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a b s t r a c t

Highly active hydrodesulfurization (HDS) catalysts have been prepared successfully through a molecular
approach using well-defined Strandberg PAMoANi polyoxometalates (POMs) as superior precursors. The
hand-picked POMs significantly facilitated not only the formation of highly dispersed NiAMo species but
also the formation of abundant and accessible NiMoS active sites at lower sulfidation temperatures,
thereby resulting in a remarkable activity improvement in comparison with reference catalysts prepared
with conventional precursors. Characterization results revealed the multidirecting effects of the POMs
component and structure on the morphology and composition of the species in the NiMoS active phase
and the evolution of precursors during the catalyst preparation simultaneously. The bottom-up POMs-
based preparation methodology provides a better understanding of HDS catalyst structure and perfor-
mance, thus further shedding light on the rational design and controllable fabrication of efficient HDS
catalysts.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Because of the exhaustion of oil resources and the stiffening of
environmental regulations, the production of sulfur-free fuels has
recently become one of the most important problems in the petro-
leum refinery. Hydrodesulfurization (HDS) is the most effective
process for removing refractory sulfur-containing molecules, such
as dibenzothiophene (DBT), from petroleum-derived fuels [1–6].
Owing to the growing use of inferior feedstocks (bituminous oils,
oil shales, bio-raw materials, etc.) and the increase of the depth
of petroleum refining, the hydrotreating process needs significant
improvement in the performance of HDS catalysts, spurring com-
prehensive research both in industry and academia. Today most
industrial HDS catalysts are based on supported transition-metal
sulfides, such as NiAMo/c-Al2O3, in which the active phase is a bin-
ary synergistic NiMoS phase, consisting of two-dimensional well-
dispersed nanolayers of MoS2 decorated with Ni promoters at their
edges according to the Topsoe model [7]. HDS catalysts are conven-
tionally prepared by simultaneous or successive steps with little
control over the metal–support interaction: Incipient wetness

impregnation, followed by drying and calcination to produce oxidic
catalysts, and subsequent activation by sulfidation. Generally
speaking, the impregnation is the most crucial step, because the
deposition of the oxidic precursor can influence the final formation
of the NiMoS active phase [6,8–10].

Although these Ni-promoted MoS2 catalysts exhibit great HDS
activity improvement, optimizing and modifying the properties of
MoS2-based catalysts still face two challenges. The first challenge
is the incomplete sulfidation and lower stacking of the active phase
due to the formation ofMoOxSy and amorphousMoO3 phases, prob-
ably as a result of strong chemical interactions between the metal
sulfide and support [11,12]. During the impregnation, the metal
complexes, notably heteropolyanions, can interact strongly with
unsaturated Al sites, leading to the formation of AlAOAMo linkages
after calcination, resulting in maldistribution of the oxidic Mo
phase, such as Al2(MoO4)3 and bulk MoO3. These species are hard
to sulfide and yield a type I NiMoS active phase with lower activity.
The second problem lies in the control and tunability of the struc-
ture, size, and morphology of MoS2 nanoslabs on alumina support
[13,14]. It has been proved that the catalytic synergism of NiMo/
Al2O3 catalysts can be attributed to the ‘‘secondary support” role
of MoS2 slabs for Ni species. The good dispersion and favorable size
and morphology of supported Mo species can effectively promote
the formation of more NiMoS bimetallic active sites. In addition,
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the formation mechanism, the microstructure, and the structure–
activity relationship of the NiMoS active phase are not yet clarified
in detail [15–18]. Thus, it is necessary to explore innovative syn-
thetic routes with full molecular control of the active phase beyond
conventional precursors.

To overcome the shortcomings of the conventional impregna-
tion preparation, various methods have been tried to design and
prepare more active NiAMo catalysts, such as employing chemical
vapor deposition [19], modifying the alumina support [20,21],
using noncomplexing inorganic and organic additives [22–24],
and using novel chemical composition precursors [25–27], includ-
ing Mo-containing polyoxometalates (POMs). The introduction of
POMs in the preparation of HDS catalysts offers a new opportunity
for improving the catalyst performance. The PAMo impregnating
solution is essentially a POMs-based system, including P2Mo5O23

6�,
PMo12O40

3�, P2Mo18O62
6�, PMo9O31(OH)36�, and PMo11O39

7� [28]. These
nanosized POMs clusters display a high negative charge, which
can easily combine with almost all transition-metal elements and
main-group nonmetal cations, naturally including Ni(Co) and P
promoters, indicating that POMs can be used as potential molecu-
lar platform for the design and preparation of a multimetallic HDS
active phase. More importantly, three main advantages of this
preparation methodology are attributed to the POMs precursor,
so-called ‘‘killing three birds with one stone”: (1) The association
of Ni, Mo, and P sources at the molecular level ensures oxidic pre-
cursor preparation in a single impregnation step; (2) the desired
homogeneous spatial distribution coupled with intimate interac-
tion between key elements on the atomic scale efficiently guaran-
tee the catalytic synergism of Ni and Mo in the final sulfided
catalysts; (3) the well-defined crystal and molecular structure pro-
vide an ideal model for clarifying the transformation process and
formation mechanism of NiMoS active phases. Hence, readily avail-
able water-soluble Keggin [29–31], Evans-Showell (Co2Mo10O38H4

6-

�) [15,32,33], and Anderson-type [16,34,35] POMs have been
widely investigated, and they have led to a great enhancement of
HDS performances compared with conventional precursors. Fur-
thermore, several modifications have been explored to fabricate
more efficient catalysts, such as reduced POMs [36] or cationic
exchange to increase the Ni/Mo ratio [37,38] and the simultaneous
use of POMs and Ni-chelating agents [15,22,23,31].

In our previous study, inspired by the self-assembly strategy in
POMs chemistry, we first selected rational organic ligands to
induce clusters in the impregnating solution and form novel lay-
ered NiAMoAO POMs and then successfully explored them as effi-
cient precursors for HDS catalysts [39]. Furthermore, we derived
highly dispersed NiAMo catalysts from the Waugh-type POMs pre-
cursors for the first time [40]. These results demonstrated that
NiAMo bimetallic POMs can be efficient precursors for hydrotreat-
ing catalysts with high performance. Following up on our recent
studies on HDS catalysts, we propose a novel strategy for rational
design and controllable fabrication of Ni-promoted MoS2
nanocrystallites employing special Strandberg POMs [H2P2Mo5-
O21]4� (denoted as P2Mo5) as precursors. It has been proved that
the P2Mo5 structure is an essential component of the impregnating
solution [1], but research on P2Mo5-based HDS catalysts has scar-
cely been touched. The excellent structural characteristics of
P2Mo5 have also attracted our attention.

P2Mo5 is a very appealing precursor candidate, as shown in
Fig. 1. It has (1) the smallest size (9.0 � 5.6 Å) among PAMo POMs;
(2) a nearly planar {Mo5} ring structure with protection by two
PO3H capped units; (3) suitable location of the cation at the edge
sites of the {Mo5} plane; (4) the ability of one heteropolyanion to
incorporate two Ni2+ cations to form a NiAMoAPAO cluster with-
out foreign counterions, leading to a high Ni/Mo ratio of 0.4.

The objective of this work was to employ well-defined Strand-
berg PAMoANi POMs as precursors for efficient HDS catalysts

and to investigate the directing effect of POMs on the morphology
and composition of the NiMoS active phase and hence on the cat-
alytic activities, as well as to follow the simultaneous evolution of
precursors from the NiMoO cluster to the NiMoS active phase dur-
ing the sulfidation. The title materials were fully characterized at
each step by a multitechnique approach, and they exhibited
well-dispersed, size-controllable, suitably stacked, and easily sul-
fided HDS catalysts, which is a direct consequence of the POMs-
based preparation methodology and provides a significant
improvement of catalytic performance over conventional catalysts.
The bottom-up molecular approach thus opens new avenues to
understanding the mechanism of active phase species formation
and the evolution of POMs during the preparation of catalysts.

2. Experimental

2.1. Preparation of the Strandberg PAMoANi polyoxometalates

The P2Mo5 complex was prepared by the method proposed by
Kwak et al. [41]. Ammonia (7 ml, 105 mmol) was added to a 70
ml solution containing phosphite (4.1 g, 50 mmol). After the solu-
tion had been boiled for half an hour, molybdic oxide (14.4 g,
100 mmol) was added to the solution and heated for 1 h. After
cooling, the solution was filtered and evaporated, and (NH4)4P2Mo5
bulk powder was obtained. The reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd. All reagents were used with-
out further purification, and deionized water was employed in the
experiments.

To confirm the crystallographic structure and composition of
the POMs, many characterizations, such as powder X-ray diffrac-
tion (XRD), single-crystal XRD, X-ray fluorescence (XRF), and Four-
ier transform infrared (FT-IR) spectroscopy were performed.

Strandberg PAMoANi POM Ni(NH4)2[(HPO3)2Mo5O15 (hereafter
Ni(NH4)2P2Mo5) and Ni2[(HPO3)2Mo5O15 (hereafter Ni2P2Mo5)
complexes were obtained by cation exchange. First, Ba3/2PMo12O40

was obtained via the neutralization of H3PMo12O40 with Ba(OH)2.
Then, Ni3/2PMo12O40 was prepared by adding NiSO4 according to
the following equation:

3=2 NiSO4 þ Ba3=2PMo12O40 ! 3=2 BaSO4 # þNi3=2PMo12O40 ð1Þ
Finally, the cation exchange was carried out according to the

equations

ðNH4Þ4½ðHPO3Þ2Mo5O15� þ 2=3 Ni3=2PMo12O40

! NiðNH4Þ2½ðHPO3Þ2Mo5O15� þ 2=3 ðNH4Þ3PMo12O40 # ð2Þ

ðNH4Þ4½ðHPO3Þ2Mo5O15� þ 4=3 Ni3=2PMo12O40

! Ni2½ðHPO3Þ2Mo5O15� þ 4=3 ðNH4Þ3PMo12O40 # ð3Þ
and Ni(NH4)2P2Mo5 or Ni2P2Mo5 was prepared.

2.2. Catalyst preparation

Catalysts with Strandberg PAMoANi POMs as precursors were
prepared by incipient wetness impregnation of commercial c-
Al2O3 (Shandong Alumina Plant, People’s Republic of China). The
impregnating solution contained the appropriate amount of Ni
(NH4)2P2Mo5 or Ni2P2Mo5, for the preparation of catalysts with
12 wt.% MoO3. The resulting catalysts were dried at 120 �C over-
night without calcination. The uncalcined catalyst using MoANi
POMs as precursors will lead to a greater number of promoted
NiMoS sites during the sulfidation [36]. The as-prepared catalysts
were denoted as Ni(NH4)2P2Mo5/Al2O3 and Ni2P2Mo5/Al2O3,
respectively. Reference catalysts with the same Ni, Mo, and P con-
tent as Ni(NH4)2P2Mo5/Al2O3 and Ni2P2Mo5/Al2O3 (denoted as
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