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under dry and wet atmospheres

Wengiang Yangl, Zhenbin Wangl, Wenzhou Tan', Ranran Pengl*, Xiaojun Wu

1,2,3*

Yalin Lu

ABSTRACT Understanding the carbon-tolerant mechanisms
from a microscopic view is of special importance to develop
proper anodes for solid oxide fuel cells. In this work, we em-
ployed density-functional theory calculations to study the CH,
reaction mechanism over a Ni/TiO, nanostructure, which ex-
perimentally demonstrated good carbon tolerance. Six po-
tential pathways for methane reforming reactions were
studied over the Ni/TiO,(110) surface under both dry and wet
atmospheres, and the main concerns were focused on the
impact of TiO, and Ni/TiO, interface on CO/H, formation.
Our calculations suggest that the reaction between carbon and
the interfacial lattice oxygen to form CO* is the dominant
pathway for CH, reforming under both dry and wet atmo-
spheres, and intervention of steam directly to oxidize C* with
its dissociated OH* group is less favorable in energy than that
to wipe off oxygen vacancy to get ready for next C* oxidation.
In all investigated paths, desorption of CO* is one of the most
difficult steps. Fortunately, CO* desorption can be greatly
promoted by the large heat released from the previous CO*
formation process under wet atmosphere. H,0O adsorption and
dissociation over the TiO, surface are found to be much easier
than those over Ni, yttria stabilized zirconia (YSZ) and CeO,,
which should be the key reason for the greatly depressed
carbon deposition over Ni-TiO, particles than traditional
YSZ-Ni and CeO,-Ni anode. Our study presents the detailed
CO* formation mechanism in CH, reforming process over the
Ni/TiO, surface, which will benefit future research for ex-
ploring new carbon-tolerant solid oxide fuel cell anodes.

Keywords: solid oxide fuel cells, carbon tolerance, methane re-
forming, first principles
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INTRODUCTION
Driven by the global concerns on environment pollution
and energy crisis, intermediate temperature solid-oxide
fuel cells (IT-SOFCs) have drawn special attention due to
their high energy conversion efficiency, low toxic gas
emission and great fuel flexibility [1]. Unfortunately,
when directly used in hydrocarbon fuels, such as methane
and propane, severe carbon formation over the traditional
Ni-based anodes (e.g., Ni-YSZ (yttria stabilized zirconia)
and Ni-SDC (Sm-doped ceria) anodes) occurs which
leads to dramatical performance degradation and some-
times the cell cracking [2]. Therefore, numerous studies
have been proposed to alleviate this problem [3] in the
past decades, including 1) substituting Cu and other
transition metals that have low activity toward hydro-
carbon fuel cracking for Ni catalysts [3-7]; 2) developing
new carbon-tolerant oxide anode materials, such as
Lag7551925CrsMng 5055 (LSCM) [8,9], SrTiO; (STO)
[10,11],  Sr,Fe; sMoys06 s  (SEM)  [12,13] and
Pr, ,Sr,¢Co,,Fe,,Nb, ,0; s (PSCFN) [14]; and 3) micro-
structure optimization of traditional Ni-based anodes
using CeO, [15] or BaO [16] nano-particles. The above
methods are effective in improving the anode carbon
tolerance when used in hydrocarbon fuels. However, they
usually bring forth other problems, such as the depressed
cell electrochemical properties [7,9], the high operating
temperatures required [9-15] and the increased fabrica-
tion cost [16,17].

Recently, Shinde et al. [18] found that the Ni/TiO,
catalyst had a high resistance to coke formation even at a
low steam/carbon ratio, much better than the traditional
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Ni/ZrO, catalysts (about 59% C selectivity) [19]. We also
found that single cells demonstrated great power density
and stability in methane and propane atmospheres when
applying a Ni-TiO, catalytic layer in-situ formed via Ni-
TiO; reduction [20,21]. Compared with the traditional
Ni-YSZ and Ni-SDC catalysts that generally facilitate the
coke forming reaction, the great carbon tolerance of the
Ni/TiO,-based catalysts should result from the special
properties of TiO, or the Ni/TiO, interface. Un-
fortunately, so far a detailed mechanism of the promoted
carbon formation resistance of such materials in hydro-
carbon atmosphere and especially the role of TiO, in the
coke removing reactions are still unclear. Particularly, the
absence of an atomistic level understanding on the im-
proved carbon tolerance mechanism brings no clues on
how to effectively explore advanced carbon-tolerant
anodes.

First-principles calculations based on density functional
theory (DFT) have been demonstrated as a powerful tool
to give atomic insights into the methane decomposition
and reforming reaction mechanisms. So far, these in-
vestigations were mainly focused on the catalytic activity
of noble or transition metals, including Ni [4,22-24], Pt
[25], Pd [26,27] and Ru [28,29], while much less efforts
are on that of the metal/oxide interfaces. In this work,
based on the DFT, CO and H, formation from methane
reforming and oxidizing over the Ni/TiO,(110) surface
were systematically investigated under both dry and wet
atmospheres, with a goal to get a comprehensive under-
standing of the role of TiO, and Ni/TiO, interface in the
methane reforming reactions. Notably, carbon deposition
is extremely severe under open circuit conditions where
no oxygen ions are transferred from the cathode to an-
ode. And thus, herein the reactions of CH, with lattice
oxygen of TiO, under dry atmosphere, and with both
lattice oxygen and adsorbed H,O under wet atmosphere
were mainly focused on. The dominant processes and the
most difficult steps were determined for both dry and wet
CH, oxidizing and reforming reactions. Steam adsorp-
tions over TiO,, YSZ and CeO, were also calculated to
declare their differences toward CH, reforming reactions.

COMPUTATIONAL METHOD

All calculations were conducted based on the DFT with
the projector augmented wave method [30], and accom-
plished by Vienna ab initio simulation package [31,32]. In
treating the exchange correlation effect, the generalized
gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional [33] was used. The kinetic
energy cutoff was set as 420 eV and the energy con-
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vergence criterion was 10 eV per atom. For the struc-
ture optimization, all structures were relaxed until the
Hellmann-Feynman force on each atom was smaller than
0.03eV A", All calculations were spin-polarized. We
adopted a 2x2x1 k-points mesh using the Monkhorst-
Pack method to sample the integration in Brillouin zone
[34]. Meanwhile, the location and the energy of the
transition states were calculated using the climbing image
nudged elastic band (CI-NEB) method [35].

It is well known that rutile phase TiO, (r-TiO,) is the
most stable phase under the realistic SOFC experimental
conditions [36] and r-TiO,(110) surface plays an active
role in many reactions, such as photocatalysis and water-
gas shift reactions [37-40]. Hence, r-TiO,(110) surface
was adopted in our calculations. A 4x2 (110) surface slab
model with four tri-layers (containing 128 oxygen atoms
and 64 titanium atoms) was built for our calculations, as
shown in Fig. 1. Test calculations of a larger 5x2 surface
slab present similar surface energy and oxygen vacancy
formation energy with that of the 4x2 surface slab, and
the difference in energy is less than 0.1eV. A 15 A va-
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Figure 1 (a) The side and top view of the Ni,3/TiO,(110) surface slab
and (b) the optimized structures of C and CH adsorbed Ni,s/TiO,(110)
surface.
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cuum space was built to separate the periodic surface slab
and to avoid the interactions between periodic surface
slabs. For all surface calculations, the bottom two tri-
layers’ atoms were fixed at their bulk positions with the
top two tri-layers fully relaxed. A three-layer Ni cluster
containing 13 atoms (Ni;;) [41] was constructed on the
r-TiO,(110) surface to simulate the Ni/TiO, nano-parti-
cle, as displayed in Fig. la.

RESULTS

It is known that there are four steps in methane dis-
sociation to surface CH* and C* species, as expressed in
Equations (1-4), which are very fast on transition metal
surfaces, such as Ni, Ru and Pt [42-45]. Thus, the reac-
tions of C* and CH* with surface oxygen or OH* to form
CO and H, are mainly considered here to find out how
H,O and TiO, are involved in the steam reforming or
oxidizing reactions of methane [2-4,18,24] as expressed
in Equations (5-8):

CH, +2* — CH* + H¥, (1)
CH * + * — CH* + H*, )
CH j* + * — CH* + H*, 3)
CH* + * — C* + H¥, (4)
C* + O* — CO* + %, 5)
C* + OH* — COH* + *, (6)
CH* + O* — CHO* + *, 7
CH* + OH* — CHOH* + *, ®)

where * denotes an active free surface site and M*
(M=CH,;, CH,, CH, C, O, OH, CHO and CHOH) denotes
a surface species M. Here, O* and OH* may form via the
steam dissociation or the lattice oxygen releasing. The
optimized stable structures of C and CH adsorption on
the Ni;3/TiO,(110) surface are shown in Fig. 1b, where
both C and CH prefer to adsorb on the Ni/TiO, inter-
facial sites, indicating a probable active role of the in-
terfacial sites. Starting from C* and CH* surface species,
six possible reaction pathways, named as C-O, C-O-
steam, C-OH-steam, CH-O, CH-O-steam and CH-OH-
steam paths, were proposed to illustrate the formation of
CO and H, under dry and wet atmospheres (with and
without steam involved), as shown in Fig. 2. In these path
names, C and CH denote the reaction starting from C*
and CH*, respectively; O and OH denote surface oxygen
O* and hydroxyl OH* involved in the oxidization of CH
and C, respectively; and steam indicates the wet atmo-
sphere. For example, C-O path indicates that the reaction
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Figure 2 Reaction pathways of possible CO (a) and H, (b) formation
with and without the assistance of steam on the Ni,3/TiO,(110) surface,
where O, and orange rectangular denote oxygen vacancy and the origin
clean surface, respectively.

path starts with C* and C* is oxidized by surface O*
under dry atmosphere; and C-OH-steam path indicates
that the reaction path starts with C* and C* is oxidized by
surface OH* under wet atmosphere.

Under dry atmosphere

C-O path

Firstly, the adsorbed C* reacts with the interfacial lattice
oxygen from TiO,, forming CO* on the interfacial site
and leaving an oxygen vacancy at the interfacial region,
and then the formed CO* desorbs from the solid surface
(purple arrow indicated in Fig. 2a). As shown in Fig. 3,
the formation of CO* (S2 to S11) needs to overcome an
energy barrier of 1.30 eV and releases 0.82 eV of heat.
However, the desorption of CO* (S11 to S12) is greatly
endothermic (2.1 eV) without energy barrier, implying
that the adsorption of CO is thermodynamically stable on
the surface, and that the active interfacial sites may be
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Figure 3 Illustration of the C-O path for carbon removing under dry
atmosphere. The purple balls denote the oxygen migration from TiO,
bulk to the surface. Vg, and Vg, denote the oxygen vacancy at the Ni/
TiO, interface and TiO, bulk, respectively.

blocked and deactivated due to the stable CO adsorption.
It can be concluded, therefore, the formation of CO in C-
O path is very difficult due to the huge energy needed for
CO* desorption, which will result in a deactivated surface
for C* oxidation and thus a C* deposited surface.

CH-O path
The adsorbed CH reacts with the bridge lattice oxygen to

CHO*/NVg, (S26)

Energy (eV)

H*Noi (S28)

form CO and H,, which includes three major steps of the
formation of CHO* from CH* and interface lattice O, the
dissociation of CHO* to CO* and H*, and the desorption
of CO* to gas atmosphere (purple arrow indicated in
Fig. 2b). As shown in Fig. 4, unlike the formation of CO*
in C-O path, the formation of CHO* (S17 to S26) is
endothermic with a heat of 0.97 eV needed. Although the
dissociation of CHO* (S26 to S27) into CO* is exother-
mic (—0.98 eV), the desorption of CO* from the surface
into gas phase (S27 to S28) is still very difficult with the
energy needed of 2.33 eV. Comparing the energy changes
in the C-O path and CH-O path (Figs 3 and 4), it can be
found that the CH-O path is even more energetically
unfavorable than C-O path under dry atmosphere. It
should be also noted that in both paths, the migration of
lattice oxygen from bulk TiO, to the oxygen vacancy
should also be considered for sustainable reaction. Yet,
this migration process is also endothermic (about
0.51 V) and needs to overcome an energy barrier of
0.88 eV. The high energy barrier compared with those of
YSZ and CeO, which are around 0.28 and 0.50 eV, re-
spectively, implies that the sluggish migration of lattice
oxygen to oxygen vacancy cannot effectively accelerate
the carbon elimination under dry atmosphere. Con-
sidering the large reaction heats needed in the two oxi-
dizing processes under dry atmosphere, we can conclude
that both paths are thermodynamically unfavorable and
can barely happen, which is consistent with the experi-
mental observation of carbon deposition on Ni-TiO,

CO*H*N o (S27)

Figure 4 Illustration of CH-O path under dry atmosphere (TS: transition state).
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catalysts under dry atmosphere.
Under wet atmosphere

C-O-steam path

Under wet atmosphere, C* may be oxidized by lattice
oxygen (C-O-steam path) or directly reformed by steam
(C-OH-steam path). In the C-O-steam path (blue arrow
in Fig. 2a), the formation and desorption of CO is similar
to that of C-O path, and then steam is adsorbed and
dissociated over TiO, surface to compensate the formed
oxygen vacancy (instead of oxygen migration in C-O
path). As shown in Fig. 5, after CO desorption, H,0
adsorbs on the oxygen vacancy, which is an exothermic
process with an energy release of 0.96 eV. Importantly,
the dissociation of H,O* into two OH* species (S13 and
S14) and the following dissociation of OH* (S14 to S16)
both intensively release the reaction heat, in spite of their
energy barriers (~1 eV) needed to overcome. Compared
with C-O path, the processes in C-O-steam significantly
reduce the reaction heat of the whole reaction from 1.79
to 0.60 eV, making the whole reaction much more fa-

CO* Vg (S11)

v PR
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7% T TGN PN g
X '\$ ‘ )
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Energy (eV)

H*/OH* (S15)

vorable in thermodynamics.

C-OH-steam path

As shown in Fig. 6, prior to the formation of CO*, H,0O
adsorbs on the surface Ti site (S1 to S2), which then dis-
sociates with one H* over the interfacial O and the OH*
on the TiO, surface, releasing 0.84 eV of heat (S3 to S4).
Thereafter, C* reacts directly with the interfacial OH¥,
forming COH* on the Ni;; cluster (S4 to S5) and one
interfacial oxygen vacancy simultaneously. A large energy
barrier as high as 1.83 eV is needed to overcome to fulfill
this process. In the following, COH* dissociates into CO*
and H* (S5 to S6) with a large amount of heat (about
1.17 eV) released to the environment. The nearby OH* on
TiO, surface incorporates into the oxygen vacancy with an
energy barrier of 0.66 eV, which is lower than the mi-
gration energy barrier of lattice oxygen (Fig. S1), and re-
leases 0.89 eV of heat (S6 to S7). Desorption of CO* from
the Ni,; cluster surface (S7 to S8) is still the hardest one,
requiring an extra heat of 2.27 eV. What’s the worse, the
following migration of H from the interfacial region to
Ni,; cluster needs to overcome an energy barrier of 1.2 eV

CO@Nom (512) H,0% (S13)
\is \ \if 1P g u 17y

AT 7N

2 QO

PR ﬁws\w
S

Figure 5 Illustration of C-O-steam path in the presence of H,O (NTO: Ni,3/TiO,).
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Figure 6 Illustration of the C-OH-steam path in the presence of H,O.

(S8 to S9), which makes a total 3.47 eV of heat needed to
fulfill the process from S7 to S9. Such a large energy re-
quirement along with that for COH* formation indicates
that the elimination of adsorbed C* over the Ni/TiO,
surface under wet atmosphere is more prone to happen
through C-O-steam path instead of C-OH-steam path.

CH-O-stem path

Like that of C*, oxidation by lattice oxygen and steam
reforming reaction can also occur on CH*. Fig. 7 displays
the energy diagram of CH* oxidized by lattice oxygen
under wet atmosphere, noted as CH-O-stem path. The
first steps (S17 to S28) are the same as that in the CH-O
path, in which the CO* desorption is still the most dif-
ficult step to occur with a large energy barrier of 2.33 eV.
After desorption of CO*, H,O adsorbs on the oxygen
vacancy, releasing 0.82 eV of heat (S28 to S29) to the
environment, and then dissociates into two OH* at the
interfacial region by overcoming an energy barrier of
0.62 eV (S29 to S30). The two interfacial H* consecutively
transfer to nearby Ni sites (S30 — S31 — S32), and fi-
nally, desorbs from the surface forming gas phase H,.
Considering that the reaction heat of the whole reaction
reduces from 3.38 eV in CH-O path under dry atmo-
sphere to 1.85 eV here in the CH-O-steam path, the ex-
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istence of H,0O makes the whole reaction much less
endothermic and more favorable in thermodynamics.
Nevertheless, compared with the energy profile for C-O-
steam path in which the CO desorption heat can be lar-
gely compensated by that from CO* formation (Fig. 5), it
seems that the CH-O-steam path is still less energetically
favorable. In other words, direct oxidizing reaction is
more prone to happen on C*, instead of CH*.

CH-OH-steam path

As shown in Fig. 8, reaction begins with steam adsorption
and dissociation, releasing 0.65 eV of heat in total. CH*
then reacts with the interfacial OH* and forms CHOH*
species on the Ni,; cluster and an oxygen vacancy (519 to
S20), encountering a large energy barrier of 1.82 eV. The
other OH* migrates to the oxygen vacancy (S20 to S21),
releasing 0.92 eV of heat. In the following, two steps of
CHOH* dissociation (CHOH* + * - COH* + H* —
CO* + 2H*) occur with energy barriers of 0.79 and
0.43 eV, respectively. Finally, interfacial H atom spills
over to the Ni,; cluster (S24 to S25). Similar to the other
pathways, desorption of CO* from the Ni,; cluster (S23 to
S24) is still endothermic which needs 2.35 eV energy and
is aggravated by the large energy barrier of 1.18 eV for the
H spilling over step. Such huge energy demands make
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Figure 7 Illustration of the CH-O-steam path in the presence of H,O.

this pathway difficult to occur, especially considering the
strong endothermic formation of CHOH* at the inter-
facial region which needs to overcome a high energy
barrier (1.82 eV). It should be noted that the dissociation
of CHOH* is a significantly exothermic reaction with a
reaction energy of —1.34 eV, which can partially com-
pensate the energy need of the following CO* desorption
step and thus makes CO desorption easier than that uner
dry atmosphere (CH-O path). Other possibility of CH-
OH-steam and CH-O-steam pathways are also con-
sidered and shown in Figs S2 and S3, respectively.

DISCUSSION

Energetically favorable path

Comparing the six possible pathways above for CO and
H, formation in methane reactions under both dry and
wet atmospheres on the Ni/TiO,(110) surface, it is clear
that 1) the direct reaction of the adsorbed C with the
bridge lattice O of TiO, at the interfacial region is the

370 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019
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dominating pathway for the formation of CO* (C-O path
and C-O-steam path), demonstrating the active role of
lattice O for C* elimination [37-40,46,47]; 2) interven-
tion of steam directly to oxidize C*/CH* with its dis-
sociated OH* group is less favorable in energy than to
wipe off oxygen vacancy to get ready for the next C*/CH*
oxidation; 3) the filling of oxygen vacancy through steam
adsorption is much energetically superior to that through
the migration of oxygen ion in bulk TiO,, and thus ac-
celerates the whole carbon elimination reaction in ther-
modynamics; 4) the adsorption of H,O greatly reduces
the energy of the system and makes the whole reaction
much more favorable in energy than that under dry at-
mosphere; and 5) CO* desorption is the largest en-
dothermic step, and therefore may greatly impede the
whole reaction. The most possible reactions of CO for-
mation over Ni/TiO, surface are illustrated in Fig. 9 un-
der dry and wet atmospheres, respectively, where E, and
E.., denote the reaction energy barriers and the reaction
heat, respectively.
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Figure 9 Schematic energy profiles of the C-O path and C-O-steam path.
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Figure 10 H,O adsorption and dissociation on the (a) TiO,(110) and (b) Ni;3/TiO,(110) perfect surfaces, respectively.

Tablel Summary of H,O adsorption and dissociation on different materials’ surfaces with E and Eg, denoting the adsorption energy and
dissociation barriers, respectively
Materials E,4 (eV) E4is (eV) Ref.
TiO,-perfect —0.76 0.16 This work
Ni,3/TiO,-perfect —0.77 0.20 This work
Ni,;3/TiO,-defect 1 (C-O-steam path) —0.96 0.67 This work
Ni,3/TiO,-defect 2 (CH-O-stem path) —0.82 0.62 This work
Ni(111) —0.02, —0.18, —0.25 0.92 [42,44,48]
YSZ —0.26 - [21]
CeO, —0.33--0.56 2.35 [49]

Role of TiO, in the formation of CO and H,
From the above discussion, it is found that TiO, plays an
active role in H,O adsorption and dissociation reactions,
and thus affects the whole CH, reforming reactions. In
order to find out details about the role of TiO, in the
whole reaction processes, the dissociation of H,O on the
perfect TiO,(110) surface is further considered. As shown
in Fig. 10, the adsorption of H,0 on the perfect TiO, is
spontaneously and exothermic with energy release of
0.76 eV. The adsorbed H,O transfers one H to the
neighboring oxygen, forming two OH* by overcoming a
small energy barrier of 0.16 eV. These results highly in-
dicate a fast adsorption and dissociation rate of steam over
the TiO,(110) surface. In addition, the adsorption and
dissociation behaviors of H,O over the perfect Ni/TiO,
(110) surface are similar to those on TiO,(110), as shown
in Fig. 10b. While in case of defect Ni/TiO,(110) surface,
the dissociation energy barrier of H,O in oxygen vacancy
is around 0.62-0.67 eV as shown in Figs 5 and 7, due to
the stronger interaction of H,0O with the oxygen vacancy.
Adsorption of H,0O on Ni(111) surface was also in-
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vestigated, which is very weak with the adsorption energy
ranging from —0.02 to —0.25 eV. Meanwhile, a large dis-
sociation energy barrier about 0.92 eV is needed to
overcome, indicating that the steam adsorption and dis-
sociation over Ni/TiO,(110) surface can be mainly as-
cribed to the TiO,(110) surface. Especially, the
performance of TiO,(110) surface on water adsorption
and dissociation is better than YSZ and CeO, surfaces
which are the traditional components of SOFC anode
materials. As summarized in Table 1, the YSZ and CeO,
surfaces are not as hydrophilic as TiO,, and the dis-
sociation energy barrier of H,O on CeO, surface is about
2.35 eV. This result can also give a good explanation to
the experimental observation that Ni/YSZ and Ni/SDC
anodes are not so well carbon-tolerant as Ni/TiO, under
open circuit condition even when exposed to humid
methane fuels.

CONCLUSIONS
Based on the DFT calculations, we studied CO and H,
formation on the Ni/TiO,(110) surface. We found that
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carbon reacting with interfacial TiO, lattice oxygen (C-O-
steam path) was the dominating pathway, indicating that
interfacial lattice oxygen played an active role in the
formation of CO*. H,O could obviously reduce the re-
action energy of the whole reaction and thus make the
CO and H, formation much more favorable in thermo-
dynamics. Moreover, instead of serving as an oxidant,
H,0 is much more readily to adsorbing and dissociating
on the TiO, surface to wipe off the oxygen vacancies. In
comparison with traditional anode materials, such as
YSZ, CeO, and Ni, we found that TiO, greatly enhanced
the adsorption and dissociation of H,O on the surface
which promoted the formation of CO as a result. And
therefore, TiO, activated the adsorption and dissociation
of H,O to continuously provide interfacial oxygen as
oxidant for the carbon conversion to CO.
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