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The effect on the water-gas shift reaction of active sites on Cu nanoparticles on silica prepared by atomic
layer epitaxy was investigated. The Cu nanoparticles are proposed to contain two major active sites on
the surface, defect sites on Cu particles (L sites) and sites having strong interactions with oxide support
on highly dispersed and/or isolated Cu particles (L; sites). The defect sites on the Cu nanoparticles induce
intense dissociation of H,O to form atomic oxygen, leading to the redox mechanism that occurred in the
reaction. The atomic oxygen generated from H,O on the defect sites has a high reactivity toward CO
adsorbed onto L; and L, sites to form CO,. The adsorption heats of CO adsorbed onto the L; and L, sites
varying with coverage are obtained for coverage 0 and 1 with Eo=51 and E; = 39 kJ/mol for L;-CO and
Eo =70 and E; = 46 kJ/mol for L,-CO.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Copper catalysts, because of their proven activity for water-gas
shift (WGS) and reverse water-gas shift (RWGS) reactions, which
are relevant to several industrial processes [1-13], are usually pre-
ferred as the active component for such processes. The WGS reac-
tion (CO + H,0 — H; + CO,) is used extensively in the conversion
of fossil fuels to hydrogen [1-7]. In particular, the WGS reaction
achieves the conversion of CO to CO,, which is important when
hydrogen is used as a clean fuel for proton-exchange membrane fuel
cells, in view of the strong poisoning effect of CO on Pt-based anodes

The WGS reaction using Cu-based catalysts has been widely
investigated with respect to factors such as the nature of supports
[14-19], the effect of alloy formation [20], and the role of oxygen
vacancies [4,21], but the effect of nanoparticles containing consid-
erable numbers of defect sites, such as step and edge sites, still
remains unclear. To date, preparations of small metallic particles
have been extensively investigated in catalytic studies and are
viewed as a very active area of research in solid-state physics
and chemistry. Conventional supported catalysts are prepared by
wet chemistry methods, which generate small and dispersed active
catalytic sites but may suffer from uncontrollable size distribution.
It has been noted that nanoparticles usually offer a higher surface-
to-volume ratio and a higher concentration of partially coordinated
surface sites compared to bulk materials and, consequently, appear
to possess different physical and chemical properties [22,23].
Several studies mention that size reductions of metals can cause

* Corresponding author. Fax: +886 32118700.
E-mail address: cschen@mail.cgu.edu.tw (C.-S. Chen).

0021-9517/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2010.04.019

some changes in the electronic structure and the distribution of
surface sites, leading to enhanced catalytic activity [24-26].

In our previous investigations, an alternative route for prepar-
ing uniform Cu nanoparticles on SiO,, atomic layer epitaxy (ALE),
was used; nanoparticles with an average diameter of 2.4-3.4 nm
and a narrow size distribution (<10% root mean square diameter)
were obtained [27,28]. The Cu nanoparticles prepared using the
ALE method can have properties very different from those of typi-
cal Cu-based catalysts [8]. In general, Cu-based catalysts undergo
deactivation at temperatures higher than 573 K, but the ALE-Cu/
SiO, catalyst has sufficient thermal stability to prevent sintering
at 773K [8]. The ALE technique is a surface-controlled, layer-
by-layer process that deposits thin films at an atomic scale through
self-limiting surface reactions [29]. This technique for catalyst
preparation is very different from the traditional impregnation
method, in which the gaseous copper precursor (Cu(thd),) must
be deposited on SiO, support at 433-463 K. In other words, a
strong interaction between Cu(thd), and SiO, may occur, evi-
denced by the high-temperature peak in TPR profiles [27]. The rea-
son for the highly thermal stability of ALE-Cu/SiO, is not fully
understood, but we assume that it may depend on the strong inter-
action between Cu(thd), and SiO,.

On the other hand, the Cu nanoparticles of the ALE-Cu/SiO,, cat-
alyst can strongly bind CO and have surprisingly better perfor-
mance in WGS and RWGS reactions than Pt and Pd catalysts
[8,27,28]. ALE-Cu/SiO, containing a low copper concentration re-
vealed the effect of the Cu nanoparticles, showing dramatically
high activity for the WGS reaction in comparison with a 10.3%
IM-Cu/SiO, catalyst prepared by an impregnation method and a
commercial 20% Cu/ZnO/Al,05 catalyst, even at room temperature
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[27]. The 10.3% IM-Cu/SiO, gave a copper surface area similar to
that of 2.5% ALE-Cu/SiO, but exhibited very weak catalytic activity.
The 10.3% IM-Cu/SiO, catalysts revealed no detectable activity be-
low 423 K.

The active sites on the ALE-Cu/SiO, surface are discriminated by
CO infrared adsorption spectra, suggesting two possible major ac-
tive sites on the copper surface, defect sites and sites with highly dis-
persed Cu particles and/or isolated Cu atoms [27]. Our previous
study determined that the defect sites on the ALE-Cu/SiO, catalyst
are of fundamental importance in the catalytic activity of the WGS
reaction. However, determination of the role of the active sites in
the WGS reaction and fundamental characterization of sites on the
Cu nanoparticles has not been performed. In this paper, we further
discuss the intrinsic activity of active sites on Cu nanoparticles for
the WGS reaction. The silica support is used to disperse the Cu par-
ticles, because the material cannot participate in the WGS reaction.

In situ FT-IR spectroscopy under dynamic conditions can create a
controlled gas-solid surface state for catalytic reactions. It can pro-
vide a powerful technique for investigation of the surface state of
the catalyst and for characterization of the adsorbed species formed
by the WGS reaction. CO chemisorption on the metal particles is the
first surface elementary step for the WGS reaction involving CO. The
adsorption heat of CO chemisorption may be a key parameter for
realizing the fundamental properties of active sites and the contri-
bution of CO adsorbed onto different sites during the reaction. Re-
cently, the analytic procedure of adsorption equilibrium infrared
spectroscopy (AEIR), derived from FT-IR spectroscopy, was success-
fully developed by Bianchi and coworkers [30-40], providing a
meaningful technique to determine the adsorption heat of CO on
metal surfaces with varying coverage, based on the dependence be-
tween CO coverage and adsorption temperature. In this study,
in situ FT-IR spectroscopy, temperature-programmed reduction
(TPR), and activity tests of the WGS reaction are used to demon-
strate the roles of active sites in the WGS reaction and a redox
mechanism for the reaction pathway of the ALE-Cu/SiO, catalyst;
the heat of CO adsorption on different sites is also determined using
the AEIR method to characterize the major active sites.

2. Experimental
2.1. Catalyst preparation

The ALE-Cu/SiO, catalysts were prepared using F-120C ALE
equipment (Microchemistry Ltd.). Growth experiments were per-
formed in a flow-type reactor at low pressure, with nitrogen as the
carrier gas. In each run, 2-3 g of SiO, support was used. A SiO, sup-
port with a surface area of 300 m?/g was used for the ALE samples
and purchased from Aldrich. The SiO, support was preheated at
673 K for 16 h to stabilize the number of bonding sites and to re-
move physisorbed water. Cu(thd), (thd = 2,2,6,6-tetramethyl-3,5-
heptanedionate) was introduced at 413 K. The Cu(thd), was then
deposited on the SiO, support at 463 K over a reaction time of 8 h.

Two kinds of reduction pretreatments for ALE-Cu/SiO, catalysts
were used in this study. Low-temperature reduction was per-
formed by calcination in air and by reduction in H, gas at 573 K
for 5 h. The high-temperature reduction was carried out according
to the following sequence of steps: (1) calcination at 573 K in air
for 5h; (2) reduction by temperature-programmed reduction in
10% Hy/N, gas from 298 to 973 K; and (3) reduction at 773 K in
H, gas for 5 h.

2.2. Catalytic activity measurements

All WGS reactions were carried out in a fixed-bed reactor (0.95-
cm outer diameter) at atmospheric pressure. A thermocouple con-

nected to a PID temperature controller was placed on top of the
catalyst bed. Samples (50 mg) of catalyst were used for all WGS
reactions, which were conducted at ambient pressure and temper-
ature (373-473 K). A syringe pump was used to control the feeding
rate of water at 1-3 ml/h. The liquid water in the flowing system
with heating belts was vaporized to gas before entering the reactor.
The reactions were performed by mixing a 5% CO/He stream
(50 ml/min) with gaseous H,O over 50 mg of catalyst. All products
were analyzed by gas chromatography (GC) on a 12-ft Porapak-Q
column using a thermal conductivity detector (TCD). The turnover
frequency (TOF) was calculated by the formula [41] TOF = [conver-
sion x 0.25 (ml/s for CO) x 6.02 x 10> (molecules/mol)]/[24,400
(ml/mol) x 1.46 x 1019 (Cusites/m?)].

2.3. H, temperature-programmed reduction (H>-TPR)

H,-TPR of catalysts was performed at atmospheric pressure in a
conventional flow system. The ALE-Cu/SiO, catalyst was placed in
a tube reactor and heated in a 10% H,/N, mixed gas stream flowing
at 30 ml/min at a heating rate of 10 K/min. The TCD current was
80 mA, and the detector temperature was 373 K. A cold trap con-
taining a gel formed by adding liquid nitrogen to isopropanol in
a Thermos flask was used to prevent water from entering the TCD.

2.4. Measurements of FT-IR spectra

In situ DRIFT analysis of CO adsorption and CO/H,0 coadsorp-
tion on ALE-Cu/SiO, was performed with a Nicolet 5700 FT-IR spec-
trometer fitted with a mercury cadmium telluride detector
operating at resolution 1 cm~! and 256 scans. The DRIFT cell (Har-
rick Co.) was equipped with ZnSe windows and a heating cartridge
that allowed samples to be heated to 773 K.

2.5. Measurement of the copper surface area

The specific Cu® surface area and dispersion of Cu catalysts were
determined by N,O chemisorption and TPR. The Cu catalyst was re-
duced at 773 K in H, gas for 5 h, and then all Cu® on the catalysts
was carefully oxidized in a 10% N,O/N, stream according to the
reaction 2Cu)+ N;O — Cuy0(sy + N,. The monolayer of Cu,O on
the catalyst surface after N,O chemisorption was reduced using a
TPR process. N,O chemisorption was performed with a 10% N,0/
N, mixture flowing at 30 ml/min at 353 K. The TPR area of Cu,0
was quantified by sampling 1 ml of 10% H,/N, to calculate the
amount of N,O consumed. The Cu® surface area could thus be cal-
culated, assuming a N,O/Cu molar stoichiometry of 0.5. The aver-
age surface density for Cu metal is 1.46 x 10'® copper atoms/m>.
The copper content of all catalysts was measured by inductively
coupled plasma mass spectrometry. As the number of Cu atoms
on the surface and the total Cu content of the catalyst were known,
the copper dispersion could thus be calculated. The average parti-
cle size of Cu was calculated from the Cu surface area by the for-
mula d=6V/A. A 40% dispersion, 6.5 m?/g Cu surface area, and
2.9 £0.29-nm Cu particle size were obtained for the 2.5% ALE-Cu/
SiO, catalyst [28].

3. Results
3.1. FT-IR of CO and H,0 coadsorbed onto ALE-Cu/SiO,

In situ FT-IR spectroscopy was used to investigate the CO and
H,0 coadsorbed onto Cu nanoparticles at 298 K in order to observe
the important intermediate occurred in the transient reaction.
Fig. 1 displays the spectra obtained in time-dependence studies
of the reaction of adsorbed H,O on ALE-Cu/SiO, with CO gas at
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298 K. Fig. 1 reveals the results obtained when a 5% CO/He stream
was passed through an H,0 precovered ALE-Cu/SiO, surface. These
findings show that the preadsorbed H,O could react with CO,
resulting in a new species on the surface with a peak at
1950 cm™. The preadsorption of H,O was performed by injecting
5 ul of H,0 onto the clean ALE-Cu/SiO, surface after reduction pre-
treatment. In previous studies, it was speculated that the WGS
reactions on the Cu surface might involve the formation of some
intermediate such as formate, carbonate, or carboxyl species
[6,42,43]. However, our study did not reveal similar phenomena
for ALE-Cu/SiO, because no complicated IR spectra from a reaction
intermediate could be found in the region of 1300-1800 cm™! of
Fig. 1 as H,0 vanished. A new peak at 1950 cm~! could be formed
in the course of the reaction but disappeared when a He stream
passed through the reactor, as shown in spectrum (g).

Fig. 2 shows the IR spectra of CO adsorbed onto ALE-Cu/SiO,
pretreated with H,O0. First, 5 pl of H,O was dosed onto the Cu sur-
face under a helium stream for 10 min as shown in spectrum (a),
and then the catalyst was heated to 573 K to eliminate H,O mole-
cules from the Cu surface. Spectrum (b) shows that CO was ad-
sorbed at 298 K onto the ALE-Cu/SiO, through H,O adsorption
and desorption processes. The characteristic IR peaks of CO, could
be rapidly observed on the catalyst and were enhanced with
increasing temperature.

3.2. FT-IR study of the WGS rate on ALE-Cu/SiO,

The effect of the reduction temperature on the consumption of
preadsorbed CO on ALE-Cu/SiO, after injection of 5 pul of H,O to the
reaction mixture is displayed in Fig. 3. Spectra (a) and (b) in Fig. 3A
are the IR spectra of CO adsorbed onto the ALE-Cu/SiO, surface
with reduction at 573 and 773 K. The IR band belonging to linear
CO adsorption on the Cu surface could be fitted by two principal
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Fig. 1. Time-dependent IR spectra of the 5% CO/He stream passed through the ALE-
Cu/SiO;, catalyst with H,0 precovered by a 5-pl H>O dosage at 298 K for (a) 0 min;
(b) 5 min; (c) 10 min; (d) 30 min; (e) 60 min; (f) 75 min; (g) a pure He (20 ml/min)
stream passed for 10 min after (f).

peaks, which revealed two major active sites on the copper sur-
face: sites for L;-CO with an IR spectrum at 2119 cm™! and sites
for L,-CO with an IR spectrum at 2134 cm™'. The L; and L, sites
can be proposed to depend on the defect sites and on the highly
dispersed supported copper particles, respectively, based on
assignments of IR spectra in the literature [27].

The coverage of L;- and L,-CO declined with H,O adsorption, as
compared in Fig. 3B and C, showing that high-temperature reduc-
tion of the copper surface could provide a higher consumption rate
for the L;- and L,-CO species than the low-temperature reduction
of the copper surface. Additionally, the initial rate of the WGS reac-
tion was further investigated at higher CO coverage. Spectrum (c)
in Fig. 3A reveals that the adsorption of CO was obtained using
the following steps: pure CO at 298 K for 30 min — pure CO at
673 K for 30 min — pure CO at 298 K for 30 min — He at 298 K
for 30 min. The CO adsorption in spectrum (c) was enhanced by
the aforementioned treatment. The differences in the IR spectrum
between (c) and (b) are shown in spectrum (d), revealing that the
CO-treatment process could promote CO adsorption on ALE-Cu/
SiO, and could cause IR intensity to increase by 30%. It is notewor-
thy that CO-treatment could lead to a significant decrease of the
rate of L1-CO consumption (Fig. 3B), but the WGS rate of L,-CO is
similar to that of L,-CO for surface reduction at 773 K (Fig. 3C).
The measurement of Cu sites used in this study has been per-
formed in our previous paper to have 9.5 x 10'® g~! [8]. The ratio
of relative intensity for L;-CO/L,-CO from the spectrum (c) in
Fig. 3A can be obtained with 0.65/0.35, assuming that the CO-treat-
ment leads to a saturated amount of CO adsorption. Therefore, the
number of sites might be determined to 6.2 x 10'° g~! for L, sites
and 3.3 x 10" g~ ! for L, sites, respectively.

0.05
(c)

[/]
(3]
c
©
2
]
[72]
o]
) J\\'vrw,ﬂm%

“\’J\N‘@'

T T T T
2400 2200 2000 1800 1600 1400

Wavenumbers (cm'1)

Fig. 2. IR spectra of CO adsorbed onto the ALE-Cu/SiO, catalyst containing H,0
covered at 298 K: (a) injection of 5 pl of H,O onto the catalyst; after (a), the catalyst
was heated to 573 K to remove all adsorbed H,O from the Cu surface for CO
adsorption at (b) 298 K; (c) heated to 323 K after (b); (d) heated to 348 K after (c).
Adsorption of CO was performed by exposure to a 20 ml/min pure CO stream at
atmospheric pressure for 30 min, followed by a 20 ml/min helium stream to purge
the CO gas for 30 min at 298 K.
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Fig. 3. (A) IR spectra of CO adsorbed onto differently pretreated ALE-Cu/SiO, catalysts: (a) catalyst reduction at 573 K; (b) catalyst reduction at 773 K; (c¢) adsorption of CO
onto the ALE-Cu/SiO; catalyst obtained in the following procedure: pure CO at 298 K for 30 min — pure CO at 673 K for 30 min — pure CO at 298 K for 30 min — He at 298 K
for 30 min; (d) difference of IR spectrum between curves (c) and (b). Time dependence of CO coverage for coadsorption of CO and H,O0 in part (A) for (B) L;-CO and (C) L,-CO.
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773 K
:'é
o]
g
] 512 K
[
o
g (a)
=
[72]
c
o
(&)
T 420 K
673 K
(b)
(c)

T T T T
600 700 800 900

Temperature (K)

T T
300 400 500

Fig. 4. TPR profiles of (a) the ALE-Cu/SiO, catalyst after calcination in air at 573 K
for 5 h; (b) the reduced ALE-Cu/SiO; catalyst oxidized by a N,O stream with 30 mL/
min at 353 K for 180 s; (c) pure SiO, support.

3.3. Ho-TPR of the ALE-Cu/SiO, catalyst

Fig. 4 compares the H,-TPR profiles of the ALE-Cu/SiO, catalyst
in calcination and N,O oxidation treatment. According to our pre-
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Fig. 5. TPR profiles of reduced ALE-Cu/SiO, treated by H,O adsorption at (a) 298 K;
(b) 323 K; (c) 348 K; (d) 373 K; (e) 423 K; (f) 473 K. The H,0 adsorptions at different
temperatures were generated by a helium stream with a total flow rate of 30 ml/
min passing through liquid water at room temperature and then passing the H,O
over 50 mg of catalyst for 1 h.

vious study, the H,-TPR of the sample after calcination in air at
573 K for 5h shows two major reduction peaks with maxima
around 512 and 773 K in curve (a); these are attributed to the
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Fig. 6. Changes in the coverage of CO species as a function of temperature on differently pretreated ALE-Cu/SiO, catalyst for (A) L;-CO and (B) L,-CO: (a) the catalyst after
calcination in air at 573 K for 5 h; (b) catalyst reduction at 573 K; (c) catalyst reduction at 773 K. The CO adsorptions were performed by exposure to a 20 ml/min pure CO
stream at atmospheric pressure for 30 min, followed by a 20 ml/min helium stream to purge the CO gas for 30 min at 298 K.
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Fig. 7. IR spectra of CO adsorbed onto reduced ALE-Cu/SiO, at 298 K with a CO
partial pressure of (a) 20.3; (b) 25.3; (c) 50.7; (d) 60.8; (e) 76; (f) 101.3 kPa,
respectively.

reduction of Cu?* to Cu® [27]. The high-temperature peak in the
previous study corresponded to a much higher level of H, con-
sumption than the first reduction peak at 512 K. After the reduc-
tion of the H,-TPR process, the ALE-Cu/SiO, catalyst was
sequentially reduced in H;, at 773 K for 5 h to achieve a high-tem-

perature reduction. Fig. 4b shows the TPR profile of the high-tem-
perature reduced ALE-Cu/SiO, catalyst oxidized by a N,O stream
(20 ml/min) at 353 K for 180, revealing two reduction peaks of
Cu” species at 420 and 673 K in spectrum (b). The TPR profile of
the Cu" species containing two reduction peaks in Fig. 4b could
provide evidence that spectrum (a) involves the one-step reduction
of two kinds of Cu oxide. The H,-TPR profile of SiO, support was
used as a blank to compare with curves (a) and (b), as shown in
Fig. 4c.

The H,-TPR was further used to study the extent of oxidation of
the H,0 preadsorbed ALE-Cu/SiO, catalyst. Samples (50 mg) of cat-
alyst were used for H,O adsorption, which was conducted by feed-
ing a stream of He/H,0 in a 1.1:1 feed molar ratio at 30 ml/min for
1 h at the desired temperature. The catalyst was heated to 573 K
under He stream in order to desorb H,O from the surface after
H,O preadsorption treatment. Fig. 5 reveals the TPR profiles of
the effects of H,O preadsorption and temperature. Curve (a) from
the H; reduction of the H,O pretreatment at 298 K shows a broad
reduction band at about 413 K. The increasing temperature of H,O
pretreatment apparently promoted oxidation of the ALE-Cu/SiO,
catalyst, leading to the main reduction temperature shifted to
higher temperature and increased H, consumption. On the other
hand, a weak second reduction peak at about 673 K could be ob-
served in the H,O preadsorption above 423 K. Compared to the
spectrum of reduced ALE-Cu/SiO, oxidized by N,O (Fig. 4b), the
TPR peaks in Fig. 5 could be attributed to the reduction of the
Cu* species, implying that H,O adsorption might cause partial oxi-
dation of the ALE-Cu/SiO, catalyst, even at 298 K.

3.4. FT-IR of CO adsorbed onto ALE-Cu/SiO,

The IR spectra of CO adsorbed onto the reduced and oxidized
ALE-Cu/SiO, catalyst obtained with increasing temperature were
used to further discuss the assignment of the H,-TPR peaks in
Fig. 4. All experiments were performed by passing a pure CO
stream (20 ml/min) over the catalysts for 20 min at 298 K, and then
purging the CO with a He stream (20 ml/min) for 50 min. IR spectra
of CO adsorption were recorded under the He stream at elevated
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Fig. 8. Dependence of absorbance of the CO species and partial pressure of CO
adsorption in Fig. 7: (a) L;-CO; (b) L,-CO.

temperatures. Fig. 6 displays the intensity of the L;- and L,-CO spe-
cies obtained in temperature-dependence studies of the CO ad-
sorbed onto the L; and L, sites on ALE-Cu/SiO, surfaces. The
coverage was defined as the ratio A/Ao, where A was the IR band
area during temperature increases and Ag was the initial IR band
area of saturated adsorption at 298 K. The change of CO adsorption
closely depended on the pretreatments for the ALE-Cu/SiO, cata-
lyst. The adsorption of L;-CO decreased simultaneously with
increasing temperature for all ALE-Cu/SiO, catalysts (Fig. 6A),
showing that oxidized ALE-Cu/SiO, without reduction gave poor
L,-CO adsorption. Reduction treatment at 773 K resulted in stron-
ger binding of L;-CO carbonyl species to the ALE-Cu/SiO, catalyst
than low-temperature reduction at 573 K. The coverage of the L,-
CO species as a function of temperature is shown in Fig. 6B. The
oxidized and low-temperature reduced ALE-Cu/SiO, catalyst
showed similar declining curves of L,-CO adsorption with temper-
ature (curves (a) and (b)). The adsorption of L,-CO was enhanced
for the ALE-Cu/SiO, catalyst reduced at 773 K (curve (c)), while
the peak area of L,-CO species remained the same over the range
298-383 K. The high-temperature reduction of the ALE-Cu/SiO,
catalyst at 773 K undoubtedly had a positive effect on L,-CO
adsorption. Considering the H,-TPR results of the oxidized ALE-
Cu/SiO, catalyst in Fig. 4a, the peaks of H,-TPR at 512 and 773 K
might be associated with the reduction of Cu?* species at the L,
and L, sites. On the other hand, the reduction of Cu® species at
420 and 673 K (Fig. 4b) could also be associated with the reduction
of Cu” species at the L; and L; sites.Fig. 7 shows the FT-IR spectra of
CO adsorbed onto the reduced ALE-Cu/SiO, catalyst with CO partial
pressure, indicating evolution of the IR bands of L; and L,-CO spe-
cies with increased CO partial pressure. The spectra in Fig. 7 were
used to further analyze the dependence between intensities of L-
and L,-CO adsorption and CO partial pressure. The Langmuir

adsorption model gives 0co = 4= = 1’:5&2 %, where Kco is the adsorp-
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Fig. 9. IR spectra of equilibrium adsorption of CO adsorbed onto reduced ALE-Cu/
SiO, with varying adsorption temperatures: (a) 298 K; (b) 323 K; (c) 363 K; (d)
373 K; (e) 393 K; (f) 413 K; (g) 433 K; (h) 453 K; (i) 473 K; (j) 493 K; (k) 513 K. The
CO adsorptions were performed via exposure to a 20 ml/min pure CO stream at a
constant pressure Pco=101.3 kPa for 30 min, followed by a 20 ml/min helium
stream to purge the CO gas for 50 min at the desired temperature.

tion coefficient of adsorbed CO species, demonstrating that the
dependence between 1/A and 1/Pco at a constant temperature
must appear as a straight line. The CO coverage was determined
using the ratio A/Ao, where A was the IR band area at different tem-
peratures and Ay was the initial IR band area of saturated adsorp-
tion at 298 K. The 1/A of the L;- and L,-CO peaks versus 1/Pco are
plotted in Fig. 8, showing that the L,;-CO species had a linear rela-
tionship, but the L,-CO species did not. This implied that the
adsorption of L;-CO at 298 K might correspond to the Langmuir
adsorption model.

The AEIR method was used to determine the heats of adsorption
of the L;- and L,-CO species on the ALE-Cu/SiO, catalyst [30-40].
Fig. 9 reveals the IR spectra of equilibrium CO adsorbed onto the
reduced ALE-Cu/SiO, catalyst with different adsorption tempera-
tures. The intensity of IR bands progressively decreased with
increasing adsorption temperature. Fig. 10 displays the coverage
of the L;- and L,-CO species obtained in temperature-dependence
studies of the equilibrium CO adsorbed onto the ALE-Cu/SiO, sur-
face. The equilibrium adsorption of L;-CO decreased simulta-
neously with increasing temperature (Fig. 10A). It was
noteworthy that the coverage of the L,-CO species remained al-
most constant over the range 298-383 K and then gradually de-
creased beyond 433 K, as shown in Fig. 10B. The experimental
curves in Fig. 10 could be suggested to correspond to the Temkin
model, where the values of adsorption heat (E,) decrease linearly
with the coverage 0 (E, = Eg — ®0) [30-40]. This leads to the gener-
alized expression for the coverage as a function of the adsorption
parameter

CRT, (14 KoP,
0=3gn <1+K1Pa>’ (1)
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Fig. 10. Change in the coverage of CO species in equilibrium adsorption as a function of the adsorption temperature in Fig. 9: (A) L;-CO; (B) L,-CO.

where AE = Eq — E; is the difference in the adsorption heat between
very small coverage (Ep) and saturation coverage (E,). Ko and K; are
the adsorption coefficients at 6 =0 and 6 = 1. Based on the Temkin
model, we can assume that KoP, > 1 and K;P, < 1, while the
adsorption coefficients at 0 =0 can be expressed by Ko=A exp(Eo/
RT). Thus, Eq. (1) becomes

R Eo
= In(AP,)|T. . 2
0= [ T g mano| T g 2
Eq. (2) corresponds to the linear fraction of the curves in Fig. 10, and
the extension of the linear section leads to the 6-axis intercept, with
a value of ED’:;”EI. The adsorption coefficients can be derived using sta-
tistical thermodynamics, assuming nonactivated and localized CO
adsorption [30-40],
h3 1 Eg Eg

(o = —————+ —= €fla = AeFla, 3
* 7 k@amk)*? T3 ®)

where h is Plank’s constant, k is Boltzmann’s constant, and E repre-
sents the CO adsorption energy. Eq. (3) determined a pre-exponen-
tial factor, A, of 1.7 x 107'2 Pa~! at 300 K. The slopes of the straight
lines in Fig. 10 give values of AE=12Kk]/mol for L;-CO and
AE =25 kJ/mol for L,-CO, assuming that A=1.7 x 10~'2Pa~!. The
interception points of straight lines in Fig. 10A and B represents
the values of Eo/AE for L;- and L,-CO, leading to Eo=51 and
E; =39 KkJ/mol for L,-CO adsorption and Eg =71 and E; =46 k]/mol
for L,-CO adsorption. The adsorption heat of L,-CO was obviously
higher than that of L;-CO. This could explain why the L, sites have
a stronger binding ability for CO than the L, sites in our previous
study [27].

3.5. Effect of H,0 preadsorption on the WGS reaction

IR spectra in Figs. 1 and 2 show that no detectable intermedi-
ates were found in the WGS reaction and that the oxygen atoms
formed from H,O dissociation could rapidly react with CO to gen-
erate CO,. The role of H,O preadsorption was thus further investi-
gated in the course of the WGS reaction. Fig. 11A compares the
WGS reactions on the reduced ALE-Cu/SiO, catalysts with and
without H,O preadsorption, giving the interesting results that the
activity of the ALE-Cu/SiO, catalyst could be significantly enhanced

by H,O preadsorption at 373 K. Fig. 11B also gives the rate of the
WGS reaction as a function of the time of H,O preadsorption,
showing a volcano-type dependence of H,O coverage on activity.
One can see that the activity of the ALE-Cu/SiO; catalyst generated
maximum reaction rates with an increase in the passing time of
steam. The TPR profiles in Fig. 5 suggest that the reduced ALE-
Cu/SiO; catalyst could be partially oxidized by H,0 adsorption at
298-473 K. Therefore, the enhancement of activity by H,O pread-
sorption in Fig. 11 was attributed to the partial oxidation on the
ALE-Cu/SiO, surface.

3.6. Effect of H>0 and CO concentrations on the WGS reaction

Fig. 12 depicts the variation in CO, formation rate on the ALE-
Cu/SiO, catalyst with changes in the concentrations of CO and
H,0 at 473 K. The red' and blue symbols are the results for con-
stant partial pressures of H,O and CO, respectively. It is clear that
the ALE-Cu/SiO, catalyst gave the highest CO, formation activity
at 3.4 kPa of CO pressure under constant partial pressures of
H,0. Nevertheless, the WGS rate was still slightly enhanced by
H,0 concentration under constant partial pressures of CO.

4. Discussion
4.1. Mechanism of the WGS reaction on ALE-Cu/SiO,

The mechanism of the WGS reaction over Cu-based catalysts
has been extensively discussed but remains controversial. Two
models, redox and associative mechanisms, have been proposed
to explain the mechanism of the WGS reaction on a copper surface.
In the associative mechanism, it is suggested that the surface
hydroxyls (OH groups) formed from H,0 on a copper surface com-
bine with adsorbed CO to produce reaction intermediates such as
formate, carbonate, or carboxyl, which then decompose to H,
and CO; [6,42,43]. The redox mechanism for the WGS reaction in-
volves the oxidation of CO on the surface by atomic oxygen derived
from H,0 dissociation [5,44,45]. Studies using density functional

! For interpretation of color in Fig. 12, the reader is referred to the web version of
this article.
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calculations have indicated that the WGS reaction on the Cu sur-
face should proceed following the associative mechanism through
a carboxyl intermediate (-COOH) and that the redox mechanism
plays no significant role [2,46]. Recently, a new class of Cu cata-
lysts, the so-called low-temperature WGS catalysts based on ceria,
have been extensively investigated [4,47]. The formation of oxygen
vacancies in the CeO, and Cu-Oyacancy interface was involved in the
generation of active sites to dissociate H,O [4]. A redox-type mech-

anism was suggested to dominate the WGS reaction on Cu/CeO, in
which CO bonded to Cu sites and then reacted with CeO, to form
CO, and oxygen vacancies in CeO,.

To date, the effect of Cu nanoparticle size on the WGS reaction
mechanism has attracted little attention, and few researchers have
discussed the catalytic activity and characterization of nanoscale
copper particles less than 4 nm in diameter. The above results de-
picted in Fig. 1 could be interpreted to represent a low likelihood of
the WGS reaction proceeding through the intermediate pathway,
because no observable reaction intermediates such as formate, car-
bonate, or carboxyl species were found during the coadsorption of
CO and H,O0 for the WGS reaction on the ALE-Cu/SiO, surface. The
IR spectra in Fig. 2 have clearly shown that adsorbed H,0 was read-
ily available to dissociate to atomic oxygen at low temperature.
The formation of CO, could be ascribed to adsorbed CO species
combined with the atomic oxygen. These data provide evidence
of a redox-type reaction mechanism on the ALE-Cu/SiO, surface.
However, water dissociation will always be the essential part of
the WGS reaction. In general, copper nanoparticles contain far
more low-coordinated corner and edge sites than a flat copper sur-
face and can have better CO binding and water dissociation [43].
The ALE-Cu/SiO, catalyst contained two major active sites on the
copper surface, sites for L;-CO and sites for L,-CO, which could lead
water to deeply dissociate to atomic oxygen, as shown in Fig. 5. The
transient peak at 1950 cm~! formed from CO and H,O coadsorp-
tion might be ascribed to adsorption of a new carbonyl species
(Fig. 1). This peak can be readily vanished through He stream
purged (Fig. 1g), implying that this CO species could not be stably
adsorbed onto the Cu surface. In general, CO adsorbed onto re-
duced or oxidized Cu surfaces prefers stable linear adsorption on
top sites, giving IR stretching of CO above 2000 cm ™' [48]. The
bridge type of CO adsorption (IR spectrum below 2000 cm~') was
usually difficult to observe on the Cu surface due to low adsorption
energy. Based on the present data, we assume that the formation of
a CO peak at 1950 cm™~! may be derived from some originally ad-
sorbed CO on L, or L, sites, strongly affected by coadsorbed oxy-
gen-containing species and/or atomic oxygen from H,0
dissociation. The weak adsorption and red-shifted v(CO) can be as-
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cribed to a o-component change of the Cu-CO bond [49]. The
influence of electron donation by the oxygen-containing species
or atomic oxygen acting as a Lewis base at Cu surface sites would
decrease G-bonding between CO and Cu. Thus, these may weaken
the CO band and red-shift v(CO), as the 5c orbitals of CO are
slightly antibonding [49].

4.2. Adsorption heat of CO on ALE-Cu/SiO,

The AEIR procedure has been used to determine the adsorption
heat of CO, which provides useful information for characterizing
surface sites on the ALE-Cu/SiO, catalyst. The curve in Fig. 10B is
obtained with Eq =51 and E; = 39 k]/mol for L,-CO adsorption. By
using the slope of curve (a) in Fig. 8 and Eq. (3), we determined
the constant heat of adsorption of L;-CO with E =41 kJ/mol. The
small difference between Eg and E; indicated that the Temkin mod-
el for L1-CO adsorption could correspond to the Langmuir model. Eq
and E; for L,-CO adsorption were found to be 70 and 46 kj/mol
using the Temkin model. Previous research has extensively studied
the adsorption heat of CO on Cu®- and Cu*-containing solids. Signif-
icant energy differences for CO adsorbed onto different Cu® sur-
faces were observed from 18 to 87 kJ/mol [30-33,50]. At low
coverage, the adsorption heat of CO on single crystals was ca.
52-65 kJ/mol for Cu(100), Cu(110), Cu(211), Cu(311), and
Cu(111) [51-57]. Bianchi and coworkers reported Ey=82 and
E; =57 kJ/mol for a Cu/Al,03 catalyst obtained using the AEIR
method [30].

Assignments of the IR bands of CO adsorbed onto a reduced Cu
surface have been proposed in the literature [58-60]. In general, IR
bands below 2100 cm ™! were assigned to CO adsorbed onto low in-
dex planes such as the (11 1) and (1 0 0) faces [58-60], while the
band at 2102-2118 cm™~! was assigned to CO adsorbed at imper-
fect sites, such as step and edge sites. Bands above 2120 cm™'
might be from CO adsorbed onto highly dispersed supported cop-
per particles [60-62]. On the other hand, stretching frequencies of
CO adsorbed onto copper have also been determined in different
regions for each oxidation state. The band of CO adsorbed onto
Cu* sites has been reported to appear at 2110-2135 cm™' [63]. In
this study, the IR spectra of CO adsorbed onto the ALE-Cu/SiO, cat-
alyst tended toward higher stretching frequencies of 2122 cm™!
(L;-CO) and 2134 cm™~! (L,-CO), but clear differences were not de-
tected between the L;- and L,-CO in terms of the electronic and
structural effects of copper. We repeatedly performed TPR experi-
ments on ALE-Cu/SiO, samples following high-temperature reduc-
tion pretreatment (773 K). No reduction peak was observed in the
H,-TPR experiments for any of the reduced ALE-Cu/SiO, catalysts,
implying that the sample was likely to have been completely re-
duced. On the other hand, the adsorption heat of CO can be used
to discriminate the CO adsorbed onto different chemical states of
the Cu surface. The literature generally indicates that the heat of
CO adsorption at Cu” sites is higher than that at Cu® sites. Cu*-con-
taining catalysts can increase the heat of CO adsorption to 93-
115 kJ/mol [30]. However, the adsorption heats of 39-51 k]/mol
for L;-CO and 46-70 kJ/mol for L,-CO might indicate that the CO
is bonded to Cu® sites on the ALE-Cu/SiO, catalyst, according to
the adsorption energy of CO-Cu® given in the literature [30-
33,50-57]. Assignments of IR spectra in the literatures thus suggest
that the L;- and L,-CO depended on CO adsorbed onto defect sites
and onto highly dispersed supported copper particles, respectively.

4.3. Site effect on ALE-Cu/SiO, for the WGS reaction

Our previous study has shown that L;-CO at defect sites (sites
giving rise to CO stretching at 2119 cm™!) was highly active in
the WGS reaction. The CO adsorbed at L, sites, i.e., the small parti-
cle and/or isolated copper atom sites, was still available for the

WGS reaction, but obviously proved to be less efficient [27]. The re-
sults in Fig. 6 show that ALE-Cu/SiO, catalysts oxidized and par-
tially reduced at 573 K appeared to show weak adsorption of L,-
CO, but the high-temperature reduction at 773 K evidently induced
strong L,-CO adsorption. Fig. 3B appeared to show that the low-
temperature (at 573 K) and high-temperature (at 773 K) reduction
treatments were independent of the reaction rate of CO on L; sites.
However, the sample obtained with low-temperature reduction
apparently caused poor activity for L,-CO (Fig. 3C), because the
second peak at 773 K could not be reduced.

Based on these results, reduction of Cu?* species at 512 and
773 K could lead to the generation of reduced L; and L, sites
for CO adsorption. The low-temperature peak at 512 K may cor-
respond to the reduction of Cu?* species on small CuO particles
containing defect sites. The second peak at the higher tempera-
ture might be attributed to the reduction of Cu?* species that
provided strong interaction with the SiO, support, while forming
sites with highly dispersed Cu particles and/or isolated Cu atoms.
Therefore, the TPR peaks at 420 and 673 K in Fig. 4b suggest the
reduction of Cu® species depending on the L; and L, sites. Based
on the findings described earlier, we concluded that H,O pread-
sorption leading to TPR peaks at 373-473 K (Fig. 5) correspond
to the reduction of the Cu* species on the L; sites (413 K), while
the weak reduction peak in Fig. 5 was due to the Cu® species on
the L, sites (673 K). The adsorbed H,O could strongly dissociate
to atomic oxygen on the L; sites prior to the L, sites, even at
298 K, suggesting that adsorbed CO combines with atomic oxy-
gen on the L, sites to rapidly form CO,, as shown by the IR spec-
tra in Fig. 2. This can further explain our previous conclusion that
H,0 adsorbed onto defect sites enhances the WGS reaction [27].
Fig. 11 shows that preadsorbed H,O on the ALE-Cu/SiO, catalyst
significantly induced a high WGS reaction rate. The enhancement
of activity was thus ascribed to the atomic oxygen remaining on
the L; sites after H,O dissociation. Fig. 12 reveals the dependence
between the CO concentration and the activity of the ALE-Cu/SiO,
catalyst, indicating that a high CO concentration could cause a
low WGS reaction rate. Fig. 3B also shows the consistent phe-
nomenon that the Cu surface through a CO-treatment process
with high L;-CO coverage resulted in a low reaction rate; how-
ever, the WGS rate for L,-CO was independent of its coverage
(Fig. 3C). It can be deduced that CO and H,O should be compet-
itively adsorbed onto the L, sites (the defect sites). Although the
defect sites were mainly dominated by adsorbed H,0 that deeply
dissociated to atomic oxygen in the redox mechanism, preadsorp-
tion of CO causing high CO coverage on the defect sites could re-
tard H,O adsorption.

Dipole-dipole interactions are expected to shift band frequen-
cies toward higher values with increasing CO coverage. The IR
spectra of CO adsorption showed the absence of a significant shift
of the IR peaks of the L;- and L,-CO species with the increase in
CO coverage (Fig. 7), indicating that no dipole-dipole coupling
of CO occurred on the surface. The defect sites (L; sites) are
undoubtedly the main active centers for H,O dissociation over
the course of the WGS reaction. Studies using density functional
calculations have discussed the mechanism of the WGS reaction
on Cu(321) and Cu(111) surfaces and obtained some conclu-
sions [2]:

(1) CO reacted with OH" obtained from H,O dissociation for an
associative mechanism gave a lower activation energy than
OH’ further dissociated to provide 0"+ H".

(2) Step sites on the Cu(3 2 1) surface can decrease the activa-
tion energy barriers for H,O dissociation to H and OH, the
rate-determining step in the WGS reaction.

(3) The OH radical from water dissociation is more stabilized on
the Cu(3 2 1) surface than on the Cu(1 1 1) surface.
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Fajin et al. compare the defect site effects of WGS reaction on
Cu(3 2 1)and Cu(1 1 1) surfaces, showing that the rough Cu surface
can cause more imperfect sites to enhance H,O dissociation [2].
However, our results for Cu nanoparticles and the ALE-Cu/SiO, cat-
alyst indicated very different reaction behavior for WGS from the
studies described above. The Cu nanoparticles in this paper mainly
contained defect sites, and isolated sites on surface dramatically
enhanced strong H,0 dissociation, resulting in the formation of ad-
sorbed O on the defect sites and leading to the redox pathway (see
Fig. 2). The step of H,0 dissociation to generate O on the L; sites
was suggested to be the rate-determining step during the WGS
reaction. The O” on the L; sites provided high chemical activity to
convert the L;- and L,-CO species for CO, generation.

In general, CO is generally desorbed from Cu surfaces below room
temperature because CO weakly bonds with the Cu surface [50].
Nevertheless, the ALE-Cu/SiO, catalyst showed a strong ability for
CO adsorption, with two desorption peaks at approximately 343-
353 and 443-463 K during the CO-TPD process [8]. Some authors
have indicated that defect sites can provide larger binding energy
for CO adsorption than the sites on a flat surface [2,64,65]. A compar-
ison of the IR spectra of CO adsorbed onto ALE-Cu/SiO, with respect
to temperature suggests that the low-temperature (343-353 K) and
high-temperature (443-463 K) peaks for CO desorption should re-
flect the CO adsorbed onto L, and L; sites, respectively. The IR spectra
of CO adsorbed onto ALE-Cu/SiO, also tend to show higher CO
stretching energy, implying that the Cu nanoparticles provide many
more L; and L, sites to bind CO. The dispersal of the Cu particles
might reduce the possibility of obtaining a large flat structure, as evi-
denced by the absence of low vibrational energy below 2100 cm™!.

We could observe that Eq slightly varied with the coverage of
the L,;-CO. To our knowledge, there have been no reports in the lit-
erature that transition metal surfaces such as those of Cu, Au, Pt, Ir,
Pd, and Pt-Rh could show such a small difference between E, and
E; for CO adsorption using a Langmuir adsorption model [30-40].
The adsorption heat for very low CO coverage (E,) is usually high
enough to allow the population of this state under equilibrium
conditions, whereas CO population becomes more difficult with
increasing CO coverage. In the present study, the CO coverage did
not seem to affect the CO population at L; sites significantly, while
the L, sites might give high activation energy for CO desorption,
leading to very small differences in CO coverage at 298-383 K.

5. Conclusions

In this paper, we discussed the reaction mechanism, the role of
active sites and the site properties for the WGS reaction on the
ALE-Cu/SiO, catalyst. The ALE-Cu/SiO, catalyst contained two ma-
jor active sites on the copper surface: sites for L;-CO and sites with
highly dispersed Cu particles and/or isolated Cu atoms (sites for L;-
CO). The reduction peaks of the Cu?* species at 512 and 773 K in
the TPR profiles are proposed to depend on the generation of re-
duced L, and L; sites for CO adsorption.

It has been shown that the defect sites play an important role
over the course of the WGS reaction, as they mainly dominate
the adsorbed H,O that is deeply dissociated to atomic oxygen in
the redox mechanism. CO and H,O are proposed to competitively
adsorb onto the defect sites. The ALE-Cu/SiO, catalyst can dramat-
ically enhance strong H,O dissociation and form adsorbed atomic
oxygen (0") derived from H,0 on the defect sites, leading to high
reactivity of the O" on defect sites toward L;- and L,-CO species
to form CO,. The step of H,0 dissociation to generate O on defect
sites is suggested to be the rate-determining step during the WGS
reaction.

The adsorption heats of CO adsorbed onto L, and L, sites are ob-
tained by the AEIR method. The heats of L,-CO vary linearly with

coverage from 46 to 70 kJ/mol at 0 =1 and 0 = 0, respectively. The
adsorption heats of L;-CO are obtained with Ey=51 and
E; =39 kJ/mol. The small difference between E, and E; suggests
that the Temkin model for L;-CO adsorption is in accordance with
the Langmuir model.
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