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Cu crystallites dispersed on different forms of carbon, i.e., ac-
tivated carbon, graphitized carbon fibers, and diamond, were pre-
pared and characterized by CO chemisorption, N2O decomposition,
X-ray diffraction, transmission electron microscopy, temperature-
programmed reduction, and diffuse reflectance Fourier transform
infrared spectroscopy (DRIFTS). Both surface and bulk properties
of these carbons had an impact on the dispersion as well as the re-
ducibility of Cu. Increasing the concentration of oxygen-containing
groups on the surface of the activated carbon by a nitric acid treat-
ment prior to Cu impregnation was beneficial in terms of rendering
a higher dispersion of Cu; however, Cu was better stabilized in the
higher oxidation states over a high-temperature-treated activated
carbon. A higher dispersion of Cu was obtained with the diamond
support compared with the graphitized fibers when prepared via
a wet impregnation technique, and it is attributed to the stabiliza-
tion of Cu through interactive “dangling” bonds on the diamond
surface. Cu dispersed by an ion-exchange method was stabilized on
the graphitized fibers in two morphologically different forms: aggre-
gates of globular particles deposited on top of graphitic basal planes
and smaller crystallites at the edges of and at defects within these
planes. These morphological differences changed the reducibility of
these particles and also may have altered the electronic properties
of these crystallites. c© 1999 Academic Press
INTRODUCTION

Carbon materials represent a unique family of supports
because of the diverse nature of the different forms of car-
bon and the complex functions they can perform. From the
sp2 hybridized chemical bonding in the orderly structure
of graphitized carbons and disordered turbostratic carbons
like activated carbon, to the sp3 hybridized configuration
in diamond, the different allotropic forms of elemental car-
bon possess distinct bulk and surface properties which can
be altered to modify their characteristics. In the last three
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decades, the use of these different forms of carbons as a
heterogeneous catalyst support has grown, with activated
carbon perhaps being the most studied catalyst support of
the three because of the versatility of properties like poros-
ity, surface area, and chemical nature, in addition to its me-
chanical resistance, stability, and inertness. Comprehensive
reviews and critical analyses of these aspects have already
been published (1–10). The optimization of carbon surface
characteristics to induce desirable interactions at the inter-
face between the metal precursor and the support and the
influence of these modifications on the morphological, ad-
sorption, and catalytic properties of dispersed metal par-
ticles have received much attention, as indicated by the
voluminous literature cited in these review articles. In
addition to activated carbon, the application of two other
allotropes of carbon, i.e., graphite and diamond, has also
received some attention in the past few years (1, 11–46).
However, whereas the morphological and electronic prop-
erties of metals dispersed on these substrates have been in-
vestigated, the consequent effects on adsorption behavior
and catalytic activity have received very limited attention.

Furthermore, despite recent theoretical and X-ray pho-
toelectron (XPS) studies that suggest changes in the elec-
tronic structure of copper deposited on carbon substrates
(11–13), the number of literature reports addressing the
effects of modified carbon chemistry on the properties of
Cu/carbon catalysts is small (47–55). The different forms of
carbon might be anticipated to have a significant influence
not only on the dispersion and sintering propensity of Cu
particles dispersed on their surfaces, but also on their re-
ducibility; however, no systematic study of the properties
of Cu dispersed on these forms of carbon could be found.
For copper hydrogenation catalysts, three different active
phases have been proposed in the literature: Cu+, Cu0, and
a mixture of Cu+ and Cu0 species (56). A study in which
the dispersion and reducibility of Cu are varied to thereby
control the distribution of Cu surface sites seemed appro-
priate. Coupled with this interest to study Cu/C catalysts
from the standpoint of adsorption and catalysis is an incen-
tive to replace the commercial copper chromite catalysts
1
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which have been extensively used for industrial hydrogena-
tion reactions (56). Consequently, Cu crystallites dispersed
on different forms of carbon, i.e., activated carbon, graphi-
tized carbon fibers, and diamond, were prepared and char-
acterized, the effect of different surface and bulk properties
of the carbons on properties of the resulting Cu catalysts
was examined, and the catalytic behavior of these cata-
lysts in crotonaldehyde hydrogenation was studied after
different reduction pretreatments. A detailed characteri-
zation of the pure carbon supports used in this study has
been presented elsewhere (57). This paper describes the
characterization of Cu supported on these carbons by CO
chemisorption, oxygen chemisorption via N2O decompo-
sition, X-ray diffraction, transmission electron microscopy,
and temperature-programmed reduction. In addition, dif-
fuse reflectance Fourier transform infrared (FTIR) spec-
troscopy (DRIFTS) was employed to probe the chemical
state of surface Cu sites using subambient CO adsorption
to identify oxidation states. The consequent effect on the
kinetics of crotonaldehyde hydrogenation are described in
a following paper (58).

EXPERIMENTAL

Carbon Supports

The activated carbon used in this study was obtained from
Norit Corp (Norit A8933), designated AC-ASIS, and it had
a specified surface area of 800 m2/g. This sample was sub-
jected to two different pretreatments to modify its surface
chemistry (59, 60). A high-temperature treatment (HTT)
under flowing H2 for 6 h at 1223 K was used to remove oxy-
gen and any sulfur impurities from the carbon surface. This
sample, labeled AC-HTT-H2, was stored in a N2-purged
glove box. The third sample, AC-HNO3, was prepared by
heating AC-ASIS in 12 N nitric acid for 12 h at 363 K, wash-
ing and filtering with water to achieve a pH of 7, and then
drying overnight at 393 K. The highly graphitic carbon fibers
(GF) used in this study were pitch-based commercial fibers
(P-25, Amoco Performance Products). The fibers were cut
and manually ground to yield a fine powder with a BET sur-
face area of 6 m2/g. The synthetic diamond powder (DM)
was obtained from Alfa Aesar and had a BET surface area
of 25 m2/g.

Catalyst Preparation

A standard wet impregnation technique (WI) was used
to prepare approximately 5 wt% Cu catalysts with all
three activated carbons, the graphitized fibers, and the di-
amond powder. After impregnation with an aqueous so-
lution of Cu(NO3)2, using deionized doubly distilled wa-
ter, all five catalysts, i.e., Cu/AC-ASIS, Cu/AC-HTT-H2,

Cu/AC-HNO3, Cu/DM, and Cu/GF-WI, were dried in an
oven overnight at 393 K. In addition, a 1.8 wt% Cu/GF sam-
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ple was prepared by an ion-exchange (IE) technique using
an aqueous solution of Cu(NO3)2 and a concentrated am-
monia solution according to procedures outlined elsewhere
(23, 61, 62). The pH of the suspension was maintained at
approximately 10 during stirring. Prior to any further char-
acterization, the catalyst samples were pretreated in situ at
1 atm by flowing 40 sccm He (GHSV∼= 100 h−1) for 1 h
at either 423, 473, 573, or 673 K, followed by reduction in
40 sccm H2 at the same temperature for 4 h. The exact Cu
content in each catalyst was determined by atomic absorp-
tion spectroscopy.

Catalyst Characterization

CO uptakes on the pretreated catalyst samples were mea-
sured at 300 K using a stainless-steel volumetric adsorp-
tion system giving a vacuum below 10−6 Torr at the sample
(63). After the initial isotherm, the sample was evacuated
at 300 K for 1 h and a second isotherm was measured to
determine reversible adsorption. The H2 (99.999% purity,
MG Ind.) and CO (99.99% purity, Matheson) were made to
flow through molecular sieve traps (Supelco) and Oxytraps
(Alltech Assoc.) for additional purification. O2 chemisorp-
tion on these samples at subambient temperatures as low
as 143 K yielded nonreproducible results because of large
uptakes on the carbon support itself; consequently this
method could not be used to estimate Cu disper-sions (62).

Dissociative N2O adsorption at 363 K was therefore used
to measure metallic Cu surface sites based on the stoichiom-
etry N2O(g)+ 2 Cu0

s→Cus–O–Cus+N2(g) (64), where Cus

is a surface atom. The measurements were carried out in a
gravimetric apparatus with a sensitivity of 0.1 µg. After the
sample was loaded in the analyzer pan, it was pretreated
in situ before being cooled to 363 K, 10% N2O (99.99%
purity, Matheson) in Ar (99.999% purity, MG Ind.) was in-
troduced, and the increase in weight was monitored until
it asymptotically reached a steady value. The sample was
then purged with Ar (99.999% purity, MG Ind.) to desorb
reversibly adsorbed N2O, and the difference between the
final and initial weights represented the amount of oxygen
required to oxidize the surface Cu0 atoms to Cu+.

X-ray diffraction (XRD) spectra were obtained ex situ
using a Rigaku Geigerflex diffractometer equipped with
a CuKα radiation source and a graphite monochromator.
Each sample was given the desired pretreatment and then
passivated by exposure to a flowing mixture of 1% O2 in
He at 300 K for 1 h prior to handling in air during XRD
measurements. Cu crystallite sizes were calculated from the
linewidth at half-height of the primary Cu0 and Cu2O peaks
using the Scherrer equation with Warren’s correction for
instrumental line broadening. The passivated samples were
also examined in a Philips 420T transmission electron mi-

croscope at an accelerating voltage of 120 kV. The samples
were dispersed ultrasonically in acetone and placed on a
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400-mesh carbon-coated copper grid, and Cu particle sizes
were obtained by counting 120–200 particles in each cata-
lyst.

The temperature-programmed reduction (TPR) spectra
were obtained by using a tubular quartz reactor and heating
the sample from room temperature to 1173 K at the rate of
50 K/min in a 10% H2/90% He mixture. The effluent gases
were analyzed with an on-line, computer-controlled, UTI
quadrupole mass spectrometer, which was used to monitor
the amounts of NO and NO2 evolved from the nitrate anion
as a function of temperature.

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
flowing gases (65, 66). A simple inexpensive attachment
designed earlier also allowed the sample cell to be cooled
to subambient temperatures using liquid nitrogen and
a solenoid valve (65). Ultrahigh-purity H2, Ar, and CO
(99.999% purity, MG Ind.) were further purified by pass-
ing them through separate indicating Oxytraps (Alltech
Assoc.) and molecular sieve traps (Supelco), and precise
gas flow rates were maintained using mass flow controllers
(Tylan Corp., Model FC-260). To enhance the low signal-
to-noise ratios typically obtained with carbon samples, all
three activated carbon samples were diluted with CaF2 us-
ing a CaF2 : C ratio of 10 : 1 before loading into the DRIFTS
reactor cell. The graphitized fiber samples were diluted with
CaF2 using a CaF2 : C ratio of 5 : 1 prior to loading. In both
cases, a lower dilution ratio yielded a very low signal-to-
noise ratio, whereas a higher ratio lowered the spectrum
resolution (57). The diamond samples were analyzed with-
out any diluent.

After a sample was loaded into the DRIFTS cell, the cell
was purged overnight with Ar to minimize additional sig-
nal damping caused by ambient moisture. The recorded in-
terferograms typically consisted of 10,000 signal-averaged
scans obtained using a postamplifier gain of 8, an iris set-
ting of 50, and a resolution of 4 cm−1. A standard pro-
cedure was used to collect the interferograms for all the
catalysts. The first interferogram was that of the initial un-
treated sample under flowing Ar (20 sccm). The sample was
then subjected to one of the desired pretreatments previ-
ously discussed and cooled to 300 K for the second interfer-
ogram. This interferogram, when Fourier transformed with
that of the corresponding pretreated unloaded support as
reference, yielded the spectrum of the pretreated catalyst
surface. The interferogram of the pretreated catalyst was
also used as the background reference for the subsequent
spectra of adsorbed CO for that sample. Following this, the
heating cartridge was replaced by the subambient cooling
device and the DRIFTS cell was cooled to 173 K with liq-
uid N . The catalyst was then exposed to a mixture of 10%
2

CO/90% Ar for 30 min and purged with pure Ar for 30 min.
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Interferograms were collected under 75 Torr CO as well as
after purging the catalyst sample.

RESULTS

Chemisorption

A typical set of isotherms for CO adsorption is shown
in Fig. 1 for the Cu/DM catalyst; others are provided
elsewhere (62). Table 1 lists the corresponding total and
irreversible CO uptakes at 100 Torr on the six catalysts
after pretreatment at different temperatures. For the
Cu/AC-HNO3 catalyst, increasing the reduction tempera-
ture from 423 to 573 K resulted in a decrease in both the
total and reversible uptakes. However, for Cu/AC-HTT-H2,
both total and irreversible uptakes increased following
an increase in the reduction temperature. In the case of
Cu/DM, both the total and irreversible uptakes passed
FIG. 1. CO adsorption isotherms for: (A) Cu/DM reduced at 573 K,
and (B) pure DM treated at 573 K in H2.
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TABLE 1

CO Uptakes, Apparent Cu Dispersions, and Cu Particle Sizes

Tred

CO uptake (µmol/g)a

COIrr/CuT

dcrys (nm)

Catalyst (K) Total Irreversible COT/CuT (Cu1+
s /CuT) d1

b,c d2
b,d

4.8% Cu/AC-HNO3 423 183 52 0.24 0.069 4.6 19
473 163 25 0.22 0.033 5.4 35
573 140 10 0.19 0.013 6.2 88

4.6% Cu/AC-ASIS 423 142 89 0.20 0.12 6.2 10
573 130 26 0.18 0.036 7.0 34

4.9% Cu/AC-HTT-H2 423 96 22 0.12 0.029 9.4 41
573 102 20 0.13 0.026 8.6 45

5.1% Cu/DM 423 67 55 0.083 0.069 13.2 16
473 74 45 0.092 0.057 12 20
573 84 35 0.11 0.044 11 26
673 60 10 0.076 0.012 15 91

5.1% Cu/GF-WI 423 10 5 0.013 0.0065 88 176
473 10 7 0.013 0.009 88 126
573 9 6 0.012 0.0077 98 147
673 10 5 0.013 0.0065 88 176

1.8% Cu/GF-IE 423 122 25 0.44 0.082 2.7 13
473 141 0 0.49 0 2.3 —
573 113 0 0.39 0 2.9 —
673 68 0 0.24 0 4.7 —

Cu Powdere — 9.6 — f — — — —

a At 100 Torr.
b d (nm)= 1.2 (CO/Cu).
c Based on total CO uptake.
d Based on irreversible CO uptake.

e Cleaned in H2 at 573 K for 1 h.

f No measurable uptake.

through a maximum as the reduction temperature was in-
creased from 423 to 673 K. In comparison, both the total and
the irreversible CO uptakes were low on Cu/GF-WI and did
not vary much as a function of reduction temperature. In
contrast, large total uptakes were obtained on the Cu/GF-
IE catalyst, although no irreversible uptake was detected
after reduction above 473 K. Using a 1 : 1 stoichiometry for
COads : Cus, where Cus represents a surface Cu atom (67),
Cu dispersions were estimated based on both the total and
irreversible CO uptakes and are reported in Table 1. It
should be noted here that the reversible uptake per gram
of catalyst was always higher than the reversible uptake on
the pure support, which was subtracted from the uptake
to provide the total uptake values in Table 1. Based on the
rationale discussed earlier (67), the irreversible adsorption
at 300 K can be associated with the stabilization of CO on
Cu+ sites, while the difference in the reversible uptakes
on the pretreated catalysts and the respective supports can
be attributed to weak reversible adsorption of CO on sur-
face Cu0 and residual Cu2+ species. The dispersion based
tal CO uptake on each catalyst, after correcting for
rsible uptake on the pure support, could provide
an approximate value for total Cu surface atoms if the CO
coverage on metallic Cu is high at these pressures, whereas
the irreversible uptake would relate only to Cu+ surface
sites. As seen in Table 1, with AC-supported catalysts the
apparent dispersions based on either of these uptakes
were highest for Cu dispersed on AC-HNO3 and lowest
for Cu on AC-HTT-H2. Cu dispersion on the DM support,
although lower than that on any of the AC supports, was
still much higher than that obtained for Cu/GF-WI. In
contrast, apparent dispersions with the ion-exchanged
Cu/GF-IE catalyst based on total CO uptake were the
highest of all the catalysts, and no surface Cu+ species were
detectable after reduction at 473 K or higher.

Data obtained from N2O decomposition on these cata-
lysts after different pretreatments are reported in Table 2.
Figure 2 represents the initial increase in the weight of the
Cu/AC-HNO3 sample (reduced at 423 K) after exposure to
75 Torr N2O in Ar at 363 K, followed by the decrease to
the final weight gain after purging with Ar at the same tem-
perature. From the corresponding uptakes of oxygen and

the assumption of a 1 : 2 stoichiometry for Oad : Cus, dis-
persions of metallic Cu were calculated and are reported
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TABLE 2

Oxygen Adsorption via N2O Decomposition
on Cu Catalysts at 363 K

Tred “O” uptake dcrys
a

Catalyst (K) (µmol/g) Cu0/CuT (nm)

4.8% Cu/AC-HNO3 423 110 0.280 4.0
473 77 0.20 5.7
573 56 0.15 7.4

4.6% Cu/AC-ASIS 423 0 0 —
573 55 0.15 7.4

4.9% Cu/AC-HTT-H2 423 0 0 —
573 42 0.11 10.5

5.0% Cu/DM 423 0 0 —
473 19 0.048 23
573 25 0.064 18
673 35 0.09 13

5.1% Cu/GF-WI 423 — — —
473 — — —
573 — — —
673 — — —

1.8% Cu/GF-IE 423 41 0.29 3.7
473 55 0.39 2.8
573 64 0.45 2.4
673 31 0.22 5.0

Cu powderb — 6 — —
a d (nm)= 1.1/(2Oad/CuT).
b Cleaned in H2 at 573 K for 1 h.

involved correction for uptake on the support as well as un-
certain adsorption stoichiometries. However, as discussed
FIG. 2. Increase in weight during “O” chemisorption via N2O decomp
AC-HNO3 after treatment in H2 at 423 K.
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in Table 2. Once again, the Cu0 dispersions were depen-
dent on both the support and the reduction temperature.
The highest dispersion with any activated carbon was ob-
tained for Cu/AC-HNO3 reduced at 423 K. In contrast, the
Cu/AC-HTT-H2 showed no “O” uptake after reduction at
423 K, although a significant uptake was observed after re-
duction at 573 K. For the Cu/AC-ASIS catalyst, the uptake
after reduction at 423 K was also nil, but after reduction at
573 K it was similar to that for Cu/AC-HNO3 and higher
than that for Cu/AC-HTT-H2. In the case of Cu/DM, no sig-
nificant change in the uptake was observed when reduced
at or above 473 K, and the dispersions were lower than
those obtained with any of the AC catalysts. No “O” uptake
was detected on the Cu/GF-WI catalyst after any pretreat-
ment, presumably because the dispersion was so low that
any weight gain was within the sensitivity of the gravimet-
ric apparatus used for the measurement. In contrast, with
Cu/GF-IE, significant uptakes were observed that did not
vary significantly with reduction temperatures of 473 K and
above. Exposure of the pure supports to N2O showed no
significant uptakes, indicating that the increase in weight
of the catalysts was due to the reaction of N2O with sur-
face Cu0 species. The measurement of Cu0 surface atoms
by N2O decomposition, therefore, should be more accurate
than that obtained from the reversible CO uptake, which
osition at 363 K over (A) Cu/AC-HNO3 reduced at 423 K and (B) pure
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FIG. 3. XRD patterns for Cu/AC-HNO3 after (A) He treatm

in detail elsewhere (67), dispersions of Cu based on these
oxygen uptakes alone represent only Cu0 sites and do not
account for any unreduced surface Cu+ species; thus total
face Cu atoms can be underestimated using only this ter pretreatment at different temperatures, shown respec-

technique. tively in Figs. 3 and 4, are typical and others are provided
. 4. XRD patterns for Cu/GF-WI after (A) He treatment at 423 K, (B
t at 423 K, (B) reduction at 423 K, and (C) reduction at 573 K.

X-ray Diffraction

The XRD patterns for Cu/AC-HNO3 and Cu/GF-IE af-
) reduction at 423 K, (C) reduction at 573 K, and (D) reduction at 673 K.
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TABLE 3

Average Cu Crystallite Sizes (nm) from Adsorption, XRD, and TEM Methods

Tred

Adsorption XRD TEM

Catalyst (K) (COIrr+ 2Oad)/CuT dsurf Cu2O Cu dnum dsurf dvol

4.8% Cu/AC-HNO3 423 0.36 3.2 1.3 2.9
473 0.24 4.9 — —
573 0.16 7.2 1.1 4.9 5.6 6.4 6.7

4.6% Cu/AC-ASIS 423 0.12 6.2 9.2 5.8
573 0.19 7.5 6.8 7.0 8 10 11

4.9% Cu/AC-HTT-H2 423 0.03 9.2 11 9.8
573 0.13 8.5 10 23 14 29 36

5.0% Cu/DM 423 0.07 12 — —
473 0.11 13 13 17 13 15 19
573 0.11 9 12 14 10 13 23
673 0.10 13 — 18

5.1% Cu/GF-WI 423 0.012a 88a 19 51
473 0.012a 88a — —
573 0.011a 98a 21 78 94 136 154
673 0.012a 88a — 100

1.8% Cu/GF-IE 423 0.31 2.9 1.5 39
473 0.42 2.8 — 48
573 0.48 2.4 — — 30 81 100
673 0.25 5.0 — —
a Based on total CO uptake.

elsewhere (62). The peaks corresponding to the carbon sup-
ports have been analyzed elsewhere (57). Depending on the
reduction temperature, broad peaks of varying intensities
at 35.3◦, 36.5◦, and 42.9◦, corresponding to the primary re-
flections of the CuO, Cu2O, and Cu0 phases, are seen in
these spectra. As the reduction temperature is increased
from 423 K, gradual changes occur in the peak intensi-
ties that are indicative of a progressive transition of the
Cu oxidation state. The corresponding Cu crystallite sizes,
based on both cuprous oxide and metallic Cu, are listed in
Table 3.

Transmission and Scanning Electron Microscopy

Representative transmission electron micrographs for
Cu/AC-HNO3 and Cu/DM reduced at 573 K are shown
in Figs. 5A and 6A, and the corresponding Cu particle size
distributions based on approximately 120–150 particles for
each are shown in Figs. 5B and 6B. Those for other cata-
lysts are provided elsewhere (62). The number-average di-
ameter, dn=

∑
ni di /

∑
ni , surface area-weighted average

diameter, ds=
∑

ni d3
i /
∑

ni d2
i , and volume-weighted av-

erage diameter, dv =
∑

ni d4
i /
∑

ni d3
i , of the Cu particles

in each catalyst after a given pretreatment are listed in
Table 3. Fairly narrow Cu particle size distributions were
obtained with any of the three activated carbon supports
after reduction at 573 K. The smallest Cu particles were
AC-HNO3 support, whereas the largest
-HTT-H2, thus suggesting a favorable in-
fluence of the oxygen-containing surface groups on the dis-
persion and sintering resistance of the supported Cu par-
ticles. In the case of Cu/DM, a wider distribution of parti-
cle size was seen, although the average particle sizes were
comparable to those on AC-HTT-H2. This was surprising
given the huge difference in BET surface areas between the
two supports, and it suggests a role of interactive stabiliz-
ing forces between the precursor and the support surface
(40).

Because of the nature and texture of the graphitized car-
bon fibers used, instrumental limitations prevented the ob-
servation of any discernible features in the transmission
electron micrographs of these Cu/GF catalysts. Only fea-
tures present at the edges of the fiber fragments could
be observed; consequently, the samples were also exam-
ined by scanning electron microscopy (SEM). Representa-
tive transmission electron micrographs of the Cu/GF-WI
and Cu/GF-IE catalysts reduced at 573 K are shown in
Fig. 7, while corresponding scanning electron micrographs
of these two samples are provided elsewhere (62). The com-
bined particle size distributions for these samples, based on
both the SEM and TEM image analyses, are shown in Fig. 8.
As seen in Fig. 8A, a broad distribution of much larger Cu
particles occurred in Cu/GF-WI, with sizes ranging from
30 to 240 nm, whereas in Cu/GF-IE, a bimodal Cu par-
ticle size distribution existed, with maxima around 5 and
45 nm. With the latter catalyst, the larger particles were

observed in the SEM images and could be attributed to ex-
cess Cu deposited on the graphitic basal planes during the
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FIG. 5. (A) Transmission electron micrograph of Cu/AC-HNO3 after a 573 K reduction. (B) Corresponding Cu particle size distribution.
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FIG. 6. (A) Transmission electron micrograph of Cu/DM after a

ion-exchange and/or drying procedure. Smaller particles in
the range 3–6 nm can be seen located near the edges of these
sal planes in the TEM images of this catalyst. It is possi-
e that these may be decorating steps and discontinuities
573 K reduction. (B) Corresponding Cu particle size distribution.

along the graphitic adlayers, which would be consistent with
the results of Richard et al., who observed a similar mor-
phology of Pt particles deposited on a graphitized carbon

by ion exchange (23–25).
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FIG. 7. Transmission electron micrographs of (A) Cu/GF-WI and (B) Cu/GF-IE after a 573 K reduction.
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FIG. 8. Particle size distributions for Cu in (A) Cu/GF-WI and
(B) Cu/GF-IE after a 573 K reduction.

DRIFTS

The FTIR spectra of the three AC-supported catalysts
prior to any pretreatment are shown in Fig. 9. The reference
spectra used here are those of the corresponding untreated
pure supports (diluted with CaF2). The bands in these spec-
tra therefore essentially represent the nature of the impreg-
nated Cu species. The spectrum of Cu/AC-HNO3 exhibits
broad overlapping bands in the region between 1200 and
1800 cm−1, with peaks at 1285, 1355, 1419, 1596, 1669, and
1740 cm−1, along with weaker absorbance bands at 967,
2029, and 2918 cm−1. In addition, a significant drop in the
absorbance intensity is seen around 3100–3500 cm−1. As
mentioned earlier, since the reference spectrum in this case
is that of pure AC-HNO3, this drop in intensity would im-
ply a loss of surface functional groups present on the orig-
inal carbon after interaction with Cu precursor solution.
The spectrum of the Cu/AC-ASIS shows fewer absorption

bands in the same region, i.e., at 960, 1245, 1355, 1419, and
1582 cm−1. The spectrum of the Cu/AC-HTT-H2 is simi-
UPPORTED Cu CATALYSTS 141

lar to that of Cu/AC-ASIS, with weaker peaks at 960 and
1582 cm−1, while the intensity of the 1355 and 1419 cm−1

peaks changes little. The effect of H2 reduction at higher
temperatures on the groups found on Cu/AC-HNO3 is typ-
ified in Fig. 10. Each reference spectrum is that of the pure
AC-HNO3 after a similar treatment in H2. Reduction at
423 K leads to a modification in the overall shape of these
features, with a significant drop in intensities of all the peaks
except those at 1355 and 1419 cm−1, and reduction at 573 K
leads to disappearance of all the bands present in the spec-
trum of the original catalyst. It should be noted here that
along with these changes in the region 1200–1800 cm−1, the
negative band representing loss of intensity in the region
3100–3500 cm−1 slowly disappears as the reduction tem-
perature is increased to 573 K.

The optically transparent nature of the diamond powder
resulted in significantly higher signal-to-noise ratios and
allowed the collection of very clean spectra of diamond-
supported Cu with no dilution. The spectra of untreated Cu/
DM as well as those after reduction at higher temperatures
are shown in Fig. 11. Similar to the AC-supported catalysts,
the untreated Cu/DM spectrum exhibits strong absorption
bands at 1341 and 1423 cm−1 along with a broad band
around 3500 cm−1 consisting of identifiable overlapping
peaks at 3361, 3450, 3532, and 3582 cm−1. In addition,
weak peaks are seen at 869, 910, 1047, 1179, 2087, 2343,
2467, and 2740 cm−1, and a loss in absorption intensity can
be seen centered around 1744 cm−1. Reduction at 423 K
reduces the intensity of all bands, with those at 1047, 1341,
and 1423 cm−1 remaining prominent. Reduction at 573 K
leads to disappearance of all the significant peaks, except
that at 1341 cm−1, which disappears after reduction at
673 K. The negative band at 1744 cm−1 remains even after
reduction at 673 K.

Similar spectra for Cu/GF-IE are shown in Fig. 12. Dis-
tinct peaks are seen at 1049, 1358, 1422, and 3548 cm−1 along
with weaker ones at 791, 871, 1110, 2924, and 2964 cm−1

and a broad band around 3472 cm−1. All these peaks are re-
tained after reduction at 423 K, but reduction at 573 K leads
to the disappearance of virtually all bands except those at
2924 and 2964 cm−1. The spectra for Cu/GF-WI were not
as well resolved and informative as those for Cu/GF-IE,
perhaps due to the very low concentration of surface Cu
species as implied by the low dispersion of Cu observed in
the reduced catalyst in addition to dilution with CaF2.

DRIFT spectra are shown for Cu/AC-HNO3, Cu/AC-
ASIS, and Cu/AC-HTT-H2 after reduction at either 423 or
573 K, exposure to a 10% CO/90% Ar mixture at 173 K, and
purging with Ar in Figs. 13 and 14, respectively. All spectra
are referenced to the spectrum of the corresponding pre-
treated catalyst prior to CO admission. As shown in Fig. 13,
after reduction at 423 K for Cu/AC-HNO3 a distinct absorp-

−1
tion peak developed at 2124 cm along with a weaker but
sharp peak at 2107 cm−1. After reduction at 573 K, only a
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FIG. 9. DRIFT spectra of untreated Cu/AC catalysts: (A) Cu/AC-HNO3, (B) Cu/AC-ASIS, (C) Cu/AC-HTT-H2. Reference spectra are those of
the corresponding pure carbons.
FIG. 10. DRIFT spectra of Cu/AC-HNO3 (A) before any pretreatment, (B) after reduction at 423 K, and (C) after reduction at 573 K. Reference
spectra are those of the corresponding pretreated pure AC-HNO3.
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FIG. 11. DRIFT spectra of Cu/DM (A) before any pretreatment, (B) after reduction at 423 K, (C) after reduction at 573 K, and (D) after reduction
at 673 K. Reference spectra are those of the corresponding pretreated DM.

FIG. 12. DRIFT spectra of Cu/GF-IE (A) before any pretreatment, (B) after reduction at 423 K, and (C) after reduction at 573 K. Reference

spectra are those of the corresponding pretreated pure GF.
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FIG. 13. DRIFT spectra of CO adsorbed on Cu/AC catalysts after reduction at 423 K; Tadsn= 173 K.
FIG. 14. DRIFT spectra of CO adsorbed on Cu/AC catalysts after reduction at 573 K; Tadsn= 173 K.
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FIG. 15. DRIFT spectra of CO adsorbed on Cu/DM after (A) treatment in Ar at 423 K and reduction at (B) 423 K, (C) 473 K, (D) 573 K, and

(E) 673 K; Tadsn= 173 K.

more intense band at 2108 cm−1 remains (Fig. 14). In con-
trast, the spectrum of Cu/AC-HTT-H2 exhibits a strong ab-
sorption peak around 2158 cm−1 after the low-temperature
treatment along with a weaker peak at 2126 cm−1. After re-
duction at 573 K, the 2158 cm−1 peak disappears while that
near 2122 cm−1 intensifies and a new sharp peak appears at
2109 cm−1. The spectra for Cu/AC-ASIS exhibit intermedi-
ate features compared with those of the other AC catalysts.
The absorption band at 2158 cm−1 corresponds to CO ad-
sorption on Cu2+ sites, those from 2122 to 2127 cm−1 can be
assigned to CO adsorbed on Cu+ sites, while adsorption at
frequencies of 2110 cm−1 and below can be associated with
surface Cu0 sites (67–69).

The DRIFT spectra of CO adsorbed on Cu/DM at 173 K
after different pretreatments are shown in Fig. 15. The
spectrum of the catalyst treated in Ar at 423 K for 1 h ex-
hibits a broad band at 2158 cm−1 along with another one at
2120 cm−1. After reduction at 423 K, the 2120 cm−1 peak in-
tensifies and shifts to 2122 cm−1 while the 2158 cm−1 peak
is reduced significantly. Reduction at 473 K removes the
higher-frequency band and shifts the peak at 2122 cm−1 to
2130 cm−1. Reduction at 573 K results in a decrease in the
intensity of this latter peak and the appearance of a new
peak at 2110 cm−1. Finally, after reduction at 673 K, the

−1 −1
2130 cm peak disappears and the 2110 cm peak inten-
sifies.
Figure 16 shows the effect of reduction temperature on
the DRIFT spectra for CO adsorbed at 173 K in the Cu/GF
samples. For Cu/GF-WI the results were similar to those for
Cu/DM, in that treatment in Ar gives a peak at 2155 cm−1

with a shoulder at 2122 cm−1, as shown in Fig. 16a. After
reduction at 423 K, the former peak intensity drops con-
siderably while that of the latter is enhanced. Reduction at
573 K leads to the disappearance of the 2155 cm−1 peak
and the development of a new peak at 2092 cm−1. Finally,
the spectrum of the catalyst reduced at 673 K exhibits only
one significant band at 2093 cm−1. Corresponding spectra
for Cu/GF-IE after different pretreatments are shown in
Fig. 17b. The spectrum of the catalyst treated in Ar at 423 K
for 1 h exhibits a strong peak at 2156 cm−1 and a shoulder at
2120 cm−1. After reduction at 423 K, the higher-frequency
peak completely disappears while that near 2120 cm−1 in-
tensifies, and a new strong peak develops at 2066 cm−1.
Reduction at 473 K results in complete removal of the
2120 cm−1 band and a shift in the low-frequency peak to
2060 cm−1 with a significant enhancement in its intensity.

DISCUSSION

Catalyst Surface Chemistry
Characterization of the pure carbon supports used in this
study using temperature-programmed desorption, XRD,
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FIG. 16. DRIFT spectra of CO adsorbed on Cu/GF-WI after (A) treatment in Ar at 423 K and reduction at (B) 423 K, (C) 573 K, and (D) 673 K;
Tadsn= 173 K.
FIG. 17. DRIFT spectra of CO adsorbed on Cu/GF-IE after (A) treatment in Ar at 423 K and reduction at (B) 423 K and (C) 473 K; Tadsn= 173 K.
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and DRIFTS has been discussed in detail earlier (57).
Whereas all three activated carbons exhibited high BET
surface areas, those of GF and DM were significantly lower.
XRD patterns indicated that the structure of the graphi-
tized carbon fibers is much more ordered compared with the
turbostratic activated carbon. TPD evolution profiles of CO
and CO2 as well as DRIFT spectra of the carbons indicated
that the nitric acid-treated carbon surface (AC-HNO3) was
the most acidic of all, and both strongly and weakly acidic
oxygen functional groups were created on the AC-ASIS car-
bon following the nitric acid treatment. The spectra of the
carbon pretreated in H2 at 1223 K (AC-HTT-H2) provided
evidence for substantial amounts of chemisorbed hydrogen,
presumably on highly reactive edge carbon atoms made
available by the decomposition of CO-yielding complexes
at temperatures above 873 K during the H2 treatment. On
the other hand, only weakly acidic or nonacidic groups were
observed on the surfaces of the graphitized fiber and dia-
mond powder. As mentioned earlier (57), characterization
of pure carbon supports using IR techniques has received
considerable attention during the past decade or two; how-
ever, similar studies of metal-impregnated carbon samples
in the published literature are very limited. XPS studies
have shown that, depending on the metal–precursor solu-
tion used and the preparation technique applied, the im-
pregnated metal species can be stabilized in different forms
on the carbon surface and changes in the functional groups
present on the surface of the original carbon can also oc-
cur (70–74). One obvious way to detect these species and
to identify these changes is to study the DRIFT spectra
of the metal-impregnated samples using the spectrum of
the unloaded carbon as the reference. Such spectra for the
catalysts in this study are shown in Figs. 9–12.

The prominent band in the spectrum of untreated Cu/
AC-HNO3 (Fig. 9) can be tentatively assigned to unidentate
copper carboxylate species formed on the surface of this car-
bon by interaction of the precursor ions with surface oxygen
functionalities (75, 76). In such carboxylate salts, the C==O
and C–O bonds are strongly coupled and are replaced by
two equivalent carbon–oxygen bonds, resulting in a strong
asymmetric CO2 stretching vibration in the region 1575–
1675 cm−1 and a somewhat weaker symmetric CO2 stretch-
ing vibration around 1260–1420 cm−1. Weaker overtones of
these bands have been observed at lower wavenumbers for
acetate, formate, and oxalate salts (75). Oxidative treat-
ments have been reported to produce ion-exchangeable
carbons, in which the protons of carboxylic acids can ex-
change to form complex organometallic cations (77, 78).
Furthermore, binding energy shifts have been identified in
XPS spectra of Cu and other metals dispersed on activated
carbon which have been attributed to metal carboxylic salts
and metal carbonates (70). In this study, the acidic surface

groups on AC-HNO3, introduced by the nitric acid treat-
ment could behave in a similar fashion to anchor Cu and
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form the observed Cu carboxylates. The assignment of the
1596 and 1285 cm−1 peaks to the asymmetric and symmet-
ric CO2 vibrations of surface Cu carboxylate-type species
therefore seems to be reasonable. The weaker bands at 1582
and 1245 cm−1 observed in the spectra of Cu/AC-ASIS as
well as Cu/AC-HTT-H2 can also be assigned to Cu carboxy-
late species on these two surfaces formed via interaction of
the precursor with residual surface acidic groups.

Bands in the region 1300–1500 cm−1 can also be attri
buted to the precursor nitrate species. The asymmetric NO3

stretch of inorganic nitrate salts absorbs strongly at 1350–
1380 cm−1 and weakly below 1000 cm−1 (76). Similarly, the
terminal nitro group, with two identical NO bonds, gives a
strong asymmetric vibration around 1370–1470 cm−1 and a
weaker symmetric one between 1315 and 1340 cm−1 (75).
Based on this, the distinct peaks at 1355 and 1419 cm−1 in
the spectra of all three untreated AC catalysts are attributed
to nitrate (–NO3) and nitrite (–NO2) species on the carbon
surface. The additional peaks at 1669 and 1740 cm−1 in the
spectra for Cu/AC-HNO3 cannot be assigned to absorption
due to any precursor species, so based on their general po-
sition in the IR spectrum (57), they are tentatively assigned
either to newly generated carbonyl (C==O) groups on the
carbon surface or to enhanced absorption intensity of pre-
existing C==O species due to an electronic interaction with
the precursor ions. The weak peak at 2918 cm−1 could be
due to C–H stretches in these species. Because no informa-
tion pertaining to this issue could be found in the literature,
further justification of these assignments is not possible at
this time.

The effect of pretreatment in flowing H2 on the various
surface species in Cu/AC-HNO3 is shown in Fig. 10. Af-
ter reduction at 423 K, the general shape of the bands be-
tween 1200 and 1800 cm−1 is modified, with a drop in the
overall intensity of absorption. The peaks associated with
Cu carboxylate species on the surface are much weaker,
indicating a decrease in their concentration. This is consis-
tent with the TPD of CO2 from AC-HNO3 which showed
that the acidic groups start decomposing in H2 at temper-
atures below 423 K. No significant effect on the strong
peaks corresponding to –NO2 and –NO3 species is apparent
after this treatment. Reduction at 573 K, however, com-
pletely removes these latter two strong peaks, indicating
that complete decomposition of the nitrate precursor oc-
curs between 423 and 573 K, along with the removal of all
bands corresponding to Cu carboxylate species. This further
supports the proposal that CO2-yielding acidic groups are
actively involved in anchoring Cu in the carboxylate form
on AC-HNO3, as compared with less acidic CO-yielding
groups. The TPR spectra for NO and NO2 desorption from
Cu/AC-HNO3, representing the thermal stability of the pre-
cursor species (62), also indicated that reduction at 573 K is

sufficient to remove most of the surface nitrate and nitrite
species, in agreement with the DRIFT spectra.
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Similar DRIFT spectra of DM-supported Cu are shown
in Fig. 11. The broad band between 3300 and 3600 cm−1,
with overlapping peaks at 3361, 3450, 3532, and 3582 cm−1,
can be assigned to –OH stretching vibrations of H2O in-
troduced on the DM surface during impregnation of the
aqueous Cu(NO3)2 solution. This assignment is supported
by the fact that these bands nearly disappear after reduc-
tion at 423 K. Prominent peaks at 1341 and 1423 cm−1 are
attributed to asymmetric and symmetric vibrations of –NO3

(nitrate) and/or –NO2 (nitrite) species, as discussed earlier.
As in the case of Cu/AC-HNO3, these peaks are stable in H2

at 423 K, but decompose on reduction at 573 K or higher.
This is also verified by the TPR spectra for NO and NO2

desorption from Cu/DM (not shown), which indicate al-
most complete decomposition of the precursor species dur-
ing reduction at 573 K (62). Additional peaks at 2740, 2467,
2343, 1179, 1047, 910, and 869 cm−1, seen in the spectrum
of untreated Cu/DM, cannot be assigned to any precursor-
related species. Based on their wavenumbers, the former is
tentatively assigned to enhanced C–H stretches of strongly
bonded surface hydrogen (76). The 1179 cm−1 peak could
be due to the wagging motion of these C–H groups, but the
1047 cm−1 peak is not assigned to any particular vibration
at this time. The negative band at 1744 cm−1 is clearly due
to loss of certain functional groups originally present on the
unloaded DM surface. The spectra of pure DM indicated
the presence of various ketonic carbonyl groups on the sur-
face that absorb at 1750 cm−1 (57); thus it is possible that
some of these carbonyl species interact with Cu precursor
species to anchor Cu on the surface and create a negative
peak in this region.

The spectrum of untreated Cu/GF-IE in Fig. 12 exhibits
strong bands at 1422 and 1358 cm−1 which disappear af-
ter reduction at 573 K. As in other cases, these are at-
tributed to –NO2 and –NO3 precursor species. The sharp
peak at 3548 cm−1 and the broad one at 3472 cm−1 can
be assigned to NH and NH2 stretching vibrations of amine
and amide groups formed on the surface of the graphitized
fibers (75, 76) by interaction with the ammonium hydroxide
solution used to create a basic suspension for the cationic
exchange of Cu. The wagging vibrations of these NH2 bonds
can be observed at 791 and 871 cm−1. The retention of the
3472 cm−1 band after reduction at 423 K argues against its
assignment to –OH groups. Similar to Cu/DM, the bands
at 2924 and 2964 cm−1 can be assigned to stretch vibrations
of surface C–H groups whose wagging modes are visible at
1110 cm−1. The peak at 1046 cm−1, also witnessed in the case
of other catalysts, is not assigned to any particular species
at this time.

Cu Dispersion

In a parallel study of Cu dispersed on a variety of supports

such as DM, GF, SiO2, Al2O3, TiO2, and ZrO2, evidence
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was provided that N2O decomposition at 363 K measures
only the metallic Cu surface atoms, whereas irreversible
CO adsorption at 300 K is proportional to the surface con-
centration of cuprous ions (67). The actual dispersion of
Cu should, therefore, be closer to that based on the sum
of the amount of N2O decomposed and the amount of CO
irreversibly chemisorbed. That based on N2O decomposi-
tion alone would be applicable only if all Cu species were
completely reduced to Cu0. This rationale was used here to
estimate and compare the dispersion of Cu on these differ-
ent carbon supports.

The effect on Cu dispersion due to pretreatment of the
activated carbon prior to Cu impregnation, based on both
N2O decomposition and CO adsorption, is reported in
Table 3, which lists the corresponding Cu crystallite sizes
based on adsorption, XRD, and TEM analyses. From the
transmission electron micrographs of these catalysts (ex-
amples of which are shown in Figs. 5–7), it can be seen that
the particles tend to be relatively globular in outline on all
three AC supports. The particles exist as discrete entities in
all the cases, with no tendency to agglomerate to form either
chains or clusters being evident. A more thorough morpho-
logical characterization of these catalysts is provided else-
where (79). The particle size distribution and the average
crystallite size, however, are strongly dependent on the sup-
port pretreatment employed. The best dispersion, obtained
with Cu/AC-HNO3, is more than twice that of Cu/AC-HTT-
H2. Since the same AC-ASIS carbon was used to prepare
the AC-HNO3 and AC-HTT-H2 supports and an identi-
cal procedure was employed to impregnate them with Cu,
the increase in dispersion can be attributed mainly to sur-
face oxygen-containing groups introduced by the nitric acid
treatment. The promotional effect of surface functionalities
can be explained by the interaction between the metal pre-
cursor and the chemical state of the carbon surface during
the impregnation stage (1). The removal of residual surface
acidic groups during the high-temperature treatment in H2,
as evidenced by the TPD spectra (57), should increase the
hydrophobicity of the original activated carbon, leading to
a surface less favorable for interactions with an aqueous sol-
vent. On the other hand, the nitric acid treatment enhances
the wettability of the AC-HNO3 carbon surface, facilitates
access of the aqueous precursor solution through the in-
ternal pore structure, and results in a more homogenous
distribution, giving a higher dispersion of copper (77, 80).

The maintenance of the initial metal distribution during
the precursor decomposition and reduction stage has also
been reported to be affected by the concentration of surface
oxygen groups (77, 81). The surface oxygen groups are en-
visioned to act as chemical anchorage centers through the
formation of some type of M–O complex on the surface,
the extent of this anchoring depending on the stability of the
trasting behavior of the CO2- and CO-yielding groups on
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the carbon surface has been contemplated in this context.
Although no unanimously agreed on theory exists, the more
acidic CO2-yielding groups (e.g., carboxyl) are thought to be
more effective catalyst dispersing sites, while the less acidic
CO-yielding groups (e.g., carbonyl) are considered to be
more effective for dispersion maintenance (1). For Pd/C
catalysts, a higher initial dispersion was attributed to the
higher acidity of the CO2-yielding groups, which enhanced
the hydrophilicity of the carbon surface and provided addi-
tional nucleation sites (77); however, the reduction temper-
ature of 373 K was lower than that required for decarboxy-
lation of the carbon surface. In the work by Prado-Burguete
et al. (80), a linear correlation was reported between initial
Pt dispersion and the amount of CO-yielding groups. The
greater stability of the CO-yielding groups, evident from
the TPD spectra, was considered to be responsible for a
stronger anchorage which hindered sintering. In contrast,
Coloma et al. (82) reported a detrimental effect of surface
oxygen groups on the final dispersion of Pt/C catalysts. They
argued that the carboxylic groups that act as anchoring cen-
ters during the impregnation step are decomposed during
the high-temperature treatment at 773 K required to reduce
Pt, which favors the surface mobility of the Pt precursor
species and leads to a lower Pt dispersion. In an attempt to
clarify the role of these surface functional groups on carbon,
Antonucci et al. (83) used XPS and potentiometric titra-
tion techniques to confirm that an increase in the amounts
of oxygenated species on the carbon surface decreases the
platinum surface area in Pt/C catalysts. These apparently
contradicting observations suggest a nonintuitive paradox
of limited thermal and chemical stability of metal anchor-
ing sites on carbon surfaces which limit the metal reduction
temperature. Indeed, if the temperatures required for re-
ducing the metal precursor and obtaining catalytic activity
are beyond the stability limits of the surface groups, it would
be of little consequence to use such unstable groups for an-
choring the metal. In the case of copper, since complete
reduction of the copper species to Cu0 is not always de-
sired, the effect of increasing the concentration of surface
oxygen-containing groups by HNO3 treatment appears to
be beneficial in terms of rendering higher dispersion. The
optimum reduction temperature for the highest activity in
crotonaldehyde hydrogenation is 423 K (58) which, as is
evident from the TPD data, is lower than that required for
complete decomposition of CO2-yielding groups. N2O de-
composition and CO adsorption data, however, do indicate
an increase in Cu crystallite size after reduction at 573 K,
which could be due to partial removal of the anchoring
CO2-yielding groups, thus leading to mobile Cu particles
that could agglomerate to yield larger crystallites. From the
total amounts of CO2 and CO desorbed from the supports,
which can be used as a measure of the surface concentra-

tion of these groups, a qualitative correlation can be made
between the surface acidity and Cu dispersion. Both TPD
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and DRIFT spectra indicate that AC-HNO3 has the highest
concentration of surface anchorage sites, while AC-HTT-
H2 has the lowest. This, coupled with the dispersion data
obtained from adsorption, XRD, and TEM analyses, speaks
for the favorable effect of these surface groups on Cu dis-
persion. However, since the dispersions correlated with the
total amounts of both CO2- and CO-yielding groups, a clear
distinction between the relative importance of the two types
of sites cannot be made.

The much larger Cu crystallite sizes observed in the case
of Cu/GF-WI, compared with Cu/AC catalysts, are consis-
tent with the much smaller surface area of the GF support.
No distinguishable Cu particles could be observed in the
transmission electron micrograph of this catalyst (Fig. 7).
Scanning electron micrographs of the Cu/GF-WI sample
indicated the presence of predominantly circular or ellip-
tical particles, either as remote isolated islands or as ag-
glomerated labyrinth-type clusters, located on top of the
graphitic basal planes (62). A broad size distribution of
large Cu particles is observed, with particles ranging from
30 to 240 nm. In contrast, the morphology of Cu dispersed
on GF by ion exchange is quite different. A scanning elec-
tron micrograph of this catalyst (62) indicated the presence
of an ensemble of globular particles similar to those seen
on Cu/GF-WI, with particles being relatively smaller and
the size distribution ranging from 15 to 120 nm. Transmis-
sion electron micrographs of Cu/GF-IE (Fig. 7), however,
indicated the presence of much smaller individual Cu crys-
tallites along the edges of the fiber fragments, which have a
much narrower size distribution. A low, fairly uniform con-
trast was seen at all locations, implying a predominantly
flat morphology of these particles. Similar decoration of
edges of graphite basal planes by Pt particles has been ob-
served before and has been attributed to preferential stabi-
lization of Pt along steps and edges of these planes during
the ion-exchange process (23–25). In a recent study of Pt
anchoring on graphite, platelets of Pt metal with a highly
preferred orientation on the graphite substrate were ob-
served, and the genesis of this structure was presumed to
start via the molecular anchoring of the precursor at defect
sites (33, 34). A similar interaction could be responsible for
the peculiar particle size distribution of Cu in the case of
Cu/GF-IE. This bimodal distribution is consistent with the
chemisorption data and XRD patterns of this catalyst; i.e.,
the chemisorption data predict the presence of small Cu
particles whereas the sharp narrow peaks corresponding to
Cu0 in the XRD patterns indicate the existence of much
larger Cu particles. Thus Cu dispersed by an ion-exchange
method is stabilized on the graphitized fibers in two mor-
phologically different forms: aggregates of large globular
particles deposited on top of graphitic basal planes and
significantly smaller crystallites at the edges and defects

within these planes. These morphological differences could
have a distinct effect on the electronic properties of these
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crystallites and affect their reducibility, as discussed in the
next section.

The chemistry of Cu deposited on the diamond support is
unique in its own way. Transmission electron micrographs of
this catalyst reveal Cu particles of a fairly uniform morphol-
ogy (Fig. 6). Despite the surface area of DM being similar
to that of the graphitized fibers, the average crystallite size
of Cu on DM is much smaller than that obtained by impreg-
nation of GF. Enhanced stability of Cu particles on DM has
been shown before, both experimentally and theoretically
(40, 41), to be related to the interaction of Cu with surface
“dangling bonds.” The surface chemistry of diamond has
been discussed in some detail (57), and free valences with
dangling bonds have been proposed to exist on the edges
and corners of diamond crystals as well as (100) and (111)
crystal planes. The loss of intensity for Cu/DM at 1750 cm−1

(Fig. 11) perhaps indicates the stabilization of Cu through
carbonyl group functionalities on the DM surface. A theo-
retical investigation of the electronic structure of copper–
diamond interfaces indicates that Cu can be anchored in
two basic geometries: Cu on top of a surface C atom and Cu
in a fourfold coordinated position above C atoms (41). In
the former case, when Cu is positioned on top of a dangling
bond, a reasonably strong covalent bond is formed between
the Cu 4s orbital and the C dangling bond, with minimal
participation of the Cu 3d band. In the latter case, a weaker
interaction with a greater participation of Cu 3d electrons
was predicted with neighboring dangling bonds, leading to
a more effective metallic type of bonding. In either case,
the adhesion between Cu and diamond was predicted to
be much higher than that between Cu and graphite. The
higher dispersion of Cu observed on DM, compared with
that on GF prepared by wet impregnation, is consistent with
these theoretical predictions. Similar adhesion owing to an
electronic interaction is observed between Cu and graphitic
basal planes when Cu is deposited via cationic exchange on
edges, adlayers, and defects of these planes.

It should be noted here that in all the above cases, Cu
crystallite sizes based on both O and CO uptakes are in
much better agreement with those obtained from TEM and
XRD than those based on “O” uptake alone.

Distribution of Cu Oxidation States

As indicated earlier, the use of different carbon sup-
ports with varying surface and bulk properties can have
a significant impact on the reducibility of dispersed cop-
per species. Both the DRIFT spectra of CO adsorption on
the pretreated catalysts (Figs. 13–17) and the XRD pat-
terns clearly illustrated this effect. Furthermore, the relative
amounts of irreversibly adsorbed CO and “O,” which rep-
resent the surface concentrations of Cu+ and Cu0 species,

respectively, also illustrate the same influence. The surface
Cu species in these catalysts can exist in either the cupric
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(Cu2+), cuprous (Cu+), or metallic (Cu0) form, and it was
observed in most cases that Cu existed in more than one
oxidation state. This distribution of surface Cu oxidation
states was dependent on both the reduction temperature
and the carbon support used to disperse Cu, as reduction
time was held constant at 4 h. In an attempt to quantify this
effect, the fraction of Cu in each valence state was estimated
for each catalyst as a function of reduction temperature.
For the DRIFT spectra of adsorbed CO, it was assumed
that each fraction was proportional to the area under the
deconvoluted peak corresponding to each individual oxida-
tion state. With the XRD patterns, the absolute intensities
were used for these fractions, which represent bulk com-
positions. Regarding the chemisorption data, the amounts
of CO and “O” irreversibly adsorbed directly yielded the
total surface concentrations of Cu+ and Cu0 sites, respec-
tively. If it is then assumed that the total CO uptake on Cu
at 300 K and 75 Torr (obtained after correcting for the re-
versible uptake on pure supports) approximates the surface
concentration of Cu in all three oxidation states, the surface
concentration of Cu2+ species can be estimated by subtract-
ing those of Cu+ and Cu0 from the total uptake. The cor-
responding fractions—θCu2+ , θCu+ , and θCu0 —obtained from
the three characterization techniques are listed in Table 4
for all catalysts.

The strongly adsorbed CO species 2124 cm−1 on Cu/AC-
HNO3 reduced at 423 K provides evidence for the pres-
ence of Cu+ species on the surface along with metallic Cu,
which adsorbs CO giving a peak at 2107 cm−1. The dis-
appearance of the former peak after reduction at 573 K,
which parallels an enhancement in the intensity of the lat-
ter peak, clearly indicates complete reduction to metallic
(Cu0) copper. In contrast, the copper species dispersed on
AC-HTT-H2 seem to be more difficult to reduce at lower
temperatures, as testified by the strong peak at 2158 cm−1,
corresponding to CO on unreduced Cu2+ species, in addi-
tion to that at 2126 cm−1 for Cu+ species after reduction
at 423 K. After reduction at 573 K, a considerable cov-
erage of Cu+ species remains along with metallic copper.
A similar transition in the Cu oxidation states as a func-
tion of reduction temperature as well as the pretreatment
of the activated carbon is observed in the XRD patterns
of these catalysts. As seen in Table 4, the fractions of Cu
present in different valence states, as estimated by all three
techniques, are typically quite consistent with each other
and show that Cu on AC-HNO3 reduces more easily than
Cu on AC-HTT-H2 at lower reduction temperatures. This
observation, coupled with the fact that Cu dispersion on
AC-HNO3 is more than twice that obtained on AC-HTT-
H2, perhaps implies that smaller Cu particles are easier to
reduce. This is in agreement with a previous study on Cu re-
ducibility by Robertson et al. (84) which showed that highly

dispersed CuO/SiO2 was reduced at a much lower temper-
ature than unsupported CuO. The effect observed in the
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TABLE 4

Distribution of Cu Oxidation States in Cu/Carbon Catalysts

Tred

Chemisorption DRIFTS: CO adsorption at 173 K XRD

Catalyst (◦C) θCu2+ θCu+ θCu0 θCu2+ θCu+ θCu0 θCu2+ θCu+ θCu0

4.8% Cu/AC-HNO3 423 0 0.19 0.81 0 0.60 0.40 0 0.24 0.76
473 0 0.14 0.86 0 0.11 0.89 — — —
573 0 0.08 0.92 0 0 1.0 0 0.11 0.89

4.6% Cu/AC-ASIS 423 0.37 0.63 0 0.40 0.60 0 0.22 0.31 0.47
573 0 0.19 0.81 0 0.28 0.72 0 0.20 0.80

4.9% Cu/AC-HTT-H2 423 0.77 0.23 0 0.70 0.30 0 0.36 0.30 0.34
573 0 0.19 0.81 0 0.39 0.61 0 0.18 0.82

5.0% Cu/DM 423 0.32 0.68 0 0.15 0.85 0 0.63 0.37 0
473 0 0.54 0.46 0 0.78 0.22 0.19 0.31 0.60
573 0 0.41 0.59 0 0.38 0.62 0 0.27 0.73
673 0 0.13 0.87 0 0 1.0 0 0.12 0.88

5.1% Cu/GF-WI 423 0.5a 0.5a 0a 0.65 0.35 0 0 0.50 0.50
473 0.3a 0.7a 0a 0.32 0.68 0 — — —
573 0 0.66a 0.33a 0 0.44 0.56 0 0.36 0.64
673 0 0.5a 0.5a 0 0 1.0 0 0 1

1.8% Cu/GF-IE 423 0.13 0.21 0.66 0 0.24 0.76 0 0.05 0.95
473 0 0 1 0 0 1.0 0 0 1.0
573 0 0 1 0 0 1.0 0 0 1.0
673 0 0 1 0 0 1.0 0 0 1.0
a Based on total CO uptake.

present study is attributed to the greater dispersion of Cu on
AC-HNO3, presumably via the formation of Cu carboxy-
late species, as indicated by the DRIFT spectra of these
samples. In a study of Pd/C catalysts by Morikawa et al.
(78), the formation of palladiumamine complex cations via
proton exchange with carboxylic acid groups on an oxidized
carbon support was found to be effective for the decompo-
sition and easy reduction to metallic Pd. Recently, the effect
was again observed for a similar catalyst (77) in which Pd
deposited on a carbon surface subjected to HNO3 treat-
ment prior to Pd impregnation was found to reduce easily
at about 373 K. Similar to this behavior, the formation of
Cu carboxylate species in this study might be responsible
for greater dispersion and consequently easier reduction to
Cu0 on AC-HNO3. The absence of these surface species on
Cu/AC-HTT-H2 results in a lower dispersion, and substan-
tially higher temperatures are required to reduce the larger
Cu oxide particles.

Alternatively, one can speculate that the effect can also
be rationalized on the basis of electrostatic repulsive forces
at the surface of AC-HNO3. Cu crystallites on AC-HNO3

are surrounded by electron-rich oxygen-containing groups.
Close proximity between these functional groups and Cu
oxide lattice oxygens could give rise to electrostatic re-
pulsive forces on the carbon surface, constituting a driving
force that could facilitate easier removal of “O” from Cu

lattices on AC-HNO3. On the other hand, no such forces
could be envisioned to exist on the surface of AC-HTT-H2,
resulting in CuO crystallites with a reduction profile similar
to that of bulk CuO. The observations by Robertson et al.,
who compared the reducibility of bulk CuO with that of
CuO dispersed on SiO2, could also be interpreted in terms
of similarly enhanced “O” removal from supported CuO.
Although no additional evidence is available to further sub-
stantiate this explanation, it does provide a rationale that
can help differentiate between surface and bulk reducibili-
ties.

Similar to the AC-supported samples, the data obtained
with Cu/DM and Cu/GF-WI from the three different tech-
niques are quite consistent with each other and support the
earlier argument that Cu reducibility is dependent on the
crystallite size to some extent. Based on the infrared peak
assignments discussed elsewhere (67), those at 2120 and
2158 cm−1 in the DRIFT spectra of CO adsorbed at 173 K
on Cu/DM (Fig. 15) can be assigned to CO on Cu+ and Cu2+

species, respectively. Thus there is a mixture of Cu2+ and
Cu+ surface species on DM-supported Cu after the calcina-
tion step. Autoreduction during the partial decomposition
of the nitrate precursor at this low calcination temperature
could be responsible for the generation of these cuprous
species, as observed previously (85–89). After reduction at
423 K, a small fraction of the cupric form is still retained,
with the rest of the Cu surface being in the cuprous state. Re-
duction at 473 K yields a uniform surface covered with Cu+
species. Increasing the reduction temperature to 573 K con-
verts a significant fraction of these Cu+ species to metallic
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Cu, as evident by the appearance of the new strong band at
2110 cm−1; however, complete reduction of all surface Cu
species to metallic Cu appears to occur only after reduction
at 673 K, as depicted by the single strong band at 2111 cm−1.
The possible weak shoulder on the high wavenumber side
could be due to stabilization of CO on isolated Cu0 sites on
the support. Thus, the degree of difficulty encountered in
reducing Cu dispersed on DM is similar to that observed
in the case of Cu/AC-HTT-H2, and Table 3 indicates that
these two catalysts have comparable Cu dispersions. Cu
deposited on GF via a wet impregnation technique, which
gave a much lower dispersion compared with the other
catalysts, is much more stable and difficult to reduce than
the other catalysts. This behavior exhibited by Cu could
be indicative of a unique complication encountered when
optimizing carbon surfaces for supported Cu catalysts and
further endorses the importance of carbon surface chem-
istry in determining the behavior of metal/carbon catalysts
(1). A comprehensive study of the catalytic properties of
these catalysts indicated that the presence of both Cu+ and
Cu0 species is required to achieve the highest activity and
stability (58). Whereas a higher Cu dispersion would be
desirable to enhance Cu surface area, a lower dispersion
will apparently lead to a better stabilization of Cu in the
cuprous form on a relatively inert support. An optimum
choice of the support, the pretreatment, and the precur-
sor solution could lead to a catalyst with higher dispersion
but with “unaccelerated” reducibility of Cu. For example,
impregnation of the hydrophobic AC-HTT-H2 with copper
acetate in ethanol could perhaps render such an optimum
catalyst formulation. Although this behavior might change
as the Cu loading is varied, all these factors would have
to be taken into account from a commercial point of view
when optimizing the pretreatment conditions.

Additional interaction with the support can also lead to
modifications in the morphological and electronic proper-
ties of very small Cu crystallites which can result in de-
viations from the general behavior depicted above, as il-
lustrated by the Cu/GF-IE catalyst. With XRD patterns
indicating the presence of 40- to 50-nm Cu0 particles and
chemisorption indicating an average particle size of 2–3 nm,
it is possible that a large fraction of these particles are ac-
tually smaller than the surface average size predicted by
assuming a uniform particle morphology. Perturbations in
the electronic structure of Cu on graphitic carbon sup-
ports as the cluster size is decreased have been observed
before by various spectroscopic studies of this system
(11–15). Whereas the peak corresponding to CO stabilized
on metallic Cu is around 2100 cm−1 in the DRIFT spectra
of all other catalysts, it is red-shifted to around 2060 cm−1

in the case of Cu/GF-IE. This lower-wavenumber IR band
associated with stabilization of CO on Cu0 may indicate an

enhancement in the electron density of the hybrid d+ s va-
lence bands of these Cu0 particles, which can be explained
R, AND VANNICE

by considering the nature of CO bonding with transition
metals in terms of a σ–π bonding model (68). According
to this model, CO bonding with Cu involves the delocaliza-
tion of the CO 5σ -electron pair to unoccupied hybrid d+ s
orbitals of the adsorption sites (σ bonding) and electron
transfer from the occupied d orbitals of the corresponding
symmetry to the 2π antibonding orbitals of CO (π bond-
ing). The stretching vibration frequency in the adsorbed
CO complexes will depend on the relative contributions of
σ and π bonding which, in turn, depend on the state of the
adsorption site. For Cu2+ ions, the contribution of π bond-
ing is relatively small and CO adsorption involves mainly σ
bonding, which leads to an increase in the frequency of vi-
bration. On the other hand, for metallic Cu with no valence
vacancies, a significant role is played by π bonding, which
increases the electron density in the antibonding orbitals
of CO and results in a strong shift to lower frequency. A
further increase in the charge density of Cu, as proposed in
the above model, should then enhance the contribution due
to the π bonding and shift the vibration frequency to still
lower values. Such an enhancement in the electron density
of these smaller crystallites might be indicative of an elec-
tronic interaction between Cu and the graphitized fibers,
as suggested by Richard and co-workers for Pt/graphite
(23–25). This interaction could be due to an electron de-
localization from the center of the polyaromatic rings in
the graphite basal planes toward the periphery where these
Cu particles are located, with or without the participation of
electron-donor “O” groups located at the edges and steps
of these basal planes. The low IR band frequency may also
be indicative of the presence of a large fraction of Cu(111)
index planes in these crystallites (69). Flat Pt particles de-
posited on supports like graphite on which epitaxy can oc-
cur have also been shown by electron microscopy to be
usually represented by the (111) crystal plane to a large ex-
tent (90). Since both Cu and Pt have fcc-centered lattice
structures, by analogy an identical situation could be envi-
sioned for small Cu particles deposited along the edges and
adlayers of the graphitic basal planes. Although no other
experimental evidence is available to further support these
modifications proposed for Cu deposited on GF by ion ex-
change, they do provide one explanation for the unique ad-
sorption and catalytic properties exhibited by this catalyst
(58).

SUMMARY

Cu crystallites dispersed on different forms of carbon,
i.e., activated carbon, graphitized carbon fibers, and dia-
mond, were prepared and characterized by CO chemisorp-
tion, N2O decomposition, X-ray diffraction, transmission
electron microscopy, temperature-programmed reduction,

and DRIFTS. Increasing the concentration of oxygen-
containing groups on the surface of the activated carbon
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by a nitric acid treatment prior to Cu impregnation was
beneficial in terms of rendering a higher dispersion of Cu.
A higher dispersion of Cu was obtained with the diamond
support compared with the graphitized fibers when pre-
pared via a wet impregnation technique, and it is attributed
to the stabilization of Cu through interactive “dangling”
bonds on the diamond surface. Cu dispersed by an ion-
exchange method was stabilized on the graphitized fibers
in two morphologically different forms: aggregates of glob-
ular particles deposited on top of graphitic basal planes
and relatively smaller crystallites at the edges and defects
within these planes. These morphological differences en-
hanced the reducibility of these particles and may have al-
tered the electronic properties of these crystallites.
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