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ABSTRACT: While several proton-conducting anode materials have shown excellent
tolerance to sulfur poisoning, the mechanism is still unclear due largely to the inability
to probe miniscule amounts of sulfur-containing species using conventional surface
characterization techniques. Here we present our findings in unraveling the
mechanism of water-mediated sulfur tolerance of a proton conductor under operating
conditions empowered by surface-sensitive, operando surface-enhanced Raman
spectroscopy (SERS) coupled with impedance spectroscopy. Contrary to the
conventional view that surface-adsorbed sulfur is removed mainly by oxygen anions,
it is found that —SO,, groups on the surface of the proton conductor are converted to
SO, by a water-mediated process, as confirmed by operando SERS analysis and
density functional theory (DFT)-based calculations. The combination of operando
SERS performed on a model electrode and theoretical computation offers an effective
approach to investigate into complex mechanisms of electrode processes in various
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electrochemical systems, providing information vital to achieve the rational design of better electrode materials.
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INTRODUCTION

anode to preserve the aforementioned advantages of Ni while

Solid oxide fuel cells (SOFCs) have the potential to be the
cleanest and most efficient options for cost-effective conversion
to electricity of a wide variety of fuels, from hydrogen to
hydrocarbons, coal gas, and renewable fuels.'”* Analysis
suggests that the replacement of today’s engines, gas turbines,
and power plants by SOFCs may be able to double the energy
efficiency while dramatically reducing CO, emission.”’
However, small amounts of sulfur-containing contaminants
may dramatically degrade the performance of the state-of-the-
art cermet (ceramic—metal) anodes of SOFCs, and poor
tolerance to fuel impurities severely limits the longevity of
SOFCs and the market penetration of SOFC technology.” "'
Since sulfur contaminants are commonly encountered in
readily available fuels, such as natural gas and liquefied
petroleum (LP),*'" the development of a contamination-
tolerant anode is vital to fully achieve the fuel flexibility of
SOFCs. While the kinetic activity of nickel (Ni), the most
widely used metal in SOFC anode, is known to be inadequate
for many practical fuels due likely to the formation of
elemental sulfur (S*) that blocks active sites at the triple phase
boundary (TPB),”"”"*"* Ni still has prospects to be one of the
best anodes because of its exceptional catalytic activity toward
H, oxidation, excellent electronic conductivity, and low cost.
To date, extensive efforts have been devoted to the
development of alternative ceramic counterpart of the cermet
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enhancing the sulfur tolerance of anode.

Over the past several years, important strides have been
made in demonstrating effective sulfur tolerance utilizing
proton-conducting oxides based on barium cerate—zirconate
Ba(Zr,_,Ce,)O;_5>'""> While sulfur poisoning on Ni is
rigorously studied using ab initio atomistic calculations and
216718 surface
chemistry and structure of the ceramic phase of the cermet

in situ high-temperature Raman spectroscopy,

anodes are yet an important missing piece of the puzzle.
Unraveling sulfur mitigation mechanism on a proton-
conducting oxide of the cermet anode would be very importent
since many high-performance SOFCs are based on protonic
ceramic-based anodes.”'*'?™** To date, however, no clear
understanding has been reported, while many have speculated
that a sulfur mitigation mechanism would be ascribed to the
distinctive water adsorption capability of proton-conducting
oxide.”'”"**? The challenge mainly stems from the extremely
low concentration of sulfur molecules [parts per million (ppm)
level] and the inability to capture surface chemistry during the
electrochemical reaction processes under typical fuel cell
operating conditions.
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Figure 1. In situ/operando SERS platform. (a) Schematic of the in situ/operando SERS platform with a Ni—BZCYYb model electrode. (b)
Schematic for the fabrication of patterned Ni electrode in BZCYYb powder through an embedded mesh method. (c) Optical microscope image of
the surface of a model electrode showing Ni—BZCYYb interface. (d) Scanning electron microscopy (SEM) image of SERS NPs (Ag@SiO,) on the
surface of the model electrode. (e) TEM image of a SERS NP (Ag@SiO,). (f) Schematics for sulfur transitions and the reaction mechanisms on (i)
Nij, (ii) dry Ni-BZCYYb, and (iii) wet Ni-BZCYYb anode. (g) a typical SERS spectrum acquired in wet (3 vol % water vapor) H, fuel with 100

ppm H,S at 500 °C.

One successful strategy to detect surface intermediates is
employing surface-enhanced Raman spectroscopy (SERS)
probes.””*7*° By utilizing electro-catalytically inert and
thermally robust nanoprobes (NPs), Li et al. successfully
identified —COj; functional groups on the surfaces of proton-
conducting oxides, BaZryo,Y,,0;_5 (BZY) and
BaZr,,Cey,Yo1Yby10;_5 (BZCYYD), in investigation into the
mechanism to coking tolerance.”’ It is found that surface-
adsorbed water molecules play an important role in reducing
or eliminating carbon deposition. While these studies have
provided some valuable insights regarding the surface species
that may critically affect the polarization resistance of an
electrode, the detailed mechanism of electrode reactions is yet
to be determined. To gain deeper insight into surface reaction
mechanisms, it would be necessary to directly correlate
electrode surface features under operating conditions with
the electrochemical behavior of the electrode as determined
using concurrent operando measurements such as electro-
chemical impedance spectroscopy (EIS).”*™*'

In this work, we probe the surface of Ni—BZCYYb model
electrodes upon exposure to the ppm level of sulfur (H,S) at
elevated temperatures to acquire information relevant to sulfur
mitigation mechanisms of this proton-conducting oxide. First,
we directly observed —SO, surface functional group as a major
species on the surface of BZCYYD; this became possible
because SERS NPs significantly enhanced the detection limit
of Raman spectroscopy. Further, the simultaneous measure-
ment of Raman and impedance spectra allows us to build a
quantitative relationship between Raman spectral features and
the electrochemical behavior of the electrode. Second, the
removal of —SO, by introducing water vapor was confirmed in
time-resolved SERS, implying that water may play a critical
role in sulfur removal from the surface of the proton-
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conducting oxide. This observation suggests that water
adsorption may be equally effective as oxygen ion flux to
remove adsorbed sulfur (S* + 20~ = SO, + 4e7).%' Third,
density functional theory (DFT) calculations have helped us to
explore possible elementary reaction sequences and the specific
mechanism for sulfur removal.

B EXPERIMENTAL SECTION

Fabrication of Model Electrodes. BaZr, ,Ce;,Y,,Yby,0;_s
(BZCYYb) powder was fabricated by a solid-state reaction method.
Stoichiometric amounts of high-purity barium carbonate, zirconium
oxide, cerium oxide, ytterbium oxide, and yttrium oxide powders (all
from Sigma-Aldrich Chemicals) were mixed by ball milling in ethanol
for 48 h, followed by drying in an oven and calcination at 1100 °C in
air for 10 h. The calcined powder was ball-milled again, followed by
another calcination at 1100 °C in air for 10 h. Resulting X-ray
diffraction (XRD) is shown in Figure Sla.

Patterned electrodes are fabricated by an embedded mesh method.
To fabricate model electrodes with a well-defined nickel—electrolyte
interface, BZCYYb powder was pressed into a pellet (300 MPa for 30
s) with nickel mesh (<1 cm piece) embedded. The pellets with a
sandwich structure of BZCYYb/Ni mesh/BZCYYDb are then sintered
in 4% H,/bal Ar at 1450 °C for 5 h to densify the electrolyte. After
sintering, one side of the sintered sample was ground and polished
with diamond suspensions to remove the excess electrolyte to expose
the interface between the Ni and the electrolyte. A schematic of the
fabrication is described in Figure 1b, and the resulting samples are
characterized as illustrated in Figure SI. There are several reasons to
use the BZCYYb/Ni mesh/BZCYYDb trilayer samples in this study.
First, when a BZCYYb/Ni mesh bilayer sample was used, the
difference in shrinkage and mismatch in the thermal expansion of Ni
and BZCYYb during sintering resulted in warping and/or
delamination of the Ni—BZCYYb sample. In contrast, when
symmetrical BZCYYb/Ni mesh/BZCYYb trilayer samples were
sintered, those problems were eliminated, yielding flat samples.
Second, Ba evaporation from BZCYYb surface during sintering at high
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temperatures was another problem, altering the surface chemistry and
thus properties. Fabricating a trilayer sandwich structure and then
grinding off the excess layer are an effective way to obtain a good Ni—
BZCYYb interface (Ba evaporation became negligible) for the study.

In Situ/Operando Raman Spectroscopy. Raman spectra were
acquired using a Renishaw RM 1000 spectromicroscopy system (~2
um spot size). An air-cooled Ar laser (CVI Melles Griot) emitted at
514 nm was used for the excitation of Raman signal in this study with
a total power of 10 mW. It is noted that high-power laser could
generate local heating of the area under study and may potentially
degrade SERS platform. To avoid this problem, the laser was
defocused slightly from the focal point and the beam size was
expanded to approximately § X 5 ym? (the beam size was 2 X 2 ym?®
when focused). The actual power density was therefore reduced by
about 1 order of magnitude, from 10 mW (when fully focused) to ~1
mW (under the actual condition). The confocal slit was adjusted to
10 um to minimize band-broadening effects. Spectra are collected as
an extended scan with a rate of 77 s/spectrum (grating: 1800 Iines/
mm). To acquire a full spectrum, the total time needed was
approximately ~600 s. A Harrick environmental chamber was used for
in situ/operando Raman tests.>'**> An in situ time-resolved study
was conducted by placing the laser spot on the same location. To
perform operando Raman spectroscopy study, the Ni-BZCYYb side
was connected as the working electrode (WE) and the other side is
brush-painted with a Ag paste to perform as the counter electrode
(CE). As a control, a Ag—Ag symmetric cell with BZCYYb electrolyte
of the same thickness was also tested (Figures S13 and S14).
Impedance spectra were acquired using a Solartron SI 1255 HF
frequency response analyzer interfaced with an EG&G PAR
potentiostat model 273A with an alternating current (AC) amplitude
of 10 mV in the frequency range from 100 kHz to 0.01 Hz. Gases (4%
H,/bal Ar, H,, Ar, 100 ppm H,S/H, UHP grade, Airgas) were
metered with mass flow controllers and introduced into the chamber.
To introduce 3 vol % water into the gas, a room-temperature bubbler
was used. To ensure H,S does not dissolve in water, 100 ppm of H,S/
H, gas was mixed after Ar flowed through the bubbler.

Fabrication of SERS Nanoprobes (NPs). The detailed
fabrication method of SERS NPs is as described in our previous
work.”* The Ag NP seeds are fabricated (Figure S2a, left) as follows:
0.75 g of poly(vinylpyrrolidone) (PVP, M,, = ~55000 g/mol) was
dissolved in 3 mL of ethylene glycol (EG, 99.8%) and then mixed
with 0.25 g of AgNO;. The resulting solution was kept at 120 °C for 1
h under vigorous stirring. Afterward, 20 mL of ethanol was added to
form a homogeneous Ag colloidal suspension. The application of SiO,
shell is done by adding 1 mL of concentrated NH,OH into the Ag
suspension, and then, 0.3 mL of tetraethyl orthosilicate (TEOS) was
introduced, after letting set for 1 h. The fabricated Ag@SiO,
nanoparticles were extracted from the colloidal solution by repeated
centrifugation at 6000 rpm with ethanol and deionized (D.L.) water
(Figure S2a, right). Encapsulation of SiO, brought a slight shift in
extinction profiles (Figure S2b). The enhancement in the Raman
intensity of fabricated NPs is tested with diluted rhodamine solutions
as shown in Figure S2c. Spectra of BZCYYb are compared before and
after the deposition of SERS nanoprobes (NPs), and the results are
shown in Figure S1b.

Computational Details. The density functional theory (DFT)
calculations were performed using Vienna ab initio simulation
package (VASP).*> > The computational method employed the
generalized %radient approximation®® with the Perdew—Wang 1991
formulation® for the exchange—correlation function, GGA-PW91,
with the projector-augmented wave (PAW) method***” that the cost-
effective pseudopotential was utilized for core electron—ion
interaction. The cutoff kinetic energy of the plane-wave basis for
the valance electrons was set at 600 eV. The Brillouin-zone (BZ)
integration was examined in the reciprocal space and sampled by the
Monkhorst—Pack scheme® at a 0.05 x 2 (1/A) interval. BaZrO,
surface was constructed by nine (3 X 3) metal layers containing a
total of 135 atoms, in which the bottom two layers were fixed at the
optimized crystal lattice and the top seven layers were free to relax, to
simulate the BZCYYb electrolyte; dopants of Y and Yb played an
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important role in creating oxygen vacancy and showed small energetic
difference. The energetic and gradient convergences of 1 X 10™* and 1
X 107% eV, respectively, were applied for the structural optimization
and reaction energy (AE) calculation for each step. The Gibbs free
energy (AG) for the overall process was further examined by
including the thermodynamic corrections of bias voltage (Vi) and
gas species pressures on the computed AE. The transition states were
located by the nudged elastic band (NEB) method at the same
convergence criteria for the reaction barrier (E,) calculation.

B RESULTS AND DISCUSSION

Construction of In Situ / Operando SERS Platform.
From a practical point of view, it is essential to incorporate
pores into the anode to facilitate mass transport of fuels. In
addition, the electronically conductive phase should be well
dispersed with the ionic conductor to maximize the active TPB
density. However, it is challenging to gain a fundamental
understanding of the intrinsic properties of an electrode with
conventional porosity since it is difficult to separate the
intrinsic properties of the electrode material from the effect of
microstructure, morphology, and surface chemistry on
electrode performance. More importantly, the active TPBs in
a porous cermet electrode are inaccessible to the probing laser
of Raman spectrometer since only the TPBs located at or near
the electrode—electrolyte interface are electrochemically active
(and thus blocked by the porous electrode). Therefore, to gain
a critical understanding of the intrinsic properties of Ni—
BZCYYb anodes, we have devised a model cell through
embedded mesh method (Figure la—e; see the supporting
experimental procedures for fabrication details and additional
characterizations are shown in Figure $1).2*" While the
typical configuration of a porous cermet electrode complicates
on identifying reactions happening on each material (ceramic
or metal), the model electrode with well-established TPBs
allows us to directly probe the surface of Ni, the ceramic phase,
or the Ni-ceramic interface of the cermet anode. The open
architecture of the model cell with patterned anode allows
operando Raman spectroscopy in parallel to the electro-
chemical testing.

Although sulfur contaminants can be found in various forms
such as H,S, R-SH, CS,, and COS, they are mostly converted
to H,S under reducing atmospheres of the anode.'®'*
Therefore, hydrogen with 100 ppm H,S (i.e, 100 ppm H,S/
H,) is chosen as the sulfur-contaminated fuel. Since the
concentration of the sulfur contaminant in the atmosphere is in
the ppm level, the key reaction intermediates associated with
sulfur poisoning may be in trace amount on the electrode
surface; thus, highly sensitive techniques are required to detect
the surface species. Accordingly, even though a surface
adsorbate may have Raman active vibrational mode, ordinary
Raman spectroscopy may vyield insufficient information.**
Furthermore, high-temperature in situ/operando Raman
spectroscopy poses a particular challenge of low signal-to-
noise ratios, attributed to an increased visible radiation from
the heated sample and increased variability of Raman modes at
elevated temperature. Although SERS technique with sput-
tered nanoislands of Ag showed promise as applied to ex situ
characterizations, " applying Ag nanoparticles to an in situ
study introduces two new complications. First, silver itself can
be catalytically active; silver nanoparticles may affect the
electrochemical performance measurements and confound the
reaction mechanism study. Second, silver nanoparticles are not
stable at elevated temperatures and tend to coarsen into larger
particles that have weaker localized surface plasmon resonance
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Figure 2. Investigation into water-mediated sulfur removal from BZCYYb. (a) Schematics for —SO, formation and water-mediated —SO, removal
on a proton-conducting oxide, BZCYYb. (b) Time-resolved SERS analysis of a Ni—BZCYYb model electrode as the fuel was changed from dry to
wet 100 ppm H,S/H, at 500 °C. Laser was focused on BZCYYb. (c) Impedance spectra of the Ni—BZCYYb model electrode when exposed to dry
and wet 100 ppm H,S/H, at 500 °C. (d) Integrated intensities of the key peaks corresponding to —SO, of the Raman spectra shown in (b) as a

function of time when 3 vol % water was introduced.

(LSPR) effects, which results in very small enhancement of the
Raman scattering. Therefore, an inert shell is needed to
restrain the catalytic activity of Ag and to prevent nanoparticle
coarsening. To overcome aforementioned issues, we employed
electro-catalytically inert and thermally robust Ag@SiO, (silver
core with a silica shell) nanoparticles as shell-isolated
nanoparticles enhanced Raman spectroscopy””~** (SHINERS)
on model cell (Figures 1d,e and S2), which showed promising
LSPR effect at temperatures up to S00 °C in our previous
studies.”***® Fabricated BZCYYb has pure perovskite phase
(confirmed by XRD), and in situ SERS measurements of the
Ni—BZCYYb model electrode were performed to track the
changes in surface composition with temperature in reducing
atmosphere (1:1 = H,/Ar) (Figure Slc). In the temperature-
dependent Raman spectra, no major composition change was
observed, while a slight thermal shift of the BZCYYb band was
observed [doublet ~350 cm™ (v, v,), ~430 cm™* (v3):|.2’46
Thus, we have constructed anoperando SERS platform for
investigation into the surface chemistry of Ni—BZCYYb model
electrode under realistic fuel cell operating conditions
containing sulfur-contained atmospheres.

Water-Mediated Removal of Sulfur on a Proton-
Conducting Oxide. The principal evidence for the active role
of BZCYYDb in sulfur mitigation mechanism is the evoluation of
Raman spectra as the partial pressure of water vapor in the fuel
was changed (Figure 2). As seen in Figure 2b, when dry 100
ppm H,S/H, was introduced to the model electrode at 500 °C,
a band of sulfate [v(—S0,), 980 cm™]* %" appeared quickly,
an indication of sulfur adsorption and oxidation on BZCYYb
surface. DFT calculations were used to guide the assignment of
Raman peaks, and some of the vibrational frequencies of sulfur-
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containing species are listed in Table S3 (please see Figure
S15, and the animations are also available in Videos S3—S9).
According to Bartholomew et al, the toxicity of the sulfur-
containing species depends on how many electron pairs are
available to interact with the metal; therefore, their toxicity
decreases as follows: H,S > SO, > —S0O,.”' Hence, it suggests
that the formation of —SO, on BZCYYb can be advantageous
to minimize the effect of sulfur poisoning of Ni surfaces. In the
absence of water vapor in the fuel, however, —SO, remains on
the surface [Sy,, (standard deviation) = 3.86]. When the dry
fuel gas was switched to a wet one (3 vol % H,0 + 100 ppm
H,S/H,), v(-SO,) at 980 cm™' quickly disappeared, as
reflected in the integrated peak intensity of v(—SO,) over time
[Figure 2d; S, (standard deviation) = 2.75]. Additionally, the
peaks corresponding to SO,,v(SO,), appeared at 520, 1147,
and 1334 cm™' (Figures 1g, S3, and $4),>* due likely to steam
reforming of H,S'***** The Raman analysis suggests that H,O
facilitates —SO, removal from the BZCYYb surface, which
is supported by the time-resolved Raman observation of H,O
adsorption band (3580 cm™') and the formation of —OH
(~3300 cm™) groups on BZCYYb.>® Thus, it seems that water
plays a vital role in enhancing sulfur tolerance, as Yang et al.
suggested earlier (Figure §5).>'% Moreover, Duan et al.
illustrated remarkable sulfur resistance of BaZr;sY,,0;.5
(BZY20) and the role of dissociative water adsorption on
proton-conducting oxide in improving sulfur tolerance.'**°
Although Raman spectroscopy is not a quantitative analysis
technique, the amount of —SO, on the surface was estimated
using pure BaSO, as a calibration sample under identical
conditions for Raman analysis. The BaSO, sample had the
same physical dimensions as the Ni—BZCYYb model electrode
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Figure 3. Quantitative analysis of concurrent Raman and impedance spectra. (a, b, e, f) Impedance spectra of a Ni—BZCYYb model electrode
under (a) dry and (e) wet 100 ppm H,S/H, at 500 °C. The anodic bias was changed from 0 to 1.0 V. (b, f) closer views of the low-frequency EIS
data for easy comparison. (c, g) Operando Raman spectroscopic evolution of Ni—BZCYYb model electrode under (c) dry and (g) wet 100 ppm
H,S/H, at 500 °C under the influence of an applied anodic bias. Raman acquisitions are performed simultaneously with impedance spectroscopy at
an interval of 0.2 V. (d, h) Quantitative correlation between key features, v(—S0O,), of operando Raman spectra, and R, of the model electrode

under (d) dry and (h) wet 100 ppm H,S/H, at 500 °C.

and was decorated with an equivalent amount of SERS NPs.
The Raman measurements were performed under identical
conditions as for the model anode (Figure S6). If the surface of
the pure BaSO, sample is 100% covered by —SO,, the surface
of the BZCYYD in dry 100 ppm H,S/H, has ~0.6 % of —SO,,
surface coverage (estimated from the integrated area of the
peak with a bandwidth of 20 cm™), which was reduced to
~0.2% when 3% water vapor was introduced, indicating that
2/3 of the —SO, was removed from the BZCYYb surface.

This result is consistent with the EIS measurements under
the same conditions in dry and wet 100 ppm H,S/H, (Figure
2¢). The polarization resistance (R,) was higher in dry 100
ppm H,S/H, ( (more —SO, formation), but was reduced when
water was introduced to the system (—SO, removal). The
results support the hypothesis that —SO,, is the major surface
functional group that contributes most to an increase in
polarization of the electrode under a sulfur-contained
atmosphere. This result is also consistent with the R,
measurement reported by Yang et al. that BZCYYDb anodes
show no R, increase when exposed to wet H, with small
amount of sulfur (20 ppm H,S/H,).”
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In addtion, Ni surface is also analyzed in both dry and wet
100 ppm H,S/H, atmospheres at 500 °C, and the SERS
evolution is shown in Figure S7. Since we observe —SH on Ni,
which was also predicted from DFT calculations,"”'® it is very
plausible that H,S preferentially cracked on Ni first and the
sulfur moved to BZCYYb to form —SO,. The R, of the
electrode seems to be dependent largely on the TPB area
[where the ceramic phase (BZCYYb) is near to Ni (within 20
um)], rather than the metal phase alone (Ni) of the cell. This
suggests that the major polarization arises from an interface
between Ni and BZCYYb. While it is known that sulfur
coverage of Ni is mainly blamed for malicious poisoning effect,
to enhance sulfur tolerance of SOFC anodes, the ceramic
phase should act as a sulfur removal catalyst. Therefore, the
ideal ceramic catalyst should have the capability to attract
sulfur in order to protect Ni and, at the same time, should
possess catalytic activity to remove sulfur from the surface. In
this aspect, Ba(Ce,_,Zr,)O;-based ceramics show a better
tendency to react with H,S , as confirmed by ab initio
thermodynamic studies.'”>” Moreover, it seems that sulfur
tolerance of protonic ceramics is enhanced when water
adsorption takes place. It should be noted that the active
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sites of cermet model anodes may not be confined only to the
metal—ceramic interface but also extended to the two-phase
boundaries (2PB) between ceramic and gas.”® Overall, it
involves —SO,, development on proton-conducting oxide and
subsequent water-mediated —SO, removal.

Quantitative Analysis of Raman Spectra and Elec-
trode Polarization. To further verify our hypothesis that
—S0, is the major functional group that results in the increase
in in electrode polarization resistance (Rp), we designed
additional operando Raman spectroscopy studies in order to
directly correlate Raman results with electrochemical results,
providing information for validation of electrode degradation
mechanism. A combination of different techniques will help us
to synthesize a predictive model. According to our previous
discussions, sulfur transitions on BZCYYb surface involve two
reactions: (1) —SO, formation and (2) —SO, removal.

The formation of —SO, (eq 1) could be hypothesized as
follows

H,S() + 60”7 — 20H™ + SO;™ + 8¢~ 1)
Since an applied anodic bias will draw electrons from the
anode to external circuit, it is expected to facilitate —SO,
formation on the anode. If the accumulation of —SO,
functional groups increases the resistance to electrode
reactions, an increase in anodic bias will lead to an increase
in R of the model electrode.

When the anodic bias was varied from 0 to 1.0 V, the Raman
band corresponding to v(—SO,) changed accordingly [dry 100
ppm H,S/H,; Figure 3c]. It is noted that the intensity of the
v(—S0O,) band increased with the magnitude of the anodic bias
applied to the cell, implying that the anodic bias drives forward
reaction (1). Concurrent measurement of EIS shows an
increase in R, accordingly (Figure 3ab). Therefore, the
evolution of the Raman band of —SO, is an indication of
the surface reaction induced by sulfur poisoning.

Water-mediated sulfur removal (eq 2) in the presence of
water (or in a wet atmosphere) can be expresed as follows

SO;™ + 2H,0(,) + 2¢” — 40H™ + SOy, @)
Since electrons are required for this reaction, an applied anodic
bias will slow down sulfur removal, implying less sulfur
tolerance at high overpotential in the presence of water. To
validate this, we performed operando Raman measurements in
a wet atmosphere. When the anodic bias was varied from 0 to
1.0V, the intensity of v(—80O,) and R, of the model electrode
quickly increased, suggesting that at high overpotential the bias
effect can overwhelm the chemical effect of H,O (Figure 3e—

g)-

The values of vibrational properties as a function of
electrochemical operation can be considered as a semi-
quantitative indication of surface functional group evolution
induced by sulfur adsorption on the electrode surface. To
quantify the effect, the intensity of the peak , v(—SO,) on
BZCYYb sample was integrated with a bandwidth of 20 cm™".
Figure 3d and 3h show the quantitative correlation between R,
and integrated peak intensity of v(—SO,). Whether it is in dry
or wet atmosphere, it is clear that R, of the cell is well corelated
with the integrated intensity of v(—SO,) on the surface. Wet
sulfur atmosphere shows much less R, and v(—SO,) intensity
in moderate anodic bias regime (0—0.4 V), suggesting that a
water-mediating sulfur mitigation mechanism is operative as
observed in long-term electrochemical performance studies.”"*
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Mechanistic Assessment via Density Functional
Theory. In addition to probing surface chemistry using
Raman spectroscopic analysis, we further utilized DFT
calculations for elaborating the mechanisms at the molecular
level for eqs 1 and 2. To simplify the DFT simulation of
BZCYYb, we started with undoped BaZrO; as a simplified
DFT model in the beginning (Figures S8—S10); however, the
energetics of Y- and Yb-doped BaZrO; were also considered in
the subsequent analysis (Figures S11 and S12; Tables S1 and
S2). Reaction 1 corresponds to the eight-electron oxidation
process, starting from H,S,) to the subsequent formation of
SOy()* along with OH,)~ on the BaZrO; [the subscripts (g)
and (b) indicate the species in the gas phase and bulk,
respectively]. Reaction 1 can be decomposed to the elementary
steps of R1—R6, as listed in Table la and shown in the

Table 1. Elementary Reaction Sequences for Sulfate
Formation and Water-Mediated Sulfate Removal Process

(a)
steps AE (eV) E, (eV)
RI: HyS(p) + 0*7 = H,SO,*” -3.57
R2: H,SO,)>” + Ogy”” = HSO,)” + HO,y  + e =231 0.05
R3: HSO(,>™ + Oy’ = SO@,)"” + HO@,)™ + e~ —2.42 0.02
R4: SO + Oy>™ = SOyp)° " + 2e” —4.64 0.13
RS: SO,)°” + Ogy”™ = SOs)> ™ + 2e” -223 0.56
R6: SO530)>” + Ogy>™ = SO4p)° + 2e” —2.04 0.58
(b)b
steps AE (eV)  E, (eV)
R7: SO, + H,0(y) = SO4)>~ + HyOq,) -1.02
R8: SOy4,)"” + H,0(,) = HSO,,)~ + OH,)~ —0.09 0.03
R9: HSO,,)” + 2e” — SO34,°” + OHy,)~ 1.32 1.81
R10: $O34,)” + H,0(y) = SO3,)>” + Hy0,) -0.79
R11: $O54,)°” + H,0() = HSO4,)” + OH,y™ 0.72 1.33
R12: HSO3y” = SOy + OHy~ 0.20 1.01
R13: SOz(b) g SOz(g> 0.44

“The computed AE and E, for the elementary steps of RI—R6 in the
sulfate formation process from the H,S(,) to the SO4(b)2_ on the
BaZrO;. The corresponding PES is plotted in Figure 4a. *The
computed AE and E, for the elementary steps of R7—R13 in the
water-mediated sulfate removal process from the SO4(b)2_ to the
SO;y(g) on the BaZrO;. The corresponding PES is plotted in Figure 4b.

corresponding potential energy surface (PES) in Figure 4a.
(The complete reaction processes are detailed in the animation
in Video S1.) As stated in the reaction coordinates and Table
la, each elementary sequence of reaction 1 displays high
exothermicities with negligible activation energy barriers (E,),
proving that the overall oxidation process readily occurs
(overall AE,; = —17.21 eV), as identified with Raman
spectroscopy. It is also worth noting that the Y- and Yb-
doped BaZrO; describe similar energetics (Y-doped AE:
—17.46, Yb-doped AE,: —16.85 eV), indicating that —SO,
functional group formation is energetically favorable on
proton-conducting oxides (Table S1).

The SO4(b)2_ removal reaction 2, by the formation of SO,
along with dissociative OHy,)~ formation (in the presence of
water), is a reduction process involving two-electron transfer,
and the oxidation state of sulfur changes from +6 (SO,*”) to
+4 (SO,). The particular reaction sequence is listed in Table
1b, including the elementary steps of R7—R13, and the
corresponding PES for the steps is shown in Figure 4b (the
complete reaction processes are detailed in the animation in
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Figure 4. Mechanistic assessment via density functional theory. PES and the related structures of intermediate states in each step for (a) —SO,
formation: HyS(g) + 6O(b)2_ - SO4(b)2_ + 20H(;,)” + 8¢~ and (b) water-mediated —SO, removal process: SO4(b)2_ +2H,0(g) + 267 = SOy +
40Hp) . The cyan, green, red, yellow, and white spheres are represented as Zr, Ba, O, S, and H atoms, respectively. The TSs indicate the transition
states in the related step of R’s. The computed Gibbs free energies in (c) —SO, formation, AG,;, and (d) water-mediated —SO,, removal process,

AG,q process as functions of the anodic bias potential, Vi,

Video S2). The reaction starts with the H,O(,) adsorption,
which has a barrierless behavior on the surface of the proton-
conducting oxide (reaction R7). Then, H,O dissociation
happens with a negligible barrier to donate proton to —SO,,
forming HSO,,)” + OH,)~ (reaction R8). The formation of
intermediate —HSO, is in good agreement with the Raman
results (Figures 1g, S3, and S5), and the calculated result is
comparable with the DFT calculation from Bandura et al,
which they found that water dissociation can occur without a
barrier on BaZrO,.>® Thus, the presence of H,O vapor should
be the limiting steps to determine sulfate removal reaction rate.
HSO, )", the protonated SO,;,)>, can better cleave the strong
S—O bond (AE/E, = 1.32/1.81 eV), compared to those in the
S—O bond cleavage in unprotonated SO4(b)2_ (AE/E, = 2.04/
2.62 eV) in the reversed step of R6. The second water
adsorption (reaction R10) can provide additional proton
source to protonate intermediate SO3(b)2_ species (reaction
R11) to form SO, (reaction R12). Finally, SO, can desorb
from the surface (reaction R13) with a moderate desorption
energy (AE = 0.44 eV) to complete the sulfur removal process.
The overall reduction process shows very low endothermicity
(overall AE,.q = 0.78 V), which implies that the removal of
—SO, can be practically achieved when thermodynamic
properties are adjusted as seen in the Raman analysis. Please
note that Yb doping further changes the spontaneity of the
—SO, removal, as the overall AE, is reduced to 0.64 eV,
indicating that a beneficial sulfur-tolerant effect can be
expected from Yb doping (Table S2). Overall, our DFT
results demonstrate that surface-adsorbed sulfur can be
removed through the formation of sulfate; however, the
subsequent removal of —SO, requires —OH/H,0.

To examine the bias-dependent —SO, accumulation
behaviors, we further applied the thermodynamic corrections
from anodic bias voltage to examine the Gibbs free energy and
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the corresponding spontaneity. The Gibbs free energy of
sulfate formation reaction (AG,y) can be expressed as eq 3

3)

where R is the ideal gas constant, T is the operation
temperature at S00 °C (773 K), p, is the standard pressure
of 1 bar, pH,S is the H,S partial pressure of 100 ppm (107*
bar), and —8V};,, corresponds to the eight-electron oxidation
process, where Vi, is the applied anodic bias voltage varied
from 0 to 1.0 V. Analogously, the Gibbs free energy of sulfate
removal reaction (AG,.q) can be expressed as eq 4

AGox.i = Aonj + RT ln(Po/Pst) - 8Vbias

AGred = AEred + RT In(psol/(pHZO)z) + 2‘V:bias (4)

where pSO, and pH,O correspond to the partial pressures of
the product (70 ppm, 7 X 107° bar) and reactant (0.03 bar),
respectively, and +2V};,, corresponds to the two-electron
reduction process. The computed AG,,; and AG,4 as functions
of Vi, are plotted in Figure 4c,d, respectively.

Figure 4c shows that AG,, decreases steeply as Vi
increases, attributable to the —8Vy;,, term in AG,,. The result
indicates that the eight-electron oxidation reaction favors
SO4(b)2_ formation at higher V},,, explaining the experimental
observation that v(SO,*”) peak has larger intensity as higher
anodic bias is applied on the cell. Figure 4d shows that AG,4
increases slightly as Vy;,, increases, corresponding to the +2Vy;,
term in the two-electron reduction process. The plot suggests
that the spontaneity of water removal of SO,,)*” diminishes at
higher V},,, rationalizing the experimental observation that the
intensity of v(SO,*”) drops at lower anodic bias in the
presence of water. The Gibbs free-energy analysis satisfactorily
explains the bias-driven —SO, accumulation observed in
operando Raman spectroscopy (Figure 3), signifying that our
mechanism formulation of water-mediated sulfur mitigation
reaction is solid and rigorous. Comprehensive studies to
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observe the electrode surface, the structure of the interface,
and the participating reactants are an essential step to develop
sulfur-tolerant anode for SOFCs. Our detailed mechanistic
understanding of the surface catalytic reaction can assist us to
understand the dynamics of performance degradation,
providing vital information to achieve the rational design of
novel electrodes.

B CONCLUSIONS

In summary, by performing surface-sensitive operando SERS
on a Ni—BZCYYb model electrode exposed to a sulfur-
containing fuel, we have investigated the reaction processes on
the surface of the proton-conducting oxide (BZCYYb) under
conditions similar to fuel cell operation. We found that —SO,
is the key surface functional group on BZCYYDb, which can be
removed by a water-mediated process. Our direct operando
observation and atomistic calculation confirm the crucial role
of water in sulfur tolerance of the proton-conducting oxide.
The strategy to remove elemental sulfur (S*) from anode
surface by oxygen anion flux alone might be insufficient to
achieve sulfur-tolerance. Rather, water-assisted sulfate reforma-
tion should be considered an alternative approach to achieving
robust anode operation in sulfur-contained fuels. The new
insight into the cause of performance degradation in SOFCs
when exposed to sulfur can provide useful guidance to the
development of a novel electrode with excellent durability
against sulfur-contained fuels. Further, the developed method-
ology is applicable to the investigation into surface processes
on other electrodes for related applications.
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