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Amorphous alloys, since first being used as catalyst by
Smith [1] in 1980, have found many applications in
the field of catalysis due to their special characteristics:
short-term order and long-term disorder. Among them,
Ni-B amorphous alloy prepared by chemical reduction
method exhibits more advantages than others owing
to its convenient preparation and unique selectivity in
many hydrogenation processes [2—10], not to mention
its relatively lower cost corresponding to the cost of pre-
cious metals, which are usually used as hydrogenation
catalysts. In addition, compared with Raney Ni, an-
other conventional hydrogenation catalyst, almost no
pollutant is released during the preparation of Ni—B
amorphous alloy [2]. However, both the activity and
the thermal stability of Ni-B amorphous alloy have
to be enhanced in order to find applications in indus-
tries [7]. In our previous works [9, 10], we found that
the thermal stability of the catalyst was not enhanced
despite the increase in the activities with La and Ce ad-
ditions. In the present paper, a series of Mo-doped Ni—B
amorphous alloy catalysts were prepared by the method
of potassium borohydride (KBH,) reduction and eval-
uated in the reaction of 2-ethylanthraquinone (EAQ)
hydrogenation. This reaction was mainly used to pro-
duce hydrogen peroxide through anthraquinone route
[11]. The promoting effects of Mo on both the catalytic
activity and the thermal stability of the amorphous al-
loy were studied based on the catalysts evaluation and
the analyses, using Differential Scanning Calorimeter
(DSC), X-ray Diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and so on.

The Ni—B amorphous alloy was prepared by the
usual method of KBHy reduction, detailed procedure
was shown in our previous reports [10]. The Mo-
doped Ni—B amorphous alloy was prepared by the
same procedure in which the calculated amounts of
(NH4)6Mo070,4-4H, 0 were added into the NiCl, aque-
ous solution. The heating treatment of the samples was
carried out at elevated temperatures (300 and 500 °C)
in ultrahigh purity H, flow for 2 hr.

The composition of catalysts was measured by an in-
ductively coupled plasma (ICP) instrument. DSC was
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conducted under pure nitrogen atmosphere on a SHI-
MADZU TA-50 system to study the effects of Mo
on the thermal stability of Ni-B amorphous alloy.
The amorphous and crystalline characters of the as-
prepared alloys were verified by XRD executed on a
Rigaku D/max-2500 powder diffractometer with Cu
Ko radiation (40 kV, 100 mA). XPS analysis was
carried out on a PHI 1600 ESCA system by using a
Mg Ko radiation (1253.6 eV) at a base pressure of
1 x107% Torr to study the surface elemental states
of the catalysts. Hy-chemisorption and H, temperature
programmed desorption (H,-TPD) were performed by
using a MICROMETRITICS ASAP 2910 instrument
so as to obtain the information of the H, adsorption
and desorption on the surface of the catalysts. All
catalysts were evaluated by the hydrogenation of 2-
ethylanthraquinone (EAQ), which was specifically de-
scribed in our previous work [10]. The catalyst activity
was expressed as the amount of hydrogen peroxide pro-
duced per gram catalyst per minute (gn,0, gc_a{ min~!).

The results of BET areas, compositions, and H,-
chemisorption of various catalysts are listed in Table .
In order to facilitate the following discussions, the com-
positions of B and Mo are expressed as atomic ratios
to Ni. In the case of BET area, it is increased with
the increase of the Mo contents, indicating Mo might
has a dispersing effect, resulting in higher BET areas.
With respect to the H,-chemisorption, the values first
increase and then decrease along with the increase of
the Mo contents. Theoretically, there are two factors
that influence the amounts of H, chemical adsorption
on Ni surface while discussing the effects of dopants:
structural effect and electronic effect [12]. XPS anal-
ysis demonstrates that there is no obvious difference
in the By and Nij,3,2 XPS spectra after Mo addition,
implying that the electronic effect of Mo on the ob-
tained catalysts could be neglected. Therefore, the main
factor affecting H, adsorption here is the structure ef-
fect of Mo dopant. With this consideration, the afore-
mentioned tendency about the H,-chemisorption indi-
cates that Mo might effectively disperse the catalysts,
presenting more surface Ni atoms, thus leading to more
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TABLE I The properties and activities of the obtained catalysts
EAQ hydrogenation activity

Sample? BET area (m? g_,}) H,-chemisorption (cm® g,1) (STP) (x10° gm0, gk min")
Ni;Bo.645 12.8 0.59 1.2

Ni;Bo.667Mo00 014 28.5 0.78 2.7

Ni;Bo.¢s5Mo0 0.020 42.1 1.31 3.7

Ni1B04735M0 0.025 48.4 2.45 6.9

Ni;Bo757Mo0 0.034 62.0 1.26 1.7

Ni;Bo.735Mo (025" 11.2 0.21 0.2

Ni;Bg.735 Mo 0025 4.1 0.1 0.1

2The numbers in this column denote the atomic ratios of B and Mo to Ni determined by ICP.

YThe sample treated at 573 K for 2 hr under H, flow.
¢The sample treated at 773 K for 2 hr under H; flow.
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Figure I Mosgs/2 XPS spectra of NijBg 735Mo 0.025.

hydrogen adsorbed. However, overmuch Mo species
might detrimentally cover some surface Ni atoms, re-
sulting in less hydrogen being adsorbed.

Fig. 1 shows the Mosgs,» XPS spectra of the
Ni;Bg.735Mo 025 amorphous alloy catalyst. The peak
of Mosgs/» electron-binding energy was found to be at
231.5 eV, indicating that Mo existed as Mo®" species
on the surface of the catalysts. This phenomenon was
observed by Chen et al. [13] during the preparation
of Mo-doped Co—B amorphous alloy which was at-
tributed by them to the fact that Mo®" species were not
reduced by KBH, during the preparation. However, the
real state of Mo dopant in the alloyed catalysts is still
unclear only with surface analysis because Mo is prone
to oxidation to Mo%*. This needs to be studied further
with other analyses.

Unacceptable thermal stability of Ni-B amorphous
alloy produced by chemical reduction is an important
factor restricting its industrial application. Thus, the ef-
fect of Mo on the thermal stability was studied first with
DSC instrument. Fig. 2 shows the DSC spectra of Ni-B
and Mo-doped Ni-B catalysts. For Ni;Bg g4s5 catalyst,
it is found that there are two exothermic peaks: one
around 320 °C and the other around 470 °C, indicating
two crystallization processes. According to other re-
port [14], the two exothermic peaks could be assigned
to the formation of NizB and Ni;B crystalline phases,
and the transformation of NizB and Ni,B crystalline
phases to Ni crystalline clusters. From the viewpoint
of amorphous alloy, the first peak might be suitable
to denote the thermal stability of the obtained samples
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Figure 2 DSC spectra of Mo-doped Ni-B amorphous alloy cata-
lysts: (a) NijBo.g45, (b) NijBo.667Mo0o.014, (¢) NijBo.685Mo00.020, (d)
Ni;Bo.735Mo00.025, (€) NijBg.757M0g.034-

because the amorphous structure disappears after that.
With the addition of Mo, it is found that the first peak
shifts to higher temperature, the second peak shifts to
lower temperature, and finally both of them overlap
with only one peak around 420 °C, indicating that the
crystallization processes of Ni—B amorphous alloy are
altered and the thermal stability of the amorphous al-
loy is strengthened. Walter [15] has reported that the
addition of some bigger atom in FeB amorphous alloy
results in higher crystallization temperature owing to
the structure effect of the dopant which prevents the
gathering of Fe atoms. Therefore, in the present work,
the reason also might be attributed to the structure ef-
fect of Mo, preventing the gathering of the Ni atom,
resulting in higher crystallization temperature.

In order to study further the effect of Mo on
thermal stability, XRD analyses of Ni;Bggs and
Ni;Bg.735Mo ¢ 025 catalysts with and without heat treat-
ment were carried out as shown in Fig. 3. Without the
heat treatment, it is found that for both of them there
is only one broad peak around 26 = 45°, characteris-
tic of a typical amorphous structure [16]. After heating
them at 300 °C for 2 hr, some peaks appear in the XRD
spectrum of Ni; By ¢45 catalyst, indicating the formation
of NizB and Ni,B crystalline phases [14], while only
some small Ni crystalline diffraction peaks appear in
the XRD spectrum of Ni;Bg735Mog 25, meaning that
the first crystallization process is altered and no Ni;B
and Ni,B crystalline phases are formed with the addi-
tion of the Mo. After heat treatment at 500 °C for about
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Figure3 XRD spectra of NijBg 45 and NijBg 735 Moy o5 treated at dif-
ferent temperatures: (a) NijBo.e45, (b) NijBg 735Mo00.025, (¢) NijBo.645
treated at 300 °C for 2 hr, (d) Ni; Bg.735Mo0g 025 treated at 300 °C for 2 hr,
(e) Ni; B g45 treated at 500 °C for 2 hr, (f) Ni; Bg 735 Mo (.25 treated at
500 °C for 2 hr.

2 hr, Ni crystalline diffraction peaks appear in the XRD
spectra of the two catalysts, meaning that the trans-
formation of NizB and Ni,B phases to Ni crystalline
phase occurs for Ni; By e45 catalyst. Additionally, with
the comparison of the two catalysts with and without
Mo addition, both treated at 500 °C for 2 hr, it is found
that the full-width at half-maximum (FWHM) of the
main diffraction peak of the later is smaller than that of
the former, according to the equation of SCHERRER,
indicating the crystalline grain size of the later is bigger
than that of the former. This phenomenon might be also
attributed to the dispersing effect of Mo, preventing the
gathering of the Ni atoms, resulting in small crystalline
grain size. Coupled with the analysis of DSC, it is
reasonable to infer that Mo dopant first prevents the
gathering of the Ni atoms, thus resulting in the shift of
the first peak in DSC spectra to higher temperature and
presenting smaller crystalline grain size observed in the
XRD spectra, and then, from the viewpoint of Physical
Chemistry Theory, the small crystalline grain size is
prone to atomic diffusion and growing up [15] than the
large one in that the second crystallization peak in DSC
spectra shift to lower temperature.

Fig. 4 shows the H,-TPD spectra of the Ni-B cata-
lysts with and without Mo dopant. It is found that under
lower Mo contents (atomic ratio of Mo to Ni < 0.025)
there are two peaks (« and B), indicating two adsorbing
sites, on the surface of the samples; while under higher
Mo contents (>0.025), only one peak (8’) exists on the
surface. With the increase of the Mo contents, the peak
« shifts to higher temperatures, while the peak g shifts
to lower temperatures; finally, the two peaks overlap
with only one peak B’ around 320 °C, implying that
the surface of Ni-B amorphous alloy becomes homo-
geneous with the addition of Mo, further clarifying the
existence of the dispersing effect of Mo.

Fig. 4 further shows that the total H,-TPD area first
increased and then decreased with the increase in the
Mo contents. The biggest total area of H,-TPD peaks
was obtained when Mo contents was 0.025, following
the same trend as the amounts of H,-chemisorption.
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Figure 4 H,-TPD spectra of the series of Mo-doped Ni—B amorphous
alloy: (a) NijBoe4s, (b) NijBo.s67Mop.014, (c) NijBo.6s85Mo00.020, (d)
Ni; Bo.735Moo.025, (€) NiiBo.757M00.034-

Thus, the H,-TPD results further indicate that Mo
species might disperse the surface active Ni atoms, re-
sulting in more hydrogen adsorbed. However, too much
Mo species might cover the surface Ni atoms, resulting
in less hydrogen being adsorbed.

The catalytic activities of the various catalysts in
the hydrogenation of EAQ are also given in Table I. It
is found that the activities of Ni-B amorphous alloys
catalysts are much higher than those of the crystallized
Ni;Bg735Mog 025 catalysts. The activity first increased
with the increase of Mo contents. As the atomic ratio of
Mo to Ni is 0.025, the activity reached the maximum,
6.9 x 1073 gu,0, gc_al min~!, which is higher than
that of Raney Ni, i.e., 3.7 x 1073 g0, got min~!
under the same reaction conditions [17]. However,
further increase of Mo contents led to the decrease
of the activity. This trend agreed with the results of
H,-TPD and H;,-chemisorption. The reaction kinetics
of 2-ethylanthraquinone hydrogenation catalyzed by
nickel catalysts had been determined to be first-order
to hydrogen and zero-order to 2-ethylanthraquinone
[18]. Thus, the main factor affected the catalytic
activity would be the amounts of hydrogen adsorption.
According to the earlier analysis, the higher activities
of Ni—B amorphous catalysts than those of the crys-
tallized samples might be attributed to, on one hand,
to more hydrogen being adsorbed and on the other,
the amorphous structure which has been proved to be
favorable for the reactions of hydrogenation [19, 20].
With respect to the effects of Mo dopant on the activity
of Ni-B amorphous alloy, it could be attributed to the
dispersing effect of Mo, leading to more surface active
Ni atoms; however, overmuch Mo might result in the
coverage of surface Ni atoms.

Additionally, according to our previous research
[17], the strong adsorbed hydrogen, desorbed around
300—400 °C in H,-TPD, might be suitable for the hy-
drogenation of 2-ethlyanthraquinone. Therefore, with
the Mo species addition, the shift of 8 desorption peak
to lower temperatures in the spectra of Hp-TPD imply
that the adsorbed hydrogen suitable to the hydrogena-
tion was further activated, which is of advantage to the
hydrogenation.

In summary, a series of Mo-doped Ni—B amorphous
catalysts were prepared by KBH4 reduction method,
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and evaluated in the hydrogenation of EAQ. The roles
of Mo dopant were found to be both strengthening the
thermal stability and increasing the activity of Ni—B
amorphous alloy used in 2-ethlyanthraquinone hydro-
genation. All these effects might be attributed to the
structural effects of Mo dopant, which improve the
thermal stability, effectively disperse the surface Ni
atoms, increase the amounts of hydrogen adsorbed and
thereby enhance the catalytic activity. However, over-
much Mo addition might detrimentally cover some of
the surface active Ni atoms, which eventually leads to
lower activity.
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