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Abstract

Several samples obtained from doping NiO with different loading amounts of caesium oxide were structurally
characterized using BET, TPR, XRD, XPS and SEM techniques. From BET results, increasing caesium contents decrease
surface areas except at temperatures with partial reduction. TPR shows that high caesium loadings can promote NiO
reduction at the beginning of its reduction contrarily to previously reported potassium behaviors, and also a reduction
inhibiting counter-effect at the end of the reduction curves with the same increasing caesium loadings. XRD and SEM
clearly show differentiated crystalline morphologies on the oxidized and reduced caesium-doped nickel phases obtained from
the solids studied. XPS results show the reducibility behaviour of the solid surfaces confirming the NiO reduction promoting
effect with increasing caesium loadings and aiso a dramatic caesium migration towards the surface of the solids mainly at
initial reduction temperatures. That abundant surface caesium content delays the complete reduction of the solids.
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1. Introduction

The addition of small amounts of alkali has
long been known to modify the activity and the
selectivity of heterogeneous catalysts [1,2]. One
of the interpretations of alkali doping is usually
thought in terms of electronic effects. The addi-
tive is considered as a base, transferring elec-
trons to the metallic phase, thus increasing the
bond strength of electron-acceptor molecules

* Corresponding author.

such as CO, N, and decreasing that of
electron-donor molecules such as hydrogen [3,4].

Potassium addition to Ni/SiO, is claimed to
block a certain number of Ni atoms, to act as an
electronic modifier of the remaining free Ni
atoms, and to strength bonds with electronega-
tive molecules and ethylenics [5].

Doping potassium, onto Ni/SiO,, from their
calcined and reduced salts is described as mainly
present in a K—~O—Ni surface complex concen-
trated on the nickel surface into patches or
islands leaving another part of the potassium
(also in an oxidized form) fixed onto the silica
support [6].
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Partial decoration of the Pd surface by the
ionic alkali compound in Pd/SiO, solids was
also reported [7]. Large decreases of CO stretch-
ing frequencies and modifications of catalytic
properties in alkali doped Pd/SiO, were
claimed [8]. The effect of alkali promoters on
the increase of activity and selectivity of
Pd/Al,O, catalysts was reported for the hydro-
genation of phenol [9].

Potassium addition is known to enhance the
selectivity of nickel catalysts towards primary
amines obtained from adiponitrile hydrogena-
tions [10-13], to increase selectivities toward
heavy hydrocarbons and olefinic compounds in
the CO + H, reaction [1,3,14-16], to inhibit
hydrogenolysis over Ni and Fe [17], to improve
the performance of Fe or Ru-based catalysts for
ammonia synthesis [18,19]. Nickel-potassium
catalysts are also used for steam-reforming of
methane or naphtha [20], and for coal gasifica-
tion [21].

Alkali additives may also act as structural
promoters, preventing sintering of the metallic
phase. Stabilities varying according to the se-
quence K > Na > Li > unpromoted Ni/SiO,
were reported [22]. Doping was found to strongly
influence the kinetics of thermal decomposition
of nickel carbonates [23]. Stabilization effects of
potassium on Pd/SiO, catalysts were also re-
ported [24].

As far as unsupported metals are concerned
potassium turns out to be again the most studied
alkali additive, as in the effect on the reducibil-
ity of metal oxides [25,26], in theoretical studies
about the electronic properties of a nickel (111)
surface partially covered by potassium adatoms
[27], the effect of potassium/sodium doped
Pt(100) single crystals on the activity and selec-
tivity for the 1,3-butadiene hydrogenation [28].

However, even expecting lower doped-metal
‘local’ work functions with promoters more
electropositive than potassium, little has been
published concerning the promotion behaviour
of caesium [29], specially on catalysts for nitrile
hydrogenation, as far as structural, catalytic and
mechanistic features are concerned. In this work

we study several structural effects of doping
nickel with caesium, of potential interest in
catalytic hydrogenation reactions.

2. Experimental
2.1. Sample preparation

Non-doped and caesium-doped nickel precur-
sors were prepared by impregnation of the pre-
viously calcined nickel nitrate hexahydrate with
the relevant doping amounts of caesium nitrate
aqueous solutions, as shown in Table 1, and
ulterior drying at 393 K for 5 h. All samples
were reduced (reactor conditions) with hydro-
gen /argon for 20 h, with a 1 /20 volume ratio,
an initial space velocity of 360 h™' (with re-
spect to the active gas), and temperatures shown
in Table 1. These preparations will be desig-
nated hereafter as samples 1-14, respectively.

All reagents were reagent-grade (from Aldrich
Co.), and pure gases were previously dried and
deoxygenated.

2.2. Air-free sampling

The samples were always handled under air-
free conditions, after the reduction step. The
prepared solids were transferred in degassed
iso-octane and under hydrogen atmosphere at
room temperature. The iso-octane surface-im-
pregnated samples were further isolated from
the air with sticky tape and mounted in a glove
box for XRD monitoring. Alternatively, they
were vacuum pumped in the pre-evacuation
chamber of the photoelectronspectrometer, re-
sulting in neither significant carbon contamina-
tion nor air oxidation from this procedure. Gas
purges, positive gas pressures and Schlenk tech-
niques were used when necessary.

2.3. BET areas

BET surface areas were calculated from the
nitrogen adsorption isotherms at 77 K using a
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Table 1
Specific surface area and XRD characterization of the catalysts
Sample * g Cs,0/g Ni Reduction BET area Crystal phases in the
(x 107%) temperature (K) (m*/g) reduced sample (XRD)
1 0 - 9.0 NiO
2 0 573 1.2 Ni
3 1 - 6.1 NiO
4 1 473 5.8 NiO, Ni
5 1 523 24 Ni
6 1 573 21 Ni
7 2 - 5.8 NiO
8 2 473 44 NiO, Ni
9 2 523 1.5 Ni
10 2 573 1.5 Ni
11 3 - 5.1 NiO
12 3 473 8.1 NiO, Ni
13 3 523 23 Ni
14 3 573 20 Ni

* Calcined samples 1, 3, 7 and 11 were not subjected to reduction.

Micromeritics ASAP 2000 surface analyzer, and
a value of 0.164 nm” for the cross section of the
nitrogen molecule.

2.4. Temperature programmed reduction (TPR)

Temperature programmed reductions were
carried out in a Perkin-Elmer TGA 7 microbal-
ance with an accuracy of 1 mg, equipped with a
273-1273 K programmable temperature fur-
nace. 25 mg samples were first heated at 4 K
min~' up to 673 K in a stream of He (80 cm?
min~') for moisture release. After cooling to
room temperature under helium, they were
heated again in a 5% vol H,/Ar flow (80 cm?
min~') up to reduction temperatures, between
443-623 K. The weight change in the samples
is a measure of the oxygen released by the solid
as water.

2.5. X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) patterns of
the catalysts were obtained with a Philips PW
1010 diffractometer using nickel-filtered Cu K,
radiation. Samples were dusted on double-sided
sticky tape and mounted on glass microscope
slides. The patterns were recorded over a range

of 20 angles from 5° to 85° and compared with
the X-ray powder files to confirm phase identi-
ties. The reduced samples characterized by XRD
were obtained under the reactor conditions given
in the preparation section.

2.6. Scanning electron microscopy (SEM)

Scanning electron micrographs were obtained
in a JEOL JSM-35C microscope operating at
acceleration voltages 25 kV, working distances
18-19 mm and magnification values of
X 25.000-40.000.

2.7. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectra were recorded on
a Leybold LHS 10 spectrometer provided with a
hemispherical energy analyzer and Mg K, X-
ray radiation source. Powdered samples were
pressed into small stainless steel cylinders and
mounted on a standard sample probe, placed in
a pre-evacuation chamber up to ca. 10™° Torr,
before they were moved into the main vacuum
chamber. The oxide samples for XPS character-
ization were subjected to a short reduction treat-
ment (2 h and same conditions given in the
preparation section) in order to better detect
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property changes. The residual pressure in the
turbo-pumped analysis chamber was kept below
7% 10™° Torr during data collection. Each
spectral region was signal-averaged for a given
number of scans to obtain good signal-to-noise
ratios. Although surface charging was observed
on all the samples, accurate binding energies
(BE) were determined by charge referencing
with the Cls line at 284.6 eV. Peak areas of
Ni(0) and Ni(Il) including satellites, were com-
puted by a program which assumed Gaussian-
line shapes and flat background subtraction.

3. Results and discussion
3.1. BET areas

Table 1 depicts the BET areas of the undoped
and caesium-doped solids obtained. Values be-
tween 1.5-9 m?/g are typical for samples pre-
pared under the conditions mentioned above
[12,25,26]. Generally, decreasing areas on in-
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creasing the reduction temperatures of the sam-
ples are obtained, paralleling the increases of
the reduction degrees with temperature, for the
sets of samples 1-2, 3-6, 7-10 and 11-14,
(except for sample 12 with the higher caesium
content and lower reduction temperature, which
brings about a low degree of reduction and
consequently a higher surface area) since the
area of the unreduced non-stoichiometric, black
NiO (sample 1) has more than four-fold the area
of its reduced Ni form (sample 2) and, to a
decreasing extent is also true for every set of the
caesium-doped samples. The range of caesium
concentrations on the NiO samples tested, al-
ways delay or inhibit the complete reduction of
NiO, as we will see from the TPR experiments
below.

Also, from Table 1, increasing caesium con-
tents cause parallel decreases of the surface
areas of the samples, at one particular reduction
temperature (except for samples 12—14 because
of the reason given before). For equal final
reduction degrees, decreasing surface areas are
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Fig. 1. Plot of weight change (%) versus time for the temperature programmed reduction of undoped NiO and caesium-doped NiO samples.

Initial temperature 393 K; rate of heating 0.2 K min~!,
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obtained from increasing caesium contents, since
caesium, unlike potassium, shows an extremely
high hygroscopy and a strong migration be-
haviour towards the surface of the solid, as it

will be shown from the XPS experiments, be-
low.

3.2. Temperature programmed reduction

To perform the study of the caesium role on
the reducibility of non-stoichiometric NiO, the
corresponding hydrogen-reduction thermograms
were obtained. Fig. 1 shows the weight decrease
versus time of the caesium-doped NiO samples
compared with that of the undoped NiO. We
should say that all samples after a long drying
procedure did not show the presence of water
other than that from the stoichiometric reduc-
tion. It can be observed, for the caesium-doped
NiO samples, that the initial temperature of
reduction decreases in parallel with the increase
of the caesium content. As well, the sample
which has the highest caesium amount (3 X 107°
g Cs,0/g Ni) shows an initial temperature of
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reduction slightly lower than the undoped NiO
as shown in Fig. 2.

On the other hand, the final temperatures of
reduction increase with caesium contents, being
higher than that of the undoped NiO sample.

The trend obtained from the initial tempera-
tures of reduction may be indicative of an elec-
tronic promoting function of caesium that accel-
erates the NiO reducibility with increasing cae-
sium contents. However, one or more counter-
effects derived from the impeded hydrogen and
water diffusions, due to the surface bulky and
hygroscopic caesium oxide which obstructs and
delays the final reduction of the caesium-doped
samples, are aiso present. The latter effect may
be responsible for the crossing behavior ob-
tained between the initial and final reduction
portions of the TPR curves, and also for the
longer time shifts obtained for the caesium-

doped samples when compared with that from
the undoped NiO sample.

Fig. 3 shows the degree of reduction versus
temperature for caesium-doped NiO and un-
doped NiO samples. The S-shaped reduction
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Fig. 2. Fig. 1 magnification plot at lower weight loss.
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Fig. 3. Plot of reduction degree (a) versus temperature of un-
doped NiO and caesium-doped NiO samples.

plots are in agreement with the nucleation model
of the nickel oxide reduction, where an autocat-
alytic process of metallic nucleus growth takes
place on the surface of nickel oxide with the
increase of reduction [21,26]. Thus, the addition
of caesium does not modify the mechanism of
the oxide reduction, and can also explain the
diffusion problems in the nucleation step, and
final reduction delay of sample 11.

3.3. X-ray diffraction

Powder diffraction patterns of the reduced
samples showed diffraction peaks at 2@ angles
and relative intensities which can be indexed to
the Ni and NiO phases. The 2@ angles and the
relative intensities (in parentheses) are summa-
rized as follows: 44.51 (100), 51.85 (42), 76.36
(21), for the Ni phase; 37.29 (91), 43.30 (100),
62.91 (57), 75.43 (16), for the NiO phase. Cae-
sium phases were undetectable owing to their
very low concentrations.

The crystalline phases in Table 1 were ob-
tained at different temperatures of reduction of
undoped and caesium-doped nonstoichiometric
NiOQ. The reduced Ni phases obtained at 473°C
from the mid and lower caesium loadings and
the mixture of phases NiO/Ni obtained at the
same temperature for the higher caesium load-
ing tested, indicate that reduction temperature of

Nio needs rise in the presence of doping cae-
sium contents. The BET areas depicted in Table
1 also confirms this behavior showing higher
surface areas when NiO phase is present. Obvi-
ously, the higher the reduction temperature the
lower the surface areas obtained for one particu-
lar caesium loading. We should have in mind
that samples characterized by XRD were re-
duced under reactor conditions for 24 h, as
given in the experimental section, and also the
XRD technique as it only detects crystalline
phases, a significant amorphous NiO content
derived from its collapsing crystal reduction,
may remain undetected.

The metallic particle sizes, calculated from
the Scherrer equation, gave values of ca. 300—
400 A, as shown in Table 2. The method of
Boudart [30] was also applied, for comparison,
giving some 6-fold larger sizes than the former
method. This discrepancy is generally obtained
since the BET area method is highly sensible to
surface aggregations of the crystallites, unlike
the XRD technique which mainly detects the
bulk structure and sizes of the composing single
crystallites of an aggregation.

3.4. X-ray photoelectron spectroscopy

The X-ray photoelectron spectra of the cata-
lysts prepared at one reduction temperature (523
K) with increasing caesium contents (samples 1,

Table 2
Ni particle /crystallite diameters (A) of the reduced samples deter-
mined using different methods

Sample BET * XRD
4 972 330
5 2330 405
6 2654 417
8 1287 338
9 3698 409

10 3814 413

12 692 280

13 2439 407

14 2885 429

? Values obtained from the Boudard equation §=6/pd, for
cubic crystals.® Values obtained from the Scherrer equation d =
kA /B cos 0.
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5,9, 13 in Fig. 4) and those prepared with the
intermediate caesium content at different reduc-
tion temperatures (samples 7, 8, 9, 10 in Fig. 5)
were obtained.

From the experimental overall on-top curves,
the decomposed peaks with the following bind-
ing energy values, 852.6, 854.1 and 862 eV
were assigned to surface metallic nickel, Ni™?
species and its Ni*? satellite, respectively. The
non-stoichiometric Ni*? species and its satellite
may also appear at ca. 856 and 864.5 eV,
respectively, mainly on partially reduced sam-
ples. Thus, an increase of the surface reduced
nickel paralleling the increase of caesium con-
tent is depicted in Fig. 4, and the feature may be
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Fig. 4. X-ray photoelectron spectra of the Nijp,

and 13 nickel catalysts.
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Fig. 5. X-ray photoelectron spectra of the Niyp, ,, level for 7-10
nickel catalysts.
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drawn that increasing caesium contents (in the
range of intermediate and high caesium concen-
trations tested, catalysts 9, 13) promote the hy-
drogen NiO reduction at temperatures of 523 K
and higher.

Fig. 5 shows the expected result that surface
metal reduction increases with the increase of
the reduction temperatures, being almost com-
plete at 573 K for the intermediate caesium
content on sample 10, and that no reduced
surface nickel is detected at 473 K (sample 8,
like sample 12 by XRD).

Table 3 depicts the quotient Cs/Ni atoms
X 10™? (chemical), as the initial chemical com-
position of the solids, the XPS intensities quo-
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Table 3
Chemical analysis and XPS Cs/Ni surface atomic composition of
the samples

Sample Cs/Ni Surface I, /Iy Surface /
(chem. anal.) (XPS) chemical
(x1073) (x107%)
3 0.416 - -
4 0.416 - -
5 0.416 1.0 2.4
6 0416 69.0 166.3
7 0.875 1.3 1.4
8 0.875 1.6 1.8
9 0.875 98.0 112.8
10 0.875 149.0 170.9
11 1.330 12.0 9.0
12 1.330 1003.0 754.0
13 1.330 1208.0 908.0
14 1.330 1386.0 1042.0

tient I../I; atoms X 1073 (surface) as a few
layers thick surface composition, and the quo-
tient of both expressed as surface/chemical
composition.

Then, Table 3 shows a dramatic increase of
caesium migration to the surface of the NiO
solid on increasing the reduction temperature
especially at those corresponding to the begin-
ning of the reductions. Such loadings of surface
caesium should bring about impediments or de-
lays for the inwards hydrogen and outwards
water diffusions during the NiO reduction pro-
cess.

Under the reduction conditions below 473 K
given in the experimental section, either non-re-
duction or an incipiently reduced material (less
than 5% degree of reduction) is obtained. At
this point very low concentration of Cs has been
detected on the NiO surface by XPS. In turn, on
reduction at temperatures higher than 473 K
increasing Cs/Ni surface atomic ratios with
increasing reduction temperatures are detected
by XPS. Surface intensity ratios ranging be-
tween 1-1386 have been obtained (Table 3).

The cross sections and photoelectron mean
free paths for NiO and zerovalent Ni, cannot
explain only by themselves the intensity atomic
ratios Cs/Ni of more than 1000 obtained, since
the former show unrelevant differences for re-

Fig. 6. Scanning electron micrograph of the undoped NiO sample.

duced Ni, Ni*? and Ni*? surface species (counts
per second are given in arbitrary units).

We then assume that high caesium concentra-
tion onto the NiO surface caused by aggregation
effects from reduction (NiO surface area ~9
m?/g versus reduced Ni surface area ~ 1.2
m?/g) cooperatively with caesium migration to
the surface caused by the water released during
reduction should majorly account for the Cs /Ni
surface ratios obtained since caesium oxide is a
very hygroscopic material. Similar effects were
found for other hygroscopic s-block doping ele-
ments.

3.5. Scanning electron microscopy

Scanning electron micrographs of the sam-
ples 1 and 12 are shown in Figs. 6 and 7,

Fig. 7. Scanning electron micrograph of the caesium-doped NiO
sample (3X 1073 g Cs,0/g Ni). Reduced at 473 K.
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respectively. Fig. 6 shows the characteristic quite
uniformly crystallized NiO octahedra. However,
the picture from Fig. 7 corresponding to the
incipiently reduced caesium-doped sample 12
shows more round surfaces than those from
undoped nickel, undoubtedly due to the collapse
of the octahedra edges and vertex as being the
preferred sites for the initial nickel nucleation,
and also a small contribution to the surface
octahedra deformation should presumably be
detectable from the strong bulk caesium migra-
tion towards the surface of the solid under
reduction, especially for the higher loaded cae-
sium samples.

4. Conclusions

Several samples with potential interest as cat-
alysts in hydrogenation reactions were obtained
from doping NiO with different loading amounts
of caesium oxide. The obtained solids were
structurally characterized using BET, TPR,
XRD, XPS and SEM techniques. From BET
results, increasing caesium contents decrease
surface areas except for those temperatures and
caesium loadings giving rise to partial reduc-
tions. TPR shows that high caesium loadings
can promote the beginning of NiO reduction,
contrarily to previously reported potassium be-
haviors. TPR curves also display a reduction
inhibiting counter-effect at the end of the reduc-
tion curves with the same increasing caesium
loadings in line with the caesium migration
towards the surface exhibited by XPS. XRD and
SEM show differentiated crystalline morpholo-
gies on the oxidized and reduced caesium-doped
nickel phases obtained from the solids studied.
XPS plots display the reducibility behaviour of
the solid surfaces confirming the NiO reduction
promoting effect with increasing caesium load-
ings and also a dramatic caesium migration
towards the surface of the solids mainly at the
starting temperatures of reduction. That abun-
dant surface caesium should delay the complete
reduction of the solids and accounts for the TPR

results and its seemingly contradictory behavior
when compared with that from previously re-
ported potassium.
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