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Reduction of CoMo0O, and NiMoOQy: in situ time-resolved
XRD studies
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One method frequently employed for the preparation of active oxide catalysts consists of partial reduction under hydrogen at elevated
temperatures. In this process, it is important to identify well-defined suboxides that can have high catalytic activity and are stable at the
elevated temperatures typical of many catalytic reactions. Our results for the reaction of H, with a-NiMoO, and $-CoMoQO, show that
in situ time-resolved X-ray diffraction is a powerful technique to study the reduction/activation of mixed-metal oxides. It is clearly shown
that the mechanism for the reduction of a mixed-metal oxide catalyst can exhibit drastic changes with respect to that observed for simple
metal oxide catalysts. The generation of stable suboxides is difficult to predict. Thus, the reaction of H, with a-NiMoO, does not lead to
formation of a well-ordered NiMoO, intermediate. On the other hand, during the reduction of 3-CoMo0Q,, Co,Mo03;0g and/or CoMo00O;
are formed. These chemical transformations are accompanied by changes in the line shape and position of the Mo Ljj-edge in XANES
and affect the behavior of reduced NiMoO, and CoMoOy catalysts. Induction times were detected in the reduction process of CoMo0O,.
From the present results and data previously reported for NiO, it is clear that this phenomenon should be taken into consideration when

aiming at the activation of oxide catalysts via reduction in H,.
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1. Introduction

Metal oxides are used as catalysts in a large variety of
industrial processes that involve the activation or conver-
sion of hydrocarbons [1,2]. In most cases, pure stoichio-
metric oxides do not exhibit high catalytic activity [2].
One method frequently employed for the preparation of
active oxide catalysts consists of reduction under
hydrogen at elevated temperatures [2,3]. In this respect,
it is important to develop techniques for in situ character-
ization since different kinetic models have been proposed
for the reduction of oxides [2,3] and, in general, the
molecular or atomic steps in the reduction process are
poorly understood [2,4]. Recently, time-resolved X-ray
diffraction (XRD) has been used to study the reduction
of MoOj [5] and NiO [6] in situ under atmospheric
pressures. The combination of the high intensity of
synchrotron radiation with new data-collection devices
makes it possible to conduct subminute, time-resolved
XRD experiments under a wide variety of temperature
and pressure conditions (—190°C < T > 900°C;
P < 45atm) [7]. For the reaction of H, with MoO; and
NiO, time-resolved XRD has shown the existence of
well-defined intermediates (suboxides) and allowed the
identification of key steps in the reduction process [5,6].
Substantial differences have been found in the reaction
mechanisms for the reduction of MoO; and NiO [5,6].
They highlight the need for systematic studies on this
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type of chemical transformation. An important open
question is how a mixed-metal oxide will behave at
different stages of the reduction/activation process
[2,3,8,9]. In principle, the presence of two metals in the
system can lead to the formation of novel suboxides
during the reduction which could have a superior perfor-
mance in catalytic applications [1,2]. In this work, we
investigate the reduction of CoMo00O, and NiMoO, with
H, using in situ time-resolved XRD and X-ray absorption
near-edge spectroscopy (XANES).

Cobalt and nickel molybdates (AMo0QO,, A = Co or Ni)
are important components of commercial catalysts for the
partial oxidation of hydrocarbons [1,8] and precursors in
the synthesis of hydrodesulfurization (HDS) catalysts [9].
The AMoO, compounds are ideal for exploring possible
correlations among the structural, electronic and chemical
properties of mixed-metal oxide catalysts [9—12], a subject
that is receiving a lot of attention [8,9,13,14]. In general,
these molybdates can be seen as the product of adding
CoO or NiO to Mo0O;, but here we observe a distinctive
behavior during the reduction of CoMoQO, or NiMoOy,.
Our results show that in situ time-resolved X-ray
diffraction is a powerful technique for monitoring the
reduction/activation of mixed-metal oxide catalysts.

2. Experimental

a-NiMoO, and -CoMoO, were prepared by heating
the corresponding AMoO,-nH,O hydrates as described
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in the literature [9]. High-purity (>99.9%) powders of
NiO, CoO and MoO; were acquired from commercial
sources. The time-resolved XRD data were collected on
beam line X7B of the National Synchrotron Light
Source (NSLS) [7]. Samples of the molybdates were
loaded in an open sapphire capillary attached to a
flow-reaction cell similar to those described in refs.
[16,17]. The capillary was connected to 1/16in. Swagelok
style fittings with Vespel ferrules. A 0.010in. chromel-
alumel thermocouple was inserted straight into the
capillary near the oxide sample [16]. The oxide sample
was heated using a small resistance heater wrapped
around the capillary. Diffraction patterns (A = 0.9276
or 0.9034 A) were recorded at temperatures in the
range 200-900 °C under a 5% H,-95% He gas mixture
(flow rate ~15-20 cm®/min) using a MAR345 detector.
The typical time required for collecting an individual
diffraction pattern was in the range of 1-3min. The
powder rings were integrated using the FIT2D code
[18]. Rietveld refinements were performed with the
program GSAS [19].

The Mo Ljj-edge XANES spectra were recorded at
the NSLS on beam line X19A in the “fluorescence-
yield mode™ using a modified Stern—Heald—Lytle cell.
The energy resolution was ~0.5¢eV. In these experiments
the oxide samples were exposed to a 5% H,—95% He gas
current at several temperatures, followed by evacuation
of the gas and sealing of the reaction cell before taking
the XANES data at ~25°C.

3. Results and discussion

We will begin by examining XRD results for the
reduction in H, of simple oxides (CoO, NiO and
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MoO;), before dealing with the reduction of a-
NiMoO, and 8-CoMoQ,. Figure 1(a) shows a series of
diffraction patterns obtained during the temperature-
programmed reduction of a MoO; powder. The XRD
data were recorded while the temperature was ramped
from 25 to 725°C at a rate of 5.8 °C/min. Figure 1(b)
shows the intensities of the indicated XRD signals of
several Mo oxides as a function of sample temperature.
Our results are in good agreement with those previously
reported in refs. [5,10]. The onset for the reduction of
MoOs is observed near 400 °C, and Mo,O;; and MoO,
are produced as intermediates before metallic molybde-
num appears at very high temperature [10]. By 600 °C,
Mo,0,; is the dominant species in the sample. The
formation of Mo,4O; as a suboxide during the reduction
of MoOj; has been found in other works [5,20,21]. In fact,
a large series of different Mo,O, suboxides exists
between MoO; and MoO, [21b,c], due to the flexibility
of the basic structure of MoO; that makes possible the
formation of so-called shear planes by rearrangement
of the MoOg octahedra from corner-linked to edge-
linked after ordered arrays of oxygen vacancies are
removed [21d]. However, such shear structures are not
thermodynamically stable under usual TPR conditions
[21e] and so are rather difficult to detect. Thus, under
more severe reduction conditions (>40vol% hydrogen)
no accumulation of Mo,O;; was seen (i.e.,
MOO3 — M002 — MO)

Time-resolved XRD data for the reduction of NiO are
displayed in figure 2. In this case, the oxide — metal
transformation occurs at temperatures (<450 °C) much
lower than those seen for MoOs;, a trend which is also
observed in experiments of H,-TPR that use a different
heating rate [6,10]. In the case of NiO, the XRD results
show a direct NiO — Ni transformation and no suboxide
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Figure 1. (a) Time-resolved X-ray diffraction patterns (A = 0.9276 A) acquired during the heating (5.8 °C/min) of a MoOs powder from 25 to 725 °C under a
flow of 5% H,-95% He. Q is in inverse nanometer units. (b) Integrated intensity (normalized to the individual maxima) for diffraction lines of MoO;,
Mo,40;, and MoO, as a function of sample temperature. The solid curves are for guiding the eye.
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Figure 2 (a) Time-resolved X-ray diffraction patterns (A = 0.9034 A) acquired during the heating (5.8 °C/min) of a NiO powder from 25 to 725 °C under a
flow of 5% H,-95% He. (b) Integrated intensity for diffraction lines of NiO and Ni as a function of sample temperature.

(NiO,) is accumulated as an intermediate. An identical
fact was observed when the reduction of NiO was
performed under isothermal conditions at temperatures
in the range 270—300°C. This observation (absence of
a NiO, suboxide) is consistent with results of XANES/
EXAFS measurements for the H,/NiO system [6].
When CoO was reduced under the same experimental
conditions as figure 2, a complete CoO — Co transfor-
mation occurred between 200 and 400 °C, again without
accumulation of an intermediate. In the case of MoOs,
the existence of several oxidation states for the cations
(+6 to 0), the open and flexible structure of the trioxide,
and the slow rate of reduction, all favor the generation of
suboxides during the reduction process. On the other
hand, no suboxide between MoO, and metallic Mo has
been confirmed [5,21¢].

It is important to examine the reduction of a-
NiMoOQy, since this mixed-metal oxide in essence is a
combination of NiO and MoO;. In the a-NiMoOy
compound the Ni and Mo atoms are in an octahedral
coordination [11] as in NiO and MoOj. There are some
differences in the Ni-O and Mo-O bond lengths [11],
but the oxidation states of the metal atoms in the
mixed-metal oxide are essentially Ni(+2) and Mo(+6)
as in the pure oxides [11,22]. The behavior of a-
NiMoO, during reduction is interesting since several
compounds of the AMoO, type that have a content of
oxygen smaller than in an AMoQO, oxide are known
[10,23,24]. Figure 3 shows time-resolved XRD data for
the reaction of a-NiMoO, with hydrogen. Near 350 °C
the diffraction lines for the «-NiMoO, compound
begin to disappear without the appearance of new lines
for Ni,Mo0;0Og or NiMoO, species in general [10,23,24].
At 500 °C a diffraction pattern is observed which could

be approximately fitted by a combination of NizMo,
Ni and NiO [25]. However, a much better fit is obtained
by an unreported compound with tetragonal lattice
(a=5.065A and b =6.800A). Additional reduction
leads to the appearance of diffraction lines for metallic
Mo and Ni above 600 °C. During the reduction process
intense features developed at low order in 26 (<5°, not
shown) suggesting the formation of nanoparticles.
Experiments were also carried out for the isothermal
reduction of @-NiMoQO, as shown in figure 4. Again,
no well-defined NiMoO,. intermediate or suboxide was
detected. The Ni atoms in «a-NiMoQO, facilitate the
reduction process with respect to MoO; (compare
reaction temperatures in figures 1(b) and 3(b)), and this
transformation is probably too fast for allowing the
generation of an ordered NiMoO, suboxide. Similarly,
for the heating of heavily reduced a-NiMoO, in O,,
the full reoxidation and formation of NiMoO, occurs
near 400°C without the appearance of an ordered
NiMoO, intermediate [26].

The isothermal data in figure 4 allow a more detailed
study of the reduction kinetics of @-NiMoO, than the
temperature ramp in figure 3. For a temperature of
325°C, the reduction rate is relatively slow and no full
conversion of NiMoO, is seen after 500 min under
hydrogen. In general, the line shape of the intensity
versus time curves near =0 does not point to an
autocatalytic process [2]. Such a behavior is consistent
with a reduction process that follows the so-called
“contracting-sphere model” [2]. According to this
model the reduction process involves the rapid formation
of a uniform layer of reduced oxide around the sample.
The thickness of this reduced layer grows uniformly,
resulting in a spherical core of oxide that shrinks with
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Figure 3. (a) Time-resolved X-ray diffraction patterns (A = 0.9034 A) recorded during the heating (5.8 °C/min) of a a-NiMoO, powder from 25 to 725 °C
under a flow of 5% H,-95% He. The intermediate phase is denoted as “I”. (b) Integrated intensity for diffraction lines of a-NiMoOy, “I”’, and Mo as a

function of sample temperature.

time [2]. The rate of reaction is dominated by the
diffusion of ions and reductant across the interface
between the oxide and the reduced layer [2].

XANES has proven to be very useful for monitoring
the reduction of MoO; [5] and NiO [6]. Usually, the
technique is sensitive to changes in the oxidation state
of transition metal atoms [27]. Figure 5 shows Mo Ly;-
edge XANES spectra for the reduction of a-NiMoOQ,.
After exposure of «-NiMoO, to hydrogen up to
600 °C, one sees a substantial change in the line shape
of the Mo Ljj-edge XANES spectrum. However, most
of the molybdenum features still appear at photon
energies very different from those seen for metallic Mo,
which is consistent with the fact that the dominant
molybdenum species in the sample at this reduction

stage is amorphous MoQO, [9,10,25]. Further hydrogen
exposure to 725 °C produces a shift in the Mo Ljj-edge
features toward the position of the corresponding
metallic Mo features. At this point, the system probably
contains a mixture of Mo and a Ni/Mo alloy plus a
minor amount of MoO, instead of «a-NiMoOy, as
shown by XRD studies (see figure 3).

In 5-CoMo0Qy,, Co is in an octahedral environment,
whereas Mo is in a pseudo-tetrahedral (or highly
distorted octahedral) coordination [11,12,24,26]. For
the reduction of 3-CoMoQy, the experiments of time-
resolved XRD showed the presence of well-ordered
oxide intermediates. Figure 6(a) displays diffraction
patterns acquired during the heating of 3-CoMoQO, in
a 5% H,—-95% He stream. Near 500 °C the diffraction
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Figure 4. (a) Time-resolved XRD data (A = 0.9034 /0\) for the isothermal reduction of a-NiMoO, at 400 °C. The intermediate phase is denoted as “I”. (b)
Change of integrated intensity for the isothermal reduction of @-NiMoOQy,, (022) line, at different temperatures as a function of time. The traces connecting

the points in the graph are drawn to guide the eye.
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Figure 5. Mo Ly;-edge XANES data for the reduction of a-NiMoO,. The sample was heated to the indicated temperatures, and the spectra recorded after
exposure of the sample to a 5% H,-95% He mixture.

lines for 5-CoMoO, disappear and a completely different
diffraction pattern appears that contains lines for
Co,Mo03;04 [24b] or CoMoO; [28] and CoO [29]. It
should be pointed out that CoMoO; [28] has similar
cell dimensions to Co,Mo03;0Og [24b] and it is difficult to
distinguish them when using X-ray powder diffraction.
For the reaction of 8-CoMoOQO, with H,, the relative
amount of CoMoO; and Co,Mo0;04 formed depended
on the heating rate. The formation of Co,Mo03;0g/
CoMoO; as a suboxide during the reduction of (-
CoMoO, was more dominant when the reaction was
carried out under isothermal conditions (for example,
see figure 7). The reduction of 3-CoMoO, occurred at
lower temperatures than the reduction of MoOj;, but
higher than the reduction of a-NiMoO,. This trend
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suggests that the relatively rapid reduction of a-
NiMoO, probably prevents the formation of an ordered
NiMoO, intermediate. We also investigated the
reduction of the 3 phase of NiMoO,. Experiments of
H,-TPR indicate that in this system the consumption
of hydrogen occurs at a lower temperature than in a-
NiMoO, [9,10], and the fast reduction of the oxide
once again results in no production of a NiMoO,
suboxide in time-resolved XRD.

Figure 7a displays time-resolved XRD data for the
reduction of 3-CoMoO, under isothermal conditions.
Clearly, there is an induction period for the reduction
of the oxide. In all cases, the reaction is initially slow,
and then the reduction rate accelerates in a way con-
sistent with an autocatalytic process. The magnitude of
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Figure 6. (a) Time-resolved X-ray diffraction patterns (A = 0.9034 A) acquired during the heating (5.8 °C/min) of a 3-CoMoQ, powder from 25 to 725°C
under a flow of 5% H,-95% He. (b) Integrated intensity for 5-CoMoO, and Co,Mo;0;4 (or CoM003) diffraction lines as a function of sample temperature.



108 J.A. Rodriguez et al. | Reduction of CoMoO, and NiMoO,

CoMo0,(002)

(a)

1.2
1 [ J
J Eah’? --8--530°C
z 0.8 - —a— 540 °C |...
g " ‘. o
£ \ e —+—555°C
.= L 3
T 06 %
N \ vl
= iy
[
§ 0.4 % .
z \ y .
0.2 X u, T
. \ b B
[ ]
. im..

Time (min)

(b)

Figure 7. (a) Time-resolved XRD data for the isothermal reduction of 3-CoMo00O, measured at 530 °C. (b) Change of intensity for CoM004(002) as a func-
tion of time for different temperatures. The solid curves are for guiding the eye.

the induction time decreases when the temperature of
the sample increases. Depending on the preparation of
the sample (i.e., amount of defect sites), an induction
time has also been observed for the reduction of NiO
[6]. Different kinetic models have been proposed to
explain this phenomenon [2,3,6]. It could be associated
with the production of sites on the oxide surface with a
high efficiency for the adsorption and dissociation of
H, [6,30,31]. The removal of oxygen from the bulk or
the nucleation of the metal phase probably become
rate-limiting factors when a substantial amount of H is
available on the oxide surface. The data in figures 4
and 7 show different kinetics for the reduction of
the mixed-metal oxides. The surface area of the
a-NiMoO, sample, 38m’>g ! [9], was almost double
that of the 3-CoMoQ, sample, 20m”g~' [9]. Thus, it
is likely that the amount of defects and imperfections
in the a-NiMoO, system was larger than in the
B-CoMoO, system [9], making possible the direct
reduction of the nickel molybdate without the need
for an induction time. Large concentrations of
defect sites suppress the need for an induction time in
NiO [6].

The results described above point to large variations
in the reduction pathways for NiO, CoO, MoOs;,
NiMoO, and CoMoOQ,. The behavior seen during the
reduction of the mixed-metal oxides is not the product
of adding trends found for the monometallic oxides
(NiO +MoO; or CoO + MoQO;). In particular, the
generation of stable suboxides is difficult to predict.
Thus, it is really necessary to monitor the evolution of
the sample in situ when a mixed-metal oxide catalyst is
activated by reduction in H,. Time-resolved XRD can
be utilized to accomplish this task.

Cobalt and nickel molybdates are used as catalysts in
the transformation of hydrocarbons [1,2,8] and precursors
in the synthesis of HDS catalysts [9]. Our results indicate

that well-defined suboxides can be expected after acti-
vating CoMoQOy, in H,. This is not the case for NiMoO,.
For the preparation of active HDS catalysts, CoMoO,
and NiMoO, are pretreated in mixtures of H,/H,S,
molybdate + H,/H,S — metal sulfide + water, with the
hydrogen helping in the removal of the oxygen from the
oxides [9]. The sulfidation of these mixed-metal oxides is
faster than for MoO; [9,10]. This difference can originate
in the fact that it is easier to remove oxygen from
CoMoO, or NiMoO, than from MoOs;, as seen by
comparing figures 1 and 3 or 6. Also, the existence of
Co and Ni cations in the mixed-metal oxides, adsorption
sites which have special electronic properties with respect
to Mo cations [11,26], could facilitate interactions with H,
and H,S. The reaction of H, with NiMoO, produces an
amorphous system (figure 3) that upon full sulfidation
gives disordered NiMoS, catalysts [32] with very high
activity for HDS reactions [9,32].

4. Conclusions

In situ time-resolved XRD is a useful technique to
study the reduction (or activation) of mixed-metal oxide
catalysts. It allows the identification of intermediates
and products and can be employed to monitor the kinetics
of the reduction process. The XRD results discussed
above clearly show that the mechanism for the reduction
of a mixed-metal oxide catalyst can exhibit drastic
changes with respect to those observed for the corre-
sponding single-metal oxide catalysts. The generation of
stable suboxides is difficult to predict. Thus, the reaction
of H, with a-NiMoO, or 3-NiMoO, does not lead to
formation of a well-ordered NiMoO, intermediate. On
the other hand, during the reduction of §-CoMoQ,,
Co,Mo0;04 and/or CoMo0Oj; are formed. These chemical
transformations are accompanied by changes in the line
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shape and position of the Mo Ljj-edge in XANES. Induc-
tion times were detected in the reduction process of -
CoMoQO,. From the present results, and data previously
reported for NiO [6], it is clear that this phenomenon
should be taken into consideration when aiming at the
activation of oxide catalysts via reduction in H,.
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