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A combination of CO adsorption at 300 K, which provides irre-
versible adsorption on Cu+1 sites, and oxygen adsorption via N2O
dissociation at 363 K, which counts surface Cu0 atoms, was used to
obtain values for the dispersion of Cu on SiO2, Al2O3, TiO2, ZrO2, di-
amond powder, and graphitized carbon fibers. The crystallite sizes
obtained from these estimates were compared to those obtained
from TEM and XRD measurements and were found to be in very
good agreement. DRIFT spectra of CO adsorbed on these catalysts
were obtained at subambient temperatures as well as at 300 K, and
the various amounts of Cu0, Cu+1, and Cu+2 at the surface were
detected by respective peaks in the regions of 2110 cm−1 and lower,
2110–2140 cm−1, and 2145 cm−1 and above. Spectra obtained at
173 K were especially useful because irreversible CO adsorption
occurred on all three sites, thus allowing the removal of gas-phase
CO and clarifying the spectra of adsorbed CO. Heats of adsorp-
tion for CO were determined from the variation in the intensity of
the Kubelka–Munk function versus temperature, and the follow-
ing average values were obtained for Cu dispersed on SiO2, Al2O3,
and diamond: Cu0—4.7 kcal/mole; Cu+1—11.7 kcal/mole; and
Cu+2—5.3 kcal/mole. c© 1998 Academic Press

INTRODUCTION

Cu catalysts, either supported on an oxide or in the form
of a mixed oxide such as copper chromite, have been used
in hydrogenation reactions for decades. However, the oxi-
dation states of Cu that are associated with the most active
systems are still in dispute, with Cu+1 sites being cited as the
only active sites in some studies (1–6), whereas the presence
of both Cu+1 and Cu0 sites have been invoked for optimum
activity in other investigations (7–11). Thus the challenge in
such studies is not only the determination of the Cu disper-
sion, which requires the measurement of surface Cu atoms
in the form of both metallic atoms and cuprous ions, but also
the distribution of the oxidation states among the surface
Cu atoms. Measurement of metallic copper surface area is
complicated by the weak reversible chemisorption and un-
certain adsorption stoichiometries that exist when typical
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adsorbates such as H2 and CO are used, and the risk of bulk
oxidation tends to negate the use of O2 chemisorption (12).
As a consequence, dissociative N2O adsorption according
to the stoichiometry at temperatures near 363 K,

N2O(g) + 2 Cus→N2(g) + (Cu2O)s, [1]

has been the most frequently used technique (13,14). At
temperatures around 300 K, which are used to eliminate ir-
reversible CO adsorption on the support (12), CO is easily
desorbed from Cu0 and Cu+2 sites and it binds irreversibly
only with Cu+1 species (15–19). CO chemisorption there-
fore provides the possibility of counting Cu+1 sites which,
when added to the number of Cu0 sites, could provide a
value for the total number of surface Cu atoms (assuming,
of course, that no surface Cu+2 is present after the reduction
step).

In addition to these adsorption studies, numerous inves-
tigations of CO adsorption on oxidized and reduced Cu
surfaces have been conducted utilizing IR spectroscopy,
and peak positions of CO adsorbed on copper have been
found to fall in different regions for each oxidation state
(19–43). If Cu/zeolite systems are excluded, the reasonable
associations that can be made are: Cu0—2110 cm−1 and
lower; Cu+1—2110 to 2140 cm−1, and Cu+2—2145 cm−1

and above (19–37); consequently, IR spectra of adsorbed
CO can probe the Cu surface to determine the distribution
of oxidation states after a given pretreatment. Although
spectra for CO adsorbed on Cu0 and Cu+2 sites can be ob-
tained at 300 K under a sufficiently high CO pressure, we
have found that subambient spectra acquired with a mod-
ified DRIFTS cell in the absence of gas-phase CO repre-
sent higher coverages and provide more well defined peaks.
Thus we have combined this approach with CO adsorp-
tion and N2O decomposition measurements as well as ad-
ditional characterization by TEM and XRD to examine Cu
dispersed on SiO2, η-Al2O3, TiO2, ZrO2, synthetic diamond
powder and graphitized carbon fibers. This paper describes
the results related to Cu dispersion (hence, Cu and Cu
oxide crystallite sizes) and the oxidation state of the sur-
face Cu atoms after a variety of pretreatments.
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EXPERIMENTAL

The support materials used in this study were 60/120 mesh
cuts of SiO2 (Grade 57, Davison Chemical Co.), η-Al2O3

(prepared by calcining β-aluminum trihydrate at 873 K for
5 h), TiO2 (P-25, Degussa Co.), ZrO2 (Alfa Aesar), synthetic
diamond powder (Alfa Aesar), designated DM, and Tornel
P-25 pitch-based graphitized carbon fibers, designated GF.
All catalysts contained appropriately 5 wt% Cu and were
prepared with an impregnation technique using Cu(NO3)2

dissolved in the following respective amounts of distilled
deionized water for the six supports just mentioned: 0.6,
0.6, 0.5, 0.4, 0.3, and 0.3 ml/g. Prior to characterization, the
catalyst samples were pretreated in situ in flowing He or Ar
for 1 h at a given temperature, then reduced in flowing H2

or calcined in 20% O2/80% Ar at the same temperature for
4 h. Typical space velocities were 20000 h−1.

Oxygen chemisorption via dissociative N2O adsorption
at 363 K was used to count metallic Cu surface atoms. The
measurements were carried out in a P-E TGA system with a
sensitivity of 0.1 µg. After loading a sample in the analyzer
pan, it was pretreated in situ at either 473 or 573 K under
H2 before cooling to 363 K. Using mass flow controllers
(Tylan, Model FC-260), N2O (99.999%, Matheson) was in-
troduced at 75 Torr (balance Ar) and the increase in weight
was monitored until it asymptotically reached a steady-state
value. The sample was then purged with Ar (99.999%, MG
Ind.) to remove the reversibly adsorbed N2O. The differ-
ence between the final and the initial weights of the sample
represents the oxygen required to oxidize the surface Cu0

atoms to form (Cu2O)s according to Eq. [1].
After a chosen pretreatment under H2 at either 473 or

573 K, CO uptakes on the catalyst sample were measured
at 300 K in a stainless steel volumetric adsorption system
giving a vacuum below 10−6 Torr at the sample (11). Fol-
lowing the initial isotherm, the sample was evacuated for
1 h at 300 K and a second isotherm was measured to de-
termine reversible adsorption. The irreversible adsorption
obtained from the difference between the two isotherms
was attributed to CO adsorbed only on Cu+1 sites (15–19).
The H2 (99.999%, MG Ind.) and CO (99.99% Mathe-
son) were flowed through separate molecular sieve traps
(Supelco) and Oxytraps (Alltech Assoc.) for additional pu-
rification. Oxygen and CO uptakes on the catalysts were
also determined after subjecting a sample of each catalyst
to the following pretreatment: heat in He or Ar to 573 K and
hold at 573 K for 1 h, reduce in H2 for 4 h at 573 K, purge with
He or Ar at 573 K for 30 min, cool to 363 K, expose to 10%
N2O in He or Ar at 363 K for 30 min to convert all metallic
Cu on the surface to Cu2O (14), and finally purge in Ar or
evacuate at 363 K for 30 min. Following this sequence of
in situ steps , either the oxygen (O) uptake at 363 K or the
CO uptake at 300 K was measured on these samples ac-
cording to the procedures outlined previously.

The XRD spectra were obtained ex situ using a Rigaku
Geigerflex diffractometer equipped with a CuKa radiation
source and a graphite monochromator. After the desired
pretreatment, each sample was passivated by exposure to
a flowing mixture of 1% O2 in He for 1 h at 300 K prior
to the XRD measurements, which were made in air. The
passivated samples were also examined in a Philips 420T
transmission electron microscope, operated at a high ten-
sion voltage of 120 KV, after they were ultrasonically dis-
persed in acetone and placed on a 400-mesh, carbon-coated
copper grid. Typically 120 to 150 particles were counted for
each catalyst to determine particle size distributions.

The infrared studies were conducted with a Sirius
100 FTIR system (Mattson Instr., Inc.) using a DRIFTS cell
(HVC-DPR, Harrick Sci. Corp.) that has been extensively
modified to allow in situ treatments up to 800 K under flow-
ing gases. An inexpensive stainless steel device utilizing a
solenoid valve and temperature controller was used to cool
the reactor cell to subambient temperatures with liquid ni-
trogen (44). Details of the cell modification and the data
acquisition and handling procedures have been given pre-
viously (44–46). After loading the sample powder into the
DRIFTS cell (ca. 50–80 mg), a standard procedure was used
to collect the interferograms. The first obtained was that
of the initial untreated sample at 300 K under flowing Ar
(20 cm3/min). Following this, the sample was subjected to
the desired in situ pretreatment procedure. To maximize
Cu+2 formation, samples of Cu/SiO2 and Cu/Al2O3 were
calcined in 20% O2/80% Ar at 573 K, whereas the Cu/DM
catalyst was calcined at 423 K under similar conditions. To
study reduced samples, each catalyst was pretreated in situ
at either 423, 473, 573, or 673 K in flowing H2. After the
chosen pretreatment, each sample was cooled to 300 K to
collect an interferogram, which was used as the background
reference for subsequent spectra of that sample. Following
this, the catalyst was exposed to a flowing mixture of 10%
CO and 90% Ar at 300 K for 30 min, then another inter-
ferogram was collected under 75 Torr CO. The sample was
then purged with pure Ar for 30 min and the last inter-
ferogram was obtained. All these spectra were obtained at
300 K. If spectra at subambient temperatures were desired,
the heating cartridge was then replaced with the cooling
device and the sample holder was cooled to a temperature
between 273 K and 148 K. After stabilizing the tempera-
ture at the desired value, a flowing mixture of 10% CO in Ar
was reintroduced to the DRIFTS cell for 30 min, then the
sample was purged with Ar for 30 min before collecting the
interferogram at that temperature. The temperature was
further reduced, the sample was exposed again to 10% CO
in Ar before purging for 30 min, and another interferogram
was collected. This procedure was followed down to 148 K.
These interferograms, when Fourier transformed using the
interferogram of the corresponding pretreated catalyst at
300 K prior to CO exposure as a reference, yielded the
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Kubelka–Munk or absorbance spectrum for CO adsorbed
on the catalyst at each adsorption temperature. All samples
were analyzed without a diluent except for the Cu/GF sam-
ple, which was diluted with CaF2 in a 5 : 1 diluent : sample
weight ratio to enhance the signal-to-noise ratio.

RESULTS

Table 1 lists the irreversible CO uptakes on Cu/DM,
Cu/SiO2, Cu/Al2O3, and Cu/TiO2 after reduction at either
473 or 573 K, and the amounts of oxygen chemisorbed
on these catalysts after similar pretreatments, calculated
from N2O decomposition, are also listed. A typical set of
isotherms is shown in Fig. 1 representing CO adsorption
on Cu/Al2O3. Figure 2 shows the corresponding weight
gain versus time plots for N2O decomposition on Cu/Al2O3

which demonstrate the initial weight gain due to oxygen
uptake and N2O adsorption as well as the weight loss af-
ter purging with Ar to remove adsorbed N2O. As seen
in Table 1, the irreversible CO uptake for each of the
catalysts drops significantly as the reduction temperature
is increased from 473 to 573 K. In contrast, the amount
of N2O decomposed on these catalysts significantly in-
creases as the reduction temperature is increased from
473 to 573 K. Assuming a stoichiometry of O : Cuo

s = 1 : 2
for metallic Cu sites and CO : Cu+1

s = 1 for cuprous ion
sites, Cu dispersions (D = Cusurf/Cutotal) were calculated
and are given in Table 1. The Cu0 crystallite size, d, based
on O(ad) was obtained using the equation d (nm)= 1.1/D
(12–14), while Cu2O crystallite sizes were estimated from
the CO uptake using the relation d (nm)= 1.2/D derived

TABLE 1

Irreversible Gas Uptakes and K-M Intensities for CO
Adsorption on Cu+1 at 300 K

Irreversible uptakes
Cu dispersion KM

TRED COa Oxygen [(Cu0
s + Cu+1

s )/ inten-
Catalyst (K) (µmol/g) (µmol O/g) CuTotal] sity

5% Cu/DM 473 45 19 0.10 0.0036
5% Cu/DM 573 35 25 0.11 0.0028
5% Cu/DMb 573 83 0 0.10 0.008
5.1% Cu/SiO2 473 58 36 0.16 0.0188
5.1% Cu/SiO2 573 18 86 0.24 0.005
5.1% Cu/SiO b

2 573 162 0 0.2 0.058
4.9% Cu/Al2O3 473 60 168 0.52 0.05
4.9% Cu/Al2O3 573 10 354 0.93 0.008
4.9% Cu/Al2O b

3 573 382 0 0.5 0.32
4.9% Cu/TiO2 473 4 248 0.65 0.0025
4.9% Cu/TiO2 573 0 270 0.7 0
4.9% Cu/TiO2

b 573 410 0 0.53 0.31
5.2% Cu/ZrO2

b 573 51 0 0.014 0.0075
5.1% Cu/GFb 573 7 0 0.009 0.0005

a At 75 Torr CO pressure.
b Exposed to 75 Torr N2O for 30 min @ 363 K following the treatment

in H2.

FIG. 1. CO adsorption isotherms for 4.9% Cu/η-Al2O3 reduced at
573 K after exposure to N2O at 363 K; filled circles: total uptake; open
circles: reversible uptake.

on the assumption of a Cu+1 site density of 5.2× 1018 m−2

(47), a value in excellent agreement with UHV results re-
ported by Pritchard and co-workers (24). These values are
listed in Table 2. As an approximation of crystallite sizes
based on the sum of the O and CO uptakes, the relation
d (nm)= 1.15/D was used.

Surface- and volume-averaged Cu particle sizes for
Cu/DM, Cu/SiO2, Cu/Al2O3, and Cu/TiO2, obtained from
the TEM micrographs of these catalysts after reduction at
either 473 or 573 K, are also listed in Table 2, along with
those calculated from the line widths of the XRD patterns
using the Scherrer equation. Crystallite sizes calculated
from the line widths of both the Cu2O and the Cu peaks
after pretreatments at 473 and 573 K are listed. The XRD
patterns for Cu/Al2O3 and Cu/TiO2 exhibited no detectable
signals corresponding to either of the two expected copper
phases after either of the reduction pretreatments. This is
consistent with the information from TEM which indicates
the presence of only very small Cu (or Cu oxide) parti-
cles which would give broad peaks difficult to detect in the
X-ray patterns. In the case of Cu/DM, the strong reflection
at 2θ = 43.7◦, characteristic of the diamond lattice structure,
coincides with the primary signal from metallic Cu; conse-
quently, the secondary Cu0 reflection at 2θ = 50.1◦ was used
to estimate Cu crystallite in this catalyst.

Figure 3 shows the Kubelka–Munk (K-M) IR spectra (de-
fined later) of CO adsorbed on the Cu/SiO2 sample after
exposure to 75 Torr CO followed by purging with Ar. The
bands remaining in the spectra after purging represent CO
species strongly bound on the Cu or Cu oxide sites present.
As illustrated by Fig. 3A, Cu/SiO2 reduced at 473 K exhibits
a strong absorption peak at 2120 cm−1. After reduction at
573 K, this peak essentially disappears leaving another very
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FIG. 2. Weight change during N2O decomposition at 363 K on 5% Cu/Al2O3 after reduction at: (A) 575 K, (B) 473 K. Arrow denotes introduction
of 10% N2O in Ar. Purging was initiated at 40 min; (C) pure Al2O3.

weak peak at 2105 cm−1. Conversion of the Cu surface to
Cu2O markedly increases the 2120 cm−1 peak intensity. Sim-
ilar spectra for Cu/Al2O3, Cu/TiO2, and Cu/DM are shown
in Figs. 4, 5, and 6, respectively. The spectrum of Cu/Al2O3

reduced at 473 K (Fig. 4A) exhibits a sharp absorption peak
at 2111 cm−1 whose intensity drops considerably after the
reduction at 573 K (Fig. 4B). A comparison of the spectra
in 4a and 4b demonstrates the strong similarity between
the K-M and Absorbance scales. The spectra for Cu/TiO2

(Fig. 5) exhibit very weak bands around 2100 cm−1 and

TABLE 2

Comparison of Average Cu Crystallite Sizes (in nm)

Based on
XRD

TRED COa O uptakeb (O+CO) uptakesc TEM TEM
Catalyst (K) (Cu+1) (Cu0) (Cu0+Cu+1) ds dr Cu2O Cu

5% Cu/DM 473 20 23 11 15 19 13 17e

5% Cu/DM 573 27 18 10 13 22 12 14e

5.1% Cu/SiO2 473 16 12 7 6 9 2 5
5.1% Cu/SiO2 573 54 5 5 5 8 ND 5.1
4.9% Cu/Al2O3 473 15 3 2 ND ND ND ND
4.9% Cu/Al2O3 573 92 1 1 ND ND ND ND
4.9% Cu/TiO2 473 231 2 2 2 3 ND ND
4.9% Cu/TiO2 573 NDd 2 2 2 3 ND ND

a Based on D= 1.2/d (nm) for Cu2O (Ref. 47).
b Based on D= 1.1/d (nm) for Cu0 (Refs. 12–14).
c Based on an average relationship of D= 1.15/d (nm).
d ND= not detectable.
e Estimated from secondary Cu0 reflection at 2θ = 50.1◦.

2020 cm−1 after either reduction pretreatment. Figure 6
shows the spectra of the Cu/DM catalyst after each reduc-
tion pretreatment. Similar to Cu/SiO2 and Cu/Al2O3, reduc-
tion at 473 K gives a distinct band at 2118 cm−1; however,
a weak band around 2160 cm−1 is also evident. As the re-
duction temperature is increased to 573 K, there is a sharp
decrease in the 2118 cm−1 band intensity and the other band
essentially disappears. Again, though, oxidation of the sur-
face to Cu2O greatly enhances the 2118 cm−1 peak. Figure 7
shows DRIFTS spectra for CO adsorbed on the Cu/ZrO2
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FIG. 3. DRIFTS spectra of CO adsorbed at 300 K on 5.1% Cu/SiO2: (A) reduced at 473 K, (B) reduced at 573 K, (C) reduced at 573 K and
reoxidized under 75 Torr N2O at 363 K; PCO= 75 Torr, then 1-h purge with Ar.

and Cu/GF samples after reduction at 573 K followed by
exposure to 150 Torr N2O at 363 K to oxidize the Cu surface
to Cu2O.

DRIFT spectra collected at subambient temperatures are
shown in the next set of figures, i.e., Figs. 8–16. Compared to
the K-M function, the absorbance scale is much more sen-
sitive towards detecting very weak peaks, which appeared
in certain spectra collected at subambient temperatures;
however, to date only K-M intensities of DRIFT spectra
have been quantitatively related to surface concentrations.
Consequently, to allow the detection of these weak peaks,
the absorbance scale was chosen to represent the spectra of
Cu/SiO2 whereas all other spectra are represented by the
K-M function. Figure 8 shows spectra of CO adsorbed at
different temperatures on 5% Cu/SiO2 after calcination at
573 K, while corresponding spectra after reduction at 473
and 573 K are shown in Figs. 9 and 10, respectively. As illus-
trated in Fig. 8, no detectable bands exist at 300 K, indicating
the absence of any strongly bound CO species after purging.
At 273 K, a weak peak is observed at 2155 cm−1 whose in-
tensity increases as the adsorption temperature decreases,
and the peak position shifts to 2159 cm−1 at 148 K. At tem-
peratures of 223 K and lower, a distinct shoulder develops
at 2130 cm−1 along with a very weak broad band around
2240 cm−1. In contrast, irreversible CO adsorption occurs
at 300 K on the catalyst reduced at 473 K and produces
a distinct stable band at 2115 cm−1, as observed in Fig. 9.

As the adsorption temperature decreases, this band inten-
sity steadily increases and a small shift in wavenumber to
2117 cm−1 occurs. A weak shoulder around 2149 cm−1 can
also be seen below 223 K. Reduction at 573 K entirely re-
moves the strong residual band at 2115 cm−1 observed in the
previous spectrum at 300 K, as demonstrated in Fig. 10. At
lower temperatures, bands develop at 2101 and 2062 cm−1,
with the former band developing into a very strong band at
2107 cm−1 at 148 K, while a new shoulder is detected near
2160 cm−1.

Similar spectra for CO adsorbed on 5% Cu/Al2O3 first
calcined at 573 K and then reduced at either 473 or 573 K
are shown in Figs. 11–13, respectively. The spectrum of the
calcined sample at 300 K again exhibits no features, whereas
the samples reduced at 473 K or 573 K exhibit stable bands
at 2112 and 2105 cm−1, respectively. As the adsorption tem-
perature is progressively lowered, one predominant peak
develops at 2158 cm−1 for the calcined sample, while with
the catalyst reduced at 473 K, the peak at 2112 cm−1 grows
and shifts to 2127 cm−1. With the catalyst reduced at 573 K,
the band at 2105 cm−1 grows and shifts to 2099 cm−1 as the
temperature decreases, while additional bands develop at
2003 and 2108 cm−1.

The additional features that develop as the temperature
is lowered are clearly evident, and they are optimized at
the lowest temperatures achieved here, i.e., 148 or 173 K.
Consequently, the effect of reduction temperature on the
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FIG. 4. DRIFTS spectra of CO adsorbed at 300 K on 4.9% Cu/Al2O3: (A) reduced at 473 K, (B) reduced at 573 K, (C) reduced at 573 K and
reoxidized under 75 Torr N2O at 363 K; PCO= 75 Torr.

presence of different adsorption sites on these Cu catalysts
can be readily examined by obtaining a single spectrum at
148 or 173 K, and the results of this approach are illus-
trated in Fig. 14 for Cu/DM and in Fig. 15 for Cu/GF. A low

temperature calcination produces two peaks at 2158 and
2120 cm−1 for the Cu/DM sample with the former band dis-
appearing as the reduction temperature increases to 473 K
to leave a dominant single band at 2130 cm−1. Reduction
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FIG. 5. DRIFTS spectra of CO adsorbed at 300 K on 4.9% Cu/TIO2: (A) reduced at 473 K, (B) reduced at 573 K, (C) reduced at 573 K and
reoxidized under 75 Torr N2O at 363 K; PCO= 75 Torr.

FIG. 6. DRIFTS spectra of CO adsorbed at 300 K on 5% Cu/DM: (A) reduced at 473 K, (B) reduced at 573 K, (C) reduced at 573 K and reoxidized
under 75 Torr N2O at 363 K; PCO= 75 Torr.
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FIG. 7. DRIFTS spectra of CO adsorbed at 300 K on (A) 5.2% Cu/ZrO2 and (B) 5.1% Cu/GF following reduction at 573 K and reoxidation to
Cu2O under 75 Torr N2O at 363 K; PCO= 75 Torr.

at 573 K decreases the peak intensity at 2130 cm−1 and
causes a peak at 2110 cm−1 to develop, which becomes the
dominant peak after reduction at 673 K. In similar fashion,
two peaks at 2155 and 2122 cm−1 are detected for the Cu/GF
sample after heating the impregnated sample in Ar at 423 K.
As the reduction temperature increases, the 2155 cm−1 band
disappears and a band at 2092 cm−1 develops. Only the lat-
ter band is observed after reduction at 673 K, as shown in
Fig. 15.

DISCUSSION

Adsorption of CO on copper surfaces in different oxi-
dation states has been shown to give rise to various species
which exhibit IR absorption bands in the 2000–2200 cm−1

spectral region as well as between 1200–1700 cm−1 (19).
Bands in the former region have been associated with
linear or bridge-bonded CO interacting with sites on either

CuO, Cu2O, or Cu0 surfaces. Although disagreement exists
regarding assignment of bands to the precise Cu oxidation
state, especially in the older literature, some assignment
rules have been unanimously agreed upon: (1) Cu+2-CO
species will absorb at a frequency higher than that at which
a corresponding Cu+1-CO species will absorb, while a
Cu0-CO species will absorb at a lower frequency than for
Cu+1-CO species; (2) a bridged carbonyl species will absorb
at lower wavenumbers than a linear carbonyl species; and
(3) adsorption on Cu+2 and Cu0 sites is predominantly
weak and reversible at 300 K and higher (21–37). In gen-
eral, absorption above 2140 cm−1 has been associated with
Cu+2 sites, and Busca has presented arguments why the
wavenumber should be higher than that of gas-phase CO
(28). In contrast, weakly bound CO on metallic Cu has been
shown to manifest stretching frequencies typically below
2110 cm−1. CO binds most strongly on Cu+1 sites, and bands
for these species have repeatedly been reported between
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FIG. 8. DRIFT spectra of CO adsorbed at different temperatures on 5.1% Cu/SiO2 calcined at 573 K. Each spectrum taken after exposure to
75 Torr CO and a 30-min purge in Ar.

FIG. 9. DRIFT spectra of CO adsorbed at different temperatures on 5.1% Cu/SiO2 reduced at 473 K.
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FIG. 10. DRIFT spectra of CO adsorbed at different temperatures on 5.1% Cu/SiO2 reduced at 573 K.

2110 and 2135 cm−1, as illustrated in Table 3. Consequently,
bands near 2110 cm−1 have the potential to represent either
Cu+1-CO or Cu0-CO species; however, the adsorption
strength provides a method to distinguish between CO
adsorbed on these two surfaces. Both the correlation of
the wavenumber regions with CO adsorbed on the three
oxidation states of Cu and the relative binding strengths
have been explained by considering the π -acceptor and
σ -donor properties of the CO molecule (19).

Unfortunately, these previous studies did not use addi-
tional characterizational techniques to confirm the oxida-
tion state of the Cu species present, hence the reason for the
numerous disparities in assignments. Surprisingly, not even
the relative thermal stability of the Cu+1-CO species has
been used to verify its assignment. Based upon this infor-
mation, differences in the stability of adsorbed CO species
as well as their peak position can be used to verify band as-
signments. Therefore, the strong 2120 cm−1 peak at 300 K
in the spectrum of Cu/SiO2 reduced at 473 K can be un-
ambiguously attributed to CO linearly bonded with surface
Cu+1 sites. After reduction at 573 K, the band completely
disappears, indicating reduction of the remaining cuprous
oxide. Similarly, the irreversibly adsorbed CO providing a
peak between 2111 and 2118 cm−1 at 300 K in the spectra
of Cu dispersed on Al2O3, TiO2, and DM can be associated
with linear Cu+1-CO species.

TABLE 3

Infrared Band Positions for CO Adsorbed on Supported Cu

Support Adsorption site Frequency (cm−1) Reference

SiO2 Cu0 2100–2110 (21)
2079-2101 (23)

2110 (27)
2090-2113 (29)

Cu+1 2118 (29)
2126 (34)

2115-2130 (35–37)
Cu+2 2140-2240 (25,26)

2180,2199,2216 (34)
Al2O3 Cu0 2100-2110 (21)

2110 (27)
2100 (32)

2102,2094,2087 (31)
Cu+1 2115,2130-2135,2140 (19)

2118 (30)
2115,2120,2135 (32)

TiO2 Cu0 2103,2071 (33)
Cu+1 2128 (33)

ZrO2 Cu0 2110,2105,2100 (32)
Cu+1 2120-2130 (32)

ZnO Cu0 2065-2078,2090 (33)
MgO Cu0 2081-2083 (21)
Unsupported CuO Cu+2 2158 28
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FIG. 11. DRIFT spectra of CO adsorbed at different temperatures on 4.9% Cu/Al2O3 calcined at 573 K.

FIG. 12. DRIFT spectra of CO adsorbed at different temperatures on 4.9% Cu/Al2O3 reduced at 473 K.



      

632 DANDEKAR AND VANNICE

FIG. 13. DRIFT spectra of CO adsorbed at different temperatures on 4.9% Cu/Al2O3 reduced at 573K.

FIG. 14. DRIFT spectra of CO adsorbed at 173 K on 5% Cu/DM after (A) calcination at 423 K, and reduction at (B) 423 K, (C) 473 K, (D) 573 K,
and (E) 673 K; PCO= 75 Torr.
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FIG. 15. DRIFT spectra of CO adsorbed at 173 K on 5.1% Cu/GF after (A) treatment in Ar at 423 K, and reduction at (B) 423 K, (C) 573 K, and
(D) 673 K; PCO= 75 Torr.

To further verify this literature-based assignment of
bands between 2110 and 2120 cm−1 to CO adsorbed on sur-
face Cu+1 species, fresh samples of each of the four cata-
lysts discussed above, i.e., Cu/SiO2, Cu/Al2O3, Cu/TiO2, and
Cu/DM, along with samples of Cu/ZrO2 and Cu/GF, were
loaded into the DRIFTS cell and reduced in flowing H2

for 4 h at 573 K. The cell was purged and the temperature
was decreased to 363 K; then the samples were exposed to
a flowing mixture of 10% N2O in Ar for 30 min followed
by an Ar purge for 1 h. This treatment has been shown to
reoxidize all surface Cu0 species to Cu+1 species, resulting
in a uniform surface comprised entirely of Cu+1 sites (14).
Following this, the standard procedure discussed previously
was employed to obtain spectra after exposure to CO and
purging in Ar which are shown as spectrum C in Figs. 3–6
and as spectra A and B in Fig. 7. These additional spectra
exhibit bands at positions identical to those obtained af-
ter the reduction step; however, the intensity of these new
bands is significantly enhanced, especially in the case of
Cu/TiO2, where the concentration of any TiOx species on
the Cu surface after reduction should be decreased or elim-
inated (48). The irreversible CO and oxygen uptakes on
these six catalysts, measured in the adsorption system af-
ter the same reduction–reoxidation treatment, are given in
Table 1. Following the reoxidation by N2O, in every case a
huge increase in the amount of irreversible CO adsorption
occurred, compared to that after reduction, while oxygen
adsorption dropped to zero. These results verify the previ-
ous assignment of bands in this region.

These results further support the assignment of all bands
between 2120 and 2110 cm−1 only to CO irreversibly ad-
sorbed on cuprous ions. The sharp drop in the irreversible
CO uptake on these catalysts after the higher tempera-
ture reductions at 573 K is concurrent with an increase
in the amount of oxygen adsorbed on these catalysts via
N2O decomposition, whereas a significant increase in the
CO uptake following the reduction–reoxidation step is syn-
chronous with the drop in adsorbed oxygen to zero. This
behavior is entirely consistent with the proposal that N2O
decomposition at 363 K measures only the number of metal-
lic Cu surface atoms, whereas irreversible CO adsorption
at 300 K is proportional to the surface concentration of
cuprous ions. The actual dispersion of Cu should be based
on the amount of N2O decomposed and the amount of CO
irreversibly chemisorbed, assuming that most of the Cu+1

sites are covered at 300 K. Table 1 compares Cu dispersions
estimated by the sum of CO+O uptakes based on the sto-
ichiometry of Eq. [1], while Table 2 compares crystallite
sizes obtained by TEM and XRD with those calculated
from the adsorption results. For the Cu/SiO2, Cu/Al2O3,
and Cu/DM catalysts, the agreement between the values
is much improved in all cases when both oxygen and CO
adsorption are taken into account, even if there is some
uncertainty about the relationship between crystallite size
and dispersion for Cu2O and the manner in which these
two phases coexist. For Cu/TiO2 both the DRIFT spec-
tra and the chemisorption data indicate that even after
reduction at 473 K, most of the Cu surface is metallic;
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hence consideration of the small amount of CO is not
significant.

An examination of the subambient spectra shows that not
only is the Cu+1-CO band enhanced as the temperature de-
creases, but bands associated with the more weakly bound
Cu+2-CO and Cu0-CO species are also retained and their
intensity is very temperature dependent. The enhancement
of the former band implies that CO adsorption at 300 K may
underestimate Cu+1 sites. The strong 2159 cm−1 band ob-
tained in the spectrum of calcined Cu/SiO2 at 148 K in Fig. 8
can be readily assigned to a linear Cu+2-CO complex. The
assignment is justified not only on the basis of peak posi-
tion, but also on the basis of weak binding, as evidenced by
the absence of a residual peak at 300 K. The 2240 cm−1 has
been assigned to CO stabilized on isolated Cu+2 ions in the
SiO2 matrix (38). The shoulder at 2130 cm−1 lies in the re-
gion corresponding to Cu+1-CO species, but the absence
of any distinguishable features at 300 K indicates much
weaker binding occurs, perhaps due to Cu+1 sites being iso-
lated in a CuO matrix. Alternatively, based on the work of
Pritchard and co-workers, this shoulder might be assigned
to CO adsorbed on a small fraction of densely packed low-
index planes of CuO. In Fig. 9 the residual band at 2115 cm−1

in the 300 K spectrum of Cu/SiO2 reduced at 473 K is clearly
attributable to Cu+1-CO species, whose concentration in-
creases and whose position shifts to 2117 cm−1 as the ad-
sorption temperature is lowered. The shoulder at 2149 cm−1

is attributed to residual unreduced Cu+2 ions. Similarly, the
spectra in Fig. 10 for Cu/SiO2 reduced at 573 K indicate al-
most complete reduction to Cu0 because of the absence of
residual bands at 300 K and the dominance of bands at 2107
and 2062 cm−1 which can be attributed to CO on metallic
Cu. The latter peak can occur on certain high index plances
of Cu (21–24); however, it might also be due to very small
Cu particles with enhanced electron densities in the hybrid
d + s valence shells. The shoulder at 2160 cm−1 may be due
to very stable Cu+2 ions embedded in the silica matrix.

The spectra for Cu/Al2O3 (Figs. 11–13), Cu/DM (Fig. 14),
and Cu/GF (Fig. 15) can also be analyzed utilizing the same
arguments. Whereas the 2158 cm−1 peak in Fig. 11, obtained
with calcined Cu/Al2O3 can be attributed to linear Cu+2-CO
complexes, the stable band at 2112 cm−1 in the spectrum
at 300 K for Cu/Al2O3 reduced at 473 K, which grows and
shifts to 2127 cm−1 at 148 K (Fig. 12), can be unambiguously
attributed to linear Cu+1-CO complexes. For Cu/Al2O3 re-
duced at 573 K (Fig. 13), the 2099 cm−1 band can be assigned
to a linear Cu0-CO species, whereas bridged Cu0-CO com-
plexes can be held responsible for the low wavenumber
band at 2003 cm−1. On these very small (ca 1.2 nm) Cu0 crys-
tallites, some irreversible CO adsorption occurs at 300 K.
As before, the 2180 cm−1 band can be assumed to be due
to isolated Cu+2 cations or Cu clusters. In contrast to the
spectra of calcined Cu/SiO2 and Cu/Al2O3, the spectrum of
calcined Cu/DM exhibits a prominent band at 2115 cm−1

at 300 K (not shown), attributed to Cu+1 species based on

its position, as well as its presence at 300 K, which shifts to
2120 cm−1 at 173 K, along with the appearance of another
peak at 2158 cm−1 at this temperature (Fig. 14). Thus, there
is a mixture of Cu+2 as well as Cu+1 species on the surface
of Cu/DM after this lower-temperature calcination step. As
the reduction temperature increases to 473 K, Cu+2 is con-
verted almost completely to Cu+1, as indicated by spectrum
14(C), reduction at 573 K gives a mixture of Cu+1 and Cu0,
while reduction at 673 K produces mostly Cu0 at the sur-
face. The XRD results in Table 2 also indicate a mixture of
Cu2O and metallic Cu after reduction at 573 K.

The signal-to-noise ratios obtained with Cu/GF samples
were significantly lower than those achieved with the pre-
vious samples, as shown in Fig. 15, even after optimal dilu-
tion with CaF2. Regardless, the trends are similar to those
observed with the other catalysts and they demonstrate
that C-supported Cu can also be studied with this tech-
nique. Although not calcined in O2, the heat treatment in
Ar at 423 K produced a mixture of Cu+2 and Cu+1 surface
states, as shown in Fig. 15A, similar to that of the calcined
Cu/DM sample. Reduction at progressively higher temper-
ature showed an evolution of surface states from Cu+2 to
Cu+1 to Cu0, and after reduction at 673 K, only Cu0 exists
at the surface (Fig. 15D).

The spectra in this study have demonstrated that, based
on their peak position in the infrared spectrum, as well as
their relative binding strengths, it is possible to distinguish
among CO species adsorbed on Cu+2, Cu+1, and Cu0 sites.
Although bands in the three different regimes of wavenum-
ber can be detected at 300 K under sufficiently high CO
pressures, the subambient spectra at 173 K or lower af-
ter removal of gas-phase CO are much better resolved. A
comparison of the spectra obtained at 300 K and 173 K
is provided in Fig. 16 for a Cu/Al2O3 sample reduced at
573 K. In the presence of 75 Torr CO, bands appear at
2099 and 2003 cm−1 in the spectrum obtained at 173 K
(Fig. 16A) along with a shoulder near 2180 cm−1. As dis-
cussed earlier, these bands can be assigned to linear and
bridge bonded CO on Cu0 and linear CO on isolated Cu+2

sites. In addition, two strong bands develop at 1657 and
1433 cm−1. Based on similar spectra of CO adsorption on
pure, unloaded Al2O3 pretreated in H2 at 573 K for 4 h,
these bands can be assigned to CO stabilized on Al2O3 as
bidentate and noncoordinated carbonate species, respec-
tively (19,49). Removal of CO by purging with Ar has little
effect on any of these peaks at 173 K (Fig. 16B). Under
75 Torr CO at 300 K, bands corresponding to the two forms
of CO on metallic Cu are visible at 2090 and 1998 cm−1,
along with those for CO adsorbed on the Al2O3 support
(Fig. 16C). Purging with Ar removes all these bands, leav-
ing only a very weak peak at 2105 cm−1. Consequently, one
can follow the transition in oxidation states of Cu in a given
catalyst as reduction temperature varies by comparing the
spectra of CO irreversibly adsorbed at 173 K on the pre-
treated catalysts, as demonstrated in Figs. 14 and 15. Similar
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FIG. 16. DRIFTS spectra of CO adsorbed on 4.9% Cu/Al2O3 after reduction at 573 K for 4 h: (A) in presence of 75 Torr CO at 173 K; (B) after
purging at 173 K; (C) in presence of 75 Torr CO at 300 K; and (D) after purging at 300 K.

representations of the progression of reduction as a func-
tion of the reduction temperature can be obtained from
the spectra of Cu dispersed on the oxide supports. Con-
sequently, this technique appears to be a universal, eas-
ily applied characterizational approach to determine the
surface oxidation states of Cu. When combined with the
N2O and room temperature CO adsorption measurements
obtained in this study, the number of Cu+1 and Cu0 sites
can be estimated. Another approach—subambient CO
adsorption combined with DRIFTS spectra at the same
temperature—can potentially provide a quantitative deter-
mination, assuming that the extinction coefficient for CO
is similar on all three types of sites. However, the measure-
ments would have to be done at an optimum temperature
which is low enough to allow adsorption of CO on all three
sites, yet high enough to minimize CO adsorption on the
support materials. Additional complications like capillary
condensation may also be encountered when dealing with
microporous supports like activated carbon (48).

Some additional information can be obtained from the
temperature dependence of the intensities illustrated in
Figs. 8–13 and elsewhere (49). If adsorption on all three
types of sites can be represented by a Langmuir isotherm,
then heats of adsorption can be estimated in the low cover-
age region for CO on Cu0 and Cu+2 sites and in the high

coverage region for CO on Cu+1 sites. Figure 17A demon-
strates that detectable amounts of CO on Cu0 and Cu+2 sites
do not exist until temperatures drop below 300 and 250 K,
respectively, whereas saturation appears to be approached
at 148 K for CO on the Cu+1 sites. In the former case,
θ = I/IO=KPCO, where IO is the intensity at saturation cov-
erage, thus `n I = `n IOA+Qad/RT, since PCO is constant
at 75 Torr and the slope of `n I or `n(IT/I148 K) vs 1/T will
yield −1Had/R. At the much higher coverages that exist
for the Cu+1 sites, θ = I/IO=KPCO/(1+KCOPCO), where
IO is assumed equal to I at 148 K, and the appropriate plot
to determine Qad/R is `n (θ/1− θ) vs 1/T. These three plots
for Cu/Al2O3 are represented in Fig. 17B, thus heats of ad-
sorption of 4.2, 9.8, and 5.0 kcal/mole are obtained for CO
adsorbed on Cu0, Cu+1, and Cu+2 sites, respectively. Similar
plots for Cu/SiO2 and Cu/DM give similar values (49), all of
which are listed in Table 4. The weaker bonding on Cu0 and
Cu+2 sites is clearly evident. Values previously reported for
the heat of adsorption of CO on Cu and Cu oxide surfaces,
obtained using a variety of techniques, are also listed in
Table 4 for comparison (49–62). The single earlier value for
Cu+2 sites is very consistent with those calculated here from
the IR spectra. For Cu0 surfaces, Qad values between 5 and
15 kcal/mole have been determined over a wide tempera-
ture range of 77–493 K, while for Cu+1 surfaces, Qad values
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FIG. 17. (A) Variation in the K-M intensity of CO adsorbed on Cu0, Cu+1, and Cu+2 as a function of temperature. (B) Arrhenius plots for heat of
adsorption.

obtained over a similar temperature range fall between 5
and 22 kcal/mole. Thus for Cu0 our values agree only with
the low end previously reported, perhaps due to incomplete
reduction, whereas our values for Cu+1 are mid-range, com-
pared to others. To summarize, from Table 4 average values
for the heat of adsorption of CO on Cu0, Cu+1, and Cu+2 can
be calculated to be 4.7, 11.7, and 5.3 kcal/mole, respectively.

Finally, one can also address the applicability of DRIFTS
to these systems in another quantitative way. The mathe-
matical model developed by Kubelka and Munk for diffuse
reflectance relates the concentration of the IR absorbing

component of the sample and the scattered radiation inten-
sity in the same manner as the Beer–Lambert law for trans-
mission measurements (45,63–69). For an “infinitely thick”
sample, the Kubelka–Munk function can be expressed as

f (R∞) = (1−R∞)2/2R∞ = k

s
= 2.303 εC

s
,

where R∞ is the diffuse reflectance spectrum of the infini-
tely thick sample proportional to that of a nonabsorbing
background or reference, k is the absorption coefficient,
ε is the extinction coefficient of the absorber, and s is the
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TABLE 4

Heat of Adsorption of CO on Cu Sites

Site Form Qad (kcal/mole) Temp range (K) Reference

Cu+2 Cu/SiO2 6.9 358–493 (29)
Cu/SiO2 7.0 148-300 This study
Cu/η-Al2O3 5.0 148-300 This study
Cu/DM 3.8 148-300 This study

Cu+1 Cu/SiO2 4.7 358-493 (29)
Cu/Al2O3 16.9 — (50)
Cu/η-Al2O3 7.2 300-413 (30)
Bulk Cu2O 19.4 90-300 (47)
Cu/SiO2 5.2 408-473 (26)
Cu2O film 20 — (51)
Bulk Cu2O 20 300 (52)
Cu2O(100) 16.7 120-700 (53)
Cu/ZSM-Y 14.7 370-503 (54)
Cu/ZnO 22.4 — (55)
Cu/ZnO 12-18 123-400 (56)
Cu/ZnO 17.0 303 (61)
Cu/SiO2 13.2 148-300 This study
Cu/η-Al2O3 9.8 148-300 This study
Cu/DM 12.2 148-300 This study

Cu0 Cu/SiO2 5.2 358-493 (29)
Cu(100) 14.5 77-195 (20)
Cu(110) 14.5 90-250 (57)
Cu(311) 5.2-14.5 77-300 (58)
Cu/SiO2 14.5 447-472 (59)
Cu/Film 9.3 195-288 (60)
CuZnO 9.6 303 (61)
Cu(111) 11.7 188-198 (62)
Cu/SiO2 4.8 148-300 This study
Cu/η-Al2O3 4.2 148-300 This study
Cu/DM 5.2 148-300 This study

FIG. 18. Variation in the K-M intensity of CO adsorbed on Cu+1 at 300 K as a function of Cu+1 surface concentration.

TABLE 5

Slopes from Fig. 18 (2.303 ε/s) and Scattering Coefficients (s)
for CO on Supported Copper Catalysts (Tred= 200◦C)

Catalyst 2.303 ε/s× 10−4 s× 103 a

(5 wt% Cu) (cm3/µmol) (cm−1)

Cu/DM 1.1 6.2
Cu/SiO2 3.9 1.8
Cu/Al2O3 7.8 0.9
Cu/TiO2 6.8 1.0

a Based upon ε= 0.3 cm2/µmol [32].

scattering coefficient of the sample matrix. Experimental
parameters which can lead to deviations from a linear re-
lationship between intensity and concentration have been
discussed previously (45); however, over a certain range of
concentration, a linear relationship should exist between
the peak intensity of the Kubelka–Munk function, f (R∞),
at a given frequency and the concentration C, with a zero
y-intercept occurring if the scattering coefficient s remains
constant for a given sample. Based on the uptakes mea-
sured in Table 1 for four catalysts, the spectra in Figs. 3–6
do indeed fulfill this relationship when represented in
Kubelka–Munk intensities, as shown in Fig. 18. It is known
that s can depend strongly on the matrix material surround-
ing the absorber (69), and an estimate of the values of s can
be made if the extinction coefficient, ε, is known. If a value
of ε= 0.3 cm2/µmol is chosen for CO adsorbed on Cu+1

(19) and assumed to be independent of concentration, the
values of s estimated from the slopes, 2.303 ε/s, in Fig. 18
are listed in Table 5. The scattering coefficients for the
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three oxide supports are not too different and fall in the
range of 0.9–1.8× 10−3 cm−1; however, that for the much
more transparent diamond is significantly higher. It is
possible that some of this variation is due to the difference
in Cu (or Cu2O) crystallite sizes.

SUMMARY

Cu catalysts obtained by dispersing Cu on a variety of
supports including SiO2, Al2O3, TiO2, ZrO2, synthetic dia-
mond powder and graphitized carbon fibers, were charac-
terized by CO chemisorption, N2O decomposition, TEM,
XRD, and DRIFTS spectra of CO adsorption at 300 K as
well as at sub-ambient temperatures. Dispersions of Cu,
considering both the O uptake via N2O decomposition at
363 K to measure Cu0 sites and the irreversible CO up-
take at 300 K to measure Cu+1 sites, were found to give
the best agreement with the TEM and XRD data. Us-
ing a technique based on DRIFT spectra of CO adsorbed
on these catalysts at subambient temperatures (down to
148 K), the transition in the oxidation state of Cu can be
followed as a function of reduction temperature. This IR
technique appears to be a universal, easily applied char-
acterizational approach to determine the surface oxidation
states in supported Cu catalysts. Heats of adsorption for CO
on Cu0, Cu+1, and Cu+2 sites, determined on the basis of the
intensities of the subambient DRIFT spectra, are consistent
with values reported in the literature.
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