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X-ray photoelectron spectroscopy (XPS) has been used for the characterization of Cu/Al,O; catalysts used for the dehydrogena-
tion of ethanol and also for carbon monoxide adsorption studies. Various oxidation states of copper in oxidic and hydrogen-reduced
catalysts have been identified using Cu(2p; ,,) photoelectron and Cu(LMM) Auger transitions. The Cu(2p, ,)/Al(2p) intensity ratio
from XPS data can be correlated with the copper surface area, CO adsorption capacity and reaction rate of the catalyst.

1. Introduction

Copper is one of the most interesting elements
of the Periodic Table and is used as a catalyst in
supported and unsupported form [1-8]. Supported
copper catalysts are widely used in the dehydro-
genation of lower alcohols to aldehydes and keto-
nes, in the hydrogenolysis of aliphatic esters to the
corresponding alcohols and in the oxidation of

glycol to glyoxal and carbon monoxide to carbon .

dioxide. Copper is also one of the principal com-
ponents in the low-pressure methanol synthesis
catalyst. Several authors [9-17] have used spectro-
scopic and temperature-programmed reduction
(TPR) techniques to find the nature of the species
formed on the surface of these copper catalysts.
Although the surface and catalytic properties of
these catalysts depend on their preparation method

* IPCL communication No. 168.

[18,19], it is generally believed that at least two
different phases of copper exist in supported oxidic
catalysts—metal oxide particles and a surface phase
composed of metal ions diffused into the support
lattice structure.

Recently, Sivaraj and Kanta Rao [20] have
shown that Cu/Al,O, catalysts prepared by pre-
cipitation from a homogeneous solution (PFHS)
using hydrolysis of urea possess improved cata-
lytic properties for the dehydrogenation of ethanol
to acetaldehyde. In the present investigation, elec-
tron spectroscopy for chemical analysis (ESCA)
has been used to investigate the nature of the
oxidation state of copper species on the surface of
Cu/Al,O; catalyst (with copper loadings from 9
to 34 wt%) prepared by the PFHS method. The
catalytic activity of these catalysts has been corre-
lated with surface copper species for the ethanol
dehydrogenation reaction. A similar ESCA and
other spectroscopic characterizations of Cu/Al,0O,
catalyst prepared by the impregnation technique
have been made by Strohmeier et al. [21].
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2. Experimental
2.1. Preparation of catalysts

An aqueous solution containing copper(Il)
nitrate of the required concentration and urea (1.2
M) was placed in a 3 £ round bottom glass
reactor, 20 g of y-alumina powder (200 mesh) was
then added and heated to 90-95° C with constant
stirring. The pH of the solution was measured at
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different intervals of time using a C‘ugual ‘pH me-
ter. After the precipitation was complete (pH =
7.5), the solution was filtered in a Buchner funnel,
the precipitate washed several times with distilled
water and dried at 110°C for 24 h. The catalyst
precursors contained besides y-Al,O;, Cu,(OH),
NO; or Cu,(OH);NO, and Cu(OH), depending
upon the copper content. The supported oxide
catalysts were then obtained by calcining the
catalyst precursors at 400° C for 24 h. The copper
content of the calcined Cu/Al,O, catalysts varied
between 9 and 34 wt%. A detailed discussion on
the precipitation from homogeneous solution and
the precursors formed at different copper loadings
and the phase composition of the calcined cata-
lysts is presented elsewhere [20].

2.2. Activity measurements

A differential flow microreactor, operating un-
der normal atmospheric pressure and interfaced to
a gas chromatograph by a six-way sampling valve
was used to measure the activity of the catalysts.
About 0.1 g of the catalyst was secured between
two glass wool plugs inside a borosilicate glass
reactor of 10 mm ID fitted with a thermowell and
an electrically heated vertical tubular furnace. The
average particle size (0.5 mm) was chosen so as to
eliminate mass-transfer effects. High-purity nitro-
gen (99.9%) further dried with a molecular sieve
(4A) was passed through two saturators contain-
ing pure ethanol maintained at the appropriate
temperature to achieve the desired partial pres-
sure. All the conversion rates were measured un-
der steady-state conditions with the help of the
equation X = r(W /F), where r is the rate in mol
h~! g~ !catalyst, W is the weight of the catalyst in
g, and F is the flow-rate of the reactant in mol

h~'. The extent of conversion X was maintained
below 20% and a straight line was obtained by
plotting X against W/F for each catalyst. The

rates were calculated from the ¢
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lines.

2.3. Carbon monoxide chemisorption and Cu metal
areqa

A conventional high-vacuum system with a
facility for reducing the sample in-situ by flowing
hydrogen was used for the CO chemisorption /N,O
decomposition study. The standard pretreatment
procedure employed was the reduction of the
catalyst sample (about 0.5 g) for 5 h at 250°C,
followed by evacuation for 2 h (107° Torr) at the
same temperature prior to CO chemisorption /N,O
decomposition. The catalyst chamber was then
cooled to ambient temperature (25°C) and the
evacuation was continued for a further 1 h at the
temperature of CO chemisorption (25° C). Intro-
ducing purified CO (Matheson 99.9%), CO ad-
sorption isotherms were generated representing
total CO uptakes. Adsorptive decomposition of
N,O was carried out at 90°C for 5 h. Details of
the experimental procedure are described else-
where [20,22].

2.4. XPS measurements

A Vacuum Generators ESCALAB MK II spec-
trometer with a MgKa (1253.6 eV) radiation
source was used for the measurement of copper
XPS. The anode was operated at 10 kV and 10
mA and the vacuum in the analysis chamber was
ensured to be better than 5 X 10~ ® mbar. Catalyst
samples were dusted on double-sided adhesive tape
and mounted on the sample holder. These samples
were transferred to the fast-entry lock of the spec-
trometer. Each catalyst sample was kept overnight
in the preparation chamber before being trans-
ferred to the analysis chamber for X-ray photo-
electron spectroscopic (XPS) analysis. The Al(2p)
photoelectron line at 74.5 eV from the catalyst
support was taken as reference for correction of
the charging effect. This binding energy reference
gave C(1s) at 285.0 + 0.1 ¢V from pump oil con-
tamination. The data were collected and analysed
on an Apple Ile microcomputer interfaced to the
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Table 1
XPS and Auger line positions for copper standards

29

Element/ Cu(2p;,,) @ Satellite to main Cu(LMM) Auger parameter Auger parameter
compound BE (eV) line intensity KE (¢V) (ref. [23]) (ref [21])

Cu 932.7 (1.5) - 918.5 1851.2 1851.1

Cu,O 932.8(1.7) - 916.5 1849.3 1849.1

CuO 933.8 (3.5) 0.41 917.6 1851.4 1851.6

CuAl,0, 935.0 (3.1) 1.10 916.5 - 1851.5

* Values in parentheses are FWHM.

spectrometer. ESCA binding energies and inten-
sity ratios are the average of three different runs.
It is to be noted that the 3p lines of copper
overlap *! with the Al(2p) line and hence intensity
from Cu(3p) photoelectron lines was unavoidable
in the measurement of the integrated intensity of
the Al(2p) line used in the Cu(2p, ,)/Al(2p) In-
tensity ratio. Before peak areas of these photoelec-
tron lines were estimated, linear background sub-
traction was performed.

3. Results and discussions

Kaushik in his previous study [23] has made
Cu(2p; ,) photoelectron and Cu(LMM) Auger line
measurements for Cu, Cu,O and CuO standards
of copper. The line positions and chemical-state
parameters for these compounds are close (within
estimated uncertainty) to the values reported by
Strohmeier et al. [21]. However, CuAl, 0O, is also a
useful reference compound to model the extreme
situation which exist on Cu/Al,0, catalysts.
Strohmeier et al. [21] reported the Cu(2p;,,) line
at 935.0 eV and a satellite-to-main line intensity
ratio of 1.10 for this compound. The values shown
in table 1 have been used in assigning the chem-
ical statg in the present study.

Thus, based on the studies of Kaushik [23] and
Strohmeier et al. [21] it can be concluded that Cu®
and Cu™ cannot be distinguished by XPS mea-
surements and Cu’?® from CuO and CuAl,O,

*!Because of this overlap, measured Al(2p) areas are over-
estimated. Thus, the estimated intensity ratio will be lower
than the realistic value but it will not affect the trend of
copper dispersion.

cannot be distinguished from their Auger parame-
ter values. However, the Auger lines of Cu® and
Cu? are separated by approximately 2 eV and the
photoelectron and Auger lines of CuO and CuAl,
O, are separated by approximately 1 eV each
making a clear distinction between Cu®/Cu* and
Cu?* from CuO/CuAl,0,. Also the satellite in-
tensity of CuAl,O, i1s much stronger compared to
that of CuO and Cu?" can be easily distinguished
from Cu® or Cu™ by their line shape, photoelec-
tron and Auger line positions.

The Cu(2p) photoelectron spectra of the cata-
lysts studied are shown in fig. 1 and their photo-
electron line positions are given in table 2. It can
be seen from the binding energy values of all the
calcined catalysts (obtained after calcination of
catalyst precursors at 400° C for 24 h) that these
values vary with the catalyst sample (copper load-
ing) and lie between CuO and CuAl,O, upto 16
wt% copper loading on catalysts. At higher copper
loading photoelectron lines due to CuO and Cu,O
were observed on the catalyst surface with only
CuO surface species detected on the catalyst with
21.6 wt% copper. As CuAl,O, shows more intense
satellite structure, satellite intensities were mea-
sured to indicate which species are quantitatively
more present on catalysts with copper loading
upto 16 wt%. Such satellite-to-main line intensity
values given in table 2 show that initially the
CuAl,O, phase was more present on the catalyst
surface (8.9 wt%) and gradually CuO is built up
on the catalyst surface such that at 21.6 wt%
copper loading only CuO species were detected
and no CuAl,O, phase was seen on the catalyst
surface. This shows that at lower copper loading
copper metal interacts with the support to form a
spinel CuAl,O, structure on the catalyst surface.



30 V.K. Kaushik et al. / Characterization of Cu / Al,0; catalysts

AV AVAY.

% VAT A

(e)

VAV A s

1 L - I —

968.0

9280

—> B.E.(eV) —

Fig. 1. Cu(2p) photoelectron spectra of catalysts with (a) 8.9,
(b) 13.1, (¢) 16.0, (d) 21.6, () 27.1 and (f) 34.2 wt% copper.

As loading is increased, the spinel CuAl,O, phase
disappears from the surface and CuO phase builds
up on the surface. However, at much higher load-
ing Cu,O phase has also been seen on the catalyst
along with the CuO phase. As CuO reduces read-
ily to Cu,O [24,25], the possibility of CuO reduc-
tion to Cu,O cannot be completely ruled out
during XPS analysis.

The [Cu(2p; ,) + satellite] /Al(2p) ESCA inten-
sity ratios which reflect the copper dispersion on
alumina support are also given in the last column
on table 2 for oxidic catalysts. These values indi-
cate that initially this intensity ratio increases with
the increase in copper loading with maxima at

Table 2
ESCA results on Cu/Al,O; catalysts

21.6 wt% and then declines with the increase in
copper loading probably because of the formation
of large CuO crystallites. Detection of bulk CuO

in catalvgte with 21 6 wit% conner laadinoe were
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confirmed by the XRD patterns of these catalysts.

3.1. Ethanol dehydrogenation and carbon monoxide
adsorption study

Reaction of ethanol on Cu/Al,O; catalysts gave
acetaldehyde and ethyl acetate (dehydrogenation
products) and ethene and diethyl ether (dehydra-
tion products). The y-Al,O; used as support ex-
hibited only dehydration activity at 250°C [26].
When copper was added, dehydrogenation activity
was evident, the activity depending upon the
copper content. The selectivity for acetaldehyde
plus ethyl acetate increased from 94% at a copper
loading of 89 wt% to 98%-100% with further
increase in copper loading to 34.2 wt%. The cata-
lyst with 8.9 wt% copper has a selectivity of only
6% to ethene plus diethyl ether. While the selectiv-
ities to the dehydrogenation products increased
with increase in copper loading, those for the
dehydration products decreased correspondingly.
Ethyl acetate selectivities varied from 0.2% to 7%
depending on the copper content in the catalyst.

The results of the ethanol dehydrogenation re-
action on Cu/Al,O, catalysts expressed in terms
of the initial rate (per gram catalyst) are shown in
fig. 2a as a function of copper loading. It can be
seen from fig. 2 that the dehydrogenation activity
for ethanol increases with the copper loading upto
21.6 wt% and then decreases with a further in-

Copper catalyst Cu(2p; 3) »

Satellite ® to main

Surface phases ESCA intensity ratio

(copper wt%) BE (eV) line intensity Cu(2p; ,)/Al(2p)
8.9 934.8 0.58 CuO, CuAl,0, 3.50

13.1 934.6 0.51 CuO, CuAl,0, 4.04

16.0 934.5 0.49 CuO, CuAl,0, 4.20

21.6 934.0 0.41 CuO 4.35

27.1 933.7 0.35 CuO, Cu,0 3.90

34.2 933.8 0.27 Cu0O, Cu,0 3.25

4 BE were reproducible to +0.3 eV for catalysts upto 21.6 wt% copper and +0.2 eV for other catalysts.
® Satellite intensities were reproducible within +0.04 of the main line intensity.
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Fig. 2. (a) Dehydrogenation rate of ethanol, (b) total carbon
monoxide adsorption and (c¢) copper area as a function of
copper loading in Cu /Al,O, catalysts.

crease in copper loading. Similarly, the total
carbon monoxide adsorption also increases upto a
copper loading of 21.6 wt% and then decreases
with the increase in copper loading (fig. 2b). This
optimum composition corresponds to the maxi-
mum number of active species as well as to the
maximum copper surface area.

From nitrous oxide decomposition data, the
copper metal areas were calculated and the results
are shown in fig. 2c¢ as a function of copper
loading. The copper metal area expressed in m?
g~ ! catalyst increases with the copper loading
upto 21.6 wt% and then decreases with the in-
crease in copper loading indicating that at this
loading the *“maximum number of copper species
are available on the catalyst surface and the for-
mation of a monolayer 2 of copper species on

*2Here the term “monolayer” has not been applied to indicate
complete coverage of the active support surface; rather it
indicates covering of certain patches of the active support
surface.

alumina support can be expected”. An important
observation from the copper area data is that even
at full monolayer coverage only 29.4% of the total
copper atoms are available on the catalyst surface
at 21.6 wt% Cu. The decrease in copper area with
further increase in copper content in the catalyst
may be due to build-up of large copper crystallites
as well as pore mouth blocking. XPS data for
catalyst with 21.6 wt% copper from table 2 shows
that at this loading all copper species on the
catalyst surface are CuO and the [Cu(Zp;,,) +
satellite] /Al(2p) intensity ratio is maximum for
this catalyst. This also indicates that the maximum
number of copper species are available on the
surface of this catalyst.

3.2. Reduction studies

Reduction characteristics of supported metal
oxides are quite different from the bulk oxides
because of metal-support interaction and change
in dispersion. It was therefore interesting to in-
vestigate the reducibility of Cu/Al,O, catalysts.
In the present investigation, the catalysts reported
in table 3 were reduced at 250°C for 5 h in
hydrogen atmosphere. Unlike the Cu(2p) photo-
electron spectra of oxidic catalysts, the XPS of
these catalysts do not show satellite structure indi-
cating that Cu’?* species are not present on the
surface of reduced catalysts. Hence, reduction
treatment of Cu/Al,O, catalyst reduces Cu?* to
Cu® and Cu™* species. The XPS and Auger mea-
surements given in table 3 show that for copper
loading upto 21.6 wt% reduction takes place to
Cu® and Cu™, while above this loading, it com-

Table 3

ESCA data on reduced catalysts

Copper Cu Cu Surface Cu(2p; ,,)/Al(2p)

catalyst (2p; ;) (LMM) phase intensity ratio

(copper BE KE Reduced Oxidic

wt%)  (eV) (eV)

16.0 932.8+0.2 916.4+0.2 Cu, Cu,0 1.93 4.20
918.5+0.2

21.6 932.7+0.2 916.3+0.3 Cu, Cu,0 195 4.35
918.4+0.2

27.1 932.74+0.2 918.5+0.2 Cu 1.77 3.90
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Fig. 3. Cu(2p) photoelectron spectra of (a) oxidic and (b) reduced catalysts with copper loading 21.6 wt%.

pletely reduces to Cu®. The Cu(2p,,,)/Al(2p)
ESCA intensity ratios for these hydrogen-reduced
catalysts have been compared with corresponding
values for oxidic catalysts in table 3. This com-
parison shows that the ratio decreases approxi-
mately 45% compared to the corresponding oxidic
catalyst value, indicating a decrease in copper
dispersion on reduction. Figs. 3 and 4 show XPS
in Cu(2p) and Al(2p) regions for oxidic and hy-
drogen-reduced catalysts with 21.6% copper con-
tent. As the Al(2p) photoelectron line includes

(a)

1 1 N—

%
69.0 825

—BE (eV)—

Fig. 4. Al(2p) photoelectron spectra of (a) oxidic and (b)
reduced catalysts with copper loading 21.6 wt%.

overlap due to Cu(3p) lines, fig. 4 shows how
copper dispersion on the catalyst surface reduces
on hydrogen-reduced catalysts. This reduction in
dispersion may be attributed either to diffusion of
copper into the substrate or to the formation of
large copper metal particles.

4. Conclusions

Based on the present study, the following con-
clusions can be drawn for PFHS prepared Cu/
Al,O; catalysts:

(1) At low metal loading and at a calcination
temperature of 400°C, formation of a “surface
spinel” CuAl,O, phase predominates while at
higher metal loading, segregation of bulk-like CuQO
occeurs.

(2) XPS data shows that a catalyst with only CuO
species on 1ts surface and having the highest Cu
(2p;,,)/ Al(Zp) intensity ratio shows maximum
dehydrogenation activity as well as maximum CO
adsorption, i.e. a catalyst with a highly dispersed
CuO surface phase is most suitable for the dehy-
drogenation reaction of ethanol.

(3) The hydrogen-treated (250°C, 5 h) Cu/Al,0O,
catalysts show progressive reduction of Cu’* to
lower oxidation state together with a concomitant
decrease of the Cu/Al atomic ratio at the sample
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surface (comparison given in the last two columns
of table 3). This may be attributed to the diffusion
of copper into the substrate or the formation of
metal crystallites bigger than the escape depth of

intensity ratio have been reported by Stohmeier et
al. [21].
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