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The molecular speciation of two sets of NiO-MoQ;/AlLO; catalysts, containing 0-7% NiO with
7.5% MoO; or 15% MoO;, is examined spectroscopically as a function of in situ O, calcination—
H,0 exposure cycles. The sensitivity of ion scattering spectrometry to detect Mo in these catalysts
is dependent upon their exposure to H,O but is not dependent upon NiO concentration. This
dependence, in conjunction with in situ Raman spectroscopic data, is used to describe sites of
interaction of Ni or H,O with the surface molybdate. These Ni-Mo and H,O-Mo interactions are
shown to be distinct and are discussed in relation to previously published data on the structure and

HDS activity of NiO-MoOs/Al,O; catalysts.

Raman spectroscopic investigations of
NiO-Mo0;/ALO; catalysts have provided
fundamental insight into the molecular spe-
ciation that occurs as a function of metal
oxide loadings, promoter concentrations,
and the order of metals impregnation (I-5).
Some investigations of NiO-MoOs;/ALO;
have also included the use of multitechni-
que analyses that have provided invaluable
correlations between the metal oxide dis-
persion, the chemical oxidation states, the
metal oxide site symmetries, bulk com-
pound formation, and subsequent behavior
and speciation during H, reduction and H,S
sulfidation (/-8). Recent Raman spectro-
scopic studies of the molecular speciation
in AL Os-supported MoOs;, WO;, and ReO,
(9-12) have shown that highly dispersed
molybdenum, tungsten, and rhenium ox-
ides readily interact with H;O and O, and
that this interaction causes large shifts in
the metal-oxygen stretching frequencies
associated with these surface oxides. Such
a dramatic effect has provided an explana-
tion for the discrepancies between the spec-
tral characteristics of supposedly identical
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Mo0;/AlL,O; and WO;3/Al,O;5 catalysts (9,
10). In addition, these recent Raman results
have led to a reevaluation of spectral inter-
pretations that were based on an assumed
dependency of the metal-oxygen stretching
frequency upon symmetry or aggregate size
of the surface metal oxide (5, 12-15); spe-
cifically, changes in the terminal Mo=0 or
W=0 stretching frequencies in MoO;/
AL O; or WO;3/Al,0; catalysts were found
to be dependent upon the interaction of the
surface metal oxide with adsorbates (9-11).

Spectroscopic data have indicated that
in NiO-Mo0O,/Al,0;, the Ni is incorpo-
rated into the two-dimensional surface mo-
lybdate species (I—4, 14, 15). Depending on
sample preparation and subsequent calcina-
tion temperatures, NiMoO,;, AlL,(MoQ,);,
or crystalline MoO; can also be formed (2-
4). However, highly active NiO-MoOQs/
ALO; catalysts do not normally contain
these crystalline phases; instead, studies
have suggested that the active sites for hy-
drodesulfurization of thiophene are NiMoS
sites at the edges of two-dimensional mo-
lybdenum islands (/6-18). In the present
spectroscopic investigation, the molecular
speciation of two sets of NiO-MoOs/Al,0;
catalysts is examined as a function of in situ
O, calcination and H,O exposure. The in-
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corporation of Ni into the MoO;/AlL,O; sam-
ples is shown to perturb the spectral char-
acteristics of the Raman active Mo=0
stretching vibrations. Such perturbations
are discussed in relation to the structural
characteristics of these catalysts and in re-
lation .to previous interpretations of data
obtained on reduced and sulfided samples
(17, 18).

EXPERIMENTAL

Sample preparation. The NiO-MoO,/
ALO; catalysts were prepared using
Harshaw Al-4104E #-in., y-Al,0; extruda-
tes (Harshaw Chemical Co.) having a sur-
face area of approximately 200 m?/g. The
Al O; extrudates were ground with a mor-
tar and pestle, and then sieved to —100
mesh. Water suspension and decantation
were used to remove fines from the ground
ALO;. The Al O; was then dried overnight
at 120°C. For Mo impregnation, a predeter-
mined amount of (NH,¢Mo0,0, - 4H,O
(Baker, Analyzed Reagent) was dissolved
in distilled water, and this solution was
used to saturate the dried Al,Os to incipient
wetness. The impregnated samples were al-
lowed to sit at 25°C for 3 h before subse-
quent calcination at 500°C for 4 h. The sam-
ples were then impregnated with nickel
nitrate, dried at 120°C, and calcined in air at
500°C for 16 h. These samples contained
nominal concentrations of 15 wt% MoO; 0—
7 wt% NiO, and 7.5 wt% MoO; with 0—-4
wt% NiO. Designations for the catalysts
will be (0-7%)NiO-15%Mo0s/Al,0; and
(0~-4%)NiO-7.4%Mo00;/Al,O;. Data in the
figures will be plotted using concentrations
of Ni and Mo determined by atomic absorp-
tion.

Spectral acquisition. The air-calcined,
powdered catalysts were pressed into 13-
mm-diameter wafers. These wafered sam-
ples were attached to a rotary feedthrough
in a sample cell containing a quartz optical
flat. This cell could be evacuated, flushed
with selected gases, heated in a tubular fur-
nace, and positioned at the entrance optics
of the Raman spectrometer. Evacuation
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was facilitated with ultrahigh-vacuum,
stainless-steel hardware having a turbomo-
lecular pump as the primary pumping sta-
tion. No vacuum grease was present in this
system.

The cell permitted the environment of the
catalysts to be controlled before and during
spectral acquisition. Typically, a Raman
spectrum of an air-exposed catalyst was ob-
tained while the catalyst was in the cell.
The cell containing the sample was then
evacuated to ~107% mbar, backfilled with
1000 mbar of O, (Matheson, Research
Grade), and then heated at 500°C for 1 to 2
h. During this O, calcination, the sample
cell was evacuated and backfilled with O, at
least three times to ensure complete calci-
nation. For catalysts exposed to distilled,
deionized H,0O, the cell was evacuated to
10-¢ mbar and then backfilled to 10-25
mbar of H,O vapor while the sample was at
25°C.

The Raman spectra were recorded with
the use of a Spex Ramalog spectrometer
equipped with holographic gratings. A
Spectra Physics Model 165 argon-ion laser
was used to supply 45 mW at 514.5 nm to
the rotating sample. The spectral slit width
was maintained at 4 cm™! throughout the
experiments. Data handling was facilitated
by use of a Spex Datamate.

Ion scattering spectrometry (ISS) data
were obtained with a 3M Model 525 ISS/
SIMS spectrometer by averaging 128 indi-
vidual scans over a 5-min period. Isotopi-
cally pure “He (Monsanto Research Corp.)
was used as the primary beam gas. The
base pressure of the ISS/SIMS instrument
was 1.3 X 1072 mbar; spectra were acquired
at a “He pressure of 5 X 10~ mbar with
2 keV primary beam energy. The NiO-
MoOs/Al,O; were pressed into thin 12-mm-
diameter wafers; mounted on a retractable,
sealable probe; and placed in the ISS vac-
vum chamber for analysis of the as-pre-
pared samples. After data collection, the
samples were removed from the ISS vac-
uum chamber and placed in a tube furnace
for 500°C, O, calcination for 2 h. After cal-
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Fi1G. 1. Raman spectra of air-exposed (0~7%)NiO-
15%Mo00;/ALLO; 1 month after catalyst synthesis.

cination, the probe was sealed for transport
and insertion of the samples into the ISS
analysis position. With conclusion of this
O,-calcined sample analysis, the catalysts
were removed from the ISS chamber and
exposed to 15 mbar of H,O pressure for pe-
riods ranging from 2 h to 2 days. Again, the
same samples were analyzed by ISS for
comparison of elemental surface concentra-
tions of these O,-calcined, H,0-exposed
samples with the data from their previous
as-prepared or O;-calcined states. Different
sample wafers were analyzed up to five
times to ensure repeatability in elemental
ratios. In addition, a different spot, approx-
imately 1 mm in diameter, was selected on
the catalyst wafers for successive analyses
of the as-prepared, O,-calcined, and H,O-
exposed samples.

RESULTS

Raman spectra of (0-7%)NiO-15%
Mo0;/Al,O5 catalysts, obtained while the
catalysts were exposed to atmospheric con-
ditions and within 1 month of sample
preparation, are shown in Fig. 1. The spec-
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tra of (0-4%)NiO-7.5%Mo0;/Al,0; were
qualitatively similar to those in Fig. 1.
These types of spectra have been shown
previously (1, 2) and are presented to facili-
tate an ease of comparison with spectra of
the same catalysts after in situ O, calcina-
tion, as shown in Fig. 2. Differences be-
tween the spectral characteristics in Figs. 1
and 2 include a decrease in relative inten-
sity of bands at 210 and 350 cm™! after O,
calcination, and a shifting of the band at ca.
950 cm™! (Fig. 1) to 1007 cm™! after O, cal-
cination (Fig. 2). An increase in the NiO
concentration does not change significantly
the positions or relative intensities of bands
at 210 and 350 cm~! for either the air-ex-
posed or O,-calcined catalysts.

To investigate spectral changes that oc-
cur with long-term atmospheric exposure of
the catalysts, Raman spectra were obtained
after the (0-7%)NiO-15%Mo0s/Al,0;
samples had been exposed to atmospheric
conditions for 1 month and for 1 year. The
regions 700-1100 cm™! of these spectra are
shown in Figs. 3 and 4, respectively. After
1 month of air exposure, the frequency of
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Fi1c. 2. Raman spectra of 500°C, O,-calcined (0—
7%)Ni0O-15%Mo0;/AL,05.



SPECTROSCOPY OF NiO-MoO;/ALO; CATALYSTS

nNIO-I5 MoO3 /AI203; Fresh, | month after prep

INTENSITY

J
1100

A d
900 950

) L
1100 700

-
900 950
A WAVENUMBER, cm™!

1
700

Fi1G. 3. Raman spectra of air-exposed (0-7%)NiO-
15%M00,/AL,0; 1 month after catalyst synthesis.

the most intense peak varies from 963 to
949 cm~!. The position of this band after 1
year of air exposure to the samples is ap-
proximately constant at 951 cm~!, indepen-

n NiO-15 Mo03/A1203; In oir one year
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dent of NiO concentration. In addition to
the differences in position of the most in-
tense peak, the intensity and shape of the
shoulder near 900 cm™! are significantly dif-
ferent in Figs. 3 and 4.

The Raman spectra of the region 700
to 1100 cm™! of 500°C, O,-calcined (0-
7%)NiO-15%Mo00:/Al,0; samples are
shown in Fig. 5. As shown in Fig. 6, the
ratio of the integrated area (intensity) of the
band at 1007 cm™! to the integrated area
(intensity) of the shoulder in the region 850
to 950 cm~! [1(1000)/1(900)] decreases with
increasing NiO concentration. However,
the position of the 1007-cm™! band is inde-
pendent of the NiO concentration (Fig. 5).
Distinct from this independence of band po-
sition upon NiO concentration is the con-
tinual shifting of the 1007-cm~! band to
lower frequencies with small, incremental
dosing of H,O. Exposure of the O,-calcined
catalysts to 15 Torr H,O for 20 min causes
the disappearance of the 1007-cm~! band
and the reappearance of an intense peak at
950 cm~!. The spectra of these H,O-ex-
posed samples consist of band positions
and intensities similar to those for the 1
year, air-exposed samples in Fig. 4. Re-
peated O,-calcined, H,O-exposure experi-
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F1G. 4. Raman spectra of air-exposed (0-7%)NiO-
15%Mo00,/Al,0, 1 year after catalyst synthesis.
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Fic. 5. Raman spectra of 500°C O,-calcined (0-
7%)NiO-15%Mo00,/ Al,0;.
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Fi1G. 6. The integrated intensity of the 1000-cm™!
band, 1(1000), ratioed to the integrated intensity of the
band in the region 850 to 950 cm~!, I(900), as a func-
tion of NiO concentration for 500°C O,-calcined cata-
lysts. (@) (0-49%)NiO-7.5%Mo0;/Al,0;; (B) (0-
7%)N10—15%M003/A1203 .

ments on the same sample or on different
samples with constant NiO concentrations
show reversibility in band positions and in-
tensities. In all cases, the exposure of O,-
calcined catalysts to H,O restores the in-
tensities of the 210- and 350-cm™! bands to
those shown in Fig. 1. .

The same type of band reversibility, be-
tween 950 and 1004 cm~!, during O,-calci-
nation and H,0-exposure experiments was
found for the (0-4%)NiO-7.5%MoQs/
AlLO; samples. In addition, the intensity ra-
tio I1(1000)/1(900) decreases with increasing
NiO concentration, as shown in Fig. 6. The
Ni/Mo atomic ratio at which the slopes in
Fig. 6 change occurs at approximately 0.3
for the (0-7%)NiO-15%MoQ; samples and
at approximately 0.4 for the (0—4%)NiO-
7.5%Mo00; samples.

Figure 7 shows ISS data of Mo/Al inten-
sity ratios as a function of NiO concentra-
tions that were obtained during 5 min of “He
bombardment. An estimate of the sputter
rate is 0.05 nm/min, determined from ISS
experiments of Mo coatings on Co sub-
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strates. These data show that the Mo/Al
ratio is nearly independent of the NiO con-
centration. However, the Mo/Al intensity
ratios are sensitive to the treatment re-
ceived by the catalysts before data acquisi-
tion. In particular, the data for O,-calcined
samples have Mo/Al ratios nearly 50%
larger than the data for as-prepared or H,O-
exposed samples. These ratios are depen-
dent on the total time of He sputtering be-
fore and during data collection. For
example, the Mo/Al ratio decreases rapidly
with sputter time, decreasing by as much as
40% in 10 min of sputter. The Ni/Al ratio
increases linearly with increasing NiO con-
centration; this linearity is independent of
the “He sputter time, whereas the absolute
values of Ni/Al at a constant NiO concen-
tration generally decrease with longer sput-
ter periods.

DISCUSSION

The Raman spectral results in Figs. 1
through 5 show, as previously discussed
(9-11), that shifts in frequency of the
Mo==0 stretching vibration cannot be in-
terpreted unambiguously to be the result of
different degrees of aggregation or symme-
try of the surface molybdate when spectra
are obtained with samples exposed to the
atmosphere. Instead, the interaction of
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F1G. 7. The Mo/ Al intensity ratios from ISS experi-
ments on 1-year air-exposed catalysts (O), on 500°C
O-calcined samples (@), and on Oy-calcined samples
after H,O exposure (). (0-7%)NiO-15%MoQ;/
AlLO;.
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H,0 with the surface molybdate controls
the frequency of the Mo=0 stretching vi-
bration when data are obtained on air-ex-
posed catalysts; and as indicated from in-
spection of Figs. 1 and 2, H,O controls the
relative intensity of the bands in the region
200 to 350 cm~!. Possibly, the interaction of
H,0 with the surface molybdate induces a
weakening of the molybdenum-oxygen
force constants or changes the coordination
number of the molybdenum.

The increased Mo/Al intensity ratios af-
ter O, calcination in Fig. 7 are related to an
increase in the observability of the Mo and/
or a decrease in the observability of the Al.
Such changes in observability could be
caused by a redispersion of the Mo over
the Al,O; during O, calcination. However,
this type of mechanism should not produce
decreased Mo/Al intensities after H,O ex-
posure at 25°C, nor is it expected to pro-
duce a 60-cm™! shift in the Raman Mo=0
vibrational frequency. Additionally, the Mo
in these samples is highly dispersed upon
catalyst preparation, as is evidenced by the
absence of Raman and XRD spectral char-
acteristics of crystalline MoQ;, NiMoOq,
AlL(MoO,);, or NiAl,O,. The relative sensi-
tivity of Raman spectroscopy to observe
crystalline MoO,;, AbMo0O,, and the sur-
face molybdate species is approximately
100:5:1 (19). Hence, these data indicate
that the changes in Mo/Al ISS data during
O, calcination and H,O exposure are not
related to Mo or Al observability as a result
of redispersion of the Mo.

Physical shielding of surface atoms by
adsorbed species is a well-known phenome-
non in surface-sensitive experimentation
(20). Such obscuration of Mo will occur in
the case of a H-bonded H,O on the surface
molybdate but will not occur in the case of
hydrolysis of Mo~O-Al bonds. Instead,
hydrolysis of Mo—-O-Al bonds may cause
physical shielding of Al by the formation of
Al-OH species and thereby cause Mo/Al
intensity changes opposite to the change
observed, i.e., an increased Mo/Al inten-
sity ratio after H;O exposure and a de-
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creased Mo/ Al intensity ratio after O, calci-
nation. Similarly, a tetrahedral-to-octahe-
dral transformation as a result of H,O expo-
sure may increase the observability of Mo
by ISS techniques (20). Howeyver, the pres-
ence of H,O complicates such an interpre-
tation. In the case of ReO4/Al,03, a system
described as containing only tetrahedral
ReQOy species (12), the effect of H,O on the
position of the Raman Re=Q vibrational
modes is the same as H,O on the Mo=0
vibrational modes. Thus, in the present in-
vestigation, the interaction of H,O by H-
bonding/proton donation with the terminal
oxygen of the surface molybdate could pro-
duce the spectral effects observed in the
Raman and ISS data, whereas the effect of
coordination expansion cannot be defined
unambiguously, and the effect of hydrolysis
of Mo-O-Al bonds would produce changes
opposite those that are observed.

The trend of a more intense vibrational
mode near 950 cm~! and a correspondingly
less intense mode near 1000 cm~! with ei-
ther H,O addition to the calcined catalysts
or Ni incorporation may imply that the net
effect of H,O on the Mo=0 stretching vi-
bration is similar to that of Ni. However,
the shift in the Mo=0 stretching vibra-
tional frequency with H,O addition is con-
tinuous, i.e., any band position between ca.
1000 cm~! and ca. 950 cm~! can be obtained
by fractional doses of H,O. The change
caused by Ni incorporation is abrupt, i.e.,
band intensity at 1000 or near 950 cm™! is
affected by Ni. Hence, the effect of Ni on
the Raman spectroscopic characteristics of
the Mo==0 stretching vibrations is dramati-
cally different from the effect of H,O. This
difference implies that the interaction
mechanism and/or the site of interaction of
Ni with the Mo=0 units is distinct from
that of H,O with the Mo=0 units. For ex-
ample, the effect of H,O on the Mo=0 vi-
brations could be the result of long-range
interactions, as previously discussed for
WO4/ALO; (10), while the effect of Ni on
the Mo==0 vibrations could be the result of
short-range interactions.
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The capability to distinguish between
such long-range and short-range interac-
tions is dependent on the ability of Raman
scattering to detect molecular vibrations
having active modes within unique struc-
tural entities. In distinction from the Raman
effect, detection of Mo by ISS provides in-
formation on the ‘‘average’ observability
of Mo over the entire surface. Still, the ISS
data in Fig. 7 show that the addition of H,O
to the catalysts affects differently the Mo
observability compared to the addition of
Ni. According to the geometric model pro-
posed by Kasztelan et al. (16) and the
results of Bachelier et al. (17, 18), the mo-
lybdenum in sulfided Mo/Al,Q; is contained
in small islands. The size of these islands is
dependent on the Mo loading with approxi-
mately 17 atoms/island with a 7.5% MoO;
loading. Such a model of the surface molyb-
date may have application in explaining the
Raman and ISS data in the present investi-
gation. For example, such islands contain
crosslinked Mo—O~-Mo structure when mo-
lybdena concentrations are above 5 wt%
(20, 21). In addition, the interaction of the
Mo with the surface of the Al,O; produces
heterogeneous Mo-0O-Al bonding ener-
gies; as a consequence of this heterogene-
ity, the Mo-O stretching vibrations in the
Mo-0-Al units could cover a broad range.
The Mo-O stretching frequency in Mo—O-
Mo bonds would be expected to occur in
the same frequency region (700 to 900 cm™")
as Mo-0 stretching frequencies for Mo~-O-
Al bonds. As aresult, a very broad band, as
is observed in the region 800 to 900 cm~! in
Figs. 1 to 5, would be expected. Addition of
H,0 and its subsequent interaction with ox-
ygen in the surface molybdate of the
calcined samples may not appreciably af-
fect the force constants of these Mo—O-Mo
or Mo-O-Al vibrational modes. In this
case, the broad band in the region 800 to
900 cm~! would not shift during O, calcina-
tion—-H,0 exposure cycles; such indepen-
dency is experimentally observed. This
suggests that the Mo—O-Mo or Mo-0-Al
bonds act as passive conduits for the long-
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range rearrangement of charge density
within the terminal Mo=0 bonds during O,
calcination-H,0 exposure cycles. At low
concentrations of Mo, these terminal
Mo=0 bonds would be associated with
monomer and dimer molybdena species
(21). As the Mo loading increases, and con-
sequently as the size of the molybdena is-
lands increases (/6), the terminal Mo=0
bonds may be associated with the edge of
the molybdena islands. Such edge sites,
consisting of unsaturated Mo (16), are more
reactive than those Mo within the basal
plane of the molybdena island.

The plots of the Raman intensity ratio
[1(1000)/1(900)] versus Ni/Mo atomic ratio
in Fig. 6 contain slope changes at Ni/Mo =
0.3 for (0-7%)NiO-15%Mo0/ Al;O; and at
Ni/Mo = 0.4 for (0-4%)NiO-7.5MoOs/
AlLO;. In the region Ni/Mo > 0.4, the
slopes of the lines are less than one fourth
of the slopes of the lines when Ni/Mo =
0.4. This change in slope suggests that
when Ni/Mo = 0.4, the amount of Ni inter-
acting directly with the terminal Mo=0
bonds is less per added amount of Ni than
when Ni/Mo =< 0.4. The ability to obtain
significant information from these plots
concerning the incorporation of Ni is a con-
sequence of minimal perturbation to the
Mo-0-Mo and/or Mo—0-Al vibrations by
Ni or by H,0. Hence, the data in Fig. 6
compare intensities of highly interacting
Mo=0O bonds with stable Mo-O-Mo
bridging bonds or with stable Mo--0O-Al
support-anchoring bonds. In relation to
such an interpretation, the (0-4%)NiO-
7.5%M00;/Al,0; samples would be ex-
pected to contain fewer bridging and sup-
port-anchoring oxygen bonds relative to
terminal oxygen in a molybdena island (16,
20, 21). In addition, the molybdena would
cover less of the support in samples of
lower concentrations of MoQOj;. Therefore,
the intensity ratio, 7(1000)/1(900), for (0-
4%)Ni0-7.5%Mo00;/ Al,0; should be larger
than the intensity ratio for (0-7%)NiO-
15%M00/Al,05. The values of Ni/Mo at
which the slopes of the intensity plots
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change for these two catalyst series are in
close agreement with those valtues at which
a maximum promotional effect of Ni is
found for thiophene desulfurization using
Ni-Mo/ALO; (17, 18).

Although the catalysts investigated
herein are not in their sulfided state, the
surface structure in the oxide form of these
catalysts is expected to control the surface
speciation in their sulfided state (22, 23). If
s0, the Ni that interacts directly with the
terminal Mo=0 bonds of the surface mo-
lybdate may be located at the edge of mo-
lybdena islands for these catalysts that con-
tain a MoQO; concentration greater than 7
wt%. If these catalysts were sulfided, the
location of the catalytically active species
may be NiMoS at the edge of MoS, islands
(17, 18), similar to catalyst speciation in
Mo/ A.1203 and Co-Mo/ A1203 (24—26)

CONCLUSIONS

It has been shown that Raman vibrational
spectroscopy can be used to detect Ni-Mo
interactions when proper precautions are
taken to ensure discernment between the
effects of adsorbates, such as H,O, and the
effects of Ni incorporation. The ISS and
Raman data on NiO-MoO;/Al,O; pointto a
direct interaction of Ni with Mo==0 units
at the edge of molybdena islands. Such a
location would be favorable for the forma-
tion of edge Ni—-Mo-S sites that form dur-
ing catalyst sulfidation and that possess
high catalytic activity. In addition, the ef-
fects of H,O interacting with NiO-MoQ,/
ALOj; are the same as the effects of H,O
interacting with MoQO;/AlL,O; and WO,/
Al O;.
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