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ABSTRACT

As well known in the petroleum industry and academia, Ni/ZnO catalysts have excellent desulfurization
performance. However, the sulfur transfer mechanism of reactive adsorption desulfurization (RADS) that
occurs on Ni/ZnO catalysts remains controversial. Herein, a periodic Ni nanorod supported on ZnO slab
was built to represent the Ni/ZnO system, and density functional theory calculations were performed to
study the sulfur transfer process and the role of H, within the process. The results elucidate that the
direct solid-state diffusion of S from Ni to interfacial oxygen vacancies (Oy) is more favorable than the
hydrogenation of S to SH/H3S on Ni and the subsequent H,S desorption, and accordingly, H,O is produced
on Ni rather than on ZnO. Ab initio thermodynamics analysis shows that the hydrogen atmosphere
applied in preparing Ni/ZnO catalysts greatly promotes the Oy formation on ZnO surface, which accounts
for the presence of interfacial Oy in freshly prepared catalysts. Under RADS condition, hydrogenation of
interfacial O atoms to form O—H groups facilitates the reverse spillover of these lattice O atoms from ZnO
to Ni, accompanied with the interfacial Oy generation. In contrast to the classic S transfer mechanism via
H,S, the present work clearly demonstrates that the interfacial S transfer is a feasible reaction pathway in
the RADS mechanism. More importantly, the existence of interfacial Oy is an essential prerequisite for
this interfacial S diffusion, and H; plays a key role in facilitating the O, formation.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

compared with the conventional hydrodesulfurization approach
(Gislason, 2001; Jiang et al., 2021; Kang et al., 2020; Khare, 2001,

Among current desulfurization technologies for transportation
fuels, the reactive adsorption desulfurization (RADS), represented
by a S-Zorb process (Huang et al., 2011; Huang et al., 2013)
industrialized by Conoco Philips Petroleum Co., has gained
increasing attention due to the advantageous features of lower
hydrogen consumption and negligible loss of octane number
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2004; Liu et al.,, 2023; Meng et al., 2014; Wang et al., 2022; Yan
et al.,, 2022). Ni/ZnO is the main part of desulfurization catalyst
in S-Zorb. Ni acts as desulfurization center, and removed sulfur
atoms are transferred from Ni to ZnO, which adsorbs sulfur and
converts into ZnS (Babich and Moulijn, 2003; Tawara et al., 2000).
S transfer from Ni to ZnO is important for RADS because sulfurized
Ni surface must be restored to maintain the desulfurization ac-
tivity. Despite intense research efforts on the RADS mechanism
(Babich and Moulijn, 2003; Huang et al., 2010; Zhang et al., 2017),
some fundamental arguments are still not clear, especially for the
sulfur transfer pathway and the vital role of hydrogen. An atom-
istic understanding of sulfur transfer process is essential for the

1995-8226/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hyzhu@upc.edu.cn
mailto:liuyq@upc.edu.cn
mailto:wyguo@upc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2023.05.014&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2023.05.014
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2023.05.014
https://doi.org/10.1016/j.petsci.2023.05.014

H.-Y. Zhu, N.-Y. Shi, D.-Y. Liu et al.

design of Ni/ZnO-based catalysts and relevant desulfurization
processes with enhanced reactivity.

The classic S transfer mechanism in RADS includes thiophene
desulfurization on Ni, hydrogenation of removed S to H,S followed
by HaS desorption from Ni, and ZnO adsorption of H,S and con-
version to ZnS accompanied with H,O formation and desorption
from ZnO (Babich and Moulijn, 2003; Bezverkhyy et al., 2008;
Huang et al., 2010, 2011; Ryzhikov et al., 2008; Tang et al., 2019;
Ullah et al., 2017; Zhang et al., 2012; Zhao et al., 2018). It's a widely
held belief that H, plays a prominent role in transforming S to HaS
and preserving Ni in a reduced state, because a rapid deactivation
occurs in the absence of H; in the feed stream (Huang et al., 2011;
Song et al., 2021; Zhao et al., 2018). However, controversies over
gas-phase S transfer via H,S have risen as H,S was not detected in
the exit stream, and direct solid-state S diffusion seems to be more
efficient for S transfer (Gupta et al., 2016; Song et al., 2021). Gupta
et al. (2016) reported high-performance catalysts containing Ni
clusters on ZnO nanowire. As evidenced by the XPS, TEM and XRD
results, ZnS but no NiS phase was observed in the spent catalyst,
supporting the RADS mechanism in which the Ni active center is
recovered. They attributed the absence of NiS to the effective S
transfer from sulfurized Ni cluster to ZnO nanowire and then
assumed that the likely sulfur transfer mechanism involves solid-
state pathway via the Ni/ZnO interface. Song et al. (2021) recently
prepared Nis3S;/ZnO by mechanical mixing and exposed the
mixture to nitrogen and hydrogen separately. Through comparative
experiments, they concluded that efficient S transfer could be
achieved at the Ni/ZnO interface, and more importantly, H, atmo-
sphere is essential for the sulfur transfer. The conclusion of the
above experimental research raises two key questions: (1) how
does the solid-state diffusion of S between Ni and ZnO occur? and
(2) how does Hj get involved in the solid-state S transfer? Clarifying
these fundamental arguments is, however, unlikely because of the
limitations of current experimental techniques. Therefore, carrying
out a detailed theoretical investigation is important for obtaining
deep insights on such RADS process.

The common sense of S transfer via gas-phase H,S is also
inconsistent with theoretical results by density functional theory
(DFT) calculations (Ji et al., 2012; Zhang et al., 2012). Ji et al. (2012)
found that the formation of H,S on Ni(100) is difficult due to the
high hydrogenation barrier of 3.60 eV involved. Zhu et al. (2021)
recently performed a DFT study of thiophene desulfurization and
conversion of desulfurization products on Ni(111) surface and Niss
cluster. Different from the classic gas-phase S transfer via HsS, the
results showed that direct diffusion of S on Ni substrate is more
favorable than the hydrogenation of S to H,S. Zhang et al. (2012)
used a Zn3NiO4 cluster to represent Ni/ZnO catalysts and pro-
posed that direct transfer of S from Ni to Zn site is preferred to HyS
formation path. It's oversimplified to use a certain crystal surface of
Ni or the Zn3NiO4 cluster as representative of Ni/ZnO catalysts.
Thus, an appropriate Ni/ZnO model is required for exploring the S
transfer mechanism and providing more detailed information on
the elementary reaction steps. In addition, previous DFT works on
H,S—ZnO0 interaction revealed that H>O formation via the combi-
nation of two surface O—H groups is generally not easy due to a
high energy barrier of approximately 2 eV for breaking one O—H
bond (Li et al., 2022; Ling et al., 2013; Zhao et al., 2018). The diffi-
culty in producing H,0 on ZnO leads to questioning the consensus
of HaS adsorption and H,O formation on ZnO during the RADS
process. There should be a more feasible pathway to generate H,0.
However, up to now, no theoretical research has been reported to
illustrate how H;0 is generated on Ni/ZnO catalysts.

Here, a comprehensive study on the S transfer process of Ni/ZnO
catalysts was performed by DFT calculations to tackle the above
issues. The main focus is to clarify the possible reaction steps that

3241

Petroleum Science 20 (2023) 3240—3250

occur between the deposition of removed S on Ni active center and
the formation of stable Zn—S bond. The structures and energies for
S adsorption were addressed, the elementary reactions for initial
hydrogenation and surface diffusion of S on Ni nanorod were
investigated, and detailed potential energy surfaces (PESs) of the S
transfer mechanism that occurred along the Ni/ZnO interfacial
boundary were presented. In addition, the formation of interfacial
oxygen vacancy (Oy) and H,0 was discussed.

2. Computation details
2.1. Computational methods

The Vienna ab initio simulation package (VASP) (Kresse and
Furthmiiller, 1996a, 1996b) was used to conduct DFT calculations.
The projector augmented wave (PAW) (Blochl, 1994; Kresse and
Joubert, 1999) was employed to describe interactions between
core and valence electrons. Electron exchange and correlation were
treated within the generalized gradient approximation developed
by Perdew, Burke, and Ernzerhof (GGA-PBE) (Kresse and
Furthmiiller, 1996a, 1996b; Perdew et al., 1996). Plane waves were
included for the electronic wave functions up to a cutoff energy of
400 eV. The convergence criteria were set to 10~% eV and 0.03 eV/A
for the energy and force, respectively. All computations were per-
formed with spin polarization.

The lattice constants of bulk Ni and ZnO were fitted by the
Birch—Murnaghan equation of state using 15 x 15 x 15 and
15 x 15 x 10 k-point meshes, respectively. The calculated lattice
constant of Niis 3.521 A, in accordance with the experimental value
(3.524 A) (Suh et al., 1988). The lattice constants of ZnO were
calculated as a = b =3.297 A and c = 5.296 A, in agreement with the
experimental values of a = b =3.249 A and c = 5.204 A (Karzel et al.,
1996). The above computed lattice constants were subsequently
applied in all calculations.

Transition state (TS) searches were performed using the
climbing-image nudged elastic band (CINEB) method (Henkelman
and Jonsson, 1999; Henkelman et al., 2000) and confirmed by the
existence of one imaginary frequency along the reaction coordi-
nate. The energy barrier (E;) was determined as the energy differ-
ence between the corresponding TS and the adsorbed initial state
(IS), and the reaction energy (E;) was defined as the energy differ-
ence between the final state (FS) and IS.

The Gibbs free energy change (AG) of each reaction step is given
by
AG=AE + AEzpg — TAS (1)
where AE, AEzpg, and AS are the differences in total energy, zero-
point energy, and entropy, respectively. T, the reaction tempera-
ture, was set to 673.15 K in this work. In the calculation of ZPE and
vibrational entropy, only the adsorbates were allowed to relax in
frequency calculations. Entropies of gas molecules, such as Hp, were
taken from standard values (Johnson, 2016).

2.2. Computational models

Periodic Ni nanorod (Niy) supported on ZnO slab was con-
structed to represent the Ni/ZnO system, as shown in Fig. 1. The Ni
nanorod was chosen because this periodic nanorod model provides
a steady Ni/ZnO interface structure, which is helpful in researching
for solid-state pathway of S transfer. For comparison, another type
of metal/oxide model is oxide-supported clusters, such as Niy_7,13/
v-Al03 (Liu et al,, 2014; Silaghi et al.,, 2016) and Pt7g13/v-Alx03
(Mager-Maury et al., 2011; Sun et al., 2019; Zhai and Alexandrova,
2018; Zhao et al, 2019). The structures of these nonperiodic
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Fig. 1. Oblique view of the Ni,;/ZnO model. Side view is given in small illustration.
Different sites on top and front facets of Niy,, interfacial region and ZnO surface are
labeled. The Ni, Zn, and O atoms are colored with dark blue, silver gray, and red,
respectively. Only the top bilayer (O—Zn) of ZnO slab is shown for clarity, and the light
blue color is applied for the Ni atoms behind the front facet and below the top facet of
the Ni nanorod.

clusters are fluxional and subjected easily to the temperture and
reactants, and they are not the appropriate models to quantitatively
characterize the interfacial properties of metal/oxide systems. Zhu
et al. (2019) recently employed a periodic Pty /a-Al;03 model to
simulate the C—S bond cleavage of methanthiol along interfacial
active sites. Similar models, such as Auy/CeO;, have also been used
by Green et al. (2011) and Song et al. (2014) to study the interfacial
CO oxidation mechanisms.

An O-terminated ZnO(0001) slab with a “3 x 6” surface super-
cell was built as the substrate to support Niy,;, consisting of eight
atomic layers or four “O—Zn” bilayers and a vacuum space of 16 A.
The construction details for the “3 x 6” ZnO slab are shown in
Fig. S1 of the Electronic Supplementary Material (ESM). The

Zn0(0001) surface was chosen because it is the most stable and
common ZnO surface (Duan et al,, 2018). In all calculations, the
bottom four atomic layers of the slab were kept fixed at their bulk-
like position, whereas the remaining atoms in the top four atomic
layers as well as the Niy; and adsorbed intermediates, were allowed
to relax. Then, a three-layer Ni, was added on the ZnO surface,
which consists of three, three, and two Ni rows per layer. The

3 x 1 x 1 k-point meshes were used for the Nip/ZnO(0001) model.
The Nip, was found to be stably located above the surface O sites,
and the top and front facets of the Niy are (111) facets, as shown in
Fig. 1. The Ni(111) was chosen because it was identified as the
thermodynamically most stable surface of bulk Ni in X-ray
diffraction experiments (Kumar and Chakarvarti, 2004). Five types
of adsorption sites on the Niy were considered, i.e., top site (t) on
the top facet of Niy; and hollow sites (h1—h4) on the front facet of
Nipr. The h1—h4 sites were located in sequence from the top-edge to
the bottom-edge of Niy, (Fig. 1). Along the interfacial boundary of
Nip/ZnO two types of oxygen sites were exposed, labeled as the i1
and i2 sites that bind to one and two interfacial Ni atoms, respec-

tively. Furthermore, one surface oxygen site on ZnO(0001) near the
Nip/ZnO interface was considered, referred to as the s site.

3. Results and discussion
3.1. Adsorption properties of sulfur

The adsorption structures of S on supported/unsupported Ni
nanorods are presented in Fig. 2. The adsorption energies (AE,4s) and
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geometric parameters are listed in Table 1. Corresponding to the
interfacial and surface oxygen sites in the Niy/ZnO model, two
interfacial Oy sites, Oy(i1) and Oy(i2), and one surface Oy site, Oy(s),
were considered, respectively. For S adsorption on unsupported Nip;
(Fig. 2(a)-(e)), the S atom was stably located at the hollow sites of the
top and front facets, named as S@t and S@h1-h4 sites, respectively.
The t site of the Ninanorod contained more coordination-unsaturated
Ni atoms, which accounted for its more negative AE,qs of —5.44 eV,
comparable with the AE,qs of approximately —5.53 eV for S adsorp-
tion on Niss cluster (Zhu et al., 2021). The h1—h4 sites on the front
(111) facet with AE,4s of approximately —5.23 eV are closer to the
terrace sites on the Ni(111) surface which involves an AE,4s of
around —5.30 eV for S adsorption (Zhu et al., 2021). On the supported
Ni nanorods with and without interfacial Oy, the adsorption struc-
tures and energies of S are similar to the cases of unsupported Nip;
(Fig. 2(f)-(j)). The S—Ni bond lengths and AE.qs varied slightly, no
more than 0.04 A and 0.1 eV (Table 1), respectively. Thus, the ZnO
substrate and Ni/ZnO interfacial O, have small influence on the S
adsorption over Nip. In addition, the AE,4s of S adsorption follows the
order of t < h1 < h2 < h3 < h4, indicating that S atoms preferentially
adsorb along the top-edge of Niy. Hammer and Ngrskov (2000)
suggested that the binding energy of adsorbates on metal substrate
correlates with the d-band center (eq). The closer the &g is located to
the Fermi level, the stronger the binding strength between the metal
atoms and adsorbates would be, and vice versa. As shown in Fig. 2(k),
the calculated ¢q of different Ni sites locate at —1.057 (t), —1.123
(h1), —1.178 (h2), —1.180 (h3), and —1.251 (h4) eV, respectively. A
linear correlation was found between AE.q4s and eq (Fig. 2(1)), which
explains the AE,qs order of S adsorption on Nip;.

When moving the S atom from Nip, to the interfacial region and
ZnO surface, S adsorption becomes unstable if no Oy is involved and
migrates back to Niy, (h4 site) after optimization. Along the rim of
Nin/ZnO interface, S could only adsorb at the interfacial Oy(i1) and
0,(i2) sites, as shown in Fig. 3(a) and (b). The AE,4s of S@O,(i1) and
S@0,(i2) were —5.10 and —5.23 eV, respectively. Despite the dif-
ference in the coordination environment between the interfacial
0O(i1) and O(i2) atoms, the adsorption configurations and energies
of S at the O,(i1) and O,(i2) sites were very close. The S@0,(i1) and
S@0,(i2) involved the same five-coordination structure, bonding to
nearest-neighbour three Zn and two Ni atoms simultaneously. The
geometric differences between S@0,(i1) and S@0O,(i2) were small,
mirrored by the slight variations of the S—Ni and S—Zn bond
lengths (<0.05 A, Table S1 in ESM); the difference in the total en-
ergy between the two model systems was only 0.07 eV. The reason
why S@0,(i1) and S@0,(i2) changed from “the difference” to “the
same” lies in a larger covalent radius of S atom (1.04 A) compared
with that of O atom (0.74 A). When filling into interfacial Oy, the
larger S atom was easier to bond with the bottom-edge Ni atoms
along the rim of Ni/ZnO interface and tended to form a more stable
interfacial structure with more S—Ni bonds. In S@0,(i2), the S atom
acted like the O(i2) atom, forming the maximum two S—Ni bonds.
In S@0,(i1), the S atom at first bonded to one Ni atom like the O(i1)
atom. However, this original configuration for S@O,(i1) was not
stable and then reconstructed towards a lower-energy structure.
The reconstruction process of the initial S@0,(i1) involved a slight
shift of Ni nanorod along the rim of Ni/ZnO interface, leading to the
formation of two S—Ni bonds as well as the same structure with
S@0,(i2). Therefore, the adsorption structures and energies of S at
Ninr/ZnO interfacial O, were less affected by the type of interfacial
O,. For simplicity, O,(i1) was chosen as the representative of
interfacial Oy to investigate the interfacial sulfur transfer pathway.
In addition, the S adsorption at the O(s) site was calculated
(Fig. 3(c)). Due to the absence of the S—Ni interaction, the bonding
strength of S@0,(s) became weak, with an AE,4s of —3.79 eV.



H.-Y. Zhu, N.-Y. Shi, D.-Y. Liu et al.

=

S@h1 site

(b)

S@h2 site

(d)

S@h3 site

Petroleum Science 20 (2023) 3240—3250

S@h4 site

.Z_=
el
Q
b=
o
Q
o
>
(2]
=
=]
(9) (i)
.Z_:
3
£
o
Q
Q.
e |
%)
® | fsie i _1.057 \ o
} 514 @
, ‘ 8
\
‘ ;
: 1
h1 site 1123 “ \ hasite
‘ =52 \
\
I \
| N
h2 site {—1.178 | '
: > \
| )
\
@€ & -53 ‘.
Q o h2 site \
o \ < :
\
L " \
h3 site 1—1.180 "
‘ \
| 54 .
‘ \
\ \
h
. \
h1 site \ tsite
55 1 .\ @
I \ N
: : . . . :
-3 -2 -1 0 1 —1.25 ~1.20 -1.15 -1.10 -1.05
Energy, eV &4, €V

Fig. 2. Optimized adsorption structures of sulfur on unsupported (a—e) and supported (f—j) Ni sites. The S atom is shown in yellow color. (k) Projected density of states (PDOS) on
different Ni sites. The location of the d-band center (eq4) is labeled in each case. (1) Illustration of the linear correlation between AE,4s and e4. The equation of linear regression is
AE,gs = —2.270-¢4 — 7.933 (eV); the square of the correlation coefficient R? (0.889) and the standard error ¢ (0.066 eV) suggest that the linear relation roughly holds.

Table 1
Binding sites, geometric parameters (A) and adsorption energies (AE,qs*, eV) for S atom on supported/unsupported Ni nanorod models.
Models Properties Sites
t h1 h2 h3 h4
Unsupported Ni nanorod ds_ni 2.165/2.163/2.158 2.168/2.134/2.134 2.129/2.157/2.157 2.152/2.121/2.153 2.094/2.130
12127
AEaqs —5.44 -5.39 —5.25 —5.18 -5.10
Supported Ni nanorod w/o O, ds_ni 2.162/2.145/2.146 2.162/2.131/2130  2.134/2.152/2.157 2.143/2.132/2.138 2.095/2.159
/2.160
AEaqs —5.50 —5.46 -5.29 —5.18 —5.02
With 0,(i1) ds_ni 2.158/2.156/2.151 2.166/2.135/2.128 2.125/2.166/2.158 2.155/2.138/2.146 2.108/2.165
2.144
AEags —5.47 —5.45 -5.35 -5.20 -5.09
With 0,(i2) ds_ni 2.157/2.146/2.146 2.159/2.131/2.131 2.135/2.157/2.154 2.148/2.133/2.134 2.093/2.160
/2162
AEags —5.52 —-545 -5.27 -5.19 -5.01

* Adsorption energy could be defined as AE,4s = Es)ni — Es — Eni. Es and Ey; are the energies of free S atom in gas phase and Ni substrate, respectively. Es)y; is the total energy of
the S@Niy,, system. Therefore, the negative value of AE,qs corresponds to stable adsorption.
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3.2. Reaction pathways of sulfur transfer

3.2.1. Initial hydrogenation and surface diffusion of S on Ni nanorod

As shown in Fig. 4(a), the initial hydrogenations of S (S + H —
SH) at h1-h4 sites on Niy were investigated, and the energy bar-
riers were 1.01, 0.91, 0.86, and 0.82 eV, respectively. The SH group
was not stable at the t site of the top facet and dissociated back into
atomic S and H spontaneously. Owing to the higher energy barrier
for S hydrogenation at the h1 site, the formation of SH was rela-
tively difficult near the top-edge of Niy,, which involves more low-
coordinated Ni atoms. S diffusion on Niy; included the movements
crossing-over the ridge (top-edge) between the top and front facets
(S@t « S@h1) and those within the front (111) facet (S@h1 < S@h2
< S@h3 < S@h4), as shown in Fig. 4(b). The former and the latter
contained the average energy barriers of 0.51 and 0.18 eV, respec-
tively. Higher energy barrier involved in crossing-over the top-edge
of Nip, indicates a hindered diffusion for S moving from the (111)
front-facet to the top-facet or vice versa. Thus, the deposited S on
the top-facet of Niy; was more stable than that on the (111) front-
facet because the hydrogenation and diffusion processes of S
were blocked on the top-facet. Taking the t site on the top-facet of
Niy; to represent low-coordinated sites of Ni nanoparticles, the
low-coordinated Ni site, such as corner and edge, could be deduced
as more liable to form NiS species as the amount of S deposition
increases. In addition, the energy barriers of S diffusion were
significantly lower than those of initial hydrogenation, indicating
that S diffusion is preferred to its hydrogenation on Niy,, consistent
with the previous DFT results on Ni(111) and Nis5 (Zhu et al., 2021).
Experiments performed by Bezverkhyy et al. (2008) on Ni/ZnO
catalysts also suggested that a surface sulfur layer forms rapidly on
Ni after Ni/ZnO having contact with the mixture of H, and thio-
phene. Thus, direct S diffusion is preferred on Niy; compared with
the hydrogenation of S.

3.2.2. S transfer at Ni,,/ZnO interface

The PES of S transfer at the Niy/ZnO interface is displayed in
Fig. 5 with the corresponding schematic structures involved. The
transfer process includes the direct S migration from S@h4 into the
interfacial Oy, denoted as the interfacial S transfer pathway (Path I),
and the hydrogenation of S towards H,S, denoted as the HjS
transfer pathway (Path II). The possibility of SH intermediate
moving into the interfacial O, was also considered (Path III). S@h4
was chosen as the starting point for S transfer because compared
with other sites, the h4 site involved the lowest |AE.qs| and the
corresponding weakest binding strength for S adsorption on Nip,
which is most beneficial for the initial hydrogenation of S (Fig. 4(a))
and final formation of H,S. Path I involved the energy barrier of
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0.47 eV for the direct S transfer from S@h4 into O(i1). For com-
parison, the S diffusion towards O,(i1) starting from the h3 site
(Fig. S2 in ESM) involved a higher energy barrier of 0.57 eV, indi-
cating that the direct S transfer from S@h3 into O,(i1) is unfavor-
able. In Path II, the IS was the co-adsorbed S@h4 and H atoms. The
two-step hydrogenation barriers of S + 2H — SH + H — H,S were
calculated to be 1.04 and 1.21 eV, respectively. However, the inverse
process of Path II involved much lower energy barriers for H,S —
SH + H(0.34 eV) and SH — S + H (0.12 eV), implying that the HyS
dissociation to S is more favorable than the S hydrogenation to HyS
on Ni. The AE,4s for H,S was calculated to be —0.69 eV. The
desorption process of H,S from Nip, into gas phase could cost at
least 0.69 eV, higher than the energy barrier for the S—H bond
cleavages of H,S (0.34 eV). This result further confirmed that the
adsorbed H5S on Ni is unstable and tends to dissociate rather than
desorb from Ni. Path III started with the intermediate state of Path
I, SH@h4, and ended with SH@O,(i1). This SH transfer step costs a
relatively low energy barrier of 0.35 eV. In addition, possibilities of
S/SH transfer towards the surface O, of ZnO (O.(s)), which are
adjacent to the Niy/ZnO interfacial region, were explored. The
energy barrier for S migration from Niy; to the O(s) site increased
significantly to 1.79 eV, whereas the energy barrier for SH transfer
remained as low as 0.48 eV (Fig. S3 in ESM). Although the SH group
showed a stronger diffusibility than S atom, mirrored by lower
diffusion barriers (~0.42 eV) when crossing over the Ni/ZnO inter-
facial region, the initial hydrogenation step to form the SH group
involved relatively high energy barriers (~0.93 eV). Meanwhile, the
SH dissociation back to S was easy to occur with even lower barriers
(~0.12 eV), indicating the inhibition of SH diffusion process for S
transfer. To sum up, hydrogenation of S to SH/H2S on Niy, and
subsequent H,S desorption are very difficult compared with the
direct S transfer from Niy to the interfacial O,. Thus, the interfacial
S transfer (Path I) could be identified as a feasible reaction pathway
in the RADS mechanism rather than the classic S transfer via HyS
(Path II) and the SH diffusion process (Path III). In addition, the
Gibbs free energy change (AG) for the S transfer process was further
calculated, and the AG diagram is displayed in Fig. S4 of the ESM
with the corresponding schematic structures. Path I involved the
lowest AG (0.041 eV) compared with Paths II and III. This finding
indicated the thermodynamic favorability of Path I over Paths I and
III, consistent with the above kinetic results.

3.3. Role of H; in the formation of O, and H>0

3.3.1. Thermodynamic analysis for surface O, formation on

Zn0(0001)

Experimentally, Ni/ZnO catalysts are prepared through

(a) S@O.(i1) site

(b) S@0,(i2) site

(c) S@O.(s) site

Fig. 3. S adsorption at the interfacial O,(i1) site (a), interfacial O,(i2) site (b), and surface O(s) site (c).
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Fig. 4. (a) Initial hydrogenation pathways of S at h1-h4 sites on Nij,. The energy reference is set as the total energy of S@h-site plus two atomic H adsorbed at infinitely separated h
sites on Nip,. The adsorbed H atom is omitted for simplicity. (b) S diffusion of S@t < S@h1 « S@h2 < S@h3 < S@h4 on Niy. The energy barriers (eV) of each step and its reverse

process are given.

impregnation or co-precipitation methods, followed by calcination
(or annealing) treatment in air and hydrogen reduction (Ryzhikov
et al., 2008; Ullah et al., 2017; Zhang et al., 2013). Given the exis-
tence of interfacial O, is an essential prerequisite for S diffusion
from Niy; to ZnO substrate, it is necessary to examine the presence
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status of surface O, on ZnO during the preparation process, such as
calcination (O, atmosphere) and reduction (H, atmosphere) steps.

Ab initio thermodynamics analysis was performed on ZnO(0001) to
identify stable O,-containing surfaces as a function of O,/H; partial
pressure and temperature. In accordance with previous
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experimental works, the preparation condition for calcination was
setas Pp, = 1 atm and T = 673.15 K (Tang et al., 2015; Zhang et al.,
2010), and the preparation condition for reduction was set as
Py, =10 atmand T = 673.15 K (Meng et al., 2013; Song et al. 2021).

For simplicity, a ZnO(0001 ) slab with a 3 x 3 surface supercell was
used, which included nine surface oxygen atoms. One surface O,
represents 1/9 (11.11%) Oy concentration. When taking into account
four surface O,, significant deformations of surface structure were
observed, indicating that the generation of four surface Oy is ther-
modynamically infeasible. Thus, three surface O, were considered

at most on Zn0O(0001). Accordingly, three types of surface O,-
containing structures were built (Fig. S5 in ESM): Type I with one
O, Type II with two Oy, and Type Il with three O,. All possible
structures were optimized, and the most stable ones were chosen
to represent the O,-containing surface for each type.

A surface phase diagram of ZnO(0001) under O, atmosphere
was plotted by calculating the free energy changes in surface Oy
formation (ZnO —ZnOyq, + 50,) as a function of O partial pressure
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and temperature:

n
_GOZ - Esurf

AG= Esurf,nOv + 2

(2)
where n is the number of Oy (n = 1-3); Egyf_no, and Egs are the
energies of ZnO slab with and without nO,, respectively; and G, is
the free energy contribution of O, represented by the chemical
potential of wg, (T, P). Similarly, a surface phase diagram of

Zn0(0001) under H, atmosphere was plotted by calculating the
free energy changes in surface Oy formation (ZnO + nHy; —ZnOpg, +
nH,0) as a function of temperature and partial pressures of H,0
and Hj:

(3)

AG :Esurf_nOv +nGy,o — Esyef — nGy,

where Gy,o and Gy, are the free energy contributions of H>O and
H; represented by the chemical potentials of uy,o (T, P) and uy, (T,
P), respectively.
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(TP =pix(T.P2) +RTIn () = [H O (T.P9) ~Hi(OK.P) | - T
«Sx(T,P?)+RTIn (P%)

(4)

where the X denotes gas-phase O,, H,O and H,. The enthalpy
Hyx(T,P?) and entropy Sx(T,P?) of gas-phase molecule could be
obtained from the NIST Standard Thermodynamic Tables (NIST
Chemistry WebBook). The resulting phase diagrams in Fig. 6 indi-

cated that the ZnO(0001) surface contained only one Oy in the
calcination condition (Pg, = 1 atm, T = 673.15 K) but involved three
Oy in the reduction condition (Py, = 10 atm, T = 673.15 K). The

surface O, concentration (33.3%) of ZnO(0001) in the H, atmo-
sphere was three times higher than that (11.1%) in the O, atmo-
sphere, demonstrating that the hydrogen reduction step in the
preparation of Ni/ZnO samples facilitated the formation of O, on
ZnO. For freshly prepared catalysts, it's reasonable to infer that a
significant amount of Oy already existed along the rim of Ni/ZnO
interface, which are pivotal for the following interfacial sulfur
diffusion.

3.3.2. Reaction pathway for the formation of interfacial O, and H,0
In addition to those interfacial O, that already existed in the Ni/
ZnO system after the catalyst preparation, the subsequent RADS
under Hy atmosphere could produce Oy at the interface region. The
calculated PES for the formation of interfacial O, and HO is dis-
played in Fig. 7 with the corresponding schematic structures
involved. This process (Path IV) mainly included three reaction
steps: (1) first hydrogenation of the interfacial O atom, forming an
interfacial O—H group; (2) diffusion of the O—H group from Niy,/
ZnO interface to Niy, leaving behind an interfacial Oy; (3) secondary
hydrogenation of the O—H group, yielding adsorbed H,0* on Niy.
The Niy;/ZnO model without O, was taken as the starting point of
the reactions. The first hydrogenation step began from the H@h4
site with the H addition to the interfacial O(i1) atom. In the TS1-1V,
the H atom has moved to the Ni—Ni bridge site at the bottom-edge
of Nipr; one Ni—H bond length increased to 3.058 A from its original
1.661 A indicating of the cleavage of this Ni—H bond, whereas the

(a)

IgP,,, atm
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600 800

TK

1000 1200

(b)

IgPy,, atm
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other two Ni—H bond lengths (1.631/1.711 A) decreased slightly
compared with their original values (1.676/1.745 A) in the H@h4
configuration. The energy barrier and reaction energy of this step
were 1.05 and 0.40 eV, respectively. In the FS (OH@O(i1)), the
newly formed O(i1)—H bond length was 0.992 A. The formation of
the O(i1)—H group led to a considerable increase in the average
bond length of three Zn—0(i1) bonds, from original 2.015 to 2.416 A.
This result indicated that the bond strength between the interfacial
0O(i1) atom and ZnO substrate was weakened because of the hy-
drogenation to O(i1). Then, the O(i1)—H group migrated back to the
h4 site on Niy, with a relatively low barrier of 0.58 eV, leaving
behind an oxygen vacancy, O,(i1), at the Ni/ZnO interface. The
secondary hydrogenation started with the co-adsorption configu-
ration of the OH group and atomic H on adjacent h4 sites, followed
by the addition of H to OH and the subsequent formation of
adsorbed H,O*. This step involved an energy barrier of 1.06 eV
without endo- or exothermicity. H,O bound to Niy,; through a single
O—Ni bond, and the O—Ni bond length was 2.151 A, larger than the
sum of covalent radius for O and Ni atoms (1.99 A). This result
indicated that the binding of H,0 to Niy; was weak, in accordance
with its relatively lower AE,4s of —0.47 eV H,0 desorption from Nip;
into gas phase could cost 0.47 eV, much lower than the energy
barrier for the O—H bond cleavage of H,0* (1.06 eV), implying that
the adsorbed H,0* tended to desorb rapidly once formed rather
than dissociate.

For comparison, the direct diffusion path (Path V, Fig. 7) of
interfacial O(i1) upwards to Niy, was also calculated, commonly
referred to as the reverse spillover of lattice oxygen atoms (Davo-
Quinonero et al.,, 2020; Parastaev et al.,, 2020; Su et al., 2021;
Vayssilov et al., 2011; Zhang et al., 2016). This process needed to
overcome an energy barrier of 1.33 eV, much higher than the en-
ergy barrier of 0.58 eV for the upward movement of the O(i1)—H
group. Through comparison of relevant energy barriers, the step-
wise hydrogenation of interfacial O followed by H,O desorption
(Path IV) was found to be more favorable than the direct diffusion
path of interfacial O upwards to Ni nanorod (Path V). To sum up,
hydrogenation to interfacial O(i1) could facilitate the reverse
spillover of interfacial oxygen atoms from ZnO substrate to Nip,
leading to interfacial Oy genaration and subsequent H,O desorption
from Nip,. The average energy barrier of 1.06 eV for stepwise hy-
drogenation could be overcome at the reaction temperature of

oo,
B o
o
[ KJe¥

200

400 600 800

TK

1000 1200

Fig. 6. Calculated phase diagrams for ZnO surface under O, (a) and H, (b) atmospheres. Different colored areas represent four thermodynamically stable structures for given
temperatures and gas partial pressures. The surfaces with zero, one, two, and three surface O, are colored with light orange, green, blue, and red, respectively. The dashed lines
represent the calcination condition (Pp, = 1 atm, T = 673.15 K) and the reduction condition (Py, = 10 atm, T = 673.15 K) for Ni/ZnO catalysts.
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energy of the O,-free Niy/ZnO model plus two adsorbed H atom at infinitely separated sites on Niy,.. The adsorbed H atom is omitted for simplicity.

700 K on the basis of the estimation from the Arrhenius equation,
demonstrating that under RADS condition, interfacial Oy of Ni/ZnO
could also be produced and then promote the interfacial S transfer
from Nip; to ZnO substrate. In addition, the AG of Paths IV and V was
further calculated, and the results were presented in Fig. S6 of ESM.
Path V involved higher AG value (0.609 eV) than Path IV, which
indicated the thermodynamic favorability of Path IV over Path V, in
agreement with the above kinetic results.

4. Conclusions

DFT calculations were performed to study the sulfur transfer
mechanism of reactive adsorption desulfurization on Ni/ZnO cata-
lysts. S atoms preferentially adsorbed on the low-coordinated Ni
sites, where the hydrogenation and diffusion processes of S were
blocked. S diffusion has priority over its hydrogenation on Ni, in
good agreement with the previous theoretical and experimental
results. At the Ni/ZnO interface, stable S adsorption could only
occur at interfacial Oy sites. Hydrogenation of S to SH/H2S on Ni and
subsequent H,S desorption were much more difficult than the
direct S transfer from Ni to the interfacial O,. The interfacial S
transfer could thus be identified as a feasible reaction pathway in
the RADS mechanism rather than the classic S transfer via H,S and
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the SH diffusion process, and the existence of interfacial Oy is an
essential prerequisite for this solid-state diffusion. The ab initio
thermodynamics analysis showed that the hydrogen reduction step
in the preparation of Ni/ZnO samples could promote the formation
of surface O, on ZnO, which accounts for the presence of interfacial
O, in freshly prepared catalysts. The calculations also demonstrated
that hydrogenation of interfacial O atoms to form O—H group could
facilitate the reverse spillover of these lattice O atoms from ZnO to
Ni, accompanied with the interfacial Oy, generation. In addition, H,O
was produced by further hydrogenation and desorbed from Ni
rather than ZnO. The ZnO surface provides O, to accommodate S
atoms transferred from Ni, and H; plays a key role in facilitating the
O, formation. This work provides a deep understanding of the
RADS process within the Ni/ZnO catalyst system and shows the
importance of Ni/ZnO interface on the RADS mechanism, shedding
light on the design of more active metal/oxide catalysts towards
catalytic desulfurization.
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