. This novel
methodology does not require the use of any DFT
computations or microkinetic modeling. The composition of
the active adsorbed phase and the mechanistic implications
derived from the SSITKA response curves (mass spectrome-
try), and the recorded DRIFTS spectra of adsorbed reaction
intermediates, reflected the intrinsic effects of the surface Cu*/
Cu* molar ratio and not of any chemical composition
alterations during CO oxidation. The latter appears to be a
potential problem in common kinetic rate measurements by
varying the partial pressures of the CO and O, and reaction
temperature. The influence of the Cu’/Cu®*" ratio on the
TOFq (s7'), which was estimated based on the concentration
of active adsorbed CO-s and COO-s intermediates measured,
is reported for the first time.

Following the establishment of a Cu,0/CuO (w/w) ratio
and Cu*/Cu*" surface molar ratio via in situ controlled
calcination in 20% O,/He on an initially synthesized c-Cu,O
material, the reduction dynamics of Cu,O-CuO by CO and
subsequent reoxidation by O, were studied. High-resolution
transmission electron microscopy (HRTEM), powder X-ray
diffraction analysis (XRD/Rietveld), and ex situ X-ray
photoelectron spectroscopy (XPS) were employed to charac-
terize the morphology, bulk composition and primary
crystallite size, and surface composition, respectively, of the
Cu,0-CuO heterogeneous nanocomposites as a function of
the Cu’/Cu*" molar ratio.

2. MATERIALS AND METHODS

2.1. Synthesis of Cu,O-T Materials

Copper(II) acetylacetonate (0.130 g, 0.5 mmol) was mixed with
octadecylamine (ODA, 0.80 g, 3 mmol) and 1-octadecene (ODE, 0.5
mL), and the resulting solution was then placed under vacuum at 120
°C for 1 h under N, gas for 10 min. Initially, the color of the solution
at room temperature was blue, indicating the presence of cupric ions.
As the temperature reached 120 °C, the solution turned dark green,
most likely due to the formation of cuprous ions, and then yellow
once it reached 200 °C. After maintaining the solution at 200 °C for
30 min, well-defined octahedral cuprite nanocrystals (Cu,O-NCs)
were observed.”® For the cleaning process, acetone was added to the
final solution, which was then centrifuged at 3500 rpm for 4 min. The
precipitated solid particles were dispersed in chloroform and ethanol
(added as an antisolvent). This cleaning procedure was repeated
twice, followed by drying in a vacuum at 60 °C for 24 h and cooling to
room temperature. The obtained sample is denoted as Cu,O-RT.

The tuning of the Cu*/Cu®* molar ratio in the as prepared Cu,O-
RT sample was achieved by adjusting the calcination temperature in
the flow of a 20% O,/He gas mixture. First, 100 mg of synthesized
Cu,O-RT sample was placed in a plug-flow quartz reactor and treated
in O,/He gas at 200 °C for 1 h (ramp heating rate of $ °C min™").
The sample was then cooled in an O,/He gas flow to room T. This
sample is denoted as Cu,0-200. A second 100 mg sample was treated
in O,/He at 200 °C/1 h and then at 300 °C/1 h. At the end of this
calcination process, the sample was cooled to room T in O,/He. This
sample is denoted as Cu,O-300. A third 100 mg sample was treated at
200 °C/1 h, then to 300 °C/1 h, followed by another calcination
treatment at 500 °C/1 h. At the end of this calcination process, the
sample was cooled to room T in O,/He. This sample is denoted as
Cu,0-500. Portions of these four Cu,O-T samples (stored in vials
after synthesis) were used for various characterizations as described in
the following Section 2.2.
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2.2. Characterization of Cu,O-T Materials

The BET specific surface area (SSA, m* g™'), total pore volume (Vp,
cm® g7'), and mean pore size (dp, nm) of the Cu,O-T materials were
determined based on N, adsorption/desorption isotherms measured
at liquid N, temperature (—196 °C) and using the Micromeritics
Gemini 2360 surface area and pore size analyzer. Prior to any
measurements, the samples were degassed in a N, gas flow at 200 °C
for 3 h.

Powder XRD analysis was performed on a Panalytical XP PRO
MPD apparatus using Cu,, irradiation (4 = 1.5406 A) in the 2theta
range between 20 and 85°, step size of 0.017°, and fully opened 100
channel X'Celerator detector. Quantitative phase analysis was
performed from Le Bail fit using the Topas Academic v.6 software
package to estimate the mass fraction (wt %) of Cu,O and CuO in the
Cu,O-T solids.

Ex situ X-ray photoelectron spectroscopy (XPS) was used to
identify the surface chemical composition and oxidation states of
surface Cu and oxygen species in Cu,O-T solids (Section 2.1). XPS
measurements were performed using a Kratos Axis UltraP'P
spectrometer with a monochromatic AlKa X-ray source (hv =
1486.6 €V) operated at 20 mA and 15 kV. Specimens were prepared
by pressing a few milligrams of the sample in powder form onto an In
substrate. Wide scans were collected over an analysis area of 300 X
700 pum? at a photoelectron pass energy of 160 eV (energy step of 1
€V), while high-resolution spectra were collected at a photoelectron
pass energy of 20 eV and an energy step of 0.1 eV. Differential
electrical surface charging effects in the samples were neutralized
during the measurements by using the Kratos charge neutralizer
system. The spectra obtained were analyzed with the CasaXPS
software (Casa Software Ltd., version 2.3.24).2

The morphology of particles was observed using high-resolution
transmission electron microscopy (Thermo Scientific Talos F200X).
Samples were ground in agate mortar, dispersed in isopropanol, and
dropped on a Cu-supported carbon film. A plasma cleaner was used to
remove the organic contaminants. A crystallite size of 50 nm was used
for simulations of the SAED data. Diffraction patterns of Cu,O and
CuO were simulated using ICDD PDF-5+ software.

2.3. Steady State Kinetic Rate Measurements

The apparent activation energy (E,, k] mol™") of the CO oxidation
reaction was estimated based on steady-state rate measurements of
CO conversion (umol CO g_1 s71) versus the reaction temperature.
The temperature ranges of 100—150 °C, 160—180 °C, and 170—200
°C were used, respectively, for the Cu,0-200, Cu,0-300, and Cu,O-
500 catalysts. A CSTR microreactor was used,”” and the temperature
of the catalyst sample was monitored by a K-type thermocouple in
contact with the bottom of the catalytic bed. The rate of CO
conversion and not that of CO, formation was used to avoid the
possible influence of CO, readsorption. A reaction feed gas consisting
of 1 vol % CO, 20 vol % O,, and He as balance gas, a total flow rate,
Fr (50—100 N mL min™"), and amounts of catalyst samples between
20 and 50 mg were used to keep the Cu,O/CuO mass ratio similar to
that before reaction, the CO conversion below ca. 15%, and to
minimize external and internal mass transport effects.”® Steady-state
kinetic rates were estimated after 30 min of CO/O,/He gas flow over
the fresh Cu,O-T catalyst samples.

2.4. CO-Transient Isothermal Reduction (CO-TIR) Followed
by Transient Isothermal Oxidation (O,-TIO)

Transient isothermal reduction of Cu,O-T solids by CO (CO-TIR)
was conducted followed by transient isothermal oxidation (O,-TI1O)
aiming to study the dynamics of their surface and subsurface lattice
oxygen (Op) reduction by CO(g) and reoxidation of the solid
(refilling of the oxygen vacancies). The experimental apparatus used
was previously described.” A 20 mg fresh sample (Cu,O-T) was kept
in place by quartz wool in the CSTR microreactor and first treated in
20% O,/He at 150 °C for 30 min. The total volume flow rate of the
feed gas stream was S0 NmL min~', and the temperature of the
catalyst sample was monitored by a K-type thermocouple in contact
with the bottom of the catalytic bed (exit of the product gas stream).

https://doi.org/10.1021/acscatal.5c06757
ACS Catal. 2026, 16, 5499—-5519
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The effluent gas stream from the reactor was continuously monitored
by online mass spectrometry (QMS, Omnistar 1—300 amu, Balzer)
for CO (m/z = 28), O, (m/z = 32), CO, (m/z = 44), and Kr (m/z =
84), followed by an infrared gas analyzer (Horiba, Model VA-3000)
for CO and CO,. Conversion of the MS and infrared CO/CO,
analyzer signals to concentration (mol %) was performed using
certified calibration gas mixtures (ca. 1 vol % CO/1 vol % CO,/He,
and 1 vol % O,/He).

The experimental methodology of CO-TIR followed by O,-TIO
involved the following sequence of step-gas switches: He — 1 vol %
CO/1 vol % Kr/Ar/He (T = 175 or 190 °C, 15 min) — He (3 min)
— 2 vol % 0,/1 vol % Kr/Ar/He (T = 175 or 190 °C, 15 min). The
dynamic rates (umol g~' s7!) of CO consumption (CO-TIR) and O,
consumption (O,-TIO) were calculated using eqs 2 and 3,
respectively, while the amounts (umol g™) of CO and O, consumed
by integrating the respective dynamic rate response curves over time.

o1 dy,
Reo (molg™'s™) (Zg(t) = Zeo(D)) + NT%

_ _T f
- Wyco
(2)

-1 -1 Fr ¢ dyOz
Ro, (molg™s™) = WyOZ(ZKr(t) = Zo,(1)) + NT m

(©)

In egs 2 and 3, Fy denotes the feed gas stream’s total molar flow
rate (mol s™) and yg is the CO mole fraction, with values of 1 vol %
CO and 2 vol % O, as feed references. N represents the total mol in
the CSTR microreactor’s gas phase, W is the sample mass (~ 0.02 g),
and Z, is the normalized concentration of each gas (i = Kr, CO, O,)
relative to the feed value. The last term shown in eqs 2 and 3 was
found to be negligible compared to the other components of the
material balance and was thus omitted. The dynamic rates of CO,
formation (Rcq,) were determined by analyzing the CO, response
curve and applying a material balance similar to that in eq 2. These
rates were then compared with those of Rcq.

The reproducibility of the CO-TIR followed by that of the O,-TIO
was checked by repeating this cycle twice in all three Cu,O-T samples.
Following the 15 min oxidation step (2% O,/Ar), the sample was
maintained at either 175 or 190 °C for an additional 10 min, after
which no further oxygen consumption was detected by the mass
spectrometer. The timing, profiles, and characteristics of all recorded
transient response curves were very much consistent, underscoring
both the reliability of the experimental methodology and the
reversibility of the redox cycle within the time frame of the redox
experiment conducted.

2.5. Steady State Isotopic Transient Kinetic Analysis
(SSITKA)-Mass Spectrometry

The carbon path of CO oxidation reaction at 175 °C was probed
using steady state isotopic transient kinetic analysis coupled with mass
spectrometry (SSITKA-MS),**~3* aiming to estimate the following
kinetic parameters for the working catalytic surface (under CO
oxidation reaction conditions) of Cu,O-T solids; the SSITKA switch,
1 vol % 2C0/20 vol % O,/He (175 °C, 30 min) — 1 vol % *C0O/20
vol % O,/1 vol % Kr/Ar/He (175 °C, t), was performed.

1. The specific amount of reversibly chemisorbed CO-s
established under reaction conditions (N¢o (umol g7')) was
estimated using eq 4. The specific amount of active carbon-
containing species present in the C-path (N¢op, mol g7') from
the adsorbed CO-s (Langmuir—Hinshelwood and Mars—van
Krevelen mechanisms) to the CO,(g) was estimated using eq
S, while that in the case of an Eley—Rideal mechanism is
followed via eq 6:

f
E (1 -Xgo)
Neo(molg ™) = —eot” — 7co/

cat

w
| 120 - 2 01 @
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1 FTy13coz i
Ncoo(m‘)lgcat) = —w ) [leco(t) - lecoz(t)]dt

(5)

Ncoo(molg_l) =

cat

Ery, 13
% /0 (24 () = Zys,,, (O)1de
(6)

2. The mean residence time (7co, s) of the reversibly
chemisorbed CO-s and that of the total active carbon-
containing reaction intermediates, leading to CO,(g), 7coo
(s), were estimated using eqs 7 and 8, respectively.

tol®) = [ 20 = 24y, (O o

reools) = fo Ziso () = Zus, (D) ©

3. The specific rate of CO conversion in terms of TOFqq (s7")
was estimated based on the concentration of active adsorbed
CO-s (N¢p) and COO-s (N¢oo), and the specific kinetic rate,
Rco (mol g, ™' s7!), was measured using eq 9. It should be
noted that Nco is associated with the equivalent specific
number (mol g™') of exposed surface Cu* and Cu?" sites to be
discussed later.

TOEqo(s ™) = Reo/ (Neo + Neoo) )

In egs 4—6, Fr is the total feed molar flow rate (mol s™"), ycof is the
mole fraction of CO in the feed, X is the CO conversion (%), W is
the mass of catalyst (g), y13c0, is the mole fraction of *CO, at the
effluent gas stream of the microreactor in the new steady-state

obtained under *CO/0,, Z; is the dimensionless concentration of a

given gas-phase species i (i = Kr, *CO, or 3CO,), and £ is the time at

which the new steady-state rate of "*CO conversion is obtained under

BC0O/0, Two consecutive SSITKA switching experiments were

performed, demonstrating that the transient response profiles for both

3C-labeled and unlabeled CO and CO, gases were consistently
reproducible. The CO conversion was kept below 15% after adjusting
the mass of the catalyst between 15 and 30 mg and the total volume
flow rate of the feed gas stream to 50 NmL min~'. The absence of
external and internal mass transport resistances within the catalytic
bed and individual catalyst particles was verified according to the

methodology proposed elsewhere.”® The mass numbers (m/z) 28, 29,

44, 45, 32, and 84 corresponding to '*CO, *CO, *CO,, *CO,, O,,

and Kr were continuously monitored by online MS; the feed

concentrations of CO and O, in the nonisotopic and isotopic feed gas

mixtures were the same within 1%.

2.6. In Situ DRIFTS Studies

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies were conducted using a PerkinElmer Frontier
FT-IR spectrometer equipped with a high-temperature/high-pressure
temperature-controllable DRIFTS cell (Harrick, Praying Mantis, with
the use of CaF, windows). The spectrometer settings were 256 scans
per spectrum, the resolution was 4 cm ™, and the scan speed was 2 cm
s™! (MCT detector was used). The Cu,O-RT catalyst sample (~90
mg) before placing in the DRIFTS cell was ground and sieved into
fine powder. The material was then calcined in place with 20% O,/He
at the same GHSV (h™"), producing the Cu,O-T material described in
Section 2.1.

2.6.1. Probing Changes in the Surface Cu*/Cu?* Distribu-
tion from Synthesis to CO Oxidation Reaction Conditions. To
investigate any changes in the Cu’/Cu’* surface composition that
may have taken place following the CO oxidation reaction (1% CO/
20% O,/He, 175 °C, 30 min) on the as-synthesized Cu,O-T solids
(see Section 2.1), selective CO chemisorption at room temperature
was used on Cu' and Cu’ sites according to the following
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experimental procedure. After placement of 95 mg of the synthesized
Cu,O nanocrystals in the DRIFTS cell, the material was converted to
Cu,O-T (T = 200 or 500 °C) with specified Cu,0/CuO weight
percent bulk composition (according to XRD) and surface Cu*/Cu®*
molar ratio (according to XPS), following the procedure outlined in
Section 2.1. After cooling the solid in 20% O,/He to room
temperature, it was purged with a flow of He gas for 10 min before
recording a DRIFTS background spectrum. Next, the solid was
exposed to 1% CO/He for 30 min, after which a DRIFTS spectrum
was collected. The solid was then exposed to 20% O,/He and heated
to 175 °C for 15 min, followed by exposure to 1% CO/20% O,/He at
175 °C for 30 min. Afterward, it was flushed with He and allowed to
cool to room temperature, and a background spectrum was recorded.
Next, 1% CO/He was introduced for 30 min, after which a DRIFTS
spectrum was recorded. The background spectrum recorded in
flowing He at room temperature was subtracted from the spectrum
obtained in flowing 1% CO/He.

Deconvolution and curve fitting of the DRIFTS spectra in the CO
infrared region (covering both gaseous and adsorbed CO) were
carried out according to the detailed methodology outlined in Section
3 of the SI. The integral band area ratio for adsorbed CO at room
temperature associated with Cu* and Cu’* was subsequently
determined, facilitating a comparative analysis between CO
adsorption at room temperature before and after the CO oxidation
reaction. Comparable values in the ratio indicate that the CO
oxidation reaction conditions have resulted in minimal or no
alteration of the surface Cu'/Cu?" molar ratio relative to that
observed in the fresh Cu,O-T solid.

2.6.2. CO Oxidation Reaction Followed by Transient
Isothermal Oxidation (O,-TIO). DRIFTS spectra were recorded
under CO/0O,/Ar and O,/Ar gas treatments following the sequence
of step-gas switches: Ar (175 °C) = 1 vol % CO/20 vol % O,/Ar
(175 °C, 30 min) — 20 vol % O,/Ar (t). The aim was to gather
information about the reactivity toward oxygen of the various kinds of
CO-s and other carbon-containing species (e.g, carbonate-type)
formed after CO oxidation at 175 °C. The background DRIFTS
spectrum of the solid was recorded in flowing Ar at 175 °C. This
spectrum was then subtracted from the spectrum of the solid recorded
in a CO/O,/Ar or O,/Ar gas mixture at 175 °C. Deconvolution and
curve fitting procedures of the DRIFTS spectra in the CO IR region
(gaseous and adsorbed CO-s) were performed as described in detail
in the SI (Section 3). The DRIFTS spectra were smoothed when
necessary to remove high-frequency noise and analyzed using
Spectrum10 for Windows.

2.6.3. Steady-State Isotopic Transient Kinetic Analysis
(SSITKA-DRIFTS). DRIFTS spectra were recorded before and after
the SSITKA switch: 1 vol % *CO/20 vol % O,/Ar (175 °C, 30 min)
— 1 vol % 13C0O/20 vol % O,/Ar (175 °C, 10 min). The obtained
spectra were then subtracted from the background spectrum of the
solid recorded in Ar at 175 °C. SSITKA-DRIFTS analysis was used to
determine the chemical structure of adsorbed active reaction
intermediates and those of inactive adsorbed species (spectators)
formed during CO oxidation based on the red isotopic shift of
relevant vibrational modes.>”**** Details of the analysis of the CO IR
region are reported in the SI (Section 3).

2.6.4. CO, Chemisorption and Desorption in Ar Gas Flow.
The thermal stability of the adsorbed carbon dioxide product gas of
the CO oxidation reaction in the form of carbonate-type species was
investigated by time-resolved DRIFTS under Ar gas flow of the
following step-gas switch: 1 vol % CO,/Ar (175 °C, 30 min) — Ar
(175 °C, t); a total volume flow rate of 50 NmL min~' was used.

3. RESULTS AND DISCUSSION

3.1. Surface and Bulk Characterization of Cu,O-T Materials

Figure 1A(a—d) displays the powder X-ray diffractograms
recorded in a N, gas atmosphere at room T for the synthesized
Cu,O-T catalysts following calcination at T = 200, 300, and
500 °C, respectively, and before calcination (after vacuum
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Figure 1. (A) Powder X-ray diffractograms of the Cu,O-T samples;
(B) Cu 2p core-level spectrum (925—970 V) and (C) O 1s core-
level spectrum (525—540 eV) for the Cu,O-T samples after
calcination at T = 200, 300, and 500 °C; (D) bright-field TEM
micrographs of the Cu,O-RT (a), Cu,0-200 (b), Cu,0-300 (c), and
Cu,0-500 (d) samples.
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drying; Figure 1A, a denoted as Cu,O-RT). The sample before
calcination is entirely composed of the octahedral phase of
Cu,O (ICSD 9007497). The observed reflections at 20: 29.36,
36.40, 42.10, 61.12, and 73.22° correspond to the (111),
(200), (100), (220), and (311) planes, respectively. The
average scattering domain size (crystal size) estimation
resulted in an average Cu,O primary crystal size of d. ~ 13
nm. After increasing the calcination T to 200 °C (Cu,0-200),
the only identifiable crystalline phase was that of Cu,O (Figure
1A, b), with the average crystal size increasing slightly to ~16
nm. By further increasing the calcination temperature to 300
°C, the Cu,0-200 solid was largely transformed into CuO
(Cu,0 + 1/2 O, — 2Cu0; ICSD 5000216) with the CuO
phase consisting of primary crystals with an average size of d. ~
32 nm (Figure 14, ¢; Cu,0-300). A small fraction, ca. 0.2 wt %
of Cu,0, remained based on the Rietveld analysis performed.
At the most intense calcination conditions applied (500 °C/1
h, Cu,0-500 sample), the dominant phase remained that of
CuO with an average crystal size almost twice as that estimated
at 300 °C (d. ~ 56 nm) and with Cu,O contributing to 3.9 wt
% (Figure 1A, d; Cu,0-500). The fact that the fraction of
Cu,O increased relative to that at the lower calcination
temperature of 300 °C is due to the sintering of Cu,O
nanocrystals (d. < 4 nm, not seen by powder XRD). This result
agrees with the XPS analyses, where surface Cu* was detected
in the Cu,0-300 and Cu,O-500 samples but with a
significantly lower Cu*/Cu** molar ratio as the calcination T
increased to 500 °C.

Figure 1B, C shows the results of the ex situ XPS
investigation on the Cu,O-T nanomaterials after calcination
in 20% O,/He gas flow at 200, 300, and 500 °C. The high-
resolution scans obtained over the Cu 2p (Figure 1B) and O 1s
(Figure 1C) regions are reported together with the results of
the best fitting procedure applied for the quantification of
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surface Cu (different oxidation states) and O species as
reported in Table 1. Analysis of the high-resolution Cu 2p

Table 1. Quantitative XPS Analysis of Cu" and Cu®*
Oxidation States in Cu,O-T Solids

catalyst Cu* (%) Cu* (%) Oy (Cuy0), % O (CuO), %
Cu,0-200 830+ 1.5 17.0+26 94.4 + 1.2 5.6 +£05
Cu,0-300 25+05 975+ 05 55+ 1.4 94.5 + 0.8
Cu,0-500 1.0 £0.5  99.0 + 0.5 74+ 1.5 92.6 + 1.3

peaks allows identifying the oxidation state of copper in the
investigated samples.”> The acquired data clearly indicate a
change in the Cu oxidation state when the calcination
temperature is brought to 300 °C and above. In fact, while
the Cu 2p spectrum collected on the sample after calcination at
200 °C is characterized by the presence of two narrow peaks at
~932.5 and ~952.4 eV, the spectra collected on the samples
calcined at higher temperatures show broader peaks and the
presence of extra peaks in the 940—948 eV range and at
~962.3 eV. The narrow peak at ~932.5 eV observed on Cu,O-
200 could be either assigned to Cu(I) or Cu(0).>> The
inspection of the X-ray-induced Cu LMM Auger spectra
(Figure S1, SI-Section 2) does allow for a more accurate
assignment of these species.

The main Cu LMM Auger peak at 916—917 eV and the lack
of a peak at 918.6 eV indicate that no Cu(0) is present,
supporting assignment of the narrow Cu 2p XPS peak at 932.5
eV to Cu(l) in Cu,O.> The appearance of satellite peaks in
the 940—948 eV range in the data collected on Cu,0-300 and
Cu,0-500 samples is indicative of the presence of Cu(II).**
The shape of these satellite peaks together with the
components at 934—935 eV (orange profiles in Figure 1B) is
consistent with the presence of CuO.>>*® The XPS area of the
Cu 2p components can be used to estimate the Cu* and Cu?*
at. % composition and therefore the Cu*/Cu®* molar ratio in
the samples. The reported values (Table 1) were calculated,
assuming a homogeneous distribution of the oxidation states
within the top atomic layers (up to ~5 nm depth) in the
samples. The Cu” composition (at. %) and Cu*/Cu*" surface
ratio show a significant decrease from 200 to 500 °C, a
calcination temperature at which the Cu* content is reduced to
~1.0 at. % of the total surface Cu seen by XPS.

The presence of both Cu' and Cu®** oxidation states is
further confirmed by analysis of the O 1s XPS signal. Indeed,
the spectra collected on the samples after calcination (Figure
1C) showed narrow peaks at ~530 eV, together with signals at
a higher binding energy. The high-energy signals arise from
adsorbed oxygen species (O,4), hydroxyl groups (OH), and
carbonate-type species, which are commonly observed on the
surface of calcined metal oxides after synthesis and exposure to
air.’® The signal at low binding energy can be decomposed into
two peaks, one at 529.7 & 0.2 eV, typical of CuO, and one at
5302 + 0.2 €V, in line with literature reports for Cu,0.”
Their concentration ratio evolves with increasing calcination
temperature, in line with the Cu 2p XPS data. This behavior
further confirms the thermal oxidation of Cu* to Cu®* as the
calcination temperature increases. In the current ex situ XPS
measurements, exposure of the Cu,O-T samples to ambient air
prevents definitive conclusions from being drawn about
variations in adsorbed oxygen (O,4) as a function of the
Cu*/Cu*" molar ratio.
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In the case of the Cu,0-200 sample, the relative atomic
fractions of the two copper oxidation states are 83% and 17%,
for Cu* and Cu®', respectively. Assuming that these oxidation
states correspond exclusively to Cu,O and CuO, the surface
lattice oxygen (Oy) distribution in the Cu,0 and CuO system
is estimated to be ~71 and ~29%, respectively. The
%-deviation between the Oy distribution determined by XPS
(Table 1) and the estimated value appears to be ~25% for the
O in the Cu,O system. On the other hand, the relatively low
CuO content inferred for the Cu,0-200 sample suggests the
possible presence of surface Cu®' species other than CuO,
likely surface hydroxylated/carbonated Cu®" species (ex situ
XPS). These species would contribute to the Cu®*-related
signal in the Cu 2p region while contributing to the high
binding energy side of the O 1s spectrum. Indeed, the reported
O 1s binding energies for Cu(OH), and CuCOj; are 530.85
and 530.95 eV, respectively, which could lead to a wrong
estimation of the CuO contribution.>” Furthermore, the
presence of amorphous CuO would result in a broadening of
the related O Is signal. Given the presence of heterojunctions
in the Cu,0-200 sample to be discussed later, the precise
separation of the two O 1s contributions would be inherently
uncertain, and small changes in, for example, FWHM
constraints in the fitting procedure, would alter the analysis.
It should be noted that XRD measurements did not detect any
crystalline CuO phase (Figure 1A, b). This suggests that there
could be an amorphous form of CuO present or perhaps thin
layers of amorphous CuO coating the original Cu,O particles.
Recent studies have noted that understanding defects caused
by oxygen vacancies or interstitial species in amorphous oxides
is still challenging. This is mainly due to the lack of long-range
order and wide variations in local atomic environments, which
alter local Cu:O stoichiometries.>® Overall, all the above-
mentioned factors might explain the larger deviation observed
for the Oy, component attributed to CuO, compared to Cu,O,
between the value reported in Table 1 and that estimated from
the Cu’/Cu*" ratio.

The HRTEM images of Cu,O-T samples are shown at a
higher magnification in Figure 1D and at lower magnification
with included SAED patterns in Figure S2. The Cu,O-RT
sample consists of polyhedral particles of a wide distribution,
ca. 50—300 nm, where the SAED pattern obtained from several
particles shows only rings characteristic of ¢-Cu,O (Figure
S2a). Rings are not continuous but slightly speckled, indicating
the random orientation of crystallites. A similar SAED pattern
was obtained on the edge of individual large particles,
indicating that the Cu,O particles are composed of smaller,
closely stacked primary nanocrystallites.

As the calcination temperature increased to 200 °C (Cu,O-
200 sample), the formation of voids (Figure 1D(b)) is clearly
observed, as opposed to the case of the Cu,O-RT sample
(Figure 1D(a)). Unequal diffusion rates of copper and oxygen
ions upon mild sample calcination (ca. 200 °C/1 h) caused
outward diffusion of Cu* ions toward a layer of CuO-Cu,O to
continue the oxidation process.”’ This mass transport process
led to the formation of voids in the particles. This effect was
also observed (HRTEM) and reported by Susman et al.*’ on
Cu NPs after oxidation in air at 155 °C. The authors proposed
that this is a manifestation of the Nano Kirkendall Effect
(NKE), an atomic interdiffusion at the interface of two metals
through a vacancy exchange mechanism, which described very
well the formation of hollow interiors in the reacting copper
solid nanoparticles. Wei et al.”’ reported the formation of
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Figure 2. (A) Dynamic rate (umol g™' s™') response curves of CO conversion after the switch He — 1% CO/He (T, t) at T = 175 and 190 °C, ¢ =
15 min; (B) dynamic rate (umol g~' s™") response curves of O, consumption obtained at the last switch of the following sequence of step-gas
switches over the Cu,O-T catalytic samples: He — 1% CO/He (T, At) — He (5 min) — 2% O,/He (T, t); T = 175 and 190 °C, At = 15 min, ¢ =
15 min; (C) dynamic rate (umol g™ s™') response curves of CO conversion and O, consumption obtained according to the above step-gas
switches over the Cu,0-200 and Cu,O-500 samples at T = 190 °C, AT = 2 h, and ¢ = 15 min.

hollow nanospheres of similar structure but of different Cu*/
Cu** molar ratio after increasing the calcination temperature
from 260 to 300 °C in air in the case of Cu,O nanoparticles.

By further increasing the calcination temperature to 300 °C
(Cu,0-300, Figure 1D(c)), the morphology changed signifi-
cantly. If Cu,O-RT and Cu,0-200 could be identified as cube-
like or polyhedron-like nanoparticles (Figure S2a—b), the
Cu,0-300 consists of shapeless particles of a broad size
distribution (ca. 30—200 nm, Figure S2c). The SAED pattern
consists of faint speckled rings characteristic of Cu,0, a clearly
visible speckled ring pattern, and individual bright spots
corresponding to monoclinic CuO. Rietveld refinement of the
powder XRD profile (Figure 1A, c) identified CuO as the
dominant crystalline phase in this Cu,0-300 sample, revealing
almost complete transformation of Cu,O to CuO. The
observed structural evolution is consistent with thermal
sintering and formation of the thermodynamically most stable
phase of CuO. The gradual transformation of Cu,O to CuO as
the calcination temperature increased accompanied by
morphology changes was also reported by Chang et al.*’ in
their study on the effect of calcination-induced oxidation of
Cu,O (nanocube morphology) on the photocatalytic H,
production performance of Cu,O-CuO composite materials.
Sample Cu,0-500 with a similar phase composition to that of
Cu,0-300 consists of larger CuO particles, ca. larger than 300
nm (Figure S2d). The SAED pattern shows similar character-
istics, suggesting that the large particles observed are indeed
agglomeration of closely packed crystals of smaller size. CuO is
the dominant crystalline phase, as previously mentioned and
discussed. We should also note that the hollow structure of
Cu,0-200 solid (Figure 1D, b) was hardly seen in the Cu,O-
300 and Cu,0-500 solids. Overall, the evolution of the Cu*/
Cu?' ratio (XPS study) illustrates the transformation of Cu,O
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to CuO along with significant changes in NP morphology
(Figure 1D and Figure S2, HRTEM).

The BET surface areas of Cu,O-T solids were found to be
~4, 12, 13, and 16 m* g~', respectively, for room T and after
calcination at 200, 300, and 500 °C. Also, the specific total
pore volumes (V) were found to be 0.00S, 0.04S, 0.024, and
0.020 cm® g7, respectively. The N, adsorption/desorption
isotherms obtained at 77 K for the Cu,O-T solids are reported
in Figure S3A—D, which are characterized as H3-type for the
Cu,O-room T sample and H4-type for the samples calcined at
200, 300, and 500 °C.*' It is seen that the increase of
calcination T from 200 to 500 °C resulted in an ~35% increase
of BET area, and this result is linked to the clear morphological
changes induced by the calcination T (see HRTEM, Figure
1D).

Given the characterization results for the Cu,O-T solids and
the preceding discussion, it is useful to summarize the key
features of these structures, as they are likely to influence the
different kinetic behaviors discussed later. As Cu,O NPs were
calcined in a 20% O,/He gas mixture at 200 °C/1 h, unique
hollow structures of cube- and polyhedron-like shape of an
average primary crystal size of d. ~ 16 nm were formed,
consisting of Cu,O (core) and CuO on top with 17 at. % Cu**
surface composition. Detailed analysis of the structure of this
CuO material formed and the resulting interface with Cu,O
nanocrystals (heterojunction) was not performed. However,
evidence from the XPS results allows us to suggest that
amorphous CuO is likely to have been formed on top of Cu,O
(core). The formation of voids (hollow structures) indicates
the development of new interior heterojunctions, as oxygen gas
can diffuse through these voids and facilitate the trans-
formation of Cu,0 to CuO. The existence of such
heterojunctions suggests the generation of oxygen vacancies
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Table 2. Maximum Dynamic Rates (R,) of CO and O, Consumption, Time of Their Appearance (t,,,,), and Amounts (mmol O
g ') of Oxygen Reduced and Consumed According to the CO-TIR (At = 15 min) and O,-TIO (15 min) Sequence of Step-Gas

Switches Applied over the Cu,O-T Samples

T =175 °C T =190 °C
catalyst gas switch R, (pmol g7' s71) toax (5) N, (mmol O g™') R, (pmol g7' s71) toax (S) N, (mmol O g™')
Cu,0-200 He — CO/He 7.3 26 2.36 (9.8)° 7.7 23 2.04 (8.5)°
He — Oz/He 5.5 11.0 1.1 6.2 12.4 1.18
Cu,0-300 He — CO/He 2.5 10 0.97 (2.6)° 3.5 8 0.92 (2.4)°
He — O,/He 6.9 109 0.30 8.1 17.4 0.58
Cu,0-500 He — CO/He 14 18 0.50 (1.3)" 22 23 0.86 (22)°
He — O,/He 3.8 10.4 0.33 9.1 11.4 0.33

“No,m = equivalent number of surface oxygen monolayers.

(Vo), a phenomenon that is well-documented in the literature
concerning comparable unsupported Cu,O-CuO systems.

In the case of the Cu,0-300 solid, almost complete
transformation of the original Cu,O single phase to CuO
(97.5 at. % surface Cu’*) occurred, consisting of larger primary
crystallites (average d. ~ 32 nm) and large particles (30—200
nm) due to thermal agglomeration. It appears also that these
large crystals do not exhibit a hollow structure. The small Cu*
surface concentration detected should be interpreted as due to
the outward Cu" diffusion during the transformation of Cu,O
to CuO, which could not get oxidized to Cu** for the
calcination conditions applied. This Cu,0-300 system must
obviously have only a small concentration of heterojunctions.
In the case of the Cu,0-500 solid, further calcination to 500
°C/1 h resulted in a solid with 99 at. % Cu?, larger primary
crystals (avg. d. of ~S6 nm), and particles (agglomerates)
larger than 300 nm. The main reason for the expected
differences in the upcoming kinetic experiments between
Cu,0-300 and Cu,0-500 solids is believed to be the variation
in the average primary crystal size of the CuO phase in the two
solids, as well as the approximately 2.5-fold difference in
surface Cu* content (Table 1). The latter could be linked to
the formation of heterojunctions and other surface defects.

3.2. Transient Kinetics of Cu,0O-T Reduction by CO

3.2.1. Dynamics of Lattice Oxygen Reduction by CO -
Mass Spectrometry Analysis. Figure 2A presents the
dynamic rate profiles of CO consumption (Rco, umol g™
s~') obtained during the step-gas switch He — 1 vol % CO/
He (t) conducted at 175 and 190 °C over the three Cu,O-T
catalysts for 15 min in CO/He. The initial sharp increase in the
Rco upon the switch to CO/He is due to the reaction of CO
with surface lattice oxygen (Oy,) forming CO,(g) and leaving
behind an oxygen vacancy (V). The rather slow decay
following the peak maximum in Rgo and the tail that
developed after ~5 min of reaction are attributed to the
reaction of CO with subsurface (bulk) lattice oxygen, O,
Oxygen vacancies (V) promote the diffusion of Oy, to the
surface (activated process), thereby affecting the kinetics of
CO oxidation by Op,. The reaction between CO and Oy to
yield CO, is described by eq 10, which involves adsorbed CO-
s. Subsequent in situ DRIFTS investigations have confirmed
this, as will be discussed further below.

CO-s + Oy, = CO,(g) + Vo (10)

Among the three investigated solids, Cu,0-200 exhibits the
largest rate of CO consumption at the very initial period of the
transient (R, maximum rate value) at both 175 and 190 °C. At
175 °C, the R, for the Cu,0O-200 solid is 2.9- and 5.2-times
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higher compared to those for Cu,0-300 and Cu,0O-500 solids,
respectively (Figure 2A upper graph, Table 2), while at 190 °C,
it is 2.2- and 3.5-times higher (Figure 2A lower graph, Table
2). Additionally, the time of appearance of R,, ty; (s), for the
Cu,0-200 sample occurs at longer times (ca. fyy = 26 s)
compared to those for Cu,0-300 (£ = 10 s) and Cu,0-500
(ty = 18 s) solids. The activity of the solids in terms of the
amount of lattice oxygen removed, N, (mmol O g™'), after 15
min of exposure to the 1% CO/He gas mixture, follows the
order Cu,0-200 > Cu,0-300 > Cu,0-500 (Table 2). For the
Cu,0-200 most active solid in CO oxidation, 2.36 and 2.04
mmol of O g™' were removed at 175 and 190 °C, respectively,
while in the case of the least active Cu,O-500 solid, 0.50 and
0.86 mmol of O g' were removed at 175 and 190 °C,
respectively. In other words, in the case of Cu,0-200 (Cu*/
Cu®* ratio of ~5.0), 4.7- and 2.4-times larger amounts of lattice
oxygen reacted with CO at 175 and 190 °C, respectively,
compared to the Cu,0-500 sample (Cu*/Cu?* ratio of ~0.01).
After considering the crystallographic data for the number
density of oxygen atoms (O atoms/nm?) in the case of most
stable Cu,O(111) and CuO(111) facets, the BET area, and the
XPS composition of Cu,O-T samples, the equivalent number
of surface lattice oxygen monolayers (N, ,,) reduced by CO in
the Cu,O-T solids can be provided. In the case of Cu,0-200,
one surface oxygen monolayer was estimated to be ~0.24
mmol of O g™, thus providing N, ~ 10 monolayers of lattice
oxygen reduced at 175 °C. In the case of Cu,0-500, one
surface oxygen monolayer was estimated to be 0.383 mmol of
O g7/, resulting in Ng,, ~ 1.3.

Given the Cu,0(111) d-spacing of 0.24 nm and XPS’s ~5§
nm analysis depth, the Cu*/Cu** molar ratios reported in
Table 1 represent the surface composition of the first 20—25
atomic layers of Cu,O-T samples. Thus, the observed surface
and subsurface oxygen reduction dynamics (Figure 2A) and
N, values (Table 2) directly relate to the surface structure
previously discussed. Considering the N, ,, values for each solid
(corresponding to the 15 min CO/He treatment) and the time
development of Rcp response curves (Figure 2A), it can be
identified that the Cu,0-200 solid shows faster subsurface
oxygen (Oy,) diffusion rates toward the surface than the other
two solids. Undoubtedly, R, values refer to reduction rates of
surface lattice oxygen (Oy,), where the Cu,0-200 solid also
shows significantly higher reduction rates as previously
discussed. Considering the hollow structure of Cu,0-200
particles (Figure 1D, b) and the relative discussion offered
previously, the significantly higher R, values exhibited by this
sample are likely to largely reflect the presence of labile surface
lattice oxygen linked with the Cu—O—Cu®" heterojunction
surface sites. In fact, the significant effect of the heterojunction
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interface’s contribution in the CO oxidation reaction for the
Cu,0-CuO system of varying surface Cu*/Cu*" molar ratios
was systematically investigated by Shi et al.'” Raman and H,-
TPR studies provided evidence for the presence of a
heterojunction intermediate phase, and reduction traces
appeared at lower temperatures compared to the pristine
Cu,O and CuO phases.

For longer reaction times in 1% CO/He (ca. 2 h) and for
the higher temperature used (190 °C), the developed
dynamics of lattice oxygen reduction by CO was largely
different (Figure 2C, upper graph) when compared to the case
of short reduction times (ca. 15 min, Figure 2A). The interest
here is to show characteristics of the dynamic reduction of
subsurface/bulk lattice oxygen in the solid structure by CO,
where bulk oxygen diffusion toward the surface prevails. Of
particular interest was to compare the two different
morphologies, the hollow Cu,O NCs (core)/CuO (deposits)
[Cu,0-200 sample] and that of significantly larger CuO NCs
(99 at. % Cu**) [Cu,0-500] (see Figure 1D). In the case of
Cu,0-200, a large peak of Rcq appeared after ~70 min with a
shoulder at a lower reaction time (~30 min), where in the case
of Cu,0-500, two clear peak maxima at similar reaction times
were observed (Figure 2C, upper graph/curve b). The amount
of lattice oxygen reduced by CO was found to be larger by
~1.4-times in the case of Cu,0-200 compared to Cu,0-500, a
result similar to that seen for short reaction times (Table 2). It
should be noted that very similar dynamic response curves
were obtained for the CO, formation, where the equivalent
amounts of CO, formed were within 7% of those reported for
the CO consumption. This result shows that the amount of
adsorbed CO-s and likely CO,-s (after CO, readsorption)
during the dynamic reduction of Cu,O-T solids by CO was
small; thus, the Rcq practically corresponds to the dynamic
rate of CO oxidation by lattice oxygen to CO,(g).

These different dynamic features in the reduction of Cu,O-T
by CO at 175 and 190 °C are closely related to the different
surface chemical compositions, structures (surface/bulk), and
morphologies of the three solids as previously discussed. In the
present work, the initially formed Cu,O-RT NPs after mild
calcination in air at 200 °C/1 h produced a layer/patches of
CuO onto a defective Cu,O structure and voids in the initial
Cu,O particles. As stated earlier, CuO-Cu,O heterojunctions
are formed with a new local coordination environment for
oxygen and copper atoms.” This new surface structure must
be considered to significantly contribute in the reduction of
lattice oxygen of Cu,0-200 (outside and in the interior of
hollow NCs) and, to a lesser extent, in the case of Cu,0-300
and Cu,0-500 solids (a small fraction of the Cu,O phase is
present). In all cases (Figure 2A, C/upper graph), the Cu,O-
200 sample presented higher activity in terms of the total
amount of lattice oxygen reduced (N, mmol of O g™') as
reported in Table 2. Wang et al.*! have investigated CuO/
Cu,O heterojunction catalytic systems for low-temperature
CO oxidation. An optimum surface Cu**/Cu* ~ 1 (XPS
studies) interface sites, a large concentration of oxygen
vacancies (O,, EPR studies), and low-T reducible Cu*/Cu?*
sites (H,-TPR studies) were reported, after oxidation of Cu,O
nanospheres in H,O, solution, all being critical parameters
responsible for the best CO oxidation activity obtained.

Based on DFT computations,~ the energy barrier of oxygen
vacancy formation (Eg.,.) for CuO(111) was found to be
larger than that for Cu,O(111). Hence, the formation of
oxygen vacancies in CuO is thermodynamically less favored
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compared to Cu,O, and similarly the kinetic rate of subsurface
oxygen diffusion (Oyy) toward the surface. In the case of the
Cu,0-200 solid, where the Cu,O phase is clearly present
(Figure 1A, b), reduction of oxygen located at the Cu*—O—
Cu" sites by CO partly contributes to the larger quantities of
lattice oxygen removed from the Cu,0-200 compared to
Cu,0-300 and Cu,0-500 solids (Table 2). The higher
concentration of oxygen vacancies present in Cu,O is expected
to enhance the diffusion of subsurface lattice oxygen toward
the surface for reaction with CO as reaction is progressing.
This result partly explains the higher rates exhibited by Cu,O-
200 compared to Cu,O-500 for longer times in the CO/He
reaction gas at 190 °C (ca. 40—120 min range; Figure 2C/
upper graph).

3.2.2, Dynamic Oxidation of Prereduced Cu,O-T
Solids. The dynamic isothermal rate response curves of O,
consumption, Rp, (umol g™' s7'), obtained over the
prereduced Cu,O-T samples, after following 15 min of CO
isothermal reduction (CO-TIR) (Figure 2A) and a S min He
purge, are depicted in Figure 2B. The amount of O, consumed
No (mmol g7') after 15 min in O,/He was estimated after
integrating the Ry, over this period, and the results are
reported in Table 2. The dynamic R, rate profiles reflect the
different kinetics followed for oxygen refilling both the surface
and bulk oxygen vacant sites V that were formed during the
CO reduction step. The concentration and nature of these Vg
sites depend on the structure of Cu,O-T, as well as the
temperature and time on stream under the preceding CO
reduction step (see Table 2, N, quantity under He — O,/He).
It is interesting to note that larger initial rates of reoxidation
(ca. t < 30 s) are seen for the solids with very large
concentrations of Cu** (very low Cu*/Cu®* molar ratio, Table
1) compared to the Cu,0-200 sample (low Cu** concen-
tration), as opposed to the CO reduction step (compare Figure
2A and Figure 2B). This result finds support by the fact that
the higher the energy for the V formation, the more facile the
lattice oxygen refilling when set in contact with the oxygen gas
atmosphere.'”

Largely different dynamic isothermal R, response curves
were obtained following longer reduction times (At = 2 h) in
CO/He at 190 °C in the case of Cu,0-200 and Cu,0O-500
solids (Figure 2C/lower graph). Multiple rate maxima appear
(Cu,0-200: ty, = 24, 126, 251 s; Cu,0-500: t; = 13, 140 s),
which highlight the rather complex mechanism of reoxidation
of the reduced Cu,O phases, or equivalently the refilling of the
oxygen vacant sites created after the CO reduction step. The
dynamics of reoxidation of partly reduced Cu,0O (Cu*/Cu®)
and CuO (Cu®*/Cu*) must depend on the surface and bulk
structure of Cu,O/CuO and the nature of specific hetero-
junctions formed at the interface of reduced Cu,O-core/CuO
in Cu,O-T following the CO/He gas treatment. This would
affect surface/bulk oxygen diffusion barriers in the two
systems. The amounts of oxygen consumption N (after 15
min in O,/He) were found to be 9.2 and 4.03 mmol of O g~!
for the Cu,0-200 and Cu,O-500 solids, respectively. It is
interesting to compare this oxygen consumption (refilling of
Vo) after 15 min in 2% O,/He with the amount of lattice
oxygen removed after 2 h of reduction of the solids in 1% CO/
He (Figure 2C/upper graph). It is seen that ~90% and 56% of
oxygen reduced were restored for the Cu,0-200 and Cu,O-
S00 catalysts, respectively. This result highlights again the
faster diffusion of oxygen in the lattice of Cu,0-200 (Cu,O-
CuO heterojunctions) than in Cu,0-500 (practically CuO
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phase) solid systems. The observation of three rate maxima in
the dynamics of oxygen uptake by the reduced Cu,0-200
sample at 190 °C/2 h (Figure 2C/lower graph, curve a)
illustrates the fast refilling of surface oxygen vacant sites”'
followed by the oxidation of reduced CuO initially formed on
top of Cu,O, followed by the refilling of subsurface Vg via
oxygen bulk diffusion; several monolayers of O were removed
after reduction of Cu,O-T by CO as reported in Table 2.
3.2.3. In Situ DRIFTS. In order to provide information on
the structure of adsorbed CO-s on the Cu* and Cu®* surface
sites and their relative surface concentration related to the
dynamics of the reduction of Cu,O-T solids by gaseous CO at
175 °C, in situ DRIFTS spectra were recorded after the solids
were exposed to a 1% 12CO/He gas mixture at 175 °C for 30
min, followed by an isotopic switch to 1% *CO/He for 10
min. Figure 3A (upper graph) shows the IR bands of adsorbed

Cu* (2137) __12¢o.TIR

w --.8CO-TIR
f0.002 cu* (2072) ®) Cu*(2141) '“CO-TR
i ; Cu,0-300
= 10.002 ' T=175°C
< 2250 2200 2150 2100 2050 2000 1950 Cu* (2091)
7, Cu,0-200 |
Rt By T=175°C 2250 2200 2150 2100 2050 2000 1950
2250 2200 2150 2100 2050 2000 1950 ©)
Wavenumber (cm™) Cu,0-200
- [o.001 Cu,0-300
12, )
© Cu?* (2135 CS%-TSI; )
jooo2 SN @138 Fxgec
/\211\'(2081) Cu,0-500

2250 2200 2150 2100 2050 2000 1950 1700 1600 1500 1400 1300 1200

Wavenumber (cm™)

Figure 3. (A) In situ DRIFTS spectra recorded in the 2250—1950
cm™' range after 30 min in ">CO/He at 175 °C (upper graph)
followed by the gas switch 1 vol % '*CO/He (30 min) — 1 vol %
BCO/He (10 min) (lower graph) on the Cu,0-200 catalyst; IR
bands of adsorbed CO on Cu®* and Cu" sites obtained in the 2250—
1950 cm™! range after 30 min in 2CO/He at 175 °C on Cu,0-300
(B) and Cu,0-500 (C) catalysts after deconvolution; (D) in situ
DRIFTS spectra recorded in the 1700—1200 cm™" range after 30 min
in >CO/He at 175 °C on the three Cu,O-T catalysts.

CO on Cu?* (2137 cm™') and Cu* (2072 cm™) sites™**™*
obtained following deconvolution of the DRIFTS spectrum
(2250—1950 cm™") recorded on Cu,0-200 as presented and
discussed in Section 3 of the SI (Figure S4 and Figure SSA).
Similar deconvolution procedures were performed for the
Cu,0-300 (Figure 3B) and Cu,0-500 samples (Figure 3C),
and these are depicted in Figure S5B and SSC. Infrared bands
appeared at 2141/2091 c¢m™' and 2135/2081 cm™},
respectively, for the Cu,0-300 and Cu,0-500 solids. It is
seen that the binding strength of CO adsorbed on Cu®" is
lower in the case of Cu,0-300 compared to Cu,0-200 and
Cu,0-500 solids, a larger blue shift compared to the Q-branch
(Figure SSA—C). Similarly, the binding strength of CO
adsorbed on Cu* is lower in the case of Cu,0-300 compared
to Cu,0-200 and Cu,0-500, a smaller red shift compared to
the Q-branch. It is important at this point to note that the ratio
of the surface concentration of CO-s adsorbed on Cu®" sites to
that on Cu" sites in the three solids does not follow the
nominal surface concentration ratio obtained from the XPS
analyses (Table 1). This implies that different fractions of
exposed Cu®" and Cu' sites chemisorb CO at 175 °C, and this
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relates also to the different binding stength of adsorbed CO on
the Cu** and Cu" sites. This conclusion is supported by the
SSITKA study (Section 3.4), where the concentrations of
active adsorbed CO-s participating in the CO oxidation
reaction at 175 °C (1% CO/20% O,/He) were only 16, 3.4,
and 2.4% of the total exposed Cu’ and Cu*".

Following the 1 vol % '*CO/He gas treatment at 175 °C/30
min, the catalysts were then exposed to the equivalent 1 vol %
3CO/He isotopic gas mixture for 10 min. In all three solids,
the shapes of the *CO-IR spectra remained very similar to
those observed using the 1 vol % '2CO/He gas, as well as the
ratio of the surface concentration of the two linear CO-s
(Figure 3A, and Figure SSA—C). It is important to note that
the DRIFTS spectra recorded 15 s after the *CO/He isotopic
gas switch were very similar to those recorded after 10 min in
BCO/He. This result implies very fast and reversible CO
chemisorption on the three Cu,O-T catalytic surfaces.
According to the ty values of the dynamic rate response
curves of lattice oxygen reduction by CO appeared between 10
and 26 s (Figure 2A, C/upper graph, Table 2), CO
chemisorption cannot be the rate-determining step (RDS) of
the reduction of lattice oxygen by CO toward the formation of
CO,.

Figure 3D shows the DRIFTS spectra recorded in the
1700—1200 cm™* range after 15 min in 1 vol % CO/He gas
treatment at 175 °C. The recorded IR bands highlight the
presence of various carbonate-type species, including the
monodentate and bidentate/polydentate carbonates. The
presence of these species reflects the interactions not only
between CO and surface oxygen species on Cu,O-T but also
between the CO, gas product and the Cu cations.*”**~**
These interactions are strongly influenced by the Cu oxidation
state, Cu,O morphology, and extent of oxygen vacant sites
present.””*® Very similar in shape and position DRIFTS
spectra were recorded for all three solids, strongly implying
that similar structures of adsorbed carbonate-type species are
formed. In the case of the Cu'-rich sample (Cu,0-200),
significantly larger concentrations of adsorbed carbonate-type
species were noticed, not due to differences in the BET area
(max about 30%) but very likely to an enhanced surface
concentration of copper sites at the Cu,O-CuO hetero-
junctions as previously discussed. The increase of the binding
strength of carbonate-type species in the Cu,0-200 compared
to the other two samples must be excluded, since thermal
stability studies that follow do not support this possibility. In
the IR work of Zhang et al,*® strong IR bands at 1554 and
1346 cm™" were reported after CO chemisorption at RT over a
CuO sample annealed at 527 °C in vacuum. The latter process
was used to create Cu" sites after partially reducing CuO by
the removal of lattice oxygen. The positions of these IR bands
are very similar to those shown in Figure 3D.

The thermal stability of the various adsorbed carbonate-type
species was investigated by recording DRIFTS spectra in the
1700—1200 cm ™" range following 30 min of exposure of the
solids to 1 vol % CO,/He and a 10 min Ar purge at 175 °C
(Figure 4A—C). It is important to mention that no IR bands
were detected between 1700 and 2250 cm™’, indicating that
CO, does not dissociate at 175 °C on the present Cu,O-T
solid surfaces. The following observations are also offered:

1. The Cu,0-200 sample, which exhibits the largest Cu*/
Cu?* molar ratio, shows significant reduction in the
concentration of adsorbed carbonate-type species after
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Figure 4. DRIFTS spectra recorded in the 1700—1200 cm™' range
after 30 min in 1% CO,/He at 175 °C followed by Ar purge (10 min)
over (A) Cu,0-200, (B) Cu,0-300, and (C) Cu,O-500 catalysts.

10 min in Ar gas flow (Figure 4A). The IR band at
~1530 cm™' corresponds to monodentate carbonates
(v,,(CO0)), while the IR bands in the 1300—1400
cm™' range are due to bidentate carbonates (v(C=0)

and v,,(CO0)).

. The Cu,0-300 sample (Figure 4B) with a significant
decrease in Cu*/Cu®" molar ratio compared to Cu,O-
200 shows enhanced thermal stability toward carbonate-
type species. This suggests that surface Cu**—O—Cu**
moieties favor stabilization of carbonates.

. The Cu,0-500 sample (Figure 4C) with the lowest
Cu*/Cu®* molar ratio (~0.01) demonstrates exceptional
thermal stability for the carbonate-type adsorbed species.
The DRIFTS spectra indicate that practically no
desorption of CO, occurs after 10 min of Ar purge. It
should be noted that Cu,0-300 and Cu,O-500 samples
present different primary crystal sizes for CuO as
previously reported, which might play a role for the
strengthening of bonding between the CO, and the
CuO surface.

The key finding from the in situ DRIFTS experiments is the
clear correlation between the Cu'/Cu?" molar ratio and the
thermal stability of carbonate-type adsorbed species formed by
interactions of CO and CO, with the Cu,O-T surfaces. As the
surface Cu’/Cu®" molar ratio decreases with increasing
calcination temperature (Table 1), the thermal stability of
the adsorbed carbonate-type species is significantly improved.
For the Cu,0-500 sample, having the lowest Cu*/Cu’** molar
ratio of ~0.01, desorption of CO, under CO oxidation reaction
conditions is expected to be minimal, thus contributing to a
larger extent in the poisoning of active lattice oxygen species
compared to the other Cu,0-200 and Cu,0-300 solids.

3.2.4. Redox Cycle (CO Reduction Followed by
Reoxidation) in Cu,O-T Solids. Based on the dynamic
CO-TIR and O,-TIO kinetic observations (Figure 2), and the
in situ DRIFTS results regarding the structure and distribution
of asorbed CO on Cu* and Cu*" surface sites (Figure 3), and
the adsorbed CO, thermal stability behavior (Figure 4), the
following elementary steps for the redox cycle, namely,
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reduction of the lattice oxygen (Or) by CO to form CO,(g)
and an oxygen vacancy (Vo), followed by the reoxidation of
Vo, are proposed:

(i) CO chemisorption step

Cu (I) sites co

Cu’-0,-Cu"+CO(g) > Cu"- 0, - Cu’ (11)

co

|

2+ 2+ 2+ 2+
Cu” -0 -Cu” -0, +CO(g)«~>Cu” -0 -Cu" -0,

Cu (IT) sites
(12)

(ii) Reduction step
co

Cu'-0%-Cu" - Cu’-0, - Cu’+ CO,(g)

(13)

co

Cu*-0 - Cu*-0, —Cu'-0,~Cu'- 0 +CO,g) (14)

co

[Cu"-0,-Cu"] *[Cu"-0O -Cu"]—2[Cu"-0,-Cu']+CO,g) (15)

Cuo CuZO

(iii) Formation of a carbonate-type chemisorbed CO,
intermediate
Reduction steps in 13—15 consider that an intermediate type
of adsorbed CO,-s is bonded very weakly on the reduced
Cu,O-T surface, and because of this, its surface coverage is
practically zero. However, as evidenced from the CO-TIR-
DRIFTS (Figure 3D) and CO, chemisorption-DRIFTS
experiments followed by Ar gas treatment (Figure 4A—C),
this might not necessarily apply. As the Cu'/Cu®*" ratio
decreases, the rate of desorption of CO,-s from the Cu,O-T
surface is significantly reduced. The following elementary step
(reaction 16) exemplifies the formation of CO,-s during CO
oxidation by the lattice oxygen of Cu,O (Cu®).
2

o o
1
I
I

co )
1

Cu*-02-Cu*-O_— Cu*-0Oy -Cu*-0O (16)

(iv) Reoxidaton step

2[Cut — Oy /2¢” — Cu'] + O,(g)

- 2[Cu* - O — Cu"] (17)
+ + L

Cu" — Oy —Cu" — O + /202(8)
- Cu’" -0, - Cu™* -0, (18)

Elementary steps (11) and (12) describe the reversible and
fast chemisorption step of CO on Cu’ and Cu®" adsorption
sites as evidenced by the dynamic rates of CO conversion upon
the step-gas switch He — 1% CO/He (Figure 2A, C/upper
graph) and the in situ DRIFTS '*CO/"*CO isotopic exchange
experiment (Figure 3A—C). In all three Cu,O-T solids, as
shown by the XPS results (Figure 2B—C and Table 1), both
Cu' and Cu®" oxidation states exist when the calcination
temperature of the c-Cu,O solid increased from 200 to 500 °C.
However, a large drop in the surface at. % concentration of
Cu* was evident when the calcination T increased from 200 to
300 °C (ca. from ~83 to ~2.5%). CO chemisorption described
by the elementary steps (11) and (12) involve Cu* and Cu**
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sites and not surface lattice oxygen since the latter requires an
activation barrier of 0.4 eV as opposed to the case of copper
sites where no barrier is required.”

Elementary steps (13—15) describe the reduction of Cu,O-
T by CO, where chemisorbed CO-s reacts with adjacent lattice
oxygen (Op) to form CO, and an oxygen vacant site (V).
More precisely, adsorbed CO-s formed on the Cu” sites of
reduced CuO reacts with the adjacent surface lattice oxygen
(Op) of the Cu,O phase (heterojunction site). The latter phase
provides more labile oxygen, as revealed by the quantitative
results reported in Table 2. Elementary step (16) describes the
formation of a likely adsorbed structure of carbon dioxide
(bridged carbonate)*’ before desorbing from the solid surface.
As evidenced by the DRIFTS-CO, chemisorption and
desorption in Ar gas flow experiments (Figure 4A—C), as
the Cu’/Cu®" molar ratio increases, the binding strength of
chemisorbed CO,-s becomes weak (compare Figure 4A and
C). This important result may suggest that Cu,0-500 with the
lowest Cu*/Cu®" molar ratio is prone to provide a lower CO
oxidation rate at 175 °C due to the lowering of available O—
Cu—CO sites by the blockage of adsorbed CO,-s. This is
supported by the quantitative results presented in Table 2. As
the temperature in the CO/He gas treatment increased to 190
°C, the amount of Oy reduced by CO in the Cu,0-500 sample
with the largest amount of Cu’* increased significantly, as
opposed to the other two samples, where a small decrease was
only observed (Table 2). Finally, elementary steps (17) and
(18) describe the reoxidation process of reduced Cu,O and
CuO, respectively, during the O,-TIO experiment (Figure 2B,
C/lower graph, and Table 2).

The RDS of the redox reaction path described by steps
(11—18) is suggested to be the abstraction of Oy by CO-s
(reduction step) since reoxidation of surface Vi, by gaseous
oxygen is a fast step.”" At the switch to the O,/He (isothermal
oxidation step), molecular O, dissociates on two adjacent
surface oxygen vacant sites formed under the CO/He gas
treatment (steps (17) and (18)). Other possibilities with
favorable energetics for the formation of O,-ads and adsorbed
atomic oxygen O-ads on the defective surfaces of CuO(111)
and Cu,0(111) were discussed via DFT computations.”**~>"

3.3. CO Oxidation - Steady State Kinetic Rate
Measurements

The effect of the surface concentration of oxidized copper
species (Cu*/Cu** molar ratio) in the Cu,O-T solids on the
apparent activation energy (E,, k] mol™") of the CO oxidation
under steady-state reaction conditions is presented in Figure S.
The E, parameter was estimated at the temperature ranges of
100—150 °C, 160—190 °C, and 170—200 °C, respectively, for
the Cu,0-200, Cu,0-300, and Cu,O-500 catalysts, and the

-12

-13

-14

15 a: Cu,0-200 (80 kJ mol™)
b: Cu,0-300 (103 kJ mol™)
1 c: Cu,0-500 (125 kJ mol™”)
20 22 24 26
1000/T (K")

LnR¢o (mol g’ s™)

238

Figure S. Arrhenius plots of the CO conversion rate over the three
Cu,O-T catalysts.
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following order was found: E, (Cu,0-200) < E, (Cu,0-300) <
E, (Cu,0-500). Specifically, the Cu,0-200 catalyst with a
Cu*/Cu*" ratio of ~5 (Table 2) exhibited the lowest E, value
(80 + 3.8 kJ/mol), whereas the Cu,0-500 solid with a Cu*/
Cu®' ratio of ~0.01 exhibited the highest E, value (125 + 6.8
kJ/mol). The Cu,0-300 solid with a Cu*/Cu?* ratio of ~0.025
exhibited an intermediate value of 103 + 5.1 kJ/mol. As
evidenced by the HRTEM studies (Figure 1D), it is important
to recall that oxidation of Cu,O (cuboctahedron) at 200 °C/1
h (Cu,0-200) follows the Nano Kirkendall Effect (NKE) as
previously discussed, resulting in a hollow nanostructure. As
previously discussed, an increased concentration of O—Cu*—
O—Cu**—0 heterojunctions of likely different local chemical
environment (recall the likely presence of amorphous CuO on
top of c-Cu,O NCs present in the Cu,0-200 sample) might
have been formed, as opposed to the case of Cu,0-300 and
Cu,0-500 solids. The increase of primary crystal size of CuO
in C,0-500 compared to Cu,O-300 might also be considered
to have influenced the energetics of CO oxidation (facet
dependence) as reported by Zhang et al.** The authors have
illustrated via HRTEM, kinetic studies, and DFT computations
that the dominant surface sites contributing to the catalytic
activity switch from the facet sites for large unsupported c-
Cu,O particles (ca. 445—1030 nm in size) to the edge sites for
small c-Cu,0 (34—110 nm in size). This result should be also
considered in explaining the catalytic activity results of the
present work, where the Cu,0-200 sample consists of smaller
Cu,O (core)-CuO particles compared to the Cu,0-500 solid.
The density of the sites in local core/shell-patch architectures
on the external surface of the hollow structure of Cu,0-200
(Figure 1D, b), along with that of heterojunctions also present
inside the hollow structure (Nano Kirkendall Effect), and the
quality of each type of site (site activity) are two important
kinetic parameters that explain the large difference in the
catalytic activity between high (Cu,0-200) and low (Cu,O-
500) Cu*-containin§ solids.

Pillai and Deevi'’ examined commercial Cu, CuO, and
Cu,0 along with synthesized CuO catalysts for their activity
toward the CO oxidation reaction. The estimated apparent
activation energies were in the range of 88.6—123 kJ mol™' (T
= 90—140 °C, feed composition: 3.6% CO/21% O,/Ar). Shi et
al."” conducted a comprehensive investigation of the effect of
the Cu’/Cu®" molar ratio in the Cu,0-CuO heterojunction
system (after calcining the pristine Cu,O in an air atmosphere)
on the CO oxidation catalytic activity. The authors concluded
that Cu,O-CuO heterostructures as evidenced by Raman,
UV—vis, and FTIR spectroscopies presented significantly lower
activation energies than Cu,O (Cu*) and CuO (Cu’)
catalysts, the latter exhibiting an E, value of 165 kJ mol™
compared to 79.0 and 115.8 k] mol ™" obtained for Cu,0-CuO
heterostructures with surface Cu*/Cu?* molar ratios of 0.64
and 0.45, respectively (1% CO/20% O,/N,, T = 80—210 °C).
Furthermore, the authors showed that the Cu,0-CuO
heterostructures presented increased concentrations of oxygen
vacant sites and labile lattice oxygen species. These results are
in harmony with those presented in this work regarding oxygen
reducibility and E, for the CO oxidation reaction under similar
experimental conditions (Figure 2A—D, Table 2, and Figure
S).

In the following section, advanced transient isotopic
experiments (SSITKA technique) linked to the use of mass
spectrometry are presented and discussed, aiming to provide
mechanistic insights for the catalytic CO oxidation at 175 °C

https://doi.org/10.1021/acscatal.5c06757
ACS Catal. 2026, 16, 5499—-5519


https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c06757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

under O,-rich conditions (1 vol % CO/20 vol % O,/He).
Using only transient isotopic response curves and material
balances, we were able to distinguish competing CO oxidation
mechanisms on unsupported Cu,O-CuO solids of varying
Cu*/Cu*" molar ratios for the first time.

3.4. Mechanistic Studies

3.4.1. Langmuir—Hinshelwood (L-H) and Mars—van
Krevelen (M-vK) Mechanisms. There has been no work
published until now that examines rival CO oxidation
mechanisms on real powder Cu,O-CuO heterojunction
systems with the structure complexity presented and discussed
previously (Figure 1A—D) based only on experimental rate
data. There are only a few DFT computations carried out on
Cu,0(100) with a CuO overlayer in an optimized structural
form,** on CuO and Cu,O single ideal or defected facets, e.g.,
Cu,0(111)),"°** and on CuO(111)-Cu,0(110) hetero-
junctions.” In the present work, the SSITKA technique
coupled with mass spectrometry and DRIFTS was applied on
unsupported and polycrystalline Cu,O-CuO solid surfaces to
discriminate the most probable among the three most
acceptable reaction mechanisms (M-vK, L-H, and E-R
mechanisms)® for the CO oxidation on Cu,O surfaces.

The Langmuir—Hinshelwood (L-H) and Mars—van Kreve-
len (M-vK) mechanisms are largely proposed to operate for
the CO catalytic oxidation over metal oxides.” In the case of
the L-H mechanism and for Cu,O and CuO single crystal
surfaces, CO(g) adsorbs onto Cu’ and Cu?' cationic sites as
previously presented and discussed, while O,(g) adsorbs
mainly on oxygen vacant sites (V) to form the O, (O,-ads)
species. The latter can further dissociate into two singly
adsorbed oxygen species (O-ads).”*"***" Surface adsorbed
intermediates OOCO-s and COO-s can then be formed,
leading eventually to CO,(g), with the ability for readsorption
on active, but also inactive, surface sites. Conversely, the redox
mechanism initially introduced by Mars and van Krevelen (M-
vK mechanism) describes a surface reaction wherein the lattice
oxygen (Oy,) of the metal oxide interacts with adsorbed CO-s,
resulting in the formation of a COO-s intermediate and the
generation of an oxygen vacancy (Vo) on the surface. The
COO-s eventually decomposes into CO,(g). The O,(g) then
restores the reduced copper oxide surface to its oxidized state.
The above information for the mechanism of the CO oxidation
reaction is mainly based on DFT computations over ideal and
defected Cu,O(111) and CuO(111) surfaces.

Following the series of pools formalism of SSITKA
analysis®” to describe the carbon pathway in the CO oxidation
reaction, Scheme 1 is provided to aid understanding. This
scheme aligns with both the Mars—van Krevelen (M-vK) and
Langmuir—Hinshelwood (L-H) reaction mechanisms. The
additionally proposed Eley—Rideal (E-R) mechanism is
analyzed in Section 3.4.2.

Scheme 1. Carbon Path from CO(g) to CO,(g) in the
SSITKA Formalism of a Series of Pools from Reactants to
Adsorbed Active Reaction Intermediates to the CO,(g)
Product for the CO Oxidation Reaction on Unsupported
Cu,O-T Catalytic Surfaces”

O,
—p
CO(g) CO-s = | COO0-s CO,(g)
8 -— oads

“This applies for the M-vK and L-H reaction mechanisms.

Figure 6A presents the response curves of the dimensionless
concentration (Z) of Kr (tracer gas), *CO, and "*CO, at the
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Figure 6. (A) Dimensionless concentration (Z) dynamic response
curves of Kr (tracer), *CO(g), and '*CO,(g) obtained after the
SSITKA switch 1% CO/20% O,/He (30 min) — 1% *C0O/20% O,/
1% Kr/He (t) at 175 °C over the Cu,O-500 catalyst; comparison of
dynamic RES; (B) and RES:,; (C) exchange rates on Cu,0-300 and
Cu,0-500 catalytic materials; (D) concentration (umol g™') of CO-s
and COO-s intermediates formed under steady-state CO oxidation
reaction conditions at 175 °C as a function of Cu*/Cu*" molar ratio
in the Cu,O-T solids.

SSITKA switch for the Cu,0-500 (Cu*/Cu*" = 0.01) catalyst
sample. The steady-state rate of CO oxidation reaction using
2C0O/0,/He under the kinetic regime (Xco < 10%), and in
the absence of external (within the catalytic bed) and internal
(within catalyst particles) mass transport effects, implies
constant surface concentrations (or coverages) of >CO-s and
2COO0-s and similar concentrations of gaseous CO and CO,
along the catalyst bed in the CSTR microreactor used. At the
SSITKA switch to the equivalent *CO/O,/He gas mixture,
2CO(g) is quickly replaced by *CO(g), and gradually '*CO-s
and '>COO-s are depleted and replaced by *CO-s and
BCOO-s, respectively. As a result of this, the '*CO,(g)
formation rate will start to decrease (not shown) and that of
13CO, formation to increase toward the same '>CO,
concentration value obtained before the SSITKA switch.
This dynamic rate of replacement of '*C-labeled adsorbed
species by their corresponding '*C-labeled ones is governed by
the kinetics of the involved elementary reaction steps, which
can be described in terms of surface concentrations (or
coverages, ) and rate constants (k’s) of associated elementary
reaction steps. Based on Scheme 1, the slowest step (rate-
determining step, RDS) will largely dictate the SSITKA
dynamic response to *CO,(g) formation.

The sequence of the appearance of *CO and "*CO, for
Cu,0-500 (Figure 6A) is consistent with Scheme 1, where *C
(via ®CO(g)) must pass first through the CO-s pool followed
by the pool associated with the COO-s reaction intermediate.
Thus, the *CO,(g) dynamic response should lag behind that
of CO(g). Very similar SSITKA responses were recorded for
the Cu,0-300 catalyst.

https://doi.org/10.1021/acscatal.5c06757
ACS Catal. 2026, 16, 5499—-5519


https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c06757?fig=fig6&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c06757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

The dynamic rates of CO-s and COO-s exchange, RS, and
RES, ., respectively, for the CO oxidation reaction have been
estimated via appropriate material balances for the first time,
and these are described in detail in the Supporting Information
(Section 1). Below, we introduce the dynamic exchange rate
expressions given by eqs 19 and 20 based on Scheme 1:

exch

Er ¢
Reo—s = WTYCQ[ZK_r(t) = (1 = Xco)Zco(t)
= 2X¢0Zco,(1)] (19)
E
exch T f
RE50-s = WYCOXCO[ZCO(O - Zcoz(t)] (20)

The dynamic rates of CO-s and COO-s exchange for the
Cu,0-300 and Cu,0-500 catalysts are compared in Figure 6B
and C, respectively. Very similar and fast exchange rates for
CO-s are observed in both catalytic surfaces, implying very
similar concentrations (umol g™') of CO-s (after integration of
RZS). On the other hand, significantly larger dynamic rates
are observed for the exchange of the COO-s intermediate in
the case of Cu,0-500 compared to the Cu,0-300 catalytic
surface. Considering the very similar shape of the dynamic
rates of Rgo.s exchange (Figure 6C), the higher dynamic rates
exhibited by Cu,0-500 is likely due to the higher
concentration of active COO-s species formed on the latter
catalytic surface compared to that on Cu,O-300. The latter is
supported also by the fact that COO-s species formed under
1% CO/20% O,/He were found to be more stable in an O,/
He gas atmosphere at 175 °C according to related in situ
DRIFTS experiments to be described later. It should be noted
here that the small difference in the BET area between the
Cu,0-300 and Cu,O-500 solids cannot explain the differences
in the observed dynamic rates (Figure 6C).

The surface concentration (umol g~') of CO-s (eq 4), and
thus of the equivalent concentration of Cu* and Cu** CO
adsorption sites participating in the reaction path, and that of
the active COO-s intermediates (eq S or 6) established in the
carbon path of the CO oxidation reaction as a function of Cu*/
Cu®* molar ratio are depicted in Figure 6D. It is shown that the
Cu,0-300 and Cu,O-500 solids exhibit practically very similar
concentrations of CO-s (~10 umol g~'), in harmony with the
results shown in Figure 6B. On the other hand, the
concentrations of active intermediates COO-s (Scheme 1)
and/or OCOO-s (eq 16) significantly increase after the Cu*/
Cu®" ratio decreases from 0.025 to 0.01 (52 vs 110 gmol g~' or
4.0 vs 6.9 pumol m™). Considering surface densities of 11.2
Cu" atoms/nm?” and 15.5 Cu®* atoms/nm? for the Cu,O(111)
and CuO(111) facets, respectively, the measured BET areas,
the surface copper composition of the three Cu,O-T solids
(Table 1), and the adsorption stoichiometry of CO-s:Cu ions
= 1:1, the concentrations of CO-s in terms of surface coverage,
Oco (fraction of copper cations covered by CO-s), were
estimated to be 0.034 and 0.024, for the Cu,0-300 and Cu,O-
500 solids, respectively. This result highlights the fact that only
a very small fraction of the surface of unpromoted Cu,O
(polycrystalline form) is covered by CO-s during the CO
oxidation reaction (1% CO/20% O,/He; T = 175 °C). In the
case of COO-s and OCOO-s active intermediates, values of 6
equal to 0.17 and 0.26, respectively, were estimated for the
Cu,0-300 and Cu,O-500 catalytic materials.

The mean residence times of CO-s, 7. (s), were estimated
to be 0.7 and 0.6 s (eq 7) for the Cu,0-300 and Cu,0-500
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catalysts, respectively. The mean residence times of adsorbed
carboxylate-type COO-s species, 7o, (eq 8, Scheme 1), were
estimated to be 0.36 and 1.6 s for the Cu,O-300 and Cu,O-500
catalysts, respectively. This observation corresponds with the
activity sequence of these two catalysts, as the rate-determining
step (RDS) for both M-vK and L-H mechanisms involves the
surface reaction between CO-s and either adsorbed oxygen
(0,4) or surface lattice oxygen (OL).6 It is important to note
that when an active intermediate has a larger average residence
time, it may be considered less reactive.

A comparison between the reactivity of surface lattice
oxygen (Oy,) and adsorbed oxygen species (O,4) toward CO
can be attempted based on the dynamic rate results shown in
Figure 2A (step-gas switch He — 1% CO/He) and the steady-
state (1% CO/20% O,/He) kinetic rate data (Figure S). As
previously discussed, the maximum value in the dynamic rate
of CO conversion observed at the initial state of the transient
(R, (umol g7' s7'), Table 2) truly reflects the interaction of
CO(g) with the surface lattice oxygen, Oy, During this very
short period, CO consumption was minimal, so its
concentration remained close to 1 vol % (feed level). At 175
°C, the Cu,0-200 catalyst shows a R, value 5.2 times higher
than that of Cu,0-500 (Table 2). In the case of the kinetic CO
oxidation reaction rate (Rgq) at 175 °C (CO-conversion less
than 12%), the Cu,0-200 sample presents ~13 times larger
Rco than the Cu,0O-500 one. It is very interesting to compare
the ratio of R /R for the Cu,0-200 and Cu,O-500 solids. It
was found that this ratio has values of 0.8 and 1.95 for the
Cu,0-200 and Cu,O-500 solids, respectively; a value of 1.2
was estimated for the Cu,0-300 catalytic system.

The above analysis of kinetic initial rate data for the CO
oxidation by lattice oxygen (1% CO/He reaction) and under
1% CO/20% O,/He steady-state reaction conditions may
reasonably suggest that lattice oxygen appears to prevail
compared to an adsorbed oxygen species on the present Cu,O-
200 (Cu" of 83 at. %) and Cu,0-500 (Cu"* of 1 at. %) catalytic
systems. Wu et al.>> reported that on the CuO(111) surface,
the activity of an adsorbed atomic oxygen is significantly higher
than that of lattice oxygen. This result may not contradict the
kinetic analysis presented here, since the reaction rate is strictly
dependent on the concentration of adsorbed species. The
present work cannot provide information about the relative
abundance of O;; and O,y under CO oxidation reaction
conditions.

Based on the above-mentioned comparison between the
rates of reduction of lattice oxygen by CO at 175 °C and the
kinetic rate of CO oxidation for practically the same P and
considering that the surface structure under the two experi-
ments was practically similar (use of strongly oxidizing
conditions, 20 vol % O,), the M-vK mechanism appears to
prevail on the present Cu,0-300 and Cu,O-500 catalytic
systems. In the case of Cu,0-200 (large Cu’/Cu®" surface
molar ratio), we will showcase next that the prevailing
mechanism is that of Eley—Rideal, where the reaction takes
place between gaseous CO and the lattice oxygen. The M-vK
or L-H mechanism was reported to operate on ¢-Cu,0-CuO
surfaces for large particles (34—110 nm) that mainly expose
face sites.”> The present Cu,0-300 and Cu,0-500 catalysts
were found to possess average crystal sizes in this range. Wu et
al.* have also reported that the M-vK reaction mechanism
operates on a defected Cu,O(111) surface (O/Cu higher than
0.5).
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3.4.2. Eley—Rideal (E-R) Mechanism. The Eley—Rideal
mechanism involves the direct reaction of CO(g) with surface
adsorbed oxygen (O,q) or lattice oxygen (Oy), leading to the
formation of CO,(g).® Figure 7 illustrates that the *CO(g)

2col/0,~"*co/0,

1.0
0.8
13co
2 %61 K Cu,0-200
- 0
» T=175°C
3co,
0.2
0.0
0 5 10 15 20 25 30

Time (s)

Figure 7. Dimensionless concentration (Z) dynamic response curves
of Kr (tracer), ®CO(g), and CO,(g) obtained at the SSITKA
switch 1% CO/20% O,/He (30 min) — 1% 3C0/20% O,/1% Kr/
He (t) at 175 °C on the Cu,0-200 catalyst.

response lags that of *CO,(g), as opposed to the case of the
Cu,0-500 catalyst (Figure 6A). This experimental result
implies that the reaction path as described in Scheme 1 is
not the appropriate one for the Cu,0-200 catalyst, where CO-s
should not be considered as an active intermediate for the CO
oxidation under the stated reaction conditions. The fact that
the *CO,(g) transient response curve follows very closely the
Kr tracer response (Figure 7) implies also that readsorption of
CO, on the catalyst’s surface sites under the present CO
oxidation reaction conditions must be excluded or at least be
considered very small. DFT computational works on Cu,O
and CuO ideal and defective surfaces support the E-R
mechansim,**"*%%3

The significant lag of the response curve of *CO(g) relative
to that of *CO,(g) (Figure 7) requires an explanation. This
behavior can be rationalized by acknowledging that, although
the E-R mechanism does not necessitate CO-s, these species
may still form as reversibly chemisorbed entities on surface
sites unrelated to the CO oxidation pathway. When the
SSITKA switch is made from >CO/0, to *CO/0,, reversibly
adsorbed '*CO-s can be replaced by *CO. The estimated
amount (umol g™') of the involved *CO(g) for the exchanged
2CO-s will show up as additional consumption of *CO(g)
beyond what is used in the steady state CO oxidation reaction
(eq 4). This amount was found to be ~35 umol of CO ¢!
(Figure 6D, Cu,0-200). In fact, this amount is about three
times larger than the active CO-s that participate in the M-vK
mechanism for Cu,0-300 and Cu,0-500 catalytic surfaces.
Evidence for the reversibility of the CO chemisorption step
will be provided below using the SSITKA-DRIFTS technique.

Scheme 2 captures the reaction path via the E-R mechanism
over the Cu,0-200 catalytic surface, which possesses the
largest concentration of Cu,O-CuO heterojunctions, as
previously discussed. According to Scheme 2 and the material
balance eq 6, the specific amount of active COO-s
intermediates formed in the reaction path was found to be
~10 pmol g™', and this is about 11 times lower than that
estimated over the Cu,0-500 catalytic surface (Figure 6D).
The concentration of CO-s in terms of surface coverage, fc¢
was estimated to be ~0.16, which is about 6.7 times larger than
that found in the case of the Cu,O-500 catalyst. Also, the mean
residence time of adsorbed CO-s, 7oq (s), was estimated to be
2.7 s, larger than that found in the other two catalytic surfaces.
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Scheme 2. Carbon Path from CO(g) to CO,(g) According
to the SSITKA Formalism of a Series of Pools from the
CO(g) Reactant to Adsorbed Active Reaction Intermediates
toward CO,(g) for the CO Oxidation on the Unsupported
Cu,0-200 Catalytic System

oeds /oL

CO0O0-s CO,(g)

CO(g)

~

CO-s

3.4.3. TOF (s7') Kinetic Rates and Relative Activities
(keg) of Cu,O-T Catalysts. The specific kinetic rates of CO
oxidation reaction for the Cu,O-T catalysts can be expressed in
terms of TOFc (s™') using the equivalent active sites that
accommodate adsorbed CO-s and COO-s intermediates
measured by SSITKA (Figure 6D) - working catalytic surface
- and the specific steady-state kinetic rates (umol g~' s7'). It
was estimated that the TOF, values at 175 °C were 1.7 s/,
2.0 X 107 57!, and 4.5 X 107% 57! for the Cu,0-200, Cu,O-
300, and Cu,0O-500 catalysts, respectively. It is thus illustrated
that copper sites on the Cu,0-200 surface having a large
concentration of Cu® (Cu*/Cu®*" ~ §) are more than 2 orders
of magnitude (ca. ~375 times) more active than those formed
on Cu,0-500 (Cu’/Cu** ~ 0.01). This TOF, site activity
parameter is an important quantitative result of this work for
the unsupported copper oxide catalytic surfaces reported for
the first time. Wei et al.”’ reported activity profiles (CO-
conversion vs T, 1% CO, O,/CO = 3) for hollow Cu,0-CuO
nanospheres of similar size (~180 nm) and BET area (~11 m”
g™') with tunable Cu*/Cu* ratios (ca. 5.6—8.6) or Cu"
concentrations (ca. 11.6—17.8 at. %). A volcano-type profile
of T, (the temperature at which 50% of CO was converted) vs
Cu?*/Cu" ratio was obtained, with a Cu**/Cu* of 7.2 (or 86%
Cu™) to present the lowest Ts, (highest activity). In the
present work, the existence of a volcano-type TOF (s™') vs
Cu*/Cu?" plot cannot be established since only three tunable
ratios are presented. However, it is interesting to note that the
highest reaction rate in terms of mol CO g_1 s~'or TOF (s71)
was obtained using 83 at. % Cu” in the present Cu,0-200
system compared to the highest specific rate (mol CO g™' s7")
obtained with ~14% Cu* in the work of Wei et al.”’ It should
be mentioned, however, that much less oxidizing conditions
were used in that work (O,/CO = 3) compared to the present
work (0,/CO = 20). Xu et al."® reported on the activity of
Cu,0-CuO hollow sphere heterojunction catalytic systems for
the CO oxidation reaction (1% CO, O,/CO = 20) in the 80—
200 °C range. They found an inverse volcano-type of T, vs
Cu*/Cu? ratio in the 1.4—1.1 range, where the lowest Ts,
(maximum activity) was obtained for Cu*/Cu** = 1.2
compared to the value of ~5 found in the present work.
Across these studies, achieving the optimal Cu*/Cu** molar
ratio has been linked to improved catalytic performance,
primarily due to the increased surface lattice oxygen
reducibility in both CuO and Cu,O, as well as a higher
concentration of surface oxygen vacancies because of the
formation of Cu,O-CuO heterojunctions. Another example
that demonstrates the role of the Cu*/Cu*" molar ratio in Cu-
based metal oxides for catalytic oxidation reactions is that of
Cu-doped TiO, (solid solution) used in ethylene oxidation.”*
Once again, a volcano-shaped relationship was observed when
plotting TOF (mol C,H,/mol Cu/s) against Cu (wt %). The
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Figure 8. (A) IR bands of adsorbed CO on Cu’" and Cu" sites following deconvolution of the DRIFTS spectrum (2250—1950 cm™") recorded
after 30 min of 1% '2C0O/20% O,/He gas treatment at 175 °C (upper panel) of Cu,0-200. DRIFTS spectrum recorded after 15 min of the
SSITKA switch >CO/0, — 3CO/0, (lower panel); IR bands of adsorbed CO on Cu** and Cu" sites following deconvolution of the DRIFTS
spectrum recorded after 30 min of 1% '2CO/20% O,/He gas treatment at 175 °C on (B) Cu,0-300 and (C) Cu,0-500 solids.

optimal ratio of surface Cu’/Cu’* in the doped-titania
structure was linked to the formation of V, sites, which are
responsible for O, chemisorption, and the presence of Cu*/
Cu®* sites crucial for ethylene adsorption.

For the M-vK mechanism in Cu,0-300 and Cu,0-500
systems (Scheme 1), with the surface reaction between CO-s
and mainly lattice oxygen (Op) as the rate-determining step,
the oxidation rate of the CO can be approximated as follows:

(21)

where k. is an effective rate constant reflecting the likely
contribution to a small extent of the L-H mechanism. Ccg and
Co, represent the surface concentrations (umol m™2) of active
adsorbed CO-s and lattice oxygen/adsorbed oxygen species,
respectively. After using the SSA (m” g™') of each solid and the
Cco and Cq., concentrations expressed in units of ymol g,
the relative effective site activity (k.) for the two catalytic
systems can be estimated according to the following relation-
ship:

Reo(pmol g7's ™) = kgCeoCo

kegr'/ker = (R/RY) X (Cp'Co'") X (SSA/SSAT)?

X (CcoICoI) (22)

In eq 22, “T” stands for Cu,0-300 and “II” for the Cu,0-500
catalytic system. We assume that the Co'/Cq" ratio during the
CO/0, reaction in both solids is similar to that obtained from
the oxygen titration following the CO/He treatment (Table 2,
O,/He switch). After substitution in eq 22 of all the known
parameters, it is estimated that kg ~ 1.7 k.. This result is in
harmony with the lower apparent activation energy of CO
oxidation on Cu,0-300 compared to Cu,O-500 according to
the independent steady-state kinetic rate measurements
reported in Figure S.

3.4.4. SSITKA-DRIFTS. SSITKA-DRIFTS investigations
were conducted to elucidate the chemical structure of active
intermediates involved in the CO oxidation reaction at 175 °C.
Of particular interest was to correlate the distribution of the
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various adsorbed CO-s species and the presence of active and
inactive carbonate-type adsorbed species populated under CO
oxidation reaction conditions with the Cu*/Cu*" surface molar
ratio. Figure 8A (upper graph) shows the IR bands of adsorbed
CO on Cu*" and Cu" sites obtained following deconvolution
of the DRIFTS spectrum (2250—1950 cm™") recorded after 30
min in 1% '?CO/20%0,/He gas treatment at 175 °C for the
Cu,0-200 (Figure S6A, SI); Figure 8A (lower graph) is the
DRIFTS spectrum recorded after 15 min in *CO/O,/He gas
treatment (red-shifted compared to that recorded under
12C0O/0,/He (upper graph)). It has been reported®>™®" that
adsorption of CO on Cu’* generates an IR band in the 2170—
2140 cm™! range, while adsorption of CO on Cu' and Cu’
forms IR bands in the 2140—2100 and 2100—2000 cm™
ranges, respectively. The gaseous IR band of CO(g) overlaps
with that of CO adsorption on Cu** sites (Figure S6). We will
later show that CO does adsorb on Cu?" sites when exposed to
1% CO/20% O,/He at 175 °C. It should be recalled at this
point that adsorption of CO on Cu?* sites was also observed
under the 1% CO/He gas treatment of Cu,O-T, as previously
presented and discussed (Figure 3).

The IR bands of the adsorption of CO on the Cu** and Cu*
sites for Cu,0-300 and Cu,O-500 catalysts are depicted in
Figure 8B and C, respectively. The IR band due to CO
adsorption on Cu®" appeared at 2140, 2132, and 2129 cm ™" in
the case of Cu,0-200, Cu,0-300, and Cu,0O-500 catalysts,
respectively, while that on Cu” surface sites at 2072, 2067, and
2060 cm™, respectively. A small but consistent red shift was
seen for both CO adsorbed species with decreasing Cu*/Cu**
molar ratio. On the other hand, the integral band intensity
ratio of Cu**-CO to Cu*-CO was found to increase with
increasing Cu** concentration in the Cu,0-CuO catalytic
system. These integral band intensity ratios were found to be
1.8, 3.7, and 4.0 for Cu®* surface at. % concentrations of 17,
97.5, and 99.0% in the Cu,O-T samples, respectively (Table
1). This feature is related not only to the relative abundance of
Cu®* and Cu' on the surface (first atomic layer) and the
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relative reactivity toward Oy of Cu**-CO and Cu*-CO under
reaction conditions but also to the relative thermal stability of
the two CO adsorbed states.

All three catalytic samples showed the red isotopic shift (ca.
30—35 cm™!) in both Cu®**-CO and Cu*-CO under the *CO/
O,/He gas treatment (Figure 8A and Figure S6, lower graphs).
In the case of the Cu,0-200 catalyst, there is a pool of CO-s
that does not participate in the formation of CO, (see Scheme
2) but simply exchanges with '*CO (reversible CO
chemisorption) as evidenced by the SSITKA-MS results
(Figure 7) previously discussed. This is justified by the red
shift observed during the SSITKA-DRIFTS experiment
(Figure 8A, bottom graph).

Figure S7TA—C shows the recorded spectra in the 1650—
1250 cm™! IR region after 30 min in 1% CO/20% O,/He at
175 °C before the SSITKA switch. Five vibrational modes were
resolved after deconvolution. The IR bands centered at 1569
and 1300—1322 cm™" and which are associated with bidentate
carbonates (symmetric and antisymmetric stretching of O—C—
O, respectively)*°® were consistently observed in all three
Cu,O-T solids. The 1510—1514 and 1450—1452 cm™ IR
bands are attributed to carboxylates as a result of CO
interaction with the Cu—O sites, whereas the IR band at
1368 cm™! is attributed to polydentate carbonates.®>**5*¢
Based on the integral band areas observed in Figure S7A—C,
the distribution of carbonate-type species appears to be
influenced by the surface Cu*/Cu®" molar ratio.

After 10 min of *CO/0,/He (SSITKA switch), very similar
DRIFTS spectra to those observed in 12CO/OZ/He were
recorded without resolving the expected isotopic shift of the
O—"C—0 stretching mode. This result highlights not only the
small concentration of active carboxylate (—COO) species
present in the reaction path (see Scheme 1) but also the high
thermal stability of inactive chemisorbed CO,-s (carbonate-
type) species, in agreement with the in situ DRIFTS results of
CO, chemisorption followed by Ar purge (Figure 4). The
thermal stability of carbonates under CO/O, reaction
conditions was probed, and the results are presented below.

3.5. Thermal Stability of Carbonates in an O,/He Gas
Atmosphere

The thermal stability of carbonate-type species toward oxygen
(20% O,/He), the former produced under 1% CO/20% O,/
He reaction (175 °C/30 min), was probed by recording the
DRIFTS spectra in the 1700—1200 cm™" region under the O,/
He gas flow (Figure 9A—C). For the Cu,0-200 catalyst, the
most active solid for the CO oxidation reaction among the
series of Cu,O-T materials (Section 3.3), carboxylate and
polydentate carbonates completely disappeared within 1 min
after the introduction of O,/He, while bidentate carbonates
gradually decomposed and disappeared after 90 s in the O,/He
gas atmosphere. In the case of Cu,0-300 and Cu,O-500 solids
with very low Cu'/Cu** molar ratios (~0.025 and 0.01,
respectively), the concentrations of carboxylate and other
carbonate-type species decreased only slightly after 10 min in
20%0,/He. This result provides evidence that the binding
strength of carbonate-type species might play a role in the
determination of the CO oxidation activity on Cu,O solids of
varying Cu’ and Cu®" surface concentrations. This has also
been discussed for various CuO,/CeO, low-T CO oxidation
catalysts.””""

DRIFTS spectra in the CO-region (2000—2250 cm™') at
various times in 20% O,/He gas treatment are provided in
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Figure 9. In situ DRIFTS spectra recorded in the 1700—1200 cm™
range after 30 min in CO/O, (t = 0 s) at 175 °C, followed by the
switch to 20% O,/He (t) over (A) Cu,0-200, (B) Cu,0-300, and
(C) Cu,0-500 catalysts.

Figure S8. It can be seen that after 40 s in the O,/He gas, only
very little adsorbed CO was evident. It should be clarified at
this point that the time required to purge completely the 1%
CO(g) from the switching valve to the exit of the DRIFTS cell
(gas lines and cell volume) was less than 15 s (50 mL/min).
Thus, the small surface concentration of CO recorded under
this experiment proves that the adsorbed CO on the Cu*" and
Cu" sites does exist, and this highlights the correctness of the
analysis of the SSITKA-DRIFTS spectra shown in Figure 8A—
C and Figure S6A—C.

The remarkable difference observed in the thermal stability
of carbonate-type adsorbed species in a 20% O,/He gas
atmosphere when the Cu’* surface concentration in the Cu,0-
CuO system increases (Figure 9A—C) might be linked to the
CO oxidation activity via the apparent activation energy
(Figure 5) and TOF (s™!) previously discussed. Wang et al.”"
via CO,-TPD characterization of Cu,O-CuO heterojunction
catalysts reported a significant drop in the T, value (the
temperature at which CO, desorption rate is maximum) and
amount of CO, desorbed at low temperatures compared with
the pristine Cu,O and CuO metal oxides. This is anticipated to
enhance both the number of oxygen adsorption sites and the
concentration of oxygen vacancies per surface area in view of
the CO, chemisorption step illustrated in eq 16. Consequently,
this is expected to facilitate higher CO oxidation rates at
reduced temperatures.

3.6. Probing Changes in the Surface Cu*/Cu?* Distribution
from Synthesis to CO Oxidation Reaction Conditions

In the present work, in situ CO-DRIFTS was used as an
alternative methodology (see Section 2.6.1) to the NAP-XPS
to investigate the influence of CO oxidation reaction
conditions on the distribution of surface Cu oxidation states
in the prepared Cu,0-CuO (Cu,O-T) catalytic system (see
Section 2.1). Figures S9 and S10 report the recorded DRIFTS
spectra and the Cu**-CO (2135/2137 cm™') and Cu’-CO
(2072/2081 cm™") IR bands obtained after deconvolution (see
Section 3, SI) for the Cu,0-200 and Cu,0-500 catalytic
samples, respectively. The ratio of the integral band area of
Cu**-CO to that of Cu*-CO was estimated for the case of CO
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adsorption at room T on the fresh catalytic surfaces (Figure
S9A and Figure S10A) and that after CO oxidation reaction at
175 °C for 30 min (1% CO/20% O,/He, Figures S9B and
S10B). The ratios were found to be 4.55 (fresh sample) and
4.35 (after CO oxidation) for the Cu,0-200 catalytic system
(Figure S9) and 4.93 vs 4.63, respectively, for the Cu,O-500
one (Figure S10). These results showcase that the CO
oxidation reaction at the specified experimental conditions
applied had only a small influence on the distribution of the
two surface oxidation states of Cu, namely, 4.3% and 6.1%,
respectively, for the Cu,0-200 and Cu,O-500 catalysts. This
result highlights also the correct correlations derived in the
present work between the surface Cu'/Cu®* molar ratio
(derived from the ex situ XPS analysis of the Cu 2p signal) and
the various SSITKA kinetic and redox dynamic parameters of
the unsupported Cu,O-CuO catalytic system.

4. CONCLUSIONS

This study examines the significant impact of the surface Cu*/
Cu®" molar ratio, as determined by XPS analysis within the
0.01—-5.0 range, on both the catalytic CO oxidation activity
and the composition of the adsorbed phase for the
unsupported Cu,O-CuO heterojunction system. This inves-
tigation also explores the influence of the surface Cu’/Cu®*
molar ratio on the mechanism of CO oxidation (1% CO/20%
O,/He) at low temperatures. At 175 °C, the catalyst with
hollow morphology (Cu,0-200) showed the highest activity,
which was associated with its largest Cu*/ Cu** molar ratio
among those tested, and it promoted the Eley—Rideal
mechanism, as confirmed by SSITKA-MS analysis. In this
case, gaseous CO reacts largely with surface lattice oxygen, part
of which is formed on the inherent oxygen vacancies created by
the presence of Cu,0-CuO heterojunctions (dynamic oxygen
uptake studies). At the same time, linear and reversibly
adsorbed CO is formed on the Cu* and Cu®* sites (SSITKA-
DRIFTS), the surface coverage of which was found to be only
0.16 at 175 °C (SSITKA-MS).

The presence of labile and active lattice oxygen toward CO
and the formation of oxygen vacancies were probed by
dynamic lattice oxygen reduction by CO and reoxidation
experiments. In the case of the Cu,0-200 (Cu*/Cu®** = 4.9)
catalyst, at 175—190 °C and after 15 min in CO/He, ~10
equiv monolayers of lattice oxygen (Ny) were reduced, while
at 190 °C and after 2 h time on stream, significantly larger
amounts were measured.

As the Cu®/Cu? molar ratio decreased from 4.9 to 0.01—
0.025, where the CuO phase is dominant and the primary
crystal size of CuO is in the 32—56 nm range, the CO
oxidation follows the M-vK type mechanism (as opposed to
the Eley—Rideal mechanism followed by the Cu,0-200
catalyst) for which adsorbed CO-s and O-s species (largely
lattice oxygen) participate toward the formation of CO,. The
surface coverage of COO-s (carboxylate) active intermediates
leading to CO,(g) at 175 °C (SSITKA-MS) was found to
double after decreasing the Cu*/Cu*" molar ratio from 0.025
to 0.01, while very small and similar concentrations for
adsorbed CO-s (0o ~ 0.024—0.034) were found in the two
solids. The dynamics of exchange of CO-s and COO-s in the
2C0O/0, — *CO/0, SSITKA step-gas switch was analyzed
for the first time, highlighting the influence of the Cu®/ Cu*
surface molar ratio on the adsorption/desorption of CO and
the reactivity of COO-s intermediates toward the formation of

CO,(g).
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The specific activity of the Cu,O-T solids in terms of
TOF¢q (s7!), which was estimated based on the active sites
participating in the CO oxidation at 175 °C (CO-s and COO-s
intermediates) followed the order Cu,0-500 < Cu,0-300 <
Cu,0-200. The most active Cu,O-200 catalyst containing the
largest surface Cu’/Cu®** molar ratio (ca. 4.9; d,,, (Cu,0) ~
16 nm) showed an impressively higher TOF, value by ~375-
times compared to Cu,0-500 of the lowest Cu*/Cu** molar
ratio (ca. 0.01; d,,, (CuO) ~ 56 nm). These TOFcq (s7')
values are reported for the first time for unsupported Cu,O-
CuO and CuO catalytic materials. In the case of Cu,0-300 and
Cu,0-500 solids, consisting mainly of the CuO phase, while
the former has a surface Cu*/Cu’" ratio about twice as large as
the latter case, and a mean primary crystal size of ~32 nm
compared to ~56 nm, an apparent rate constant (k) for the
CO oxidation at 175 °C of 1.7 times larger was estimated.

Time resolved DRIFT spectra for the thermal stability and
activity toward oxygen (20% O,/He) of adsorbed CO-s,
carboxylate (COO-s), and carbonate-type species formed
under CO oxidation at 175 °C/30 min were collected as a
function of Cu*/Cu** molar ratio. In all cases, similar depletion
rates of adsorbed CO-s in 20% O,/He were observed, as
opposed to the case of carboxylate- and carbonate-type
adsorbed species. Notably, Cu,0-200 of the highest Cu*/
Cu?* molar ratio proved to populate significantly less thermally
stable carbonates than the other two solids of very low Cu*/
Cu®* molar ratio (ca. 0.01—0.025). This result aligns with the
notably higher TOFq (s™') observed in Cu,0-200 compared
to those of the other catalytic materials (Cu,0-300 and Cu,O-
500), indicating that the enhanced activity of this material
might be partly attributed to significantly reduced “CO,-
poisoning” of surface-active sites during low-temperature CO
oxidation.

For the first time, in situ CO chemisorption DRIFTS was
employed to study how CO oxidation reaction conditions
affect the distribution of surface copper oxidation states (Cu*/
Cu®* molar ratio) in the unsupported Cu,O-CuO hetero-
junction system. This methodology may serve as an alternative
to NAP-XPS. Its effective implementation relies on accurate
deconvolution of the DRIFTS spectrum within the CO-IR
region, where overlapping signals from gaseous CO are
present. Conversely, this approach does not encounter the
pressure gap obstacle that remains present in the NAP-XPS
analysis.

The SSITKA-mass spectrometry technique, along with
dynamic isothermal reduction by CO experiments of lattice
oxygen of the Cu,0-CuO system, efficiently differentiates the
CO oxidation reaction mechanisms, and it is more
straightforward and less time-consuming than microkinetic
analysis of steady-state rates. On the other hand, mathematical
modeling attempts of the SSITKA-MS response curves
(involving microkinetic modeling) would provide details of
the elementary steps (nature and RDS). Utilizing SSITKA data
for modeling, rather than relying solely on steady-state rate
measurements, is regarded as a more precise approach. The
total surface coverage of the active species determined by
SSITKA serves as a valuable constraint, enabling enhanced
accuracy in predicting kinetic rate constants of elementary
steps.

The future direction of this work might involve applying
advanced operando NEXAFS to determine the structures of
specific surface Cu* and Cu*" sites, especially at the Cu,O-
CuO heterojunctions that are responsible for CO oxidation.”
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It is important to note that only a small proportion of Cu*/
Cu®* sites is involved in the CO oxidation reaction.
Additionally, using NAP-XPS would be highly beneficial to
show how variables such as temperature (T), partial pressures
of CO (Pco), O, (Po,), and CO, (Pgo,) influence the
distribution of Cu’/Cu®" on the surface. When combined with
the current SSITKA-MS technique, this approach can help
establish valuable relationships between SSITKA kinetic
parameters and the surface composition of Cu’/Cu®** as a
function of the operational conditions of the reaction.
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