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ABSTRACT: Developing new methods of catalyst preparation is one of the most
important tasks in the field of catalysis. A simple one-tube vapor deposition (VD)

Vapor deposition
outperformed impregnation

is provided in this paper for preparing the supported Ni catalyst. Ni(acac), was 02+ C:2Hs
used as the Ni precursor. This preparation method was successfully applied to . /
. . - 3 ] T

three types of catalytic supports, that is, Al,O; and zeolites SA and Hf. Varying Ni S
contents of less than 8 wt % can be obtained by employing different conditions. S

. . . S " R S
The Ni content, depending on different deposition conditions, was preliminarily S CoHa+
explored. The catalytic performance for oxidative dehydrogenation of ethane ALOs, 5A or H B Supported COx + H20

(ODHE) was tested for the prepared Ni catalysts by the VD method. Several cases

particles

Ni catalysts

of catalytic tests showed that for the same Ni content, the VD-prepared Ni catalyst
presented better performance for ODHE than the one prepared by a traditional impregnation method. Besides the improvement in
catalytic performance, several advantages of our VD preparation method for catalysis are discussed.

1. INTRODUCTION

Nickel-based catalysts, especially in the form of supported
nickel catalysts, are widely used in the process of hydro-
genation,l’2 methane reforming,3’4 hydrogenated cracking,s_7
and oxidative dehydrogenation (ODH) of lower alkanes in
general® ™ and of ethane (ODHE) in particular.®™"'
Developing a new preparation method for supported Ni
catalysts could have potential significance in the following
aspects. It may lead to cost saving for catalyst preparation on
the one hand and lead to improvement in catalytic perform-
ance for certain reactions on the other hand. From a
fundamental research point of view, it provides a new tool
for a researcher to tune the status of the nickel component on
the surface of the catalytic support.

Solution-based methods** like wetness impregnation,
precipitation, sol—gel, and ion-exchange are common methods
to prepare supported Ni catalysts. For example, Nieto and co-
workers'* used two different synthetic methods to synthesize
Al O;-supported nickel oxide catalysts to elucidate the
chemical properties of NiO catalysts for oxidative dehydrogen-
ation of ethane. (1) Oxalic acid was added to NiO/Al,O,
system as an organic additive. (2) Nb** was introduced as a
dopant in the preparation of Al,O; support. He and co-
workers” used the ligand unsaturated AI’* center on
mesoporous AL, Oy as a defect to induce Ni** anchoring on
the surface of AlL,O; under alkaline conditions. Mesoporous
AlL,O; undergoes structural reconstruction under alkaline
induction, prompting Ni to form a small, uniform dispersion
on the surface of Al,O;.
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Compared to the solution-based methods, vapor deposition
(VD)-based methods™ were used far less often for Ni catalysts.
As a consequence, the catalytic properties of VD-based Ni
catalysts are poorly understood. Ni(CO), was found to be a
convenient precursor for the preparation of the Ni film with
VD as early as 1890, and these films were active hydrogenation
catalysts.””*® Derouane et al.”” prepared supported Ni catalysts
by bringing the Ni(CO), vapor to several catalytic supports.
However, metal carbonyl compounds are highly toxic and
explosive, which limits the application of this method. Lindblad
et al.’® reported an atomic layer epitaxy (ALE) method for
growing Ni particles on the AL,O; support using Ni(acac),
(acac = acetalacetonate) as the Ni precursor. The whole setup
was somewhat complicated, which contained three chambers
storing different solid/liquid/gas reactants. The vaporized
Ni(acac), was brought to the Al,O; support at a low pressure
by the carrier gas. From the first ALE cycle, the atomic level of
nickel dispersion was obtained; however, this catalyst did not
present activity of toluene hydrogenation. More ALE cycles led
to an increase of Ni content and the size of the Ni cluster,
improving the catalytic activity. Medlin and co-workers®" have
reported the atomic layer deposition (ALD) preparation of
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Figure 1. (a) Experimental device for preparing supported Ni catalysts by a one-tube VD method. The right side of the quartz tube was sealed by a
two-way on/off valve. (b) Proposed combined device of catalyst preparation and catalytic reaction processes based on the device shown in (a).

AL Oj-supported Ni catalyst using H, and Ni(cp), as the
precursors. The ALD-formed Ni component had a higher
dispersion than that on the wetness impregnation catalysts.
The ALD catalyst gave an obvious improvement in the
selectivity to propylene hydrogenolysis instead of propylene
hydrogenation compared with the impregnation catalyst.
However, as is known, the cost of preparation for ALD/ALE
is quite high.

Taghavi et al.’* used the evaporation impregnation method
to impregnate Ni on the H-Beta support. First, the Ni
precursor was dissolved in distilled water in the flask, and the
H-Beta support was added to the solution. It was impregnated
in a rotary evaporator, a water jet vacuum pump was used to
evaporate the aqueous solution in a rotating steam, and finally,
the obtained catalyst powder was dried and calcined. Although
this method has the characteristics of VD, it still cannot avoid
the treatment of waste liquid in the preparation.

In a previous work,®> we had used a simple one-tube VD
method for preparing Al,Oj-supported Fe catalysts (VD-Fe/
Al,0,). Fe(cp), was used as the Fe precursor for deposition,
and N, was used as the carrier gas. VD-Fe/Al,O; gave a much
better catalytic performance for ODHE compared to the Fe/
ALO; catalyst prepared by wetness impregnation (IMP-Fe/
ALO;). The catalytic performances were compared on the
basis of the conversions of ethane [X(C,Hy)], the conversion
of oxygen [X(0,)], and the yield of ethylene [Y(C,H,)]. The
results from the catalyst characterization showed a higher
dispersion of the Fe components on VD-Fe/Al,O; than on
IMP-Fe/ALO;.

However, as is known, Fe-based catalysts are usually not
good ones for ODHE, especially the selectivities to ethylene
[S(C,H,)] are always not high.lz’34 Compared with supported
Fe-based catalysts, supported Ni-based catalysts always present
desirably high S(C,H,) for ODHE reations."~'*'*~*' On the
other hand, the catalytic performance of a certain catalyst

highly depends on the method of preparation. Therefore, in
this context, two interesting questions are open. The first is
whether the simple one-tube VD method is suitable for use in
preparing supported Ni catalysts. The second is whether this
VD method can lead to an improved catalytic performance for
ODHE compared to the solution-based method such as
traditional wetness impregnation (IMP). To answer these two
questions in this work, we employed a one-tube VD method to
prepared supported Ni catalysts using Al,O;, zeolite SA, and
zeolite Hp as supports and using nickel acetylacetonate
[Ni(acac),] as the Ni precursor. Then, the Ni loading,
depending on the preparation conditions, was examined. The
catalytic performances of the supported Ni catalysts were
compared with the VD and IMP methods.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. 2.1.1. Preparation of the
Catalytic Supports. In order to verify the universality of our
one-tube VD preparation method, three kinds of catalytic
supports were prepared before the VD process. These three
were Al,O;, zeolite SA, and zeolite HS.

In a typical preparation of the AL,O; support,” 200 g of
Al(OH); powder (>97.0 wt %, Henghui Chemicals Co. Ltd.,
Yantai), 6.0 g of sesbania powder (biomass-derived macro-
molecular compound mixture with an average molecular
weight of ~200,000, served as glue and template for pores in
the shaped Al,O;, Henghui Chemicals), 9.2 g of HNO,
(analytical purity with HNO; wt % = 65%, Aladdin Reagents
Company, Shanghai) solution, and 140 g of deionized water
were uniformly mixed. Then, the mixture was extruded into
strips with a 15 mm diameter by an extruding machine. The
obtained strips were dried in air at room temperature for 24 h
and then at 120 °C for another 24 h. The dried strips were
calcined in air at 500 °C for 4 h to form y-Al,O;, simply Al,O;
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in this paper. Then, the Al,Oj; strips were ground into 20—40
mesh particles.

The zeolite SA (Si/Al ratio = 2.4) support was bought from
Nankai Catalyst Company (Tianjing) and was ground into
20—40 mesh particles.

The zeolite Hf (Si/Al ratio = 12) support was prepared by
an ion-exchange process, followed by a shaping process.
Zeolite Hf powder (Nankai Catalyst Company) of 6 g and
200 mL of 0.4 mol/L NH/NO; (>98.5 wt %, Aladdin
Reagents Company) solution were mixed. The slurry mixture
was stirred at 80 °C for 6 h. The slurry was filtered, and the
obtained powder was washed with a large amount of water.
Then, the powder was dried in air at 110 °C for 4 h and
calcined at 450 °C for 4 h. The obtained powder was further
mixed with the AI(OH); powder (w/w = 9/1). The shaping
process, including extruding and grinding, was the same as that
for the Al,O; support.

2.1.2. Preparation of Supported Ni Catalysts by VD.
Figure la shows the homemade device for the one-tube VD
preparation of supported Ni catalysts. This device was a revised
version of the one used previously for the Fe catalyst.”” In a
typical preparation, 1.0 g of a certain catalytic support (see
Section 2.1.1) was fixed in the middle of a quartz tube with two
pieces of copper mesh (60 mesh). A certain amount of
Ni(acac), (Aladdin Reagents Company) was placed on one
side of the support with a center distance of ~5 cm. The mass
of Ni(acac), is denoted as . hereafter. A vacuum pump was
connected to the quartz tube on the other side of the support
via a buffer tank. The pressure of the quartz tube was
monitored by a pressure meter. This quartz tube was
horizontally placed into a tubular furnace equipped with a
temperature controller. The thermocouple of this controller
monitored the temperature of the Ni(acac), pile. The pressure
in the tube was kept lower than 1 kPa, and the temperature of
Ni(acac), was kept at a value in the range of 200—300 °C (this
value is denoted as Tp,) for 1 h.

The deposition procedure can be performed more than once
to increase the Ni content on the catalyst. The number of
operations is denoted as # in this paper. After the deposition
procedure, the Ni-deposited catalytic support was moved to a
muffle oven and calcined in the atmospheric air at 600 °C for 4
h for further use. A temperature increase rate of 10 K/min was
set before the muffle oven, and the target calcination
temperature was 600 °C. The catalyst prepared with the
above-described procedure was denoted as VD-Ni/support,
where “support” is one of Al,O;, SA, or HB.

2.1.3. Preparation of Supported Ni Catalysts by Wetness
Impregnation. After a certain supported Ni catalyst was
prepared by the VD method, the Ni content of this catalyst was
measured (vide infra). According to the measured Ni content
of the prepared VD-Ni catalysts, a traditional equal-volume
wetness impregnation method was also used to prepare
supported Ni catalysts®® (denoted as IMP-Ni catalysts). The
impregnating solution was aqueous Ni(NO;), solution, and
the concentration of this solution was controlled in order to
obtain the same Ni content as a certain VD-Ni catalyst. The
same calcination process used for preparation of the VD-Ni
catalysts was applied when preparing the IMP-Ni catalysts.

2.2. Catalyst Characterization. A known amount (~0.1
g) of Ni catalyst was dissolved in a hot solution containing 2
mL of HCIO, (wt % = 70—72%, Aladdin Reagents Company),
6 mL of HNO; (wt % = 65%), and 2 mL of HF (wt % = 40%,
Aladdin Reagents Company). The amount of Ni in the

solution was measured by a classical method of ultraviolet—
visible spectroscopy.”’ Dimethylglyoxime was used as the
chromogenic agent for Ni** in the solution. The UV—vis
absorbance was measured with an incident light of 465 nm on
a SPECORD-205 (Jena, Germany) spectrometer.

The X-ray diffraction (XRD) patterns of the prepared
catalysts were recorded by an X’pert PRO MPD diffractometer
(PANalytical Company, Netherlands) with Cu—K radiation
(40 kV, 40 mA) at a speed of S K/min.

The thermogravimetric (TG) curve of Ni(acac), was
recorded by a WCT-2D thermogravimeter (Beijing Manufac-
tory of Optical Devices) in air with a temperature increasing
rate of 10 K/min from room temperature.

2.3. Catalytic Performance Test of the Supported Ni
Catalysts for ODHE. Catalytic ODHE was carried out in a
tubular quartz fixed-bed reactor (i.d. of ~10 mm) operating at
atmospheric pressure. The as-prepared Ni catalyst was further
sieved to the 420-t0-840 pm particles, and such a catalyst of
0.5 g was diluted with 1 g of inert quartz particles having the
same size range. The mixed particles were packed in a fixed-
bed reactor. The reactant feed flow was a mixture of 11.0 sccm
C,Hg, 7.3 sccm O,, 62.3 sccm He, and 4.6 sccm N, (O,, N,,
He, and C,H4 were bought from Tianyuan Gas Co., Qingdao.
O,, N,, and He had a purity of >99.99%, and C,Hy had a
purity of >99.7%). The temperature of the center of the
catalyst bed was controlled by a temperature controller. After
the temperature reached an interested value, it was kept at this
value for 1 h. The product flow was analyzed by an online gas
chromatograph equipped with a thermal conductivity detector
for the analysis of O,, N,, CO, and CO, and a flame ionization
detector for the analysis of gas hydrocarbon compounds. The
carbon balance was 95—100%. The catalytic performance of a
supported Ni catalyst for ODHE was calculated by the
following equations:

Conversion of C,H,, X(C,H)

=1 - [MF(Csz)/MF(CzHe)o] (1)
Conversion of 0,, X(0,) = 1 — [MF(0,)/MF(O,),]
2)
Selectivity to C,H,, S(C,H,)
= MF(C,H,)/[MF(C,Hy), — MF(C,Hy)] (3)
and Yield of C,H,, Y(C,H,) = S(C,H,)-X(C,Hy)
(4)

where “MF( )” and “MF( ),” represent the molar fraction of a
certain substance in the product flow and in the reactant flow,
respectively.

3. RESULTS AND DISCUSSION

3.1. Catalyst Preparation by the VD Method.
3.1.1. Effect of Deposition Temperature on Ni Content.
Figure 2 shows the Ni content of the VD-Ni/Al,O; catalysts
prepared at different Ty values under the conditions of m,,. =
1.0 gand n = 1 (see parameter definition in Section 2.1.2). The
Ni content has a maximum loading of ~7% at 240 °C. The
existence of a maximum can be accounted for the
decomposition of Ni(acac), occurring at the temperature
higher than 240 °C. For example, when T4 was 240 °C, almost
all of the original Ni(acac), pile disappeared because of
thermal vaporization; however, when T; was 280 °C, a

https://doi.org/10.1021/acsomega.3c04000
ACS Omega 2023, 8, 3373733744


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Ni content / wt.%

200 220 240 260 280
Deposition temperature/°C
Figure 2. Dependence of Ni content (in wt %) on the deposition

temperature (Tp) for the prepared VD-Ni/ALO; catalysts. Other
conditions: number of deposition times of 1 and mass of Ni(acac), of

lg

noticeable portion of the Ni(acac), pile stayed and appeared
sintered. At T4 lower than 200 °C, the color of Al,O; particles
was not quite uniform, showing that the distribution of the
deposited Ni precursor was not uniform.

In our previous study,33 a maximum Fe content was also
observed when preparing Fe/Al,O; catalyst through VD using
Fe(cp), as the Fe precursor. In that case, Fe(cp), was brought
to AlL,O; particles through both thermal evaporation and
carrier gas flow. Further characterization showed that Fe(cp),
resided on the surface of Al,O; mostly through physical instead
of chemical adsorption, which accounted for the maximum. It
had been shown in the literature that Ni(acac), interacts with
the Al,O; surface more favorably via physical adsorption.*
However, there was no carrier gas flow when Ni catalysts were
prepared in this work. In order to better understand the
deposition process, the TG curve of Ni(acac), was measured,
which is presented in Figure 3. A slight weight loss starting at

ol TN

Weight/mg

ca. 80.

0 100 200 300 400 500 600 700

Temperature/ °C

Figure 3. Thermogravimetric curve of Ni(acac),.

~100 °C was due to the loss of residue water. The weight loss
in the range of 200—300 °C can be due to both physical
evaporation and chemical decomposition of Ni(acac),.”® The
weight loss starting at ~380 °C can be due to a further
chemical decomposition of the compound form from the
previous decomposition of Ni(acac),. There was no observable
weight loss after ~530 °C, which supports our selection of a
calcination temperature of 600 °C.

In general, according to the classic Clausius—Clapeyron
equation, the saturated vapor pressure of a solid or liquid
substance increases exponentially with —1/T, where T is the
temperature of this substance. Therefore, during the course of
the deposition process, the increasing T4 was advantageous for
increasing the vapor pressure of Ni(acac),, which favored the
Ni content on the catalyst, and was also advantageous for the
chemical decomposition of Ni(acac), before deposition, which
disfavored the Ni content.

3.1.2. Effect of the Type of Catalytic Support on the Ni
Content. Figure 4a shows that the vapor-deposited Ni content
varied with the type of catalytic support, which followed the
order AL,O; > Hf} > SA at the conditions of Tp = 1, m,,. = 1.0
g, and n = 1. This variation may be accounted for different pore
sizes in these catalytic supports, which influenced the diffusion
behavior of the Ni precursor. All these supports are porous
materials. Al,O; has pores with the size ~7 nm according to a
previous BET result.”® Zeolite HB has ordered 1D subnan-
ometer pores of ~0.6 nm.” Zeolite SA has a faujasite-type
structure containing three different types of cages at the
subnanometer scale.”

As is known, the catalytic performance may be largely
influenced by the catalytic support for a certain supported
catalyst. Obviously the success of Ni catalyst preparation on
different supports broadens the application of our one-tube VD
method. During our exploration, it was found that the particle
size of the catalytic support was the key for the successful
preparation. For example, for the Hp support, it was mixed
with a small portion of Al,O; and shaped to be 20—40 mesh
particles. When the original Hf powder was used instead, no
noticeable Ni content was observed after the VD process.

3.1.3. Effect of the Number of Deposition Times on the Ni
Content. Figure 4b shows that an increase of the number of
deposition times (n) led to an increased Ni content. The Ni
content introduced by the second-time deposition was
obviously less than that introduced by the first-time deposition.
This also reflected that for the first-time deposition, most of
the deposited Ni(acac), existed on the surface of the support
through physical adsorption, and a small portion changed its
chemical status to be a nonvolatile Ni component. For the
second-time deposition, the physically adsorbed Ni precursor
can leave the surface of Al,O; and a new Ni precursor
deposited on the surface at the same time.

It can be anticipated reasonably that catalysts with a larger
Ni content can be obtained by the one-tube VD method with
more deposition times (larger n). However, in the following
study of catalytic performance test for ODHE, it was found
that the VD-Ni catalysts did not present better performance
than the IMP-Ni catalysts when the Ni content was larger than
6%. Therefore, the VD-Ni catalysts prepared with n > 2 were
not used in this work.

3.2. XRD Measurement. Figure S presents the XRD
patterns of several supported Ni catalysts prepared by the VD
and IMP methods. The selected Ni catalysts were the ones
which would be used to perform catalytic reaction tests later
(in Section 3.3). These XRD data show that the prepared Ni
catalysts with both methods did not have observable features
other than the catalytic supports themselves. This phenomen-
on implicated that the Ni component on the prepared Ni
catalysts existed in small particles with the size of several
nanometers or smaller since typically particles with the size
larger than S nm can usually be observed with XRD.

https://doi.org/10.1021/acsomega.3c04000
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Figure 4. Dependence of Ni content (in wt %) on the (a) type of catalytic support for the supported VD-Ni catalysts and (b) number of deposition
times for the VD-Ni/Al, O, catalysts. Other conditions: (a) number of deposition time = 1, mass of Ni(acac), = 1 g, and deposition temperature =
240 °C; (b) mass of Ni(acac), = 1 g and deposition temperature = 240 °C.

From the commonsense of the catalytic chemistry, the high
dispersion of the active metal component is one of the keys for
a supported metal catalyst to present good catalytic perform-
ance. Therefore, the above XRD results intrigued us to
compare the catalytic performance of the VD-Ni catalysts with
that of the IMP-Ni ones.

3.3. Catalytic Performance of the VD-Ni and IMP-Ni
Catalysts for ODHE. The success in the one-tube VD
preparation of supported Ni catalysts on different supports
intrigued us to explore the catalytic performances of these
catalysts. A noticeable amount of reports in the literature in the
recent years" ' show that Ni-based catalysts are usually able
to present desirable catalytic performance for ODHE.
Therefore, comparisons between the VD- and IMP-Ni catalysts
with different supports were done by testing their catalytic
performance for ODHE.

Figure 6 presents the results for the catalytic test of the VD-
and IMP-prepared Ni/Al,O; catalysts with the same Ni
content of 4.1% (prepared with Tp, = 240 °C, My = 0.5 g, and
n = 1). The catalytic performances of these two catalysts are
quite comparable to each other. The conversion of the two
reactants, X(C,Hg) and X(O,), were slightly higher from the
VD-Ni/AlLO; catalyst than those from the IMP-Ni/Al,O; one
at both temperatures. Although the former presented a slight
lower selectivity to C,H, [S(C,H,)] than the latter, the former
still presented a slightly higher yield of C,H,. These trends
were also observed for the VD-Fe/Al,O; and IMP-Fe/Al, O,
catalysts in our previous study,” although the Fe catalysts had
much lower S(C,H,) than the Ni ones.

When the SA zeolite was used as the catalytic support, the
catalytic performance of the VD-Ni/SA catalyst (prepared with
Tp = 240 °C, m,,, = 1 g and n = 1) was noticeably better than
the IMP-Ni/SA one. Figure 7 presents the results for the
catalytic test of the VD- and IMP-prepared Ni/SA catalysts
with the same Ni content of 1.9%. For example, when the
reaction temperature was 510 °C (Figure 7a), X(O,) was
improved by more than 8%, and S(C,H,) was improved by
~15%. When the temperature was increased to 600 °C, the
improvements of the X(O,) and S(C,H,) values were
decreased. However, the VD-Ni/SA still had a noticeably
higher S(C,H,) and Y(C,H,) by 8.4 and 2.1%, respectively.

The above two comparison cases reinforced that S(C,H,)
usually increases with the temperature for the Ni-based

catalysts.' "> Severe coking was observed on the VD-Ni/Hp
catalyst (prepared with Tp, = 240 °C, m,,, = 0.5 gand n = 1) at
temperatures higher than 500 °C. The coking process can be
mainly due to the complete consumption of O, in the reaction
system (since the reaction feed was C,Hg rich and formation of
CO, consumed a large portion of O,) and partly due to the
high acidity of the Hf zeolite."” At a lower temperature of 475
°C, the VD-Ni/Hf} catalyst also presented higher X(C,Hy),
X(0,), S(C,H,), and Y(C,H,) values than the IMP-Ni/Hf
catalyst (see Figure 8).

The catalytic performance for ODHE, especially the C,H,
selectivity, may be closely related to the explicit dispersion of
the Ni component in a subnanometer-to-several nanometer
scale.”> In the present stage, it still requires further explicit
characterization on the Ni dispersion to gain a deeper
understanding of the underlying reason for the better catalytic
performance presented by the VD-Ni catalysts than that by the
IMP-Ni ones. However, such an investigation is out of the
scope of this paper. The results in this paper reinforce that the
development of a new method for catalyst preparation can
result in a good chance to improve the catalytic performance of
important reactions in the chemical industry. It would be of
great interest to further discover the catalytic properties of the
VD-Ni catalysts prepared in this paper.

Further Discussion about the Advantage of the One-
Tube VD Preparation Method. Section 3.3 has demon-
strated that the VD-Ni catalysts can provide improved catalytic
performance for ODHE compared with the IMP-Ni ones.
Besides this advantage, the one-tube VD preparation method
provided in this paper has several other advantages as follows.

First, compared to the traditional solution-based method,
such as impregnation, our VD method is a solution-free one.
As-supported Ni catalysts are widely used in the chemical
industry; a solution-free method may avoid preparing huge
amounts of solution and disposal of waste liquid, which is of
large economic significance from an industrial application
point of view.

Second, our VD method is potentially appropriate for large-
scale production. Inspection of Figure 1 for the preparation
device shows that each unit of this device is a commonly used
one, and the whole set up is suitable for ma§niﬁcation. It is
known that ALE/ALD-based methods’”®" require very
expensive setup. In contrast, our method is obviously cheaper.
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Figure S. X-ray diffraction patterns of the supported Ni catalysts.
Catalytic supports are (a) Al,O5, (b) zeolite SA, and (c) zeolite Hp.
The XRD patterns of the undeposited catalytic supports are also
shown for comparison.

Third, our VD method for preparing supported Ni catalyst
does not need carrier gas or reacting gas compared with the
ALE/ALD-based methods. The only two starting materials are
Ni(acac), and a certain type of catalytic support. This makes
our method greener and more competitive since there is no
exhaust gas issue.

Fourth, from the aspect of catalytic application, if one aims
at using the prepared Ni catalysts for catalytic reactions like
ODHE in special and selective conversion of light alkanes in
general, another advantage for the new preparation method
can be found. This advantage is that it is technically feasible to
combine the catalyst preparation process with a catalytic
reaction with one device. The “combined device” can be
obtained by making two changes from the device shown in
Figure 1a, which is shown in Figure 1b. The first change is to
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Figure 6. Comparison between the catalytic performances for the
ODHE given by the VD-Ni/Al,O; and IMP-Ni/ALOj catalysts. See
details for the catalytic test in Section 2.3. The Ni content was 4.1%.
Reactant flow: 11.0 sccm C,Hy, 7.3 scem O,, 62.3 sccm He, and 4.6
sccm N,. Reaction temperature: (a) 510 °C and (b) 600 °C.

add a three-way valve to the left side of the quartz tube for
switching between the buffer tank for catalyst preparation and
the feed of the reactant mixture for the catalytic reaction. The
second change is to connect to the two-way valve at the right
side of the quartz tube with a product collecting system or a
GC to analyze the product mixture. The proposed combined
device may help one save the device cost on the one hand and
also save the operation cost on the other hand.

4. CONCLUSIONS

Recalling the two open questions raised in the introduction
section, one can see that the significance of this work is two-
fold. First, we provide a simple one-tube VD method for the
preparation of supported Ni catalyst with Ni(acac), as the Ni
precursor. This preparation method was successful to apply to
different types of supports (AL O;, zeolite SA, and zeolite Hf).
The varying Ni content less than 8 wt % can be obtained by
using different deposition conditions. The Ni content depend-
ing on different deposition conditions was preliminarily
explored. Second, three cases are shown where a VD-prepared
Ni catalyst presented better catalytic performance for ODHE
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45 1% than the IMP-prepared one having the same Ni content. Based
on this result, several advantages of our preparation method for
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