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Abstract

Ni—B alloy is a novel industrial catalyst famous for its high activity, low-cost, and strong sulfur resistance in hydrogenation
reactions. To get an insight into the special properties of Ni—B alloy catalyst, the adsorption of sulfyrBn(Mi = 1-4)
clusters has been studied with the density functional theory (DFT) method. The theoretical results show that the adsorbed
sulfur tends to be connected with boron, not with nickel in the Ni—-B alloy catalyst. This adsorption site prevents active nickel
from being poisoned by sulfur or even being oxidized in the practical catalytic processes. This provides a sound explanation
for the strong sulfur resistance of Ni—B alloy in the catalytic hydrogenation reactions. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction in industry by adopting catalysts that are less sensitive
to sulfur poisoning [1,7,9-11]. The former approach is
The effect of sulfur-containing molecules on the too complicated and costly to be practical in modern
surfaces of metals or oxides has received a lot of industry, and thus the second approach becomes the
attention recently [1-4]. This is partly motivated by major preference for catalytic chemists who are seek-
the very negative effects of sulfur on the environ- ing catalysts with high activity, low-cost, and strong
mental protection and the industrial operations [5,6]. sulfur resistibility.
In the industrial catalytic processes, the sulfur impu-  Since 1980s, the metal-metalloid alloy catalysts
rities rapidly deactivate or poison most metal/oxide have been extensively studied owing to their high
catalysts [7,8]. Two approaches are frequently fol- catalytic activity, sharp selectivity and strong sulfur
lowed to mitigate the negative effects of sulfur in the resistance in many liquid-phase hydrogenation reac-
chemical industry. The first approach is to remove as tions [12-15]. Among them, Ni-B and Ni-P alloy
much sulfur as possible from oil-derived feedstock catalysts are most thoroughly studied [15-31]. Many
using hydro-desulfurization catalysts and oxide sor- experimental results and some models have been re-
bents [6,8]. The second approach is to improve the ported to elucidate the promoting effect of the alloy-
sulfur tolerance of catalytic processes currently used ing metalloid (B or P) on the catalytic activity. Wang
et al. [27,28] reported that no significant decrease
* Corresponding author. Fax:86-21-6564-1740. in the catalytic activity of Ni-B/SiQ catalyst was
E-mail address: knfan@fudan.edu.cn (K.-N. Fan). observed after a hydrogenation reaction for 1000 h
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in the presence of 10 ppm of sulfur. In contrast, the
Ni/SiOy catalyst totally lost its activity within 24 h
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2. Computational techniquesand cluster modeling

in the same circumstance. The weakening was also Geometry optimization procedure was followed

observed for the Ni—-P/Sigcatalyst, and, even worse,
the Ni—P/SiQ catalyst lost its activity immediately
under the same reaction conditions, indicating its low
sulfur resistibility. The above report demonstrated that
Ni—B alloy catalyst has the superior sulfur resistibility.
Imanaka et al. [32] and Nitta et al. [33] studied the poi-
soning effect on nickel and nickel-boride catalyst by a
kinetic method, and reported that nickel-boride cata-
lyst has strong sulfur resistibility in the hydrogenation
reactions. The poisoning effect of carbon disulfide on
Ni/SiO2 or Ni-B/SiQ, catalyst also has been studied

to determine the minimum-energy structure. Other
properties were computed after the geometry had
been optimized. The geometry of B2 clusters
was fixed at the previous optimized geometry [34]
when the position of the adsorbed sulfur atom is opti-
mized.

All calculations were carried out by using the
Gaussian 98 program package [37] with a Hartree—
Fock (HF) and density functional theory (DFT)
hybrid method, which is formed from Becke's
three-parameter semi-empirical exchange function

in the past years. It have been concluded that sulfur (Becke3) [38] along with the Lee, Yang, and Parr cor-

interacts with nickel to form the surface or subsur-
face Ni.S,, which are inactive for the hydrogenation

reaction. In order to understand how sulfur affects the
structural, electronic, and chemical properties of Ni-B
alloy catalyst, based on our previous works of the local
structure of Ni—B alloy [34] which are quite in agree-

ment with the results of experiments [35,36], in the

present paper we will study the sulfur resistance mech-

anism of Ni-B alloy catalyst in the hydrogenation
reactions with a series of )B>S (m = 1-4) cluster
models.

relation function (LYP) [39,40]. The 18 core electron
of nickel and sulfur were replaced by a relativistic
effective core potential (RECP) generated by Hay and
Wadt [41-43]. A (3s 3p 4d) primitive Gaussian basis
set contracted to (2s 2p 2d) was used to represent
the valance shell of the nickel and sulfur atom. A (9s
5p/3s 2p) basic set was used for boron [44].

In the present study, the NiB>S cluster models rep-
resent the adsorption of the sulfur atom on the Ni-B
alloy catalyst. The reason why we choose the sulfur
atom instead of other complicated sulfur-containing

Two quantum chemistry methods were suggested molecules to be the adsorbent is that on one hand,
in the field of solid-state research, i.e. the band struc- the sulfur atom is the simplest sulfur poison and can
ture calculation and the cluster model calculation. For minimize the effect of surface metal atoms’ being
the metallic glasses, the crystal periodicity is not pre- considerably reconstructed by the adsorption atoms
served, and the local bonding is strengthened while or molecules, although the reconstruction of surface
the long-distance interaction is weakened. Thus it is will have less effect on the adsorption energy [45]
reasonable to study the metallic glasses with the clus-in catalytic reactions, and that on the other hand,
ter model calculations. A suitable structure model of Ni,,B, clusters have been proven to behave like the
metal glasses is the key step to obtain a reasonable redocal structure of Ni-B alloys quite well by Fang
sult, and it is necessary to understand the structure ofet al. [34]. In the Nj,B,S cluster models, there exist
the calculated object in order to model the solid-state two kinds of adsorption site: boron site and nickel
correctly. It seems impossible to construct a simple site. The models in Fig. 1 are constructed according
cluster to model the complete structure for the metal to the neutron diffraction findings that there ex-
glasses. The experimental data we have gotten aboutists boron—boron contact in the nickel-boron glass
metal glasses till now are statistically averaged. There- alloy.
fore, to understand the electronic properties of metal
glasses in detail, the practical way is to choose a model
that could correctly elucidate experimental facts. In the
present paper, we adopt severa},Bp models, which
will provide the results in agreement with the exper-
imental data of Ni-B alloy and the sulfur resistance  First, we optimize the adsorption site of the sulfur
mechanism of Ni-B alloy in hydrogenation reactions. atom on the Nj,B> clusters. The optimized geometry

3. Results and discussion
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(a)

(c)

Fig. 1. Ni»B2S models: (a) NiBS; (b) NiB2S: (c) NiB2S; (d) NigB2S.

of Ni,,B2S clusters, Mulliken population analyses of sulfur atom and nickel atortry; + rs = 2.287 A),
and other calculation results are listed in Tables 1-4. whereas the bond distance of S-B (1.8292A for
As shown in Table 1, the bond distance of Ni-S NisB,S and 1.7673 A for NiB,S) is shorter than the
(2.5617 A for NiB,S and 2.3532A for NjB,S) is summation of the covalent radii of sulfur atom and
much longer than the summation of the covalent radii boron atom(rs + rg = 1.972A). It is known that

Table 1
The optimized geometry of WNB2S (m = 3—4) clusters (bond length: A)
Rs-s(1) Rss(2) Rs—i(1) Rs—i2) Rs—i(3) Rs—i4)
NiB,S 1.9353 1.9353 3.4420
NizB2S 2.3167 2.3167 2.6763 2.6763
Ni3B2S 1.7673 3.4997 2.3532 3.6728 3.2935
NigB2S 1.8292 3.2863 2.5617 3.6079 2.5617 3.6079
NiS 2.0501

Ni2S 2.1172 2.1172
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Table 2
The atomic charges of \NB»S (m = 1-4) clusters
S B(1) B(2) Ni(1) Ni(2) Ni(3) Ni(4)
NiB>S 0.021 0.010 0.010 —0.042
Ni2B>S —-0.197 0.244 0.244 —0.146 —0.146
Ni3B2S —0.090 0.199 0.174 —0.128 —0.065 —0.089
NisB2S —0.145 0.279 0.071 —0.057 —0.045 —0.057 —0.045
NiS —-0.163 0.163
Ni>S -0.074 0.037
Table 3 ; _
The atomic charges of B2S (m = 1-4) are

The atom overlap population of NB>S (m = 3-4) and Nj, B>
[34] clusters

NizB2S NizB> [34] NisBoS NigB> [34]
Ni(1)-Ni(2) —0.121 0.0257 0.020 -0.1008
Ni(1)-Ni(3) —0.005 0.0257 —0.195 —0.0465
Ni(1)-Ni(4) —0.017
Ni(2)-Ni(3) 0.059 -0.2081 —0.017
Ni(2)-Ni(4) —0.170
Ni(3)-Ni(4) 0.020
B(1)-B(2) —0.157 —0.091 —0.0465
B(1)-Ni(1) 0.057 0.2141 0.036 0.1487
B(1)-Ni(2) 0.059 0.2407 0.099
B(1)—-Ni(3) 0.152 0.2141 0.036
B(1)-Ni(4) 0.099
B(2)—Ni(1) 0.295 0.2141 0.199
B(2)—-Ni(2) 0.188 0.2407 0.198
B(2)—Ni(3) 0.223 0.2141 0.199
B(2)—-Ni(4) 0.198
S—Ni(1) 0.205 0.149
S—Ni(2) —0.008 —0.007
S—Ni(3) 0.014 0.149
S—Ni(4) —0.007
S-B(1) 0.362 0.266
S-B(2) —0.019 —0.031

the interaction between two atoms is stronger as its
bond length is shorter. Sulfur atom prefers to combine
with boron rather than with nickel in the modeling
environment.

Table 4
The binding energy of NiB>S (m = 3-4 clusters model
(kcal/mol)

Full optimized Near B site Near Ni site
Ni3B,S 141.8 126.2 67.1
NisB,S 143.2 139.4 75.9
NiS 140.5
Ni2S 168.0

shown in Table 2. The average charge of Ni atoms
in Ni,,B2S (m = 1-4), compared with that in B>

is shown in Fig. 2. The adsorption of a sulfur atom,
having higher electro-negativity, on NB, clusters
reduces the quantity of negative charge on nickel
atom significantly. However, the charge of nickel is
still negative. Electron-rich nickel catalysts, such as
Ni-B catalyst, are more effective and active than
electron-deficient nickel catalysts, such as Ni—-P cata-
lysts [15]. In contrast, the charge of nickel is positive
in Ni,,S(1-2) clusters in Table 2, which could be
explained by considering that pure nickel is easy to
combine with sulfur and lose its catalytic reactivity.
Therefore, the existence of boron in Ni-B alloy cata-
lyst leads to the retention of the electronic properties
of catalyst. On the other hand, if sulfur connected to
the metal atom, it would have altered the electronic
properties of the metal [46-50] and consequently the
metal catalyst would have lost its activity in catalytic
processes.

According to overlap population analysis in Table 3,
the interaction between nickel and boron atoms is
strong. The interaction between the boron atoms them-
selves is in repulsion (anti-bonding). The unfavorable
interaction between the boron atoms could be compen-
sated by the favorable Ni—B interaction. These results
are in agreement with the previous calculation [34]
for the Ni,, B> models. Therefore, we can conclude that
the adsorption of sulfur on Ni—B alloy hardly changes
the electronic properties of nickel atoms, which is the
active site of the catalyst. It further elucidates the
reason why there exists strong sulfur resistance abil-
ity of nickel-boron alloy catalyst in hydrogenation
reactions.

In order to compare the effect of sulfur adsorbed
on different sites of nickel-boron alloy catalyst, two
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Fig. 2. The atomic charge of B> [28] and Nj,,B,S clusters.

additional models, sulfur adsorbed on near boron
site and on near nickel site, are built and calculated.
For the near boron site adsorption, the location of
sulfur atom is optimized with the restriction that it
is connected to the boron atom and along with the
axis of boron—boron in the NB> clusters. For the
near nickel site adsorption, the location of sulfur
atom is optimized with the restriction that it is con-

energy (67.1 kcal/mol for NB>S and 75.9 kcal/mol
for NisB2S). Therefore, we could confirm our previ-
ous view that when the sulfur-containing molecules
are adsorbed on the Ni-B alloy catalyst, they prefer
to combine with boron, instead of nickel. Thus
their ability to poison the active nickel atoms de-
creases greatly. Consequently, Ni-B alloy cata-
lyst is strongly resistant to sulfur in hydrogenation

nected to the nickel atom and on the same plane of reactions.

the nickel atoms. Both of the models are depicted in
Fig. 3(a) and (b). The theoretical results are shown in
Table 4.

As seen in Table 4, the binding energy of sul-
fur on nickel-boron alloy catalyst is substantial
(141.8 kcal/mol for N§B>S and 143.2kcal/mol for
NizB2S). The adsorption energy of a sulfur atom

It is well known that the activity of catalysis has a
direct relation with its properties of electronic struc-
ture, especially the fermi level, the highest occupied
molecular orbital (HOMO), and the lowest unoc-
cupied molecular orbital (LUMO). In the present
work we defined the fermi level to be the average
value of HOMO and LUMO. Fig. 4 shows the en-

on transition-metal surfaces varies between 80 and ergy level structure near fermi level in the 48bS

140 kcal/mol [1]. The high adsorption energy of sulfur
on Ni-B alloy catalyst is due to its low coordina-

and NiiB» clusters. It shows that the fermi level of
NisB2S (full optimization) and NjB2S (near boron

tion. Table 4 also shows that the adsorption energies site) is—4.025 and—4.007 eV, respectively, which is

of sulfur atom on near boron site (126.2kcal/mol
for NisB>S, 139.4 kcal/mol for NjB»S) are similar

to those of fully optimized clusters and pure nickel
clusters (NiS and NBS). Meanwhile, the adsorp-
tion of near nickel site has a much lower binding

quite close to the previous theoreticalsRp results
(—4.110eV) [34]. And the orbital distribution near
the fermi level for the NjB>S (full optimization)
and NiyB»S (near boron site) clusters are also in
good agreement with the previous theoreticalByi
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Fig. 3. Sulfur adsorbed on different sites of,Mi, clusters. (a) NiB2S: (1) near B site model, (2) near Ni site model; (byBl: (1)

near B site, (2) near Ni site.

results [34]. However, when the sulfur atom is ad-
sorbed on the nickel site (see Fig. 3, near nickel site
of NisB>S model), the fermi level and the orbital
distribution change significantly. Furthermore, the
results shown in Fig. 4 indicate that the fermi levels
of NigB2S (full optimization), NiB2S (near boron
site), and NjBy are close to the average value of
HOMO and LUMO of K (—4.262eV). Generally,
transferring the electron from the HOMO of catalyst
to the LUMO of hydrogen weakens the H-H bond in

hydrogenation reactions. Therefore, the nickel-boron
catalyst is still active after sulfur adsorbed. This ex-
plains the strong sulfur resistance of the nickel-boron
alloy catalyst in hydrogenation reactions, which is in
accordance with the observation about “Direct evi-
dence for the anti-oxidation effect of boron on the
ultra-fine amorphous Ni-B alloy catalyst” and the
XPS experiments [51] whose boron is easily oxidized
to form boron oxide in the surface layer of Ni-B
alloy.
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Fig. 4. Orbital distribution near fermi level of N8,S and NiB; [34] clusters.

4. Conclusion

The DFT results for the adsorption of sulfur (S) on
the Ni, B> clusters show that the near boron site in
Ni—B alloy catalyst is preferable to combine with sul-
fur. The boron atoms in the Ni—B alloy catalyst are not
only an electron-supplier to provide electron to nickel
but also a defender to prevent Ni-B catalyst from be-
ing poisoned by the sulfur-containing molecules. Our
theoretical work presents a sound elucidation for the
strong sulfur resistance of the Ni—B alloy catalyst in
the catalytic hydrogenation reactions.
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