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When MgO powders are impregnated with copper ions dissolved in water, hydrolysis to
Mg(OH), takes place. Following decomposition of the latter, considerable loss of surface
area occurs with incorporation of Cu’' jons in the bulk of MgO, as revealed by ESR
spectra. Impregnation with Cu®* ions dissolved in organic solvents decreases the amount of
Cu®* ions incorporated into the bulk of MgO. These observations lead to a method of prep-
aration of high surface area MgO powders with Cu?* ions at their surface.

INTRODUCTION

That ESR can be a powerful tool in
providing information on copper catalysts
supported on alumina is evidenced by the
studies of Matsunaga (/), Berger and Roth
(2), and Lumbeck and Voigtlinder (3).
These studies led to the identification of
isolated Cu?* ions in open octahedral
holes, a surface CuO phase in various
states of dispersion, and the migration of
isolated copper ions to form metallic clus-
ters on reduction, followed by back-migra-
tion of the ions during reoxidation. These
studies did not, however, attempt to corre-
late surface structure to catalytic activity.

An earlier attempt to correlate catalytic
activity with the surface structure of
Cu-MgO catalysts by Benson ef al. (4) led
to the assumption that catalytic sites for
H,-D, equilibration at 78 K consisted of
surface O~ ion formed by electron capture:
O + Cu?" — O™ + Cu'.However, theac-
tive sites responsible for the H,-D, equili-
bration on MgO and Cu-MgO catalysts
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at 78 K were later found (5) to involve V,
and V@, paramagnetic centers (6),
which did not require any copper in or on
MgO. Nevertheless, the earlier work by
Benson et al. (4) did stimulate a sub-
sequent ESR study of the Cu?* ions on
Cu-MgO catalysts (7) which is reported in
the present paper, and which can be re-
lated to the method of preparation and to
the thermal and chemical history of the
catalysts (7). Maksimov et al. (8) have also
reported similar observations.

EXPERIMENTAL METHODS

Catalysts

Catalysts containing 5.0, 0.5, 0.05 and
0.005 mole% copper on MgO were pre-
pared by impregnating the oxides with
cupric nitrate solutions prepared by
dissolving Asarco copper metal
(99.999+% Cu, less than |1 ppm Ni) in
Baker and Adamson reagent grade nitric
acid (less than 0.05 ppm Ni). An excess of
distilled water was used in all impregna-
tions, including an MgO blank treated in
water only. The reagent grade MgO from
Mallinckrodt is denoted as M-MgO. When
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hydrolyzed and heated in air for 24 hr at
700 K, a high surface area MgO was ob-
tained, HS-MgQO. The catalysts were first
evaporated to dryness in a double boiler,
and then calcined in air at 700 K for 24 hr.
This procedure hydrolyzed the MgO to its
hydroxide prior to calcination. The forma-
tion of the hydroxide was verified by
X-ray diffraction.

A 5.0 mole% copper on MgO catalysts
was also prepared by impregnating MgO
with Baker and Adamson Reagent cupric
acetate (Cr, Co, and Ni less than 15 ppm)
in ethanol solution. This catalyst was also
evaporated on a double boiler and calcined
at 700 K in air for 24 hr. The ethanol was
used as a solvent to prevent extensive hy-
drolysis of the MgO. This catalyst is de-
noted by the suffix -EA, denoting ethanol-
acetate. No hydroxide phase was detected
by X-ray diffraction following the evapora-
tion of the ethanol solvent.

Catalysts containing 5.0, 0.5, and 0.05
mole% copper on MgO were heated at
1300 K for 15 hr in air to obtain solid solu-
tions.

Specific surface areas were measured by
the nitrogen BET method at liquid ni-
trogen temperature. Specific surface areas
were also calculated from the volume-
average crystallite dimensions obtained by
X-ray line broadening. Smooth, compactly
shaped crystallites were assumed.

ESR and XPS Studies

ESR spectra were obtained using a
VARIAN E-3 spectrometer operating in
the X-band with a modulation frequency of
100 kHz. Microwave power levels and
modulation amplitudes were kept low
enough to avoid saturation and/or dis-
tortion of the resonance. Spectra were re-
corded at about- 293 and 80 K, the latter
by using a liquid nitrogen dewar insert.
The powder catalysts were contained in 4
mm 0.d.-3 mm i.d. quartz tubes. Pretreat-
ments were carried out by fusing the
sample tubes to a high vacuum manifold
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using graded seals. Following pretreat-
ment, the tubes were sealed in vacuo and
transferred to the ESR spectrometer.

Spin density and g-values estimates
were obtained by using the Cr3* impurity
line in the MgO and DPPH taped to the
quartz dewar. The derivative spectra were
doubly integrated numerically using the
method described by Poole (9).

X-Ray photoelectron spectra (XPS) of
some of our Cu-MgO catalysts were taken
by W. N. Delgass at the Lawrence Radia-
tion Laboratory, University of California,
Berkeley. They have been discussed in de-
tail in a separate publication (/0).

RESULTS

Surface Areas

Specific surface areas for some of our
catalysts are presented in Table 1. Straight
BET plots were obtained for all samples.
There was negligible hysteresis for an ad-
sorption—desorption isotherm at liquid ni-
trogen temperature for the high surface
area MgO catalyst, HS-MgO. Specific sur-
face areas calculated from volume-average
crystallite sizes obtained by X-ray line

TABLE 1
SPECIFIC SURFACE AREAS (m?g™)

X-ray line
Sample N, BET broadening
M-MgO 21 16.6
HS-MgO
calcined 138 114
0.005% Cu-MgO
calcined 143 114
0.05% Cu-MgO
calcined 126 93
0.5% Cu-MgO
calcined 27 24.5
5.0% Cu-MgO
calcined 18 23.2
M-MgO (treated in HNQO5) 7.7 _
5.0% Cu-MgO-EA 17 —

0.05% Cu-MgO (solid solution) 31 —
0.5% Cu-MgO (solid solution) 16 —
5.0% Cu-MgO (solid solution) 2.4 —
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FiG. 1. ESR spectrum of 5.0% Cu-MgO-EA catalyst evacuated 12 hr at 800 K. (A) 293 K, gain = 6.2 x 104,
modulation amplitude = 5 Oe; (B) 77 K, gain = 2.0 x 104 modulation amplitude = 5 Qe.

broadening are also presented in Table 1. exclusively to changes in average crys-
Agreement between specific surface areas tallite size.

obtained by nitrogen BET and X-ray line
broadening for MgO has also been re-
ported by Anderson and Horlock (//) and Some typical ESR spectra of our

Kotera et al. (12). It demonstrates that Cu-MgO catalysts are reproduced in Figs.

changes in specific surface areas are due [-5. The most obvious feature of these
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FiG. 2. ESR spectrum of 5.0% Cu-MgO-EA catalyst reduced in H, for 12 hr at 800 K. Gain = 1.25 x 107,
modulation amplitude = 1 Oe, temperature = 293 K.
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F1G. 3. ESR spectrum of 5.0% Cu-MgO-EA catalyst, reduced, and reoxidized with O, (50 Torr) for 12 hr
at 293 K at 12 hr at 800 K. Gain = 1.25 x 105, modulation amplitude = 1 Oe, temperature = 293 K.

spectra is the presence of two overlapping characterized by the following g-values:
ESR signals, a symmetric line at g= g, =2.35-2.44 and g, = 2.06.

2.192 = 0.002 of relatively high intensity The symmetric line corresponds to Cu®*
and a smaller intensity anisotropic line ions replacing Mg?* ions in the MgO lat-

®
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Fig. 4. ESR spectrum of 0.05% Cu-MgO solid solution. (A) 293 K, gain = 3.2 X 104, modulation ampli-
tude = 5 Oe; (B) 77 K, gain = 8.0 x 103, modulation amplitude = 1 Oe.
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Fic. 5. ESR spectrum of 0.05% Cu-MgO solid solution evacuated for 10 hr at 1200 K. 77 K, gain = 8.0 x

103, modulation amplitude = 1 Oe.

tice (13-15), while the anisotropic line is
characteristic of Cu?* ions in tetragonal
symmetry, i.e., Cu®* ions at the surface of
MgO.

In some spectra, which are not shown,
the symmetric Cu?* line was observed to
exhibit strong dipolar broadening that pre-
vented an accurate evaluation of its inten-
sity. However, for most cases, it was pos-
sible to doubly integrate the ESR spectra;

Table 2 reports spin density estimates
for this particular line in a variety of
Cu-MgO catalysts, either after calcination
at 800 K or after firing in air at 1300 K. In
the latter case, a solid solution of Cu*' in
MgO was obtained. The accuracy of the
spin density values listed in Table 2 is es-
timated to be of +50%.

A comparison of the spectra recorded at
80 and 293 K shows that the intensity of

TABLE 2
ESTIMATED SPIN DENSITIES FOR THE SYMMETRIC Cu?* LINE IN Cu-MgO CATALYSTS"

Catalyst Calcined at 800 K Solid solution? Calculated® ACu?td % Cu?* (surface)®
0.05% Cu-MgO 6.8 x 108 7.8 x 10 7.1 X 10 1.0 x 101 12.7
0.5% Cu-MgO 5.7 x 10" 7.8 x 10 7.1 x 1018 2.1 % 10 26.7
5.0% Cu-MgO 4.3 x 102 7.9 x 10% 7.4 X 10* 3.6 x 102° 45.5
5.0% Cu-MgO-EA 0.2 x 102 7.9 x 102 7.4 x 102 7.7%x10° 97.5

 Spin densities in spins g !.
® Fired at 1300 K for 15 hr.

¢ Assuming that all the copper is as paramagnetic Cu?* ions.
“ Difference between solid solution and calcined catalyst.

¢ % Cu?* at the surface after calcination at 800 K.
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the Cu?* symmetric line follows the Curie
law; hence, his resonance is due to fairly
diluted Cu*" ions in the MgO matrix.
However, the narrowing of this line at 80
K, eventually leading to the resolution
of the Cu nucleus hyperfine structure
(Icy = 3/2, 4 hyperfine lines), indicates
that dipolar broadening is strongly af-
fecting the lineshape. This effect must be
expected, as, for a 5.0 mole Cu?t solid
solution in MgO, the average Cu-Cu dis-
tance is of about 7 A. The corresponding
values for the 0.5 and 0.05 mole% Cu?*
solid solutions in MgO are, respectively, of
18 and 37 A. From these evaluations, an-
tiferromagnetic type interactions between
Cu?* ions can be safely rejected, as these
would only occur for Cu-Cu distances
smaller than 2.5 A.

The spin Hamiltonian of bulk Cu?*
species in MgO is simply given by:

H=gBH-S+AI-S, (1)

as the Cu2* ions are in a regular octahedral
environment. The observation of Cu?* ions
in such a regular symmetry is made pos-
sible through a dynamic Jahn-Teller effect
and the observed parameters, g-value
(2.192) and the hyperfine splitting (A¢, =
19 Oe, see Figs. 4B and 5 for the 0.05
mole% Cu?* catalysts), are in excel-
lent agreement with values reported for
dilute Cu2?* ions in MgO single crystals
(13,15).

As shown by Figs. 1A and 2, the bulk

Cu?* ion spin density is not affected by
reduction in hydrogen at 800 K. Some
increase in this spin density has sometimes
been experienced on heating the 5.0
mole% Cu-MgO-EA catalyst to 800 K; it
is probably due to further incorporation of
surface Cu2* ions in the bulk after the 700
K calcination.

The spin Hamiltonian of the axially
symmetric Cu?* species, is given by:

H= B(gIIHzSz + g, (H.S, + HySy))
+A)S.1.+ A, (S, +S,0L,), (2)

where all the parameters have their usual
meaning.

Table 3 summarizes some typical values
of the characteristic ESR parameters, g,,
being defined as g,, = (1/3) (g + 2g.).

The values we report for the axially
symmetric Cu?* ions are close to those
reported for Cu®* ions on Linde Y zeolite
(16), acetylacetonatocopper on SiO, (/7),
Cu?* on Dowex resins (18), and Cu?* ions
on alumina (/). Similar values were also
found in a variety of other materials. The
occasional observation of an additional hy-
perfine feature on the high field side of the
spectra, in this study as well as in the
previous work of Matsunaga (I), is ex-
plained by an angular anomaly in the ESR
powder spectrum, i.e., the presence of the
so-called “extraneous line” discussed in
the former work of Neiman and Kivelson
19).

The freshly impregnated 0.05 mole%

TABLE 3
Typical. AsyMMETRIC Cu?" LiNe ESR PARAMETERS (293°K)
Catalyst gy g," gav? Alb(em™) A (cm™)

0.05% Cu-MgO (freshly impregnated,

Mg(OH),) 2.352 2.065 2.161 0.012 0.0013
0.05% Cu-MgO (solid solution, evacuated at

1200 K for 10 hr) 2.365 2.057 2.160 0.011 0.0016
5.0% Cu-MgO-EA (evacuated at 800 K) 2.438 2.060 2.186 0.0135 —

@ All g-values at +0.003.
A, -values at £0.003.
¢ A -values at £0.0001.
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Cu-MgO catalyst did not show a symmet-
ric Cu®' line, but only the anisotropic
spectrum. Hence, almost all the Cu®* ions,
in this particular sample, sit in an axially
symmetric environment, probably at the
surface and certainly in a superficial layer
of Mg(OH),. X-Ray diffraction data veri-
fied the existence of this hydroxide layer
before calcination at 700 K.

As shown in Figs. 1 to 3, the intensity of
the anisotropic Cu2* line is reduced by H,
at 800 K (Fig. 2) and regenerated by ex-
posure to O, (Fig. 3). This shows that the
axially symmetric Cu** ions are accessible
and on the surface and not associated with
bulk axial defects sites. The most active
catalyst, 5.0 mole% Cu-MgO-EA, con-
tains also more axially symmetric surface
Cu®* ions than any other Cu-MgO cata-
lyst. It may be interesting to note that, in
addition to the disappearance of the sur-
face Cu®* line upon reduction, the typical
ESR pattern of Mn2" ions in regular octa-
hedral environment shows up. This in-
dicates that before reduction, manganese
as an impurity was present in the samples,
probably in a valence state not ob-
servable by ESR at 77 K or above, i.e.,
Mn?®*. This particular behavior of manga-
nese in MgO has recently been reported
for the Mn—-MgO system (33).

XPS spectra of the same systems have
been discussed in another publication (/0).
They support our results on the variation
in composition and oxidation state of the
surface Cu** species.

DISCUSSION

The variation in the surface areas of the
Cu-MgO catalysts prepared by aqueous
impregnation is interesting. The MgO is
hydrolyzed to Mg(OH)., and the decom-
position of the Mg(OH), leads to the
formation of MgO with varying crystal-
lite sizes depending on the amount of
Cu(NO,), present.

Various authors (//, 20-30) have dis-
cussed the decomposition of Mg(OH),. At
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low temperature, such as we used, H,O is
removed from the hydroxide with the for-
mation of a large number of MgO nuclei.
Because the oxide lattice of MgO is not
too different from that of Mg(OH),, the
decomposition is nearly topotactic and ex-
tensive migration of ions to provide for the
growth of large crystallites does not occur.
This leads to a low density, highly
strained, high surface area MgO containing
residual bulk and surface hydroxyl groups.
This form of MgO readily readsorbs water.
Heating to about 1300 K leads to well-
formed MgO crystallites which readsorb
H,O very slowly.

The presence of the Cu(NOj),, and
more generally of the nitrate ion, increases
the rate of growth of the crystallites and
leads to a lower surface area MgO prod-
uct. The addition of HNO; to MgO
powder, followed by calcining at 700 K in
air, lowers the specific surface area from
21 to 7.7 m? g~!. Cupric ions in the MgO
lattice also enhance sintering. This effect is
more clearly demonstrated by the surface
areas of the Cu-MgO solid solutions con-
taining, respectively, 0.05, 0.5 and 5.0
mole% copper. After heating at 1300 K
for 15 hr in air, the final specific surface
areas show an appreciable decrease with
increasing copper concentrations.

A comparison of ESR spectra of the
bulk Cu?** ions for the aqueous Cu-MgO
and the Cu-MgO solid solutions at 80 K
shows that the Cu?' ion lines become
much narrower for the solid solutions, es-
pecially as the Cu®* concentration de-
creases. The sharp decrease in line width
at 80 K is due to an increase in spin-spin
relaxation time, T., for solid solutions.
This indicates the presence of dipolar
broadening of the lines and that the bulk
Cu?* ions are not well dispersed in the
Cu-MgO catalysts following calcination.
Taylor (37) has reported that even copreci-
pitated copper hydroxide-magnesium hy-
droxide catalysts are not homogeneous.
This implies that while Cu®* ions are
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incorporated into the Mg(OH), during im-
pregnation in water, they are not evenly
distributed in the lattice. The Cu-MgO
formed by decomposition of Cu(OH),-
Mg(OH), ions also contains Cu?* ion clus-
ters, as shown by the fact that the line
width of the symmetric Cu signal is in-
dependent of the copper content, at con-
stant temperature. These Cu?' ions be-
come evenly distributed upon heating to
1300 K for 15 hr. These conditions are
sufficient to incorporate up to 20 mole%
Cu?* in MgO as a solid solution (32),
which is in agreement with the observation
of Maksimov et al. (8).

Table 2 gives the difference between the
number of Cu?* ions, per gram of catalyst,
observed by ESR for Cu-MgO solid solu-
tions and the number observed for the
symmetric Cu?' signal in four different
Cu-MgO catalysts. These are denoted by
ACu?" in Table 2. While the measured val-
ues for Cu?* ion spin densities involve
about a 50% absolute uncertainty, the val-
ues for the solid solutions are at most
only 10% higher than the actual number of
copper atoms present in the 5.0, 0.5, and
0.05% Cu-MgO solid solutions. This
agreement, along with the fact that the
ACu*" values are obtained by subtracting
numbers obtained using the same method
for their measurement, gives these ACu®**
values meaning. Going one step fur-
ther, we may assume that the ACu** val-
ues correspond to the copper which is at
the catalyst surface and to calculate the
percentage of surface Cu?* ions in the
various catalysts.

ESR spectra also show that the surface
Cu?* ions can be reduced in H, and easily
reoxidized in O,. This indicates that they
can accept electrons readily and that they
do not migrate along the surface to form
metallic clusters. If they did, exposure to
O, would not restore the axially symmetric
Cu?* line, but would produce Cu,O or
CuO instead. Cu,O is diamagnetic and
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CuO is antiferromagnetic. Except for small
effects observed for nonstoichiometric
compositions, neither have spin paramag-
netism.

ESR lines for the axially symmetric
Cu?t species are relatively narrow. This
indicates that these surface Cu®* ions are
isolated from each other. It is therefore
likely that these Cu?* ions are reduced,
possibly to Cut, and reoxidized without
migration because migration of reduced
copper species would lead to clustering.

The 5.0 mole% Cu-MgO-EA must con-
tain CuO or an antiferromagnetic surface
phase rich in copper to account for the fact
that the total spin densities for both
species are too small to account for all the
copper which is present. CuO on the 5.0%
Cu-MgO-EA catalyst is reduced to me-
tallic copper in H, at 800 K. Traces of me-
tallic copper on the walls of the reactor
have been observed downstream from the
catalyst following reduction in flowing H,
at 800 K. In addition, X-ray diffraction
spectra show small amounts of CuO fol-
lowing calcination and small amounts of
copper metal after reduction in H, at 800
K.

CONCLUSIONS

Two major observations are of general
interest in catalyst preparation. First,
quantitative ESR spectroscopy has shown
that for Cu®** concentrations up to 5.0
mole% most of the Cu®*' ions will be
present in the bulk of the MgO crystallites
if the MgO is hydrolyzed to Mg(OH), in
aqueous Cu®' solutions. On the other
hand, if the MgO is not extensively hydro-
lyzed during the impregnation, the Cu?*
ions can be largely concentrated on the
surface of the MgO crystallites.

Second, the incorporation of Cu?* ions
into the Mg(OH), leads to increased crys-
tallite size of MgQO after decomposition of
the Mg(OH),. This is due to either a
change in the topotactic process by which
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Mg(OH), is converted to MgO during de-
hydration, or to Cu?* enhanced crystallite
sintering, or both. The decrease in the spe-
cific surface areas during the formation of
Cu-MgO solid solutions indicates that
higher concentrations of Cu®*' ions does
lead to higher rates of crystallite sin-
tering.

ESR and XPS spectra show that para-
magnetic Cu?* ions on MgO can be re-
duced in H,. ESR also shows that this
reduction is reversible with O, and that
only Cu?*" ions on the surface show
changes with H, and O,. The 5.0%, Cu-
MgO-EA catalysts have much less copper
inside the MgO crystallites and more
copper at the MgO surface than the 5.0%
Cu-MgO catalyst prepared by hydrolyzing
MgO to Mg(OH),. We believe that the sur-
face copper changes from Cu** to Cu*
jons during reduction in hydrogen. This is
because the reduced state can be reox-
idized to the previous state by treatment
with oxygen. If metallic copper were the
reduced state, it would be expected to mi-
grate and form metallic clusters. These
would reoxidize to diamagnetic Cu,O or
more probably to antiferromagnetic CuQO,
neither of which would give back the char-
acteristic asymmetric spectra due to sur-
face Cu** ions.
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