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The atomic layer epitaxy (ALE) technique has been used to prepare uniform copper nanoparticles
dispersed on a silica support (ALE-Cu/SiO, with 2.85+0.32 nm), which are highly active in the water-gas
shift reaction. Infrared spectra of CO adsorption are employed to study the active sites on ALE-Cu/SiO,
surface, suggesting that two major active sites are found on the copper surface, namely defect sites and
highly dispersed Cu particles and/or isolated Cu atoms sites. We report here that the defect sites on these
small Cu particles or isolated Cu atoms provide high activity for the water gas shift reaction. The high
efficiency of the water gas shift reaction on the ALE-Cu/SiO; catalyst may be ascribed to its strong activity
in promoting H,O dissociation. Nanoscale Cu particles may be involved in strong interactions with the
SiO, support, leading to a partially electropositive state as a result of interactions with oxygen atoms at
the surface of the support, even if the copper is reduced.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The water-gas shift (WGS) reaction (CO + H,O — Hy + 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 (PEMFC) in view of the
strong poisoning effect of CO on Pt-based anodes. Pt-group met-
als, such as Au or Cu, are used as effective catalysts for the WGS
reaction because of their high levels of activity and stability [1-7].
However, Pt- and Au-based catalysts can often display more activ-
ity for WGS reactions than Cu-based catalysts [6,7]. On the other
hand, the noble metals are recognized as a scarce resource as well
as a limiting factor in the development of viable energy alterna-
tives to petroleum. Because of the high cost of precious metals,
some transition metals with high levels of catalytic activity for the
WGS reaction have been evaluated as alternatives. For example,
copper is a potential substitute for noble metals because of its low
price and widespread use. Thus, if the limitation of the low activ-
ity of copper-based catalysts can be overcome, these could prove
invaluable.

Recently, a new class of Cu catalysts, the so-called low-
temperature WGS catalysts based on ceria, has been extensively in-
vestigated [8,9]. However, the related literature has not mentioned
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that the metal-ceria catalysts can provide activity for performing
WGS reactions at room temperature. To date, small metallic parti-
cles have been viewed as a very active area in solid-state physics
and chemistry. It has been noted that nanoparticles usually of-
fer a larger surface-to-volume ratio and a higher concentration
of partially coordinated surface sites compared to bulk materi-
als, and consequently appear to possess different physical and
chemical properties [10,11]. Several studies have mentioned that
a size reduction of metals can cause some changes in the elec-
tronic structure and/or the distribution of surface sites, leading to
enhanced catalytic activity [12-14].

Copper-based catalysts are frequently used in a variety of in-
dustrial hydrogenation processes, including methanol synthesis
and the low-temperature water gas shift reaction. Nanoscale cop-
per particles can be expected to exhibit catalytic behavior differ-
ent from that of traditional Cu-based catalysts. Although copper
nanoparticles have received considerable attention in many fields
[10,11,15,16], few researchers have discussed the catalytic activity
and characterization of nanoscale copper particles less than 4 nm
in diameter.

The atomic layer epitaxy (ALE) technique is a surface-controlled,
layer-by-layer process that deposits thin films at an atomic scale
through self-limiting surface reactions [17]. This technique is cur-
rently in use for the preparation of some nanoscale metal catalysts,
such as those based on Cr, Co, Ni, Pd, and Ru. These catalysts have
been applied to several hydrogenation and dehydrogenation reac-
tions [18-22]. We recently used ALE to prepare Cu nanoparticles on
a SiO, support with an average diameter of 2.4-3.4 nm with a nar-
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row size distribution (<10% root mean square diameter) [23,24]. In
our previous study, we found that ALE-Cu/SiO, displayed very dif-
ferent characteristics from those of typical Cu-based catalysts [23].
The activity of Cu-based catalysts for the reverse water gas shift
reaction has been found to be size-dependent. The ALE-Cu/SiO,
catalyst can strongly bind CO and has sufficient thermal stability
to resist the sintering of Cu particles under high-temperature con-
ditions. This property imparts high catalytic activity for the conver-
sion of CO, to CO in the reverse WGS reaction. On the other hand,
the nanoscale Cu/SiO; catalysts can also display surprisingly high
activity for the water gas shift and water dissociation reactions, in
comparison with the 5.6 wt% Pt/SiO, and 10.3 wt% Cu/SiO, pre-
pared by the impregnation method [24]. Nevertheless, the issue of
size-dependence on nanoscale Cu particles has attracted little at-
tention thus far. If properly developed, nanoscale copper catalysts
could be much more economical and may even be able to replace
noble metals for application in WGS reactions.

In the research reported herein, a Cu/SiO, catalyst with nano-
scale copper particles was prepared using the ALE technique, and
the newly developed copper catalysts were found to display dra-
matic activity for the WGS reaction at room temperature. More-
over, the active sites and chemical state of the ALE-Cu/SiO; catalyst
are discussed in relation to the characterization and activity results
of the WGS reaction.

2. Experimental
2.1. Catalyst preparation

The ALE-Cu/SiO; catalysts were prepared in F-120C ALE equip-
ment (Microchemistry Ltd.). Growth experiments were performed
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, support
with a surface area of 300 m?/g, which was used for the ALE sam-
ples, was purchased from Aldrich. The SiO, support was preheated
at 673 K for 16 h to stabilize the number of bonding sites and
to remove 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 pre-treatments for ALE-Cu/SiO, cata-
lysts were used in this study. Low-temperature reduction was per-
formed by calcination in air and by reduction in Hy gas at 573 K
for 5 h. The high-temperature reduction was carried out accord-
ing to the following sequence of steps: (1) calcination at 573 K in
air for 5 h; (2) reduction by temperature-programmed reduction
(TPR) in 10% Hz/Ny gas from 298 to 973 K; and (3) reduction at
773 K in Hy gas for 5 h. The IM-Cu/SiO2 samples used in this study
were prepared by impregnating the SiO, from Aldrich Ltd. with
an aqueous solution of Cu(NOs);. The commercial Cu/ZnO/Al,03
catalyst was manufactured by Siid-Chemie Catalysts, Inc. (catalyst
#G66B), with a molar Cu/Zn/Al ratio of 30:60:10. The IM-Cu/SiO,
and Cu/ZnO/Al, 03 catalysts were calcined in air and reduced in Hy
at 573 K for 5 h before use.

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 thermocou-
ple connected 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 by feeding a stream
of CO/H,0 in a 1.1:1 feed molar ratio at 30 mL/min. The reac-
tions were performed by pure CO stream with a total flow rate
of 30 mL/min passing through liquid water at room temperature,
and then the mixture of CO/H,0 passed over 50 mg catalyst. The

flowing system of the reactor was heated with heating belts to
avoid condensation of samples. All products were analyzed by gas
chromatography (GC) on a 12-ft. Porapak-Q column using a ther-
mal conductivity detector (TCD). The TOF was calculated by the
formula [25]: TOF = [conversion x 0.25 (mL/s for CO) x 6.02 x 1023
(molecules/mol)]/[24400 (mL/mol) x 1.46 x 10'° (Cu sites/m?)].

2.3. Temperature-programmed reduction (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% Hy/N, mixed gas stream flow-
ing 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
containing 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 FI-IR spectra

In situ DRIFT analysis of CO adsorption and CO/H,0 co-adsorp-
tion on ALE-Cu/SiO; were performed with a Nicolet 5700 FTIR
spectrometer fitted with a mercury-cadmium-telluride (MCT) de-
tector operating at 1 cm~! resolution and 256 scans. The DRIFT
cell (Harrick Co.) was equipped with ZnSe windows and a heating
cartridge that allowed samples to be heated to 773 K.

2.5. Temperature-programmed desorption (TPD)

TPD experiments were performed in a 100 mL/min stream of
He at atmospheric pressure in a conventional flow system. The
temperature was increased from 300 to 773 K at a rate of 10 K/min
over the course of the TPD process. All signals were measured
with a VG Smart IQt 300D mass spectrometer. The tempera-
ture was measured with a K-type thermocouple inserted into the
catalyst bed, and the desorbed products were admitted into the
vacuum chamber through a leak valve using He as the carrier
gas. The operating pressure in the chamber was approximately
3 x 1077 Torr, and the base pressure in the chamber was approx-
imately 2 x 102 Torr. H,0 and D,0 were dosed onto all catalysts
by injection with a 10 pL Hamilton 7001 syringe through a port
located at the upstream of the quartz reactor. The injection port,
similar to that used in gas chromatography, was heated to 373 K
to prevent the condensation of water.

2.6. Measurement of copper surface area

The specific Cu® surface area and dispersion of Cu catalysts
were determined by N»O chemisorption and TPR. All Cu® on cata-
lysts was carefully oxidized in a 10% N,O/N; stream according to
the reaction: 2Cu(s) + N20 — Cuz0(s) + Na.

The monolayer of CuyO on the catalyst surface after N,O
chemisorption was reduced using a TPR process. NO chemisorp-
tion was performed with a 10% N;O/N; mixture flowing at
30 mL/min at 353 K. The TPR area of Cu;O was quantified by
sampling 1 mL of 10% Hy/N; to calculate the amount of N,O con-
sumed. The Cu® surface area could thus be calculated, assuming
a N0/Cu molar stoichiometry of 0.5. The average 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 (ICP/MS). As the amount 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 particle size of Cu
was calculated from Cu surface area by the formula: d =6V /A.
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Fig. 1. (a) TPO profile of Cu(thd);/SiO, sample after Cu(thd), was deposited on SiO3;
TPR profiles of catalyst after calcination in air at 573 K for 5 h: (b) 2.5% ALE-Cu/SiO;
and (c) 2.5% IM-Cu/SiO5.

2.7. Transmission electron microscopy (TEM)

High-resolution TEM analysis was carried out on a FEI Tecnai
G2 F20 operating at 300 KeV and located at High Valued Instru-
ment Center in the National Sun Yat-sen University, Taiwan. The
catalyst samples after pretreatment were dispersed in methanol,
and the solution was mixed ultrasonically at room temperature.
A part of solution this solution was dropped on the grid for the
measurement of TEM images.

3. Results
3.1. Temperature-programmed oxidation and reduction

Fig. 1 shows the TPO (temperature-programmed oxidation)
and TPR (temperature-programmed reduction) profiles of the ALE-
Cu/SiO, catalyst. Spectrum (a) is the mass spectrometric CO, sig-
nal obtained from the original Cu(thd);/SiO, sample oxidized to
Cu0/Si0,, and shows a sharp CO, desorption peak at about 353 K.
After TPO treatment, the sample was calcined in air at 573 K for
5 h. Fig. 1b shows the H,-TPR profile of the oxidized 2.5% ALE-
Cu/SiO; catalyst after calcination treatment. Two main peaks can
be seen, with maxima at around 512 K and 773 K. It was found
that the high-temperature peak corresponded to much greater H;
consumption than the first reduction peak at 512 K. Similar results
have also been presented in the literature, and have been inter-
preted in terms of complicated reduction steps [26-29]. The first
peak at 512 K was consistent with the fact that the reduction of
bulk CuO or Cu?* to Cut usually occurs at 528-573 K. The re-
duction peak at 773 K might be ascribed to the reduction of Cut
to Cu® or Cu species strongly bound to the SiO, support. Spec-
trum (c) depicts a TPR profile of 2.5% IM-Cu/SiO; catalyst after
calcination. The first peak at the low temperature reveals similar
reduction area to ALE-Cu/SiO, catalyst, but the high temperature

Table 1
Comparison of the Cu/ZnO/Al,03, IM-Cu/SiO;, and ALE-Cu/SiO; catalysts.

Catalysts Cu content Dispersion Particle size Cu surface area
(Wt) (%) (nm) (m?[g)

Cu/ZnO/Al,03 20 15 6.5 23

IM-Cu/SiO; 10.3 8 17.6 7.3

IM-Cu/SiO; 2.5 18 9.0 2.9

ALE-Cu/SiO, 2.5 40 2.9 6.5

peak at 773 K almost disappeared on IM-Cu/SiO;. It is proposed to
correspond to the typical reduction of bulk CuO to Cu®.

3.2. Activity tests

Table 1 lists the comparison in dispersion, Cu surface area, and
Cu particle size for all Cu catalysts. About 40% dispersion was
obtained with the 2.5% ALE-Cu/SiO, catalyst. The dramatic dis-
persion of the ALE-Cu catalyst was markedly larger than that of
the 10.3% and 2.5% IM-Cu/SiO, catalysts preparation resulting from
the typical impregnation method. The Cu/ZnO/Al;03 catalyst gave
the highest Cu surface area because of its higher copper content.
The 10.3% IM-Cu/SiO, catalyst showed a slightly higher Cu sur-
face area than ALE-Cu/SiO;. The ALE-Cu/SiO; catalyst exhibited the
smallest particle size compared to the other Cu catalysts. We per-
formed TEM experiments on ALE-Cu/SiO,, Cu/ZnO/Al;03, 10% IM-
Cu/SiO,, and 2.5% IM-Cu/SiO, catalysts to observe the Cu particles,
as shown in Fig. 2. The particle size of the ALE-Cu/SiO, catalyst
was about 2.85 £ 0.32 nm, obtained by manually measuring the
particles from TEM image (a) in Fig. 2. Large amounts of uniform
and small nanoscale copper particles of ALE-Cu/SiO, were found in
the TEM image (Fig. 2a).

The dependences of specific TOF and conversion versus temper-
ature for the ALE-Cu/SiO;, IM-Cu/SiO;, and Cu/ZnO/Al,03 catalysts
are shown in Figs. 3A and 3B. The ALE-Cu/SiO; containing a low
copper concentration revealed the effect of the Cu nanoparticles,
showing dramatically high activity for the water gas shift reaction
in comparison with the IM-Cu/SiO2 and Cu/ZnO/Al,03 catalysts,
even at room temperature. 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% and 2.5% IM-Cu/SiO; catalysts
revealed no detectable activity below 423 K. The Cu/ZnO/Al,03
catalyst gave the highest Cu surface area because of its higher cop-
per content, and exhibited similar reaction conversion with ALE-
Cu/SiO,, as shown in Fig. 3B.

Arrhenius plots and apparent activation energies are shown for
Cu/ZnO/Al;03 and ALE-Cu/SiO, catalysts at 298 K-473 K (Fig. 3C).

3.3. FI-IR of CO adsorbed on ALE-Cu/SiO;

We used CO as a probe molecule to identify the active sites on
the ALE-Cu/SiO, catalyst, because it is a good probe molecule for
vibrational spectroscopy and can usually provide important infor-
mation about the surface sites of adsorbed species and the chem-
ical environment of a copper surface. Fig. 4A shows the IR spectra
of CO adsorbed on an ALE-Cu/SiO, catalyst following reduction
treatment at 573 K for 5 h. The IR band of spectrum (a) may be
assigned to linear CO adsorption on the Cu surface. The IR band
could be fitted by two principal peaks, positioned at 2119 cm~!
(the L; state) and 2134 cm~! (the L, state). The IR band of ad-
sorbed CO rapidly diminished as the temperature was increased,
and was scarcely discernible at 523 K. The IR band intensities of
Li- and L,-CO decreased simultaneously with increasing temper-
ature (Fig. 4B). Considering the H,-TPR results, the pre-treatment
reduction at 573 K might have led to partially reduced copper par-
ticles.
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Fig. 2. TEM images of (a) ALE-Cu/SiOz; (b) 20 wt% Cu/ZnOJAl,03; (c) 10.3% IM-Cu/SiO5; and (d) 2.5% IM-Cu/SiO;.

Fig. 5 shows the IR spectra of CO adsorbed on the reduced
ALE-Cu/SiO; catalyst, obtained by high-temperature reduction. This
sample was assumed to be completely reduced. The difference be-
tween the spectra of CO adsorbed on the partially reduced copper
surface and on the fully reduced ALE-Cu/SiO2 would seem to sug-
gest very different surface properties between the ALE-Cu/SiO, re-
duced at 573 K and that reduced at 773 K. The intensity of the
IR of CO adsorption on completely reduced ALE-Cu/SiO, gradu-
ally decreased as the temperature was increased; however, a small
amount of Ly-CO still remained on the Cu surface, even at 773 K,
as shown in Fig. 5A. Fig. 5B shows the dependence of the inte-
grated areas of both peaks (the L;- and L,-CO) in Fig. 5A versus
temperature. One can see that L1-CO had a larger relative intensity
at 298 K, but it rapidly declined with increasing temperature. On
the other hand, for the L,-CO strongly bound on the copper sur-
face, the intensity remained over the range 298-423 K, and then
gradually decreased beyond 423 K.

3.4. In situ FTIR study of the rate of the WGS reaction on ALE-Cu/SiO»

Fig. 6 displays the spectra obtained in time-dependence stud-
ies of the reaction of a saturation of adsorbed CO on differently
pre-treated ALE-Cu/SiO; and IM-Cu/SiO, with H,O at 298 K. CO
adsorbed on the fully reduced ALE-Cu/SiO, (reduction at 773 K)
almost disappeared within 3 min at room temperature when 5 pL
of HyO was injected into the reaction cell, as shown in Fig. 6B.
However, there have been no reports in the literature that copper-
based catalysts could provide high activity for the WGS reaction at
room temperature, as observed for the ALE-Cu/SiO, catalyst used
in this study. One can see that the IR bands of the L;- and L,-CO
species were the major carbonyl components of the WGS reactions
on each of the copper surfaces, and that these declined with time
following the injection of 5 pL of HyO. Fig. 6C reveals the iden-
tical experiment performed on 10.3% IM-Cu/SiO; for comparison
with ALE-Cu/SiO;, suggesting that large Cu particles offered much
less efficiency for CO removal. The intensity of IR spectra of CO



C.-S. Chen et al. / Journal of Catalysis 263 (2009) 155-166 159

50 40

(A) (B)
P 35
0 40 T(a)
p 30
= g
> o 25
g 30 Q
] ‘G
g_ c 20
o K]
i 20 | 2 15
g ) 2
8 g 10
5 10 (d)
= 5
(c)
0 01

200 300 400 500

Temperature (K)

200 300 400 500

Temperature (K)

C
(b) (@)
(a)
-2
ALE-Cu/Sio,
E,=10.7 kd/mol
‘TQ 3 "
o
(o]
= "
5 -4
5
G66B
(d E,=13.4 kJ/mol
© 6 : ‘
0.0020 0.0025 0.0030 0.0035

1T (K™Y

Fig. 3. Comparison of catalytic activity for the water-gas shift reaction for (A) turnover of frequency versus temperature and (B) CO conversion versus temperature: (a) 2.5%
ALE-Cu/SiO3; (b) 20% Cu/ZnO/Al,03; (c) 10.3% IM-Cu/SiO,; and (d) 2.5% IM-Cu/SiO; catalysts. (C) Arrhenius plots for Cu/ZnO/Al,03 and ALE-Cu/SiO, at 298-473 K. The weight

of catalyst used was 0.05 g.

A 2134cm” 10.1

2119 cm™

623 K .

473 K

423 K /’\\

| ~

e N
/’\

B23 K

Absorbance

98 K

Relative Intensity of CO peaks (Arb. Unit)

® L, (2119 cm™)

L, (2134 cm™)

2200 2150 2100 2050 2000

Wavenumbers (cm™)

250 300 350 400 450 500 550
Temperature (K)

Fig. 4. (A) IR spectra of CO adsorbed on the low-temperature reduced ALE-Cu/SiO, catalyst at different temperatures. (B) Relative intensity of the Ly and L, peaks of the CO

band in part (A) with temperature.

adsorbed on the 10.3% IM-Cu/SiO, did not significantly decreased
with time until 480 s. The difference of IR spectrum between
curves 0 s and 480 s in Fig. 6C has shown in Fig. 6D, which con-
tained weak intensity for L1-CO and L,-CO.

Fig. 7 shows the changes in the coverage of CO species on the
copper surfaces in Fig. 6 as a function of time. The CO cover-
age was determined using the ratio of A/Ap, that A was the IR
band area at different time and Ay was the initial IR band area
of saturated adsorption at 298 K. The CO coverage decreased lin-
early within 60 s for each of the copper catalysts, and the fully
reduced ALE-Cu/SiO, (reduction at 773 K) apparently offered bet-
ter initial rates for WGS reactions than either the partially reduced
ALE-Cu/SiO; (reduction at 573 K) and IM-Cu/SiO,. The spectra in
Fig. 6, corresponding to the WGS reaction on the fully reduced
ALE-Cu/SiO;, were further analyzed with regard to the coverage of
the Li- and L,-CO species versus time, as shown in Fig. 8. On the
other hand, curves of the coverage of L;- and L,-CO from the pulse
reactions on the fully reduced ALE-Cu/SiO, are shown in Fig. 9. The
experiments were performed by injecting 0.1 pL of H,O for each

pulse after saturation adsorption of CO on the fully reduced ALE-
Cu/SiO,. As shown in Figs. 8 and 9, L1-CO is obviously consumed
faster than the L,-CO species, implying that CO adsorbed at the
Li-sites reacted more rapidly with adsorbed water than the L,-CO
species.

Fig. 10 shows the low dosing amount of CO adsorbed on
fully reduced ALE-Cu/SiO, with and without H,O pre-adsorbed at
298 K. The low coverage of adsorbed CO was achieved by passing a
pure 30 mL/min CO stream at atmospheric pressure for 1 min, and
then passing a 30 mL/min helium stream for 30 min. Spectrum (a)
shows the IR spectrum of CO on clean and reduced ALE-Cu/SiO,
which indicates that the relative intensities for the two carbonyl
species are [,-CO > L;-CO due to the low adsorption amount of
CO. This means that the L, sites are filled before the L; sites. When
the same dosing time of CO bound on the H,O pre-covered Cu
surface was used, the CO band showed an 18% reduction in inten-
sity, while the L,-CO band was less intense than that of L;-CO, as
shown in Fig. 10b. When the identical CO adsorption process was
sequentially performed on the H,O pre-covered Cu surface after
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spectrum (b), one can see that the CO band gradually grew, which
was accompanied by a concomitant decrease in the IR spectrum of
adsorbed H,O (Fig. 10, b-f).

Fig. 11 shows the dependence of the initial rate of the WGS re-
action over the ALE-Cu/SiO, catalyst on the concentrations of CO
and H,0. All data were obtained from kinetic observations of the
decreasing IR intensity of pre-adsorbed CO with time within 60 s
as H,O was added. As shown in Fig. 11a, when a constant amount
of HyO (5 ul) was injected onto the CO-covered ALE-Cu/SiO; cat-
alyst, the initial rate could be enhanced by increasing the amount
of CO adsorption. Interestingly, however, Fig. 11b shows that the
initial rate was independent of the amount of H,O injected for
saturation CO coverage on ALE-Cu/SiO,.

3.5. D0 temperature-programmed desorption

We used the TPD to study the desorption behavior of D,O and
active sites on the ALE-Cu/SiO; catalyst. Fig. 12 displays the TPD
spectra of D0 from ALE-Cu/SiO, at various dosing concentrations,
showing that the D,0, HDO, and H;O could be simultaneously
monitored by quadrupole mass spectrometry in the course of the
desorption process, which desorbed peaks at 373 and 586 K. At
low dosing levels, initiated by dosing 1 pL of D,0, the sample
showed desorption at 373 K (curve (a)). The area of this peak
reached a maximum after a 5 puL dosing amount. As the D,0 level
increased, a peak at 586 K gradually developed, and two main
peaks were observed, with maxima near 373 (o peak) and 586 K
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(B peak). The identical TPD profiles of DO were also performed
on the IM-Cu/SiO, catalyst prepared using a standard impregna-
tion method, as shown in Fig. 13. Compared to Fig. 12, the weak
signals of D0, HDO, and H,0 desorbed from the IM-Cu/SiO; cata-
lyst, which is possibly ascribed to slight isotopic exchange between
the deuterium atoms in water and SiOH. It is suggested that the
IM-Cu/SiO; catalyst had difficulty binding D,0 on its surface.

Fig. 14 compares the desorption spectra of D0 adsorbed on
ALE-Cu/SiO; following various levels of CO dosing at 298 K. The
ALE-Cu/SiO, sample with a 7 pL dosage of D,0 was fed by a CO
stream at 100 mL/min, before the TPD experiments were done. It
was found that the B states at 586 K could vanish faster than the
o states at 373 K as the dosing amount of CO increased, imply-
ing that the water at the B state had higher reactivity with CO
molecules than the water at the « state.

Fig. 15 shows the results of quadruple mass spectrometer mon-
itoring of the WGS reactions on the ALE-Cu/SiO, catalyst at room
temperature. The relationship between the adsorption states of
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L,-CO (2119 cm™)
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Fig. 9. Coverage of the Li- and L,-CO species as a function of the number of pulses
of H,0 injected onto the high-temperature reduction ALE-Cu/SiO, catalyst with CO
coverage. CO adsorption was achieved by exposure to a 30 mL/min pure CO stream
for 30 min, followed a 30 mL/min helium stream for 30 min. 0.1 pL of H,O was
injected into the reaction cell for each co-adsorption.

H,0 and the WGS reaction was further investigated. After a dosing
amount of 5 pL of H0, a 100 mL/min CO feed stream was passed
through the H,O-pre-covered ALE-Cu/SiO, catalyst at 298 K, lead-
ing to two evident mass signals of CO, being detected by QMS,
as shown in spectrum (a). Both peaks of CO, formation in spec-
trum (a) could be considered to associate with adsorption sites
on the ALE-Cu/SiO, surface. We elevated the temperature of the
ALE-Cu/SiO, pre-covered by the injection of 5 puL HO0 to 473 K in
helium in order to eliminate H,O adsorbed on the «-sites (373 K),
and cooled the catalyst to room temperature. This treatment led to
B-H,0 (573 K) remaining on the ALE-Cu/SiO;, surface, and the CO
stream was passed through the ALE-Cu/SiO; catalyst. Spectrum (b)
is the time profile of the mass spectrum of CO,, showing that the
sharp peak that formed rapidly could still be observed and re-
tained at a similar mass intensity to spectrum (a), but the broad
and weak CO, signal generated later completely disappeared. No
detectable H, signals were observed during the WGS reactions.

4. Discussion
4.1. Chemical state on reduced ALE-Cu/SiO,

The TPR profile of the oxidized ALE-Cu/SiO, catalyst featured
two reduction peaks at 512 K and 773 K. In several previous papers

[25-29], it has been speculated that the reactions involved in the
reduction process might be the following:

CuO + Hy — Cu® + H,0, (1)
Cu*t + (1/2)H; — Cut + HT, (2)
Cut + (1/2)Hy — Cu® + H*. (3)

Reactions (1) and (2) occur at lower temperatures than reac-
tion (3). In general, the reduction temperature of small particles
of CuO is lower than that of bulk CuO [30]. The reduction of
large CuO particles usually occurs at about 540 K, and highly dis-
persed CuO is reduced more easily than larger CuO particles [30].
In addition, some literature reports have indicated that the reduc-
tion temperature of a well-dispersed (3-5 nm) CuO/SiO, catalyst
prepared by an ion-exchange method can be below 523 K [31].
The ion-exchange method may result in the formation of Cu-O-Si
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species during the preparation of the Cu/SiO; catalyst. The reduc-
tion of Cu?t to Cut for the Cu-O-Si species has been identified
to occur at 523 K, which strongly overlapped with the peak for
the reduction of small particles of CuO to Cu® [30]. The further re-
duction of Cut to Cu® for Cu-O-Si species required a temperature
above 873 K [31].

In the present TPR profile, shown in Fig. 1, the low-temperature
peak at 512 K could reasonably be assigned to the one-step re-
duction of Cu®* to Cu® of highly dispersed CuO particles or the
partial reduction of isolated Cu*t to Cut ions in a two-step re-
duction process. The second peak at the higher temperature was
attributed to a second reduction path from Cut to Cu®, which was
due to a highly dispersed form of copper interacting strongly with
the silica surface, but a similar reduction peak at 773 K was not
observed on 2.5% IM-Cu/SiO,. The copper nanoparticles apparently
behave very differently from their bulk forms, possibly because of
electronic and structural effects of the materials. However, on the
surface of the copper, it might be difficult to avoid oxygen per-
turbation from the hydroxyl groups of silica, even if the catalyst

has been reduced at 773 K for 5 h. Some authors have indicated
that the small Cu particles or isolated Cu atoms on oxide supports
could be rendered partially electropositive as a result of interac-
tion with oxygen atoms at the surface of the support, even if the
copper is reduced [32,33]. Some authors have also reported that
the electronic structure of copper is size-dependent. Copper has a
completely filled 3d band (4s'3d'®) and no d-states at the Fermi
level. The valence band may shift toward a higher binding energy
as a result of reduced Cu particle size [12]. Chen et al. indicated
that small particles of Cu led to an increase in work function [13].
The smaller Cu particles produced by the ALE method might have
a partially filled 3d band with a high density of states at the Fermi
level, thereby resulting in lower electron density.

4.2. Band assignments of IR spectra

The high activity for the WGS reaction shown by the fully re-
duced ALE-Cu/SiO; catalyst is strongly indicated to be associated
with active sites on the copper surface. Assignments of the IR
bands of CO adsorbed on a reduced Cu surface have been pro-
posed [32,34]. IR bands below 2100 cm~! were assigned to CO
adsorbed on low index planes, such as the (111) and (100) faces
[32-34], while the band at 2102-2118 cm~! was assigned to CO
adsorbed at imperfect sites, such as step and edge sites. Bands
above 2120 cm~! might be from CO adsorbed on highly dispersed
supported copper particles [34-36]. On the other hand, stretching
frequencies of CO adsorbed on copper have also been found to oc-
cur in different regions for each oxidation state. In general, peaks
located at above 2140 cm™! can be attributed to Cu?* sites [37].
The band of CO adsorbed on Cut sites has been reported to appear
at 2110-2135 cm~! [37].

The above review of the assignments of the stretching frequen-
cies of CO adsorbed on copper sites does not seem to distinguish
the Li- and L,-CO in terms of the electronic and structural ef-
fects of copper. We repeatedly performed TPR experiments on
ALE-Cu/SiO, samples following high-temperature reduction pre-
treatment (773 K). No reduction peak was observed in the Hy-TPR
experiments for any of the reduced ALE-Cu/SiO, catalysts, implying
that the sample was likely to have been completely reduced. On
the basis of the above description, the IR spectra of CO adsorbed
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Fig. 13. TPD spectra of D0, HDO, and H,0 from the IM-Cu/SiO; catalyst with a 7 pL
D,0 dosage.

on the ALE-Cu/SiO; catalyst tended towards a higher stretching fre-
quency of 2134 cm~! (L-CO), which might stem from the effect of
nanoscale copper particles. The L; sites for CO adsorption could be
reasonably assigned to the imperfect sites on the surface.

4.3. Relationship between CO adsorption and the WGS reaction

From the results of CO adsorbed on ALE-Cu/SiO, at different
temperatures, the L, sites showed a stronger binding ability for
CO than the L; sites. FT-IR studies of co-adsorption experiments of
CO and H,O (Figs. 8 and 9) have shown that two types of atop
sites for CO adsorption on the ALE-Cu/SiO, surface dominated the
rate during the WGS reaction. The respective carbonyl species (L1-
and L,-CO) displayed a large difference in the rates at which they
underwent the WGS reaction. The rate of coverage loss for L1-CO
was evidently faster than that for L,-CO when H,0 was added to

CO pre-covered ALE-Cu/SiO; at 298 K. This implied 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 particle and/or isolated copper atom sites, was still
available for the WGS reaction, but obviously proved to be less
efficient.

4.4. Relationship between water adsorption and the WGS reaction

The TPD spectra of D0, H,0, and HDO showed the same two
types of desorption states at 373 and 586 K on the ALE-Cu/SiO2, as
shown in Fig. 12. The D,0 strongly dissociated on copper nanopar-
ticles resulted in rapid isotopic exchange between D0 and SiOH.
The H-D isotopic exchange of D,0 obviously occurred before the
H,0 and HDO species desorbed from the ALE-Cu/SiO, surface.
A D;0 molecule was first dissociated on the copper surface to
atomic deuterium and then migrated onto the support surface. It
can be deduced that there is a strong interaction between spillover
deuterium and SiOH. Fig. 14 clearly shows that 8-H,O reacts more
easily with CO than with «-H,0. On the other hand, Fig. 15 also re-
veals that the first and second CO; peaks could closely depend on
B- and «-HyO0 species, respectively. The 8-H,0O can be attributed
to the mainly dominant species in the WGS reaction.

The IR spectra of the co-adsorption of CO and H,O in Fig. 10
can further provide some information to discriminate these ac-
tive sites for adsorbed H;0. Spectrum (a) obviously gave a higher
intensity of L;-CO than that of L,-CO. When a CO stream was
passed through the H,O-precovered ALE-Cu/SiO, for 60 s, the 8-
H>O0 species could perform the WGS reaction with CO, and «-H,0
remained on the ALE-Cu/SiO; surface. This leads to the conclusion
that the L1-CO had a larger IR intensity, as seen in spectrum (b)
in Fig. 10. As the CO dosage increased, o-H,0 was consumed by
adsorbed CO, while L,-CO significantly grew, as shown in spec-
tra (c)-(f). Thus, it can reasonably be proposed that the active sites
of the adsorbed «- and B-H,0 species might be associated with
the L, and L; sites, respectively.

4.5. Factors of ALE-Cu/SiO, enhanced WGS reaction
The mechanism of the WGS reaction over Cu-based catalysts

has been extensively discussed, but it remains controversial. Two
models, namely the redox and associative mechanisms, have been
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proposed to explain the mechanism of the WGS reaction on a cop-
per surface [38-47]. The redox mechanism for the WGS reaction
involves the oxidation of CO on the surface by atomic oxygen de-
rived from H,O dissociation [39-41]. In the associative mechanism,
it is suggested that the surface hydroxyls (OH groups) formed from
H,0 on a copper surface combine with adsorbed CO to produce re-
action intermediates such as formate, carbonate, or carboxyl, which
then decompose to H, and CO, [42-45].

Fig. 15 shows that no detectable H; signal was observed in the
course of the WGS reaction. We compared the relative responses of
CO, and H; in the mass spectrometer by sampling 1 mL of CO,/H,
in a 1:1 volume ratio, and found that the ratio of the mass signals
of CO, and H,; was about 6.2. Thus, the loss of the Hy signal in
Fig. 15 was obviously independent of the instrumental response
of the mass spectrometer for different molecules, and could only
be interpreted in terms of a low likelihood of the WGS reaction
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Fig. 16. IR spectra of CO adsorbed on (a) 2.5% ALE-Cu/SiO, and (b) 10.3% IM-Cu/SiO;
catalyst at room temperatures. All samples were exposed to a 30 mL/min pure CO
stream at atmospheric pressure for 30 min, followed by a 30 mL/min helium stream
to purge the CO gas for 30 min.

proceeding through the formate pathway. On the other hand, it
is noteworthy that no observable reaction intermediates such as
formate, carbonate, or carboxyl species were adsorbed during the
co-adsorption of CO and H,O for the WGS reaction on the ALE-
Cu/SiO, surface, as shown in Fig. 10. Rather, these data provided
evidence for the feasibility of a redox-type reaction mechanism on
the ALE-Cu/SiO,.

Fig. 16 compares the saturation of adsorbed CO on ALE-Cu/SiO,
and IM-Cu/SiO; catalysts at 298 K, showing that IM-Cu/SiO, pro-
vided lower intensity for CO adsorption than ALE-Cu/SiO, did. On
the other hand, the IR spectrum of CO adsorbed on IM-Cu/SiO, ob-
viously shifted to lower vibrational frequency, implying that larger
Cu particles mainly contained sites on low index planes, such as
the (111) and (100) faces. Nevertheless, Fig. 6D shows that Li-
and L,-CO remained the major species for the WGS reaction. Un-
doubtedly, an ALE-Cu/SiO, catalyst can provide many more L;- and
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L,-sites to bind CO due to its high dispersion and small particles,
leading to high efficiency for WGS reaction. The 10.3 wt% IM-
Cu/SiO; catalyst has a similar copper surface area as the 2.5 wt%
ALE-Cu/SiO; catalyst but apparently provided poor ability for water
dissociation and CO adsorption [24]. However, water dissociation
will always be the essential part of the WGS reaction. Some au-
thors have studied the WGS reaction on copper surfaces using den-
sity functional calculations, showing that copper nanoparticles can
provide more active sites for the WGS reaction than Cu(100) [44].
It is suggested that copper nanoparticles contain far more low-
coordinated corner and edge sites than a flat copper surface, and
can have better CO binding and water dissociation [44]. Our ex-
perimental results have elucidated that the defect sites for L{-CO
on the ALE-Cu/SiO; catalyst are of fundamental importance to the
catalytic activity of the supported copper nanoparticles for the ad-
sorbed CO and H,O. This can explain why the ALE-Cu/SiO, catalyst
can provide stronger activity for water dissociation and water gas
shift reactions than IM-Cu/SiO;, even though both catalysts have
similar Cu surface areas.

Some studies have cited the dissociation of H,O as the rate-
determining step on Cu [8,42], but the ALE-Cu/SiO, catalyst un-
doubtedly behaved in a different way to traditional Cu-based cat-
alysts, in that it readily decomposed H;O. This was the key factor
in the ALE-Cu/SiO, catalyst showing high activity for the WGS re-
action at room temperature. Interestingly, Fig. 11 shows that the
reaction rate of a saturation coverage of adsorbed CO was indepen-
dent of the H,O concentration, suggesting that a strong dissocia-
tion reaction of H,O might occur on the ALE-Cu/SiO, surface. The
nature of copper nanoparticles also might influence water dissocia-
tion. Wang et al. studied water dissociation on a clean oxygen pre-
adsorbed copper surface by means of theoretical calculations [47],
and showed that the barrier to reaction on the oxygen-covered
copper surface was lower than that on a clean copper surface.
It has been reported that the formation of the HO-OH complex
is the driving force for lowering the barrier to water dissocia-
tion on copper surfaces [48]. For water dissociation on oxygen
pre-adsorbed metal surfaces, adsorbed oxygen abstracts hydrogen
from water to produce hydroxyls (H,O + O — 20H) [47]. Our re-
sults have shown that copper nanoparticles produced by the ALE
method interact strongly with the SiO, support, leading to a partial
positive charge on the copper surface. This phenomenon is de-
duced to be the essential factor for inducing and enhancing water
dissociation, leading to the observed high reactivity for the WGS
reaction.

5. Conclusions

We have prepared uniform copper nanoparticles (2.85 +
0.32 nm) on a silica support through application of the atomic-
layer-epitaxy technique (ALE). The IR spectra of CO adsorbed on
the ALE-Cu/SiO, catalyst (Cu/SiO, catalyst prepared by the atomic-
layer-epitaxy technique) revealed two major active sites on the
copper surface, namely defect sites (sites for L{-CO with an IR
spectrum at 2119 cm~!) and highly dispersed Cu particles and/or
isolated Cu atoms sites (sites for L,-CO with an IR spectrum at
2134 cm~1). The relative adsorption strength of CO at the L,-sites
is higher than that at the L;-sites, but the water gas shift reac-
tion mainly occurs at the L;-sites, corresponding to defect sites on
small particles. It is also proposed that H,O adsorbed on defect
sites can enhance the water gas shift reaction. The high efficiency
of the water gas shift reaction on the ALE-Cu/SiO; catalyst may
be ascribed to its strong activity in promoting H,O dissociation.
We speculate that the small Cu particles or isolated Cu atoms may
have strong interactions with the SiO, support, leading to a par-
tially electropositive state as a result of interactions with oxygen
atoms at the surface of the support, even if the copper is reduced.

The low electron density of the copper surface may strongly in-
duce water dissociation and facilitate the conversion of CO to CO,
and H,.
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