Available online at www.sciencedirect.com
JOURNAL OF

ScienceDirect PIIWHI
SOURGES

www.elsevier.com /locate /jpowsour

Journal of Power Sources 176 (2008) 23-30

Surface regeneration of sulfur-poisoned Ni surfaces under SOFC operation
conditions predicted by first-principles-based thermodynamic calculations

Jeng-Han Wang, MeilLin Liu*

School of Materials Sciences and Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

Received 7 September 2007; received in revised form 9 October 2007; accepted 9 October 2007
Available online 18 October 2007

Abstract

The surface regeneration or de-sulfurization process of a sulfur-poisoned (i.e. sulfur-covered) nickel surface by O, and H,O has been studied
using first-principles calculations with proper thermodynamic corrections. While O, is more effective than H,O in removing the sulfur atoms
adsorbed on nickel surface, it readily reacts with the regenerated Ni surface, leading to over-oxidization of Ni. Thus, H,O appears to be a better
choice for the surface regeneration process. In reality, however, both O, and H,O may be present under fuel cell operating conditions. Accordingly,
the effects of the partial pressures of O, [ po,] and H,O [ py,0] as well as the ratio of po,/pn,o0 on the regeneration of a sulfur-covered Ni surface
without over-oxidization at different temperatures are systematically examined to identify the best conditions for regeneration of Ni-based SOFC
anodes under practical conditions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Sulfur-containing compounds are the most commonly encountered contaminants in readily available fuels and are difficult to
be completely removed efficiently and economically. Even with small amount, they severely degrade the performance of catalysts
for fuel reforming or the anodes in solid oxide fuel cells (SOFC). The poisoning effect or the degradation in performance is
generally believed due to the adsorption of sulfur on the surface of catalysts or SOFC anodes, which blocks the active sites
for desirable reactions [1]. Thus, the removal of the atomically adsorbed sulfur from surfaces is a critical step toward sulfur
tolerance.

To date, the de-sulfurization of various materials has been extensively studied via experimental and computational approaches,
including pure metals (Ni [2-4], Cu [5], Mo [6,7] and Pt [8,9]) as electrodes, small clusters (CoMo, NiMo [7,10], NioP, Mo,C
[11], MoS; [12,13]) as catalysts, and metal oxides (CeO; [14-16], ZrO; [17,18] and La; O3 [19]) as electrolytes in fuel cells. It is
well known that the good overlaps between sulfur p orbital and transition metal d orbitals result in strong S-metal bond formation,
making the de-sulfurization process difficult. Small clusters of several metals display better properties for de-sulfurization. This
enhancement is attributed to the promoting effect in CoMo and NiMo cases [7,10] and to the stabilization of nickel d orbital in the
Ni,P case [11]. Among the metal oxide compounds, a highly reactive oxide of La;O3 was found to be an promising material to
efficiently remove HyS contaminant from fuels due to the dual valance charges of La! and LalV [19].

Furthermore, various chemical reagents have been thoroughly studied in the regeneration process, including Hy [20-22], O,
[2,4,16] and H,O [15,23,24]. The surface de-sulfurization by H, forming H» S, which is the reversed reaction of the highly exothermic
sulfurization process, HoS — S(a) + Hy [9,25-28], has shown to be less efficient. On the other hand, the oxidation of sulfur by O,
and H>O to form SO; shows more promising results. However, over dosing these reagents on metal surfaces results in metal

* Corresponding author. Tel.: +1 404 894 6114; fax: +1 404 894 9140.
E-mail address: meilin.liu@mse.gatech.edu (M. Liu).

0378-7753/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2007.10.025


mailto:meilin.liu@mse.gatech.edu
dx.doi.org/10.1016/j.jpowsour.2007.10.025

24 J.-H. Wang, M. Liu / Journal of Power Sources 176 (2008) 23-30

oxide formation and degrades the catalytic activity of Ni-based catalysts. Thus, determining the right conditions to de-sulfurize a
sulfur-poisoned surface without over dosing is a critical issue to achieve surface regeneration.

Here we report the results on our systematic examination of proper conditions for regeneration of sulfur-poisoned Ni surfaces. In
this analysis, we used DFT to compute the heat of reactions and thermodynamic corrections to estimate the Gibbs free energies of
the interfacial reactions, producing phase diagrams important to the de-sulfurization processes of Ni surface. The over-oxidization
of Ni surfaces by excess reagents is also considered. Further, proper conditions for the use of O, H,O, and a mixture of them for
de-sulfurization without over-oxidation have also been studied.

2. Computational method

The adsorption of atomic S(a) on Ni surfaces and bulk phases of pure Ni and NiO are computed by Vienna Ab Initio Simulation
Package (VASP) [29-31], implementing the density functional theory (DFT). The exchange-correlation function treated by the
generalized gradient approximation with the Perdew—Burke—Ernzerhof formulation, known as GGA-PBE [32,33], is applied for the
total energy calculations. Combining the accuracy of augmented plane waves with the cost-effective pseudopotentials implemented
in VASP, the projector-augmented wave method (PAW) [34,35] is applied in the basis set. The kinetic cut-off energy of 400eV is
employed to ensure the convergence with respect to the basis set and the efficiency of the computational cost. The Brillouin-zone
(BZ) integration is sampled with 0.05 A~! x 2 A~! spacing in reciprocal space by Monkhorst—Pack scheme [36]. All calculations
are performed imposing zero magnetization.

In poly-crystalline Ni catalysts or electrodes, Ni(1 00) surface forms the most stable S(a) adsorption and is considered as the
most vulnerable surface orientation to be poisoned under SOFC operation conditions [37]. Thus, the (1 0 0) surface is applied in the
current calculations. Although sulfur may adsorb on surfaces of other orientations, it is easier to remove sulfur from these surfaces
than from the (1 00) surface. The Ni bulk is initially computed to predict the theoretical lattice parameter. The result shows that
the computed lattice constant of 3.58 A is in good agreement with the experimental value of 3.52 A [38], and employed for the
surface calculations. The surface is modeled by the super cells of four-layer Ni(1 00) slab with 64 Ni atoms, as shown in Fig. 1,
followed by a 10-A vacuum space. The S(a) adsorption energies have been initially computed to test the convergence. The result
show that the surface models with 5 and 6 Ni(1 00) slabs or larger vacuum space, 15 A, have similar adsorption energies, less than
0.01-eV difference, to the applied surface model, four-layer Ni(1 00) slab and 10-A vacuum space. The Monkhorst—Pack k-points
are set as 2 x 2 x 1 along (110) x (110) x (00 1) directions. The modeled surface with the area of 9.90 A % 9.90 A and 16 fourfold
hollow sites (the most stable adsorption sites) is large enough to avoid any adsorbate—adsorbate interaction and to simulate minimum
coverage of S(a) with the highest adsorption energies. The top three layers are relaxed and the bottom one layer is fixed at the
computed lattice constant to represent the semi-infinite bulk crystal beneath the surface during the calculation.
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Fig. 1. The Ni(1 00) surface is constructed by 64 Ni atoms with a 10.4-A vacuum space. The blue balls are the surface Ni atoms. The dash lines represent the volume
of the super cell. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Considering the effect of temperature and partial pressure of various gases, we calculated the Gibbs free energy G(7, p) of the
whole system by applying the thermodynamic corrections on the DFT computed energy, EPFT, which represents the Gibbs free
energy at 0 K in vacuum or the Helmholtz free energy, F(7), at 0K, EPFT = G(0, 0) = F(0).

For a general gas—surface reaction:

surfacel 4 gas1(g) — surface2 + gas2(g) (1)

where surfacel and surface2 represent the reactant and product, respectively, in the condense phase whereas gas1(g) and gas2(g)
correspond to the reactant and product, respectively, in the gas phase. The Gibbs free energy for reaction (1) can be expressed as

AG(T, p) = (Ggas2 + Gsurface2) — (Ggasi + Gisurfacel) (2

It has been proven [39,40] that the Gibbs free energies of surfaces have relatively small variation, <10 meV, in a wide range
of temperature (<1500 K) and pressure (<100 atm) and the vibrational and entropic contributions to Gibbs free energies of atomic
adsobates are negligible. Therefore, the Gibbs free energies of solid phases can be approximated by the internal energy computed
from DFT calculations, Ggyrface(7, p) & Ggurface(0, 0) = EBE};% In contrast, the Gibbs free energies of the gas phases are strongly
affected by the temperatures and pressures and can be expressed as

Gas(T. p) = Gas(0,0) + AGgas(0 > T, p°) + AGa(T. p° — p) = Epii’ + Hyas(T. p°) + RT In(pgas/ p°) 3)

The first term is directly from DFT calculations. The second term, which can be found in the empirical thermodynamic database
[41], is the standard enthalpies of the gas phase molecules contributing from rotations, vibrations, and ideal-gas entropy at p° and is
temperature-dependent. The third term is a partial pressure-dependent function from Maxwell relation (where R is the gas constant).
Therefore, at a given pressure and temperature, the Gibbs free energy can be obtained by adding the thermodynamic corrections in
the last two terms to the DFT results, as discussed previously [12,42,43], and the Gibbs free energy for reaction (1) can be re-written
as

AG(T, p) = (Esurface2 ]s?lljglcel) + (Egg Ig?anT) + (HgaSZ - Hgasl) + RT (ln LpgaSZJ In Lpgale)

AEPFT(0,0) + AH(T, p°) + RT In {pgagz] (4)
Pgasl
The feasibility of the gas—surface reactions can be determined from the computed AG(T, p), as a function of AEPFT, enthalpy,
temperature and pressure.
The thermodynamic correction of external electric field is excluded in the current calculations since the external electric field,
which exists in the electrochemical reactions under SOFC operation conditions, has relatively smaller contribution in the Gibbs free
energy calculations, as examined in the Ni—S system [37].

3. Results and discussion
3.1. Regeneration by Oz or H;O

The sulfur poisoning effect of anode for an SOFC is resulted from the atomic sulfur adsorbed on the Ni surface, which blocks
the active sites for fuel oxidation [1,37]. To regenerate the surface, therefore, the adsorbed atomic sulfur must be removed from the

surfaces by introducing oxidizing reagents to react with the adspecies. The de-sulfurization process using the oxidant reagents of
O, and H»O can be described as follows:

02(g) + S(a) — SOx(g) + Ni(100), AEDT = —0.13eV (5)
2H,0(g) + S(a) — SO2(g) + Ni(100) + 2Ha(2), AEPFT =4.66eV (6)
where AEDFTand AEDFTare the heat of reactions (5) and (6), respectively, which can be determined from DFT calculations.
AERFT = (BB + ERfT o0 — BT+ ERLT o
AES™T = (ESS) + ENioo) + 2Ef, ) — QERLS + Egly) (8)

As described in the S—Ni system, the most stable S(a) adsorbed on the fourfold hollow site of Ni(1 00) surface with the lowest
surface coverage [37] considered as the decisive poison species, is applied in the present calculation. Since the non-adsorbed species
are in the gas phase in the computed temperature range, 500-1600 K, the Gibbs free energies for reactions (5) and (6) are given by,

AGs = (Gso, + Gni100) — (Go, + Gs@) = AEPTT(0,0) + AHs5(T, p°) — RT'In { ; S‘: } o)
2
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AGg = (Gso, + Gni(100) + 2Gh,) — 2GH,0 + Gs@) = AEg (0,0) + AHg(T, p°) — 2RT In l”‘*fﬁs] (10)

PH, Pso,
where AHs(T, p°) and AHg(T, p) are the standard enthalpies of the gas phase species involved in reactions (5) and (6), respectively.
AH5(T, p°) = Hso, (T, p) — Ho, (T, p°) an
AHo(T, p°) = Hso, (T, p) + 2Huy (T, p°) = 2Hi,0(T, p°) (12)

By computing the Gibbs free energies of AGs and AGg, as functions of temperature and pressures of pso,, po,. pH, and ph,0,
the required de-sulfurization condition can be expressed in the thermodynamic diagrams in Fig. 2. The yellow regions represent
the poisoned phase of S(a) adsorption and white regions represent the phase of clean Ni surface, regenerated by O, or H>O. The
boundaries between the yellow and the white regions correspond to AG5 =0 in Eq. (9) and AG¢ =0 in Eq. (10).

r AEDFT + AH ( FT + EDFT ) (EDFT DFT) + (HSO Ho )
log | 292 } =0434 |25 _T2D | 434 |59 T NG00 0 *Fsw 2 (13)

L PSO, RT RT

I DFT
log _PH0 = 0.434 M

| PH, PR3, 2RT
(E SD(}):QT N1(1 00) T 2EDFT) - (ZEE% 'S)(E)T) + Hso, + 2Hu, — 2Hy,0
— 0.434 e (14)

For the O, case in Fig. 2(a), higher temperature requires more O, or higher log [po,/pso, ], to remove S(a) from the exothermic
reaction (5). For H>O case in Fig. 2(b), less H>O, or lower log [ pH,0/ PH, pggz], is needed at higher temperatures since the removal
of S(a) by H>O in reaction (6) has a high endothermicity.

It is noted that at higher or lower temperatures, the bulk nickel sulfide will be formed on the surface, as detailed in a previous
study [37]. The boundaries between S(a) adsorption and nickel sulfide bulk are excluded since the S(a) adsorption is the most critical
phase in the poisoning behavior; thus only the boundary between clean Ni surface and the S(a) adsorption phase is considered in the
this analysis.

Considering the pressure effects at a given temperature, higher pressures of O, or HO can clean the S(a)-poisoned surface more
efficiently; however, exposure to excess amount of Oy or HyO will over-oxidize the regenerated Ni, resulting in O(a) adsorption and
NiO formation [2,4]. While O(a) adsorption can be readily removed by H; or other fuels, the formation of bulk NiO will significantly
de-activate the Ni catalyst, due mostly to the volume change associated with the redox reaction of Ni. Taking this into consideration,
we have to carefully examine the Ni-NiO bulk phase equilibrium in the O,—Ni and H,O-Ni systems.

The reactions between Ni and O, or H,O forming NiO can be expressed as

$02(2) +Ni — NiO, AEPFT = —1.43ev (15)
HyO +Ni — NiO+Hy, AEYT =0.97eV (16)
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Fig. 2. The thermodynamic diagram for S(a) removal process by (a) O, and (b) H>O in reactions (5) and (6), respectively. The yellow and white regions represent

the poisoned S(a) adsorption and regenerated Ni surfaces, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Fig. 3. The thermodynamic diagram for (a) O; and (b) H,O interacting with Ni forming NiO. The white regions correspond to the phase of clean Ni. The red regions

correspond to the phase of NiO bulk formation in reactions (15) and (16). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article.)

Similarly, the corresponding Gibbs free energies for reactions (15) and (16) can be computed as

AGis = (Exio — Exi ') — 3(EQET + Ho,(T, p°) — RT In[po, ) (17

PH,0
AGis = ERig — EXi ' + Efy' — Efied + Huy (T, p°) — Hyo(T, p°) — RTIn { p; ] (18)

2
Shown in Fig. 3 are the thermodynamic diagrams for the O,—Ni and HoO-Ni systems constructed by the Gibbs free energy
calculations. The red regions represent the over-oxidized phase of NiO formation and white regions represent the phase of pure Ni.

The boundaries between the red and the white regions in Fig. 3(a) and (b) correspond to AG15=0 in Eq. (17), and AG16=0 in Eq.
(18).

2FE N]O _ (EDFT +2EDFT) _ H02

1 =0.434 19
og[po,] l RT (19)
E EDFT 4 EDFT EDFT 4+ H H o
log {szo] — 0434 NiO Ni H, — HH, (20)
PH, RT

Since the NiO formation from O, reacting with Ni are exothermic, the NiO phases appear in the lower temperature range at a
given O, partial pressure in Fig. 3(a). In contrast, the NiO formation from H;O reacting with Ni is endothermic. Accordingly, the
NiO phases appear in the high temperature region at a given log[pn,0/pH,] in Fig. 3(b). For the pressure effect, the NiO phases
appear in the region with high O, and H,O partial pressures, larger values of log[ po, ] and log[ pu,0/pH, 1, respectively, at a given
temperature.

Therefore, the proper condition to regenerate the surface without over-oxidization can be determined by combining Figs. 2 and 3,
as summarized in Fig. 4. Insufficient oxidant reagents of O, and H;O results the S(a) phase in the upper left and lower left yellow
regions in Fig. 4(a) and (b), respectively. The over dosed reagents of O and H,O results NiO formation in the lower right and upper
right red regions in Fig. 4(a) and (b), respectively. The appropriate conditions to regenerate the Ni surface are located in the center
white regions.

Specifically, the partial pressure range of O, in the white (clean Ni) region is resulted from (19) to (13):

DFT DFT DFT DFT
Alog[po,] = 0.434 [2ENiO —2E5 — Eso, — Exioo Es<a) + HSOZ‘|
,1=0.

RT — log[pso,] (21)

The partial pressure range of [ pH,0/PH, ] in the white region is resulted from (20) to (14):

Alog {szo] — 0.434
PH,

1
SRT - ilog[psoz] (22)

DFT DFT _ pDFT _ pDFT
2E\io —2Exi — Eso, — Exicioo) T HSOZ]

Therefore, the allowed ranges of A log[po,] and A log[pn,0/pH,] for the O, and H>O regenerations, respectively, depend strongly
on the partial pressures of pso,: the lower pso, in the system will allow wider ranges of Alog[po,] or Alog[ph,0/pH,]. The
partial pressures of pso, produced from the O; in reaction (5) is expected to be higher than that produced from H;O in reaction (6)
since the stronger O, oxidant generates SO, faster and leave more residual SO;. Therefore, the last terms in Eqgs. (21) and (22) will
further narrow the proper pressure range for O, but widen that for H>O to achieve complete regeneration but without over oxidation
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Fig. 4. The complete (7, p) diagram for (a) O, and (b) H,O interacting with sulfur adsorbed Ni surface. The yellow, white, and red regions represent the phases of
S(a) adsorption, clean Ni, and NiO bulk, respectively. The proper conditions for surface regeneration without oxide formation are located in the central white regions.
The boundaries between yellow and white regions correspond to the axes of (a) log[ po, / pso, ] and (b) log[ pn,0/ P, pggzj; the boundaries between white and red

regions correspond to the axes of (a) log[ po, ] and (b) log[pH,0/pH, ], as arrowed. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

of Ni. In addition, the pressure range of O; is relatively difficult to be prepared in practical experiments. Thus, H,O is considered
as a better reagent for regeneration than O, as observed in the previous experiments [1,15,23].

3.2. Regeneration by a mixture of O2 and H,O

Under practical fuel cell operation conditions, both O, and H,O may be present in the system. The surface de-sulfurization and
over-oxidization can be described as follows:

x0; +2(1 — x)H0 + S(a) — SOy 4+ 2(1 — x)Hy + Ni(100), AEDFT = —0.13x 4 4.66(1 — x) (23)
302+ (1 = x)H20 + Ni —> NiO + (1 — x)Hz, AEDT = —1.43x 4+ 0.97(1 — x) (24)

where x varies from 0 to 1, depending on the ratio between O, and H,O. At x=0, it is the pure H> O regeneration process as described
by reactions (6) and (16) while at x=1, it is the pure O, regeneration process in reactions (5) and (15).
The Gibbs free energies of reactions (23) and (24) can be expressed as

2(1—x)

SO
AGy = AEXXT + AHy; + RT In H’% (25)
Po,PH,0
P
AGrs = AEY" + AHyu + RTIn | — 12— (26)
pOz szO

Where the internal energies and enthalpies are

AEDT =21 — ) ERFT + ESET + ERK1o0) — WEQET +2(1 — x) ERFS + ESED) 7
AHy3 = 2(1 — x)Hy, + Hso, — (xHo, + 2(1 — x)Hip,0) (28)
AERIT = (1 = 0ERET + ERT — ($EBET + (1 — )RS + ERIT) (29)
AHyy = (1 = x)Hu, — (3Ho, + (1 — x)Hm,0) 30)

From the Gibbs free energy calculation, the boundaries among the phases of clean Ni, S(a) and NiO from different values of x is
shown in Fig. 5.

For the pressure effect, the required reagents to remove S(a) in reaction (23), log[ pf)/z 2 pgzg ) / P502 pgz x)] and to form NiO in

reaction (24), log[ pgz 2 pgzox ) / p(1 x)] decrease as the x increases because less oxidants are needed in both cases as the component

of stronger O oxidant raises. For the temperature effect, reactions (23) and (24) are changed from exothermic to endothermic as x
decreases since the pure O regeneration (x=1) in reactions (5) and (15) are exothermic and the pure H>O regeneration (x=0) in
reactions (6) and (16) are endothermic. This result explains the boundary change, from left to right concave, as x decreases.
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Fig. 5. The (7, p) diagrams for (a) S(a) removal and (b) NiO formation in a mixture of O, and H,O of different ratio. The white, yellow, and red regions correspond
to the phases of clean Ni, S(a) adsorption, and NiO bulk, respectively. The related Gibbs free energy calculations for (a) and (b) are listed in Eqgs. (25) and (26),
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

In addition, shown in Fig. 6(a) and (b) are the contours for the required reagent pressures to de-sulfurize the surface and to oxidize

Ni, respectively, in different x values. The proper pressure ranges are in between the orders of log[ pf)/z . pgz_ox ) /P23 (1_x)] for S(a)

SO, PH,
removing and log[ p{)’f p(};;Ox) / pﬂ;x)] for NiO formation (between the two contours). Following the analogous works in Egs. (21)

and (22), the orders of proper pressure ranges can be expressed as

x/2 (1—x) DFET DFT DFT DFT DFT
Po, PH,0 2ENio —2EN — Eso, — ENi100) — Es@ t+ Hso, 1
Alog | —2—2"—| =0.434 2 — ~log[pso,] (31)
(1—x) 2
H, X 2RT 2

The order of proper pressure range is independent of x under thermo-equilibrium conditions. It means that, in the two extreme
cases, A log[ pgz 2] (at x=1) equals to A log[pn,0] (at x=0), which is consistent with the results in Egs. (21) and (22). In addition,
considering the last term of 1/21og[pso,] in Eq. (31), we can see that stronger O, oxidant in the reaction (23) will generate SO,
faster and leave more residual SO;. Therefore, proper range for A log[ p)gzz pgz_g) / pgz_x)] is expected to be narrower at higher x
values, which is also consistent with the conclusion in Section 3.1.

It is noted that our analysis is applicable only to thermodynamic equilibrium conditions, predicting the ultimate equilibrium states
under a given set of conditions (temperature and pressure). The kinetics of these reactions are important as well. However, detailed
kinetic study requires additional calculations of the intermediate and transition states in the reaction paths (potential energy surface)
and molecular dynamic simulations. In addition, surface morphology might change due to nickel atoms sintering or migration on the
surface during the regeneration process. Further, oxygen ions transported from the cathode side may interact with the adsorbed sulfur
on Ni surfaces under practical fuel cell operating conditions. These dynamic effects, which have not been taken into consideration in

this study, may significantly influence the regeneration process. The methodologies to address these issues are still under investigation
and will be reported in subsequent communications.

() 1600 (b) 1600

Temperature (K)
Temperature (K)

0.0 0.2 0.4 0.6 0.8 1.0
X X

Fig. 6. Contour plots of the required pressure ratios for (a) log[ pxo/z2 pﬁ;(f )/ pg82 pgz_x)] in S(a) removal reaction and (b) log[ p)(()/z2 pﬁz_(f ) / pi{lz_x)] in NiO formation.
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4. Conclusion

Regeneration of sulfur-poisoned Ni surfaces by O;, H>O, and a mixture of them has been examined using ab initio atomistic
thermodynamics. In the regeneration, both the removal of the atomically adsorbed sulfur and over-oxidation of Ni surfaces to form
NiO are considered. The required temperatures and pressures of the chemical reagents needed to remove the atomic sulfur adsorbate
and to from NiO are predicted and presented in thermodynamic diagrams. While both O, and H,O may be used for the regeneration
process, HyO appears to be a better option because of its broader pressure range for removing surface sulfur without over-oxidizing
the Ni surface.
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