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Catalysis

Role of Interfacial Cu-lons in Polycrystalline Cu-CeO,: In-
Situ Raman, In-situ DRIFT and DFT Studies for Preferential
Oxidation of CO in Presence of Excess H,**

Shubhadeep Adak,® " Rohan Singh Pal,® Tuhin Suvra Khan,”® Mukesh Kumar Poddar,”
Md. Sarfaraz Ahmad,” Vemulapalli V. D. N. Prasad,”™® Mohammad Ali Haider,'” and

Rajaram Bal*®™ "’

In this work, we designed a polycrystalline Cu-CeO, catalyst
with defect sites, and it has superior CO oxidation activity in
presence of excess H,. The oxygen defects of Cu-CeO, influence
the adsorption of unalike surface di-oxygen types, and the
catalyst was characterized through XRD (X-Ray Diffraction)
analysis, TEM (Transmission electron microscopy), in-situ Raman
spectroscopy, in-situ DRIFT (Diffuse reflectance infrared fourier
transform) spectroscopy. TEM showed that CeO,(111) plane are

Introduction

Defect sites of cerium oxide (CeO,) play a crucial role in
catalytic reactions to give very high conversion of products at
minimal activation energy.'® The preferential oxidation (PROX)
reaction of CO (CO+1/2 O,+H,=CO0O,+H,) is usually applied
as a part of a purification process and the reformate gas that
facilitates the production of pure hydrogen (H,) through the
oxidation of harmful carbon monoxide content in the feed into
CO,.™ This purification of H, is needed for PEM-Fuel cell or
ammonia synthesis. Otherwise, the catalysts will easily be
poisoned by CO.”’ Due to the redox properties, ceria (CeO,) is
categorized as rapid oxygen (O,) storage and its delivery
material under dynamic reaction atmosphere!® While the
oxidation rate in ceria is substantially faster, the rate of ceria
reduction is often slow. As a result, much effort has gone into
promoting its reducibility. Because the oxygen diffusion is
dependent on the dimension, and intensity of oxygen
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the exposed plane for this reaction. Raman spectroscopy
showed nature of the defects of the prepared catalyst and how
it works in the reaction environment. In-situ DRIFT spectro-
scopy showed that the Cu™«Cu®* system is working in this
reaction environment. Role of interfacial Cu ions was confirmed
by in-situ DRIFT spectroscopy and DFT (Density functional
theory) study.

vacancies, the cerium oxide reduction is considered to be
regulated by the oxygen vacancies’ nature, as explained in the
reported literature.”® Esch et al. found that at normal temper-
ature, tiny oxygen vacancies of the ceria surface (Ce0O,,111)
were stationary, but clusters of these vacancies were linearly
formed at higher temperatures. As a result, operating parame-
ters that favour the production of more oxygen vacancies will
improve the reducible property of ceria.”’ The population of
Ce*"-0-Ce*"defect sites also promote the catalytic action of
Ce0,, and there are several literature reports on the defective
sites of Ce (e.g., oxygen vacancy and Ce®") exploiting several
spectroscopic methods. The crystal planes are related to other
surface planes, when handling the polycrystalline cerium oxide
powder (CeO,) to interpret experimental data, every probable
surface plane must be evaluated. However, we concentrated
on the CeO,(111) plane as it is energetically most stable among
the Ce0,(100), (110), and (111) surfaces.”'® The theoretical
simulations have revealed that various crystallographic planes
of ceria such as (111), (110), and (100) reveal other properties
such as interaction with surface molecules and O, vacancies
formation energy."” Qiang Wan et al. investigated the dissoci-
ation of a single Cu atom from CeO,(111) supported Cu clusters
with and without CO adsorption. They also showed that the CO
adsorption on Cu lowers its dissociation energy, facilitating the
creation of single atom entities on CeO,(111)."? From theoret-
ical simulations, T. X. T. Sayle et al. showed that there was an
optimal amount of O-vacancies for the CO oxidation reaction.
They demonstrated how the activity of the catalyst might be
adjustable by designing the oxygen vacancy concentration and
hence the oxygen content of the catalyst"” Due to out-
standing sensitivity towards microstructural development,
Raman spectroscopy has become prevalent in diverse research
fields, including materials science and catalysis. This technique
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has been exploited to explore the molecules with defect sites
present in the ceria lattice.

Results and Discussion

Catalytic activity: The activities of hydrothermally prepared
catalyst (2.8% Cu-CeO,"™) and catalyst prepared by conven-
tional impregnation method (2.8% Cu-CeO,™) are shown in
Figure 1. Without H, in the gas feed, the 2.8% Cu-CeO,™
catalyst exhibits superior activity (10% CO conversion, 25°C
and 100% CO conversion, 55°C) in comparison to the 2.8% Cu-
Ce0,*™. In presence of excess H, 2.8% Cu-CeO," catalyst
shows the CO conversion 100% and O, selectivity 100% (O,
will only oxidize CO, not H,) at 75 °C, whereas 2.8 % Cu-CeO,*™"
catalyst showed 100% CO conversion at 200°C and O,
selectivity was only 52%. 2.8% Cu-CeO,"™ catalyst did not show
any deactivation even after 100 h, whereas the 2.8% Cu-
CeO,™ catalyst showed significant deactivation during 100 h
of time on stream (Figure S4, supporting information). For
practical PEM fuel cell application, the operating temperature
should be below 120°C, and the CO concentration level must
be below 10 ppm, and O, selectivity should be 100 %.

In the case of PROX, apparent activation energies were
evaluated from the Arrhenius plots. R? (the coefficient of
determination) of linear regressions were found above 0.98
(Figure 2A and B). 2.8% Cu-CeO,"™ and 2.8% Cu-CeQ,*™
catalysts show apparent activation energy values of 59.27 and
85.95 KJ/mol, respectively. Since Cu-CeO,"™ has less apparent
activation energy than Cu-CeO,“™ (Ea.,mm > Eayy), oxidation of
CO facilitates easily over the Cu-CeO,"" catalyst compare to Cu-
CeO, ™™,

Catalyst characterization: TEM images of fresh 2.8% Cu-
CeO," catalyst exhibits particles in the range of 3-18 nm.

The SAED (selected area electron diffraction) pattern of Cu-
CeO, showed in Figure 3(d), and it reveals as prepared catalyst
is in polycrystalline nature.
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Figure 1. Light off curve for 2.8% Cu-Ce0,"™ and 2.8% Cu-Ce0,*™ with the
molar ratio of the gas mixture CO:0,:H,:He = 1:2:60:37, where CO conversions
with no H, (GHSV:7000 h™') and with H, (GHSV:15000 h™").
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Figure 2. Arrhenius plots for A) 2.8% Cu-CeO,", B) 2.8% Cu-CeQ,*™
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Figure 3. (a-d) shows the TEM image of the fresh 2.8% Cu-CeO,"" catalyst.
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Figure 3(c) shows the HRTEM (high resolution transmission
electron microscopy) image of the Cu-CeO, catalyst, and the
inter-planar d-spacings is 0.31 nm only, and it corresponds to
the CeO,(111) facets. The XRD (X-ray diffraction) analysis
detects no Cu species (Figure 4). TEM images of fresh 2.8 % Cu-
CeO,°™ catalyst exhibits large sized and agglomerated
particles. Due to this, the measurement of particle size is
impossible (Figure S5). The SAED (selected area electron
diffraction) pattern of 2.8% Cu-CeO,™™ showed in Fig-
ure S5(d), and it reveals as prepared catalyst is in polycrystalline
nature. The XRD peaks of CeO,”", 2.8% Cu-CeO,"™ and 2.8%
Cu-Ce0,™™ are shown in Fig. 4 A and it was found that the 20
value shifted for 2.8% Cu-CeO,"™ and 2.8% Cu-CeO,”™ (Fig
4 A inset). The lattice parameter was calculated taking the
highest intense peaks ~28° and found that the value is 5.4201,
5.4059 and 5.4367 A, respectively for CeO,”", 2.8% Cu-CeO,""
and 2.8% Cu-CeO,”™. It is known that, when smaller ions
(Cu*, ionic radius 0.87 A) replace larger size ions (Ce*”, ionic
radius 1.01 A) within the lattice, lattice contraction occurred
(Vegard’s law). In case of Cu-CeO,", it was observed that the
contraction of the lattice parameter occurred from 5.4201 to
5.4059 A, and this is confirmed from XRD pattern as the 20
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value increased from 28.50° to 28.58°."" On the other hand, in
case of Cu-CeO,®™, it was found that expansion of the lattice
parameter occurred from 54201 to 54367 A and this is
confirmed from XRD pattern as the 20 value decreased 28.50°
to 28.42°. This is because Ce** (ionic radius 1.01 A) is reduced
to Ce** (ionic radius 1.15 A)."® Evaluation of lattice constants
of 2.8% Cu-Ce0,", synthesized CeO, and 2.8% Cu-CeO,*°™
were accomplished by the program PROZSKI. In fact, a drop in
the lattice constant from 5.4059 due to CeO, (pure) to 5.4005
due to 2.8% Cu-CeO," confirms Cu®>* insertion in the CeO,
lattice."®'” According to XRD studies, Cu®* ions are integrated
into the matrix of cerium oxide, indicating the feasibility of
Cu—0—Ce solid-solution formation. (Figure 4B)." This finding
was consistent with what has been reported in the previously
published journals.'"*'”'® In case of 2.8% Cu-CeO,”™, Ce**
becomes reduced to Ce’* by the adjacent ions, and the lattice
parameter becomes the highest (5.4367 A)'"¥ The smaller
nanocrystallite formation occurred during the hydrothermal
method than the impregnated one. The decrease of crystallite
sizes is confirmed from the XRD peak broadening (Figure 4).
The CeO, crystallite size for the 2.8% Cu-CeO," catalyst is
9.51 nm, whereas the CeO, crystallite size for the 2.8% Cu-
Ce0O,“ M catalyst is 36.19 nm. So, it is very clear that the catalyst
prepared by the hydrothermal method produces very small
CeO, crystallites compare to the catalyst prepared by the
conventional impregnation method. The CeO, crystallite size of
the 2.8% Cu-CeO,™ was almost four times lower than the CeO,
crystallite prepared by the conventional impregnation method
(2.8% Cu-Ce0,™™). It was also found that the smaller the CeO,
crystallite size, the higher is the activity in the CO conversion. It
was found that, at 75°C and keeping all the reaction
parameters constant, 2.8% Cu-CeO,™ catalyst showed ~100%
CO conversion, whereas 2.8% Cu-CeO,“™ catalyst is showing
very negligible CO conversion (~8%). Comparing the activity
of both catalysts, we can say that the activity of the 2.8% Cu-
CeO," catalyst is almost 12 times higher than the 2.8% Cu-
CeO,°™ catalyst, as shown in Table 1. From the Rietveld
refined XRD analysis, we can conclude that with solid-solution
formation, oxygen vacancy in the crystal lattice increases,
favouring the catalytic reactivity in the case of hydrothermally
prepared catalysts, 2.8% Cu-CeO,"" (Table 2, Figure 4B and S1).

Table 1. Comparison of CO-conversion (at 75 °C) with the catalyst’s
crystallite sizes.

Material Crystallite sizes (nm) Conversion
(%)

2.8% Cu-CeO,"" 9.51 100

2.8% Cu-CeO,™ 36.19 8

Table 2. Comparison of Rietveld refined XRD analysis of the catalysts.

Catalyst Reragg Re e
Figure 4. A) X-ray pattern of a) 2.8% Cu-Ce0,"; b) Ce0,""; ¢) 2.8% Cu-
Ce0,*™; B) Rietveld refined XRD arrangement of 2.8% Cu-CeO,"". Rg,,g4-7.65, 2.8% Cu-CeO,™ 7.65 6.01 1.21
Re-6.01, ¥2-1.21. 2.8% Cu-CeQ,o™™ 416 423 1.89
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The BET surface area of 2.8% Cu-CeO,"™ (fresh) and 2.8%
Cu-Ce0,”™ (fresh) catalysts are 55 m*g and 10 m*/g, respec-
tively.

Raman spectroscopy: For this catalyst, we employed the in-
situ Raman spectroscopy to analyze the properties of lattice-O
defects and the nature of oxygen vacancies. Figure 5 demon-
strates the Raman spectra of 2.8% Cu-CeO,"" catalyst in the
course of PROX reaction.

An intense peak at about 459 cm™', which agrees with F,q
vibration mode of cubic fluorite assembly of Ce0,."***?" The
F,, band shows the shifts from 459 to 457 cm™' (459—440—
449—456—457). This red-shift is mostly owing to thermal
strain; spectrum broadening and intensity quenching, on the
other hand, are attributable to anharmonicity effects.””

For the 2.8% Cu-CeO,™ catalyst, we employed the in-situ
Raman spectroscopy to analyze the properties of lattice-O
defects and the nature of oxygen vacancies. Figure 6 demon-
strates the Raman spectra of 2.8% Cu-CeO,™ catalyst in the
course of PROX reaction. The F,, band shows the shifts from
4594 to 459.8 cm™' (459.4—450.1—459.7—459.8). This blue-
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Figure 5. In-situ Raman spectra of 2.8% Cu-CeO," catalyst in PROX reaction
condition. Asterisk (*) indicates carbonate species. The spectra are normal-
ized by intensity at 459 cm™', F,, mode at 633 nm laser power with 50%

shift advocates the formation of larger CuO and CeO, particle
during reaction.”

The band at ~ 460cm™ (F,) suggests (Figure7) the
insertion of copper into the lattice of cerium oxide to form a
solid solution in 2.8% Cu-CeO," as the peak at ~460 cm ™" (F)
becomes broad, and intensity becomes lower than the
synthesized CeO,” The relative concentration of oxygen
vacancies was calculated by analyzing the ratio of the
intensities of D and F,,cm™' (Table 3, Ip/lg,,).?*’ The ratios of I/
lpg at room temperature follows the order: 2.8%Cu-CeO,
(0.0413) > Ce0,”" (0.0235), suggesting that the introduction of
copper ions in CeO, lattice enhances the concentration of
oxygen vacancies in the CeO, lattice.

We prepared catalyst with higher loading and performed
Raman analysis. A blue-shift from 459 to 462 cm™' of the F,,
peak was observed when loading was increased from 2.8%
(2.8%Cu-Ce0,™ to 7% (7 %Cu-Ce0,™ as shown in Figure 8.
Earlier report says that the peak position shift and broadening
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Figure 7. Ex-situ Raman spectra of 2.8% Cu-CeO,"" catalyst and CeO,”"
recorded at 633 nm laser power with 50 % filter at 25 °C.

Table 3. Ex-situ Raman spectroscopy showing the intensity of the defects
(Io/lgq ratio) during incorporation of copper ions in CeO, lattice, recorded at

filter.
633 nm laser power with 50 % filter at 25 °C.
Material Ip (a.u) lepg (a.0.) In/lag
CeO,™" 462 19626 0.0235
* K
Fa i 2.8% Cu-CeO," 82 1983 0.0413
4594}:& before reaction i
= 450.1 ——— 10% H,/Ar at 450°C n ]
2 i ' 2
2 i i - 1\ 462 T
‘2 : ! 3 ! — 7% Cu-CeO,
= 4597 ——CO+0, at 75°C i =z i
J?L 2 x z | —— Ce0,™"
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Figure 6. In-situ Raman spectra of 2.8 % Cu-CeO,“™ catalyst in PROX
reaction condition. Asterisk (*) indicates carbonate species. The spectra are
normalized by intensity at 459 cm™', F,; mode at 633 nm laser power with
50 % filter.
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Figure 8. Ex-situ Raman spectroscopy showing the nature of the defects (Ip/
Ir2g) during incorporation of copper ions in CeO, lattice, recorded at 633 nm
laser power with 50% filter at 25 °C.
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of the F,4 peak are influenced not only by the particle sizes but
also by the incorporation of copper in the cerium oxide
lattice.”” This blue shift suggests forming larger-sized Cu-CeO,
particles.” In general, the higher red-shift is correlated with
more copper incorporation into the ceria to form a solid
solution, creating more lattice vacancies.*”

To understand the profound nature of reactive oxygen and
the mechanism of reaction, we performed reactions at different
feeds (reaction with CO only, with CO+0, and with CO+0,+
H,) over the 2.8% Cu-CeO,"" catalyst. Here, we showed the in-
situ Raman spectra where only CO feed was used (Figure 9),
and the characteristic F,; mode of vibration of the cubic fluorite
assembly of CeO, at 460 cm™' is shown, while the band
617 cm™' (D1) corresponds to the presence of MO; sites (O in
CeO, lattice) as shown in Figure 9. The band component
between 500-600 cm™' (D2, asymmetric per-oxo species) have
been ascribed to defect spaces involving an oxygen
vacancy.”®® No Raman lines of any copper species were
observed due to the high dispersion of Cu species.”” The
broadband ~ 1150 cm™' is attributed to superoxide species.”
To explore the nature of active oxygen species, we introduced

e,
| D2 agsymelric peroxo
Il species 547 cm”'

1\ { D1617cm’ .
super oxide :
species

CO T=120min
CO T=60min
CO T=50min

CO T=40min

Intensity (a.u.)

CO T=10min
CO T=0min

pretreated with
20% O

without
etreatment

2000 2250

1500
Wavenumber (cm™)

10 500 1000

Figure 9. In-situ Raman study of 2.8% Cu-Ce0," at 75°C under CO flow after
pre-treatment in O, at 450 °C. Asterisk (*) indicates carbonate species. The
spectra are normalized by intensity at 460 cm ™', F,; mode at 633 nm laser
power with 50 % filter.
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only CO to the fresh 2.8% Cu-CeO,” catalyst. We found a
gradual increase in the D2 intensity (shown in Figure 9). After
50 min decrease of D1 was observed, and it was confirmed that
CO was oxidized initially with surface oxygen (superoxide
species) as long as it is available.”® After that, it reacts with
oxygen from Cu®*-O-Ce*'t moiety (D1), which creates more
oxygen vacancies and the intensity of D1 decreases (Figure 9).
But the band intensity around ~1150cm™' completely dis-
appeared after 120 minutes. From this observation, we can say
that surface superoxide species are most easily accessible than
other species, and it is used as long it is available. When surface
oxygen is not available, then lattice O, is involved in CO
oxidation and that the resulting formation of oxygen vacancies
is observed (increasing intensity of D2, asymmetric peroxo
species). Comparing the reaction data between CO+0O, and
CO+0,+H, (Figures 10 and 11), we can see that both the
series of spectra are identical in PROX reaction condition with
2.8% Cu-CeO,™.

in-situ DRIFT spectroscopy: Figure 12 demonstrates the in-
situ DRIFT spectra, recorded in CO+ O, condition for the 2.8%
Cu-CeO,'.

CO+0, T=120min

CO0+0, T=80min

CO+0, T=50min

CO+0, T=40min

.‘lv":' CO+0, T=30min
WWW&Q‘MJM,
;

”"‘"““"*“'“Wi‘.

Intensity (a.u.)

\ CO+0, T=20min

e

CO+0, T=10min

CO+0, T=0min

pretreated with
20%0,

without
pretreatment
Ty M A

1000 1500 2000 2250

Wavenumber (cm™)

10 500

Figure 10. In-situ Raman study of 2.8% Cu-CeO," at 75°C under CO+ 0,
flow after pre-treatment in O, at 450 °C. Asterisk (¥) indicates carbonate
species. The spectra are normalized by intensity at 460 cm ™', F,y mode at
633 nm laser power with 50% filter.
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1394-1392 cm™' can be assigned to mono- or tri-dentate
carbonate species for samples revealing (100) faces of cerium
Fa oxide.”®® Cu*-carbonyls are observed in the 2115-2099 cm™’
h D2 zone.”*?” The formation of CO,(g) is shown in the spectral zone
’ E:” 1152 em’” - at intermedial frequencies, which emerged in agreement with
o ‘ | CO-oxidation activity. Cu*-carbonyl species at ~2110cm™,
I which shifts gradually to the red-shift to ~2105 cm™' with the

‘W hwm‘ i gradual increase of temperature up to 80°C but doesn't
f[w . : |M disappear completely by the reduction of CO molecule.

JK CO+0,+H, T=60min Because this Cu' comes from the interfacial Cu’" and is

stabilized by the oxygen of adjacent CeO, molecule (Cu™*"-O-

‘\CO+02+H1T=50min 34/4 . . . . .
Ce’*** moiety) otherwise, this type of observation is not

;i I l\Q CO+0,+H, T=40min pOSSi ble'[29'30]
2 \"hl‘l _ We have performed the reaction, including the feed
2| i”‘@:ﬁmﬁmmm mixture of CO+H,+0,. In-situ DRIFTS investigations were
2 it hianuashe L . . .
15 \IiJil : carried out between 25 and 80°C with a 1:2:4 ratio of CO:0,:H,
3\\::::0;'"2?20""" to determine the critical intermediates on the surface of 2.8%
J Cu-Ce0,™. There three unique spectral areas were observed.
j?‘km;"“zﬁ"""‘" Bands related to carbonate and bicarbonate species occurred
i in the region 1260-1800 cm™'.B” The most powerful peaks in
§ S o this spectral area are 1540 and 1650 cm™' are bi-dentate
‘ carbonates (Figure 13). Cu™-CO species are responsible for the
i . i bands ~2110 cm™'P" The reduction of Cu’*, induced by the
Vel e support is linked to the creation of Cu™-CO species. The
| Mmﬁm frequency of the carbonyl species is generally determined by
‘ : the number of accessible surface-exposed Cu™ centres, CO
= E5i 1000 500 P content, and temperature.®” In the 2.8% Cu-CeO,"" catalyst,

the development of interfacial Cu* sites at the surface is
stimulated and stabilized by CeO,. Surface Cu™ entities must
Figure 11. In-situ Raman study of 2.8% Cu-CeO,"" at 75°C under CO+0,+H, be stabilized by Ce'*/Ce’" to prevent further reduction to
flow after pre-treatment in O, at 450 °C. Asterisk (*) indicates carbonate Cu®¥ Bands at 2359 and 2336 cm™' demonstrate that CO, in
species. gaseous form is generated, thus confirming CO oxidation
(Figure 14).B4

Figure 14 depicts the Cu*-CO species area in greater detail.
12800 133gem’ e ©0zg! 02 Adsorbed CO, and Cu™-CO species are found in the 2300-

{._-1557cm’ cu*-co
N i MWC 2400 cm™' and 2080-2140 cm™' areas, respectively.®™ The
B e _J\A_//\v\?““c concentration of Cu™-CO species dropped as the temperature

M"’“M J\/\_/"\gn“c raised, but the concentration of CO, continued to increase.
/ﬂw MW We have performed the reaction including the feed mixture

AW% Mm of CO+H,+0, over 2.8% Cu-CeO,*™. In-situ DRIFTS tests
| M were performed between 25 and 80°C with a 1:2:4 ratio of CO:
M 40°C

Wavenumber (cm™)

Intensity (a.u.)

1540 emi”! 1650 e

0 2100 2250 2400
Wavenumber cm™
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Figure 12. In-situ DRIFT study of 2.8% Cu-CeO," at 25-80°C under CO+0,
flow after pre-treatment in O, at 450°C.

Intensity (a.u.)

The most noticeable changes noticed in the DRIFT spectra 3 S V”WWW

. . . . . 12601400 1600 1900 2000 2200 24003000 3160 3300 3400 3600 37o0 39003000
(accompanied by reaction feed) are in the regions attributed to Wavenumber (om')

carbonyl and carbonate species (Figure 12). Small deviations
are too noticed to be generated in the region attributed to  Figure 13. In-situ DRIFT study of 2.8% Cu-CeO,"™ at 25-80°C under
hydroxyl species (not shown). Bands at 1469-1463 cm™' and  CO+0,+H, flow after pre-treatment in O, at 450°C.
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Figure 14. In-situ DRIFT study of 2.8% Cu-CeO," at 25-80 °C under
CO+0,+H, flow after pre-treatment in O, at 450°C.

0O,:H, so that the main intermediates on the surface of 2.8%
Cu-CeO,™ under PROX conditions could be identified (Fig-
ure 15). From 25 to 65°C, we didn't see any changes but when
temperature reached 70°C, we observed the increase of the
intensity of the CO, peak. We can say that above 65°C the
catalyst becomes active, and it is less active than the hydro-
thermal ones.
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Figure 15. In-situ DRIFT study of 2.8 % Cu-CeO,“™ at 25-80 °C under
CO+ 0, +H, flow after pre-treatment in O, at 450°C.
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Figure 16. DFT optimized geometry of the non-defective (a) CeO,, (b)
CUyepiaceCe0; and (c) Cu,yq-CeO,(111) surfaces. The surfaces with oxygen
vacancy shown in the bottom panel. The oxygen vacancy formation energy
(Eo,) for each of the three surfaces is given above. Color scheme: Cu (green),
O (red), Ce (white) and the blue circle indicate the oxygen removed to create
the oxygen vacancy. The position of oxygen is indicated with the black circle.
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DFT calculation

The detail of the DFT calculation is given in the experimental
section.”**” The surface of CeO,(111) is modelled using 3x3
supercell slab having three CeO, layers (9 atomic layers). The
surface slabs are periodic in the xy plane, whereas they are
separated in the z-direction by a vacuum of 20 A (Figure 16(a)).
The highly dispersed Cu/CeO, catalyst was modelled by
replacing one Ce atom of the CeO,(111) surface with a Cu atom
to obtain Cu,ey,.-CeO, (Figure 16(b)) and by adding a Cu atom
at the CeO,(111) surface to obtain Cu,,-CeO, (Figure 16(c)).
The defective surfaces with oxygen vacancy were created by
removing the surface oxygen atom present at the Cu-CeO,
interface. The exchange-correlation energy of the electrons is
described by Perdew-Burke-Erbzerhof (PBE) parameterization of
generalized gradient approximation (GGA).®¥ The core elec-
trons were described using PAW potentials.®” The van der
Walls dispersion corrections were incorporated using the
Grimme DFT-D3 correction with Becke-Jonson damping.””
Kohn-Sham one-electron valence states are expanded using a
plane-wave basis set truncated to cut-off energy of 396 eV. All
the calculations were performed under spin-polarized condi-
tion, with Hubbard U, parameters of value 4.5 eV employed
for Ce.*'"*? The surface Brillouin zone is sampled using a 2x2x
1 Monkhorst-Pack grid.*¥ For structure optimizations, the
energy and force convergence criteria have been set to 1x
10°eV and 0.05eV/A, respectively. The oxygen vacancy
formation energy (E(O,)) of the adsorbate is calculated with
respect to the surface and the gas phase reactant species, as
follows:

E(Ov) = (Esurf-Ov + 1/2 EOZ,gas)'Esurface (1)

where Egtcer Esuaon @and Eo; o denotes the energy of the non-
defective surface, energy of an oxygen vacancy on a surface
and the energy of an O, molecule in gaseous phase,
respectively.

To understand the effect of Cu on the formation of oxygen
vacancy at the CeO, surface, DFT (Density Functional Theory)
method was applied. Figure 16 (a) shows the geometry of
CeO,(111) optimized by DFT. The stable CeO,(111) surface is
oxygen terminated with Ce atoms forming the layer below, as
can be seen in Figure 16 (a), where each Ce atom is connected
to seven oxygen atoms. The oxygen vacancy in the CeO,(111)
surface was generated by taking away one surface oxygen
atom, as shown in the bottom panel of Figure 16 (a). The
formation of oxygen vacancy at the pure CeO,(111) surface
requires energy (Ey,) that was calculated to be 2.31eV. To
understand the effect of Cu on the oxygen mobility of the CeO,
surface, two Cu/CeO, surface models were studied here. The
CUyepiaceC€0,(111) surface is obtained by replacing one Ce
atom at the CeO,(111) surface with Cu (Figure 16 (b)), whereas
Cu,qq-Ce0,(111) surface is obtained by adding a Cu atom at the
CeO, surface (Figure 16 (c)). In the Cu,e.."CeO,(111) surface,
the Cu atom move towards the second layer, breaking the
octahedral symmetry in CeO,, and form a square-planner like
geometry where Cu is connected to four oxygen atoms, as can
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be seen in Figure 16 (b). Due to the disruption of the lattice
caused by the formation of the square-planer geometry by the
Cu dopant, the oxygen vacancy formation at the Cu-Ce0O,(111)
surface become highly facile, as can be seen from the
exothermic formation energy of oxygen vacancy —0.54 eV
(Figure 16 (b), bottom panel). Similar negative oxygen vacancy
formation energy was also obtained by Riley et al. for Ni doped
CeO, catalyst.*” The spontaneous formation of oxygen vacancy
was attributed to the charge balance as Ce*" was replaced by
Ni**. Similar low oxygen formation energy was also calculated
by Feng et al for Pt/Ga-CeO, catalyst system (E(O,) =0.09 eV),
where Ce*" was replaced by Ga’".* The geometry of the
Cu,qq-Ce0,(111) surface, optimized by the DFT has been shown
in Figure 16 (c). The Cu atom forms two Cu—O bonds with the
CeO, surface and binds strongly to the surface. The oxygen
vacancy in the Cu,4-CeO,(111) metal-support interface was
generated by pulling out one CeO,(111) surface oxygen present
at the Cu-CeO, interface, as shown in Figure 16 (c) bottom
panel. The oxygen vacancy formation at the Cu,44-CeO, inter-
face was found to be higher (3.44 eV) compared to the pure
Ce0,(111) surface. This indicates the experimentally observed
increase in the surface oxygen vacancy concentration (Ip/lg,) in
the Cu-CeO, catalyst compared to pure CeO, shown in
Figure 7, is due to the insertion of Cu atom at the CeO, lattice,
forming highly active Cu—O—-Ce active site due to the
disruption of lattice geometry. Easy oxygen vacancy formation
increases the diffusion of lattice O, at the surface region, also
observed experientially in Figure 9 and 11. The easy formation
of oxygen vacancy also expected to lower the light-off temper-
ature for the CO PROX reaction, as observed experimentally in
Figure 1.

The reaction occurs between the chemisorbed CO at the
Cu’"-Ce0, interface and nearby active oxygen. The CO
molecule adsorbs at the active O-center of the Cu,,.-CeO,
surface, forming CO, molecule as shown in Figure S3 (support-
ing information). The reaction energy for the CO adsorption at
the Cuep,e-Ce0, surface was calculated to be highly exother-
mic (—4.45 eV).

The small crystallite size of CeO, also indicates an increase
in the Cu/CeO, interface area between the small Cu clusters
CeO0,. As shown in the modelling work, the insertion of Cu in
the CeO, surface (Cuepace."Ce0,(111)) increases the propensity
for oxygen vacancy formation. Hydrotreated 2.8% Cu-CeO,"
catalyst having small crystallites of CeO, is expected to have
higher oxygen vacancy concentration, as seen in the Rietveld
refined XRD analysis. The small crystallites of CeO, also increase
the area % of other less stable CeO, surfaces like the Ce0,(110)
surface!" Similar t0 CU,epiae-CeO0,(111) surface, @ Cu,epjace
Ce0,(110) surface was modelled by replacing a Ce atom at the
Ce0,(110) surface with Cu atom, shown in Figure S2 (support-
ing information). The oxygen vacancy formation energy at the
CUyeplace-Ce0,(110) surface (E,, =—0.46eV) was found to be
similar to the Cu,ep,.-CeO,(111) surface (E,, =—0.55 eV).
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Conclusion

In conclusion, we found that the loosely bounded surface
oxygen species reacts faster than other oxygen species. Then
subsequently, lattice-oxygen (D1) reacts with CO with a
concomitant increase of oxygen vacancy (D2), which are later
filled up by the molecular oxygen. The formation of Cu®>*-CeO,
interface (Cu’"-0-Ce*") is possible with the incorporation of
Cu*" into CeO, matrix (from line broadening of XRD and
Raman Spectra and DFT calculation). O, activation occurs on
the oxygen vacancies of Ce0O, (D2), and the diffusion of oxygen
takes place into the lattice to regenerate the catalyst. This
defect site is responsible for preferential oxidation of CO at low
temperature when hydrogen is present in excess. The low-
temperature PROX reaction with the maximum oxygen selectiv-
ity (100%) make the present catalyst suitable for practical
polymer electrolyte membrane fuel cells application.

Instrumental techniques: An online gas chromatograph
(Thermo Fischer Scientific, TRACE-GC 700) equipped with a TCD
(thermal conductivity detector) and an Unibeads C column was
used to ascertain the compositions of the emitted gases to
separate CO,, CO, O,, and H,0. Supposing the almost constant
total volumes of the feed gas before and after reaction (<
1vol% change), the conversions of CO were measured
according to the following equations:

COin — nCOout
CO conversion (%) = %x 100

where nCO,, and nCO,, are the GC peak areas of CO before
and after the reactor, respectively. Diameter of 5 mm diameter
and length of 11 cm were the dimensions of the quartz tube
that was used as the reactor. Thermal mass flow controllers
(TMFC) were used to control the flow of gases. Dimmerstat
(continuously variable voltage auto-transformer) & heating
tape was used to heat the whole tubing.

A PROTO X-ray diffractometer fitted with a Lynx eye high-
speed strip detector and a Cu Ka radiation source was used to
detect the powder X-ray diffraction patterns. 0.5 degrees (20)
per minute rate of recording was used to detect the diffraction
patterns in the 2°-80° region.

Inductively Coupled Plasma Atomic Emission Spectrometer
(Model: PS 3000 uv, (DRE), Leeman Labs, Inc (USA)) was used to
carry out the elemental analysis.

A JEOL JEM 2100 microscope was used to record the TEM
images, and samples were prepared by putting in place an
ethanol-dispersed sample on a Cu grid made of lacey carbon
and coated with formvar.

In-situ Raman experiments were done in HORIBA Scientific
instrument equipped with OLYMPUS confocal microscope,
Labram detector made by CCD (charged coupled device) and
LINKAM-CCR1000 cell (ceramic cell). Pre-treatment of the
sample in 10 vol.% O,/He mixture with a flow rate of
30 mImin~' was carried out before each test for 2h and
purging was done with He (20 mImin~") for additional 0.5 h.
The spectra were recorded under 633 nm laser power (He/Ne
power source).
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An environmental reaction chamber with windows made of
ZnSe installed in a Praying Mantis (Harrick) optical system at
high temperature was used to execute the in-situ DRIFTS
measurements. The species that were adsorbed gave spectra
by subtraction of the spectrum after the preteatment step.

Supporting Information Summary

Material Characterizations, instrumentation and DFT calculation
techniques are shown in detail in supporting information.
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