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Motivation – SOFC Sulfur Contamination

Fuel Flexibility and Anode Deactivation

− State-of-the-art (Ni/YSZ)
− Nickel highly active toward electrochemical 

oxidation of sulfur, leading to sulfur poisoning and 
deactivation

− Chemisorption (<50 ppm(v)), Sulfidation (>50 
ppm(v))

− Concentrations as low as 2 ppm(v) can cause 
irreversible damage. 

Material Strategies for Sulfur Tolerance

− Alloying nickel with noble or base metals
− Replacing nickel with base metals or nonmetal 

electronic conductors
− Replacing with mixed ionic-electronic conductors (i.e., 

Perovskite Oxides)

Adapted: DOI: 10.1016/j.jallcom.2017.11.381
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Motivation – LSV Anode Catalyst Sulfur Tolerance

Aguilar, J. Power Sources, 135, (2004), 17-24

• Literature experimental results show La0.7Sr0.3V 
oxide (LSV) current-density stability in H2S 
contamination

• 5vol% H2S – High contaminant 
concentration

• 1000C – High temperature for reactions
• Tested for ~45 hours

Ni-YSZ

• This study experimentally tests LSV powder:
• Heated under exposure to H2S
• Altered atmosphere from H2 to CH4
• Heated up to 100 hours
• Sulfur amount characterized using EDS 

post-experimentation
• LSV structure characterized using XRD 

post-experimentation
• Modeling of H2S and LSV interaction 

conducted in parallel
DISTRIBUTION A.  Approved for Public Release; Distribution Unlimited. OPSEC #:6922
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Experimental Results – Operating Parameters

Gas Pressure = 45 PSI Equivalent Flow Rate = 300 mL/min
H2S Concentration 

(ppm)
Balance Gas Temperature (C) Time (hours)

30 H2 400 25-100 hours
30 H2 500 25-100 hours
30 H2 700 25-100 hours
30 H2 400 25-100 hours

300 H2 500 25-100 hours
300 H2 600 25-100 hours
300 H2 700 25-100 hours
30 CH4 400 25-100 hours
30 CH4 500 25-100 hours
30 CH4 600 25-100 hours
30 CH4 700 25-100 hours
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Experimental Results – Adsorption Rates
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Experimental Results – LSV Raw EDS
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Experimental Results – LSV Agglomerate Size

120±45 um

150±30 um

110±20um

120±30 um

120±44 um

150±45 um
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Experimental Results – LSV Raw XRD

100um
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Experimental Results – LSV Activation Energies
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DOI:10.1021/acs.chemrev.6b00284

Theoretical Introduction and Literature Review

www.mrs.org/bulletin3N  →   3(X,Y,Z)

Density Functional Theory

Density Functional Theory in Catalysis

- Atomic structures and surfaces
- Surface active sites and chemical states
- Adsorption and diffusion
- Defects and imperfections
- Electronic structure and distribution

Density Functional Theory Literature Ni/YSZ 

- Adsorption of H2S on nickel surfaces 
- Two-step dissociative adsorption reaction
- Favorable reaction process

Density Functional Theory LSV Treatment 

- DFT:GGA:PBE:TZP/DZP:Small FC:Normal
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Lanthanum Vanadate (LaVO3) - Reduced

- Orthorhombic: stable (Pnma)
- a = 5.677 Å, b = 7.942 Å, c = 5.591 Å
- α = 90.053°, β = 90.115°, γ = 90.003°

- Cubic: metastable (Pm�3m) 
- a = 3.950 Å, b = 3.950 Å, c = 3.950 Å
- α = 90.000°, β = 90.000°, γ = 90.000°
- Decomposes to orthorhombic

Lanthanum Orthovanadate (LaVO4) - Oxidized

- Tetragonal: stable (I41/amd)
- a = 6.268 Å, b = 6.268 Å, c = 6.268 Å
- α = 106.091°, β = 106.091°, γ = 116.466°

- Monoclinic: metastable (P21/c) 
- a = 7.353 Å, b = 6.804 Å, c = 8.463 Å
- α = 54.455°, β = 90.000°, γ = 90.000°
- Decomposes to tetragonal

Material Introduction and Background

DOI:10.1103/PhysRevB.89.134103

V

La

Lanthanum Vanadate (LaVO3) - Reduced

- Reduced structure V3+

- Expected conductor (no bandgap), yet Mott Insulator 
(1.08 eV bandgap, indirect) between bands of like 
character (d) 

- Partially filled d-orbitals of B-site (V 3d2) experience 
strong electron-electron interactions, preventing 
conduction

Lanthanum Orthovanadate (LaVO4) – Oxidized

- Oxidized structure V5+

- Insulator (3.50 eV bandgap, indirect)
- Vacant d-orbitals of B-site (V 3d0)

DISTRIBUTION A.  Approved for Public Release; Distribution Unlimited. OPSEC #: 6922



12DISTRIBUTION F.  See first page. //CUI

CUI

>50 structures with 0 eV above Hull

LSVreduced Surface Study 

~lowest energy surface (001)
~nonsymmetric/polar 

Relaxed Pseudo-cubic 
La0.7Sr0.3VO2.95

LSV Surface Structures

*vacancy (v)

La/SrO Termination VO Termination

DFT - GGA:PBE:TZP:SFC:Normal

H2S

pseudo-hollow (ph)

bridge (b)
top (t)

hollow (h)
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LSVreduced/H2S Adsorption Study

DFT - GGA:PBE:TZP:SFC:Normal

Adsorption Products on La/Sr Termination

DISTRIBUTION A.  Approved for Public Release; Distribution Unlimited. OPSEC #: 6922



14DISTRIBUTION F.  See first page. //CUI

CUI

LSVreduced/H2S Adsorption Study

DFT - GGA:PBE:TZP:SFC:Normal

Adsorption Products on V/O Termination
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LSVoxidized/H2S Adsorption Study

DFT - GGA:PBE:TZP:SFC:Basic

Adsorption Products on La/Sr Termination
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LSVoxidized/H2S Adsorption Study

DFT - GGA:PBE:TZP:SFC:Basic

Adsorption Products on V/O Termination
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Conclusions
Experimental Results Conclusions

1. LSV adsorbs sulfur at a significantly lower rate than currently used Ni-YSZ
• 278-287x lower (30-300ppm)

2. LSV in H2 and CH4 appears to have similar adsorption rates at low sulfur conc.
• Adsorption may be different at higher sulfur concentration.

3. LSV sulfur adsorption rate significantly reduced/lowest at temperatures >500C
• Cubic crystal structure hinders adsorption

4. CH4 stabilizes monoclinic/tetragonal phases at higher temperatures (Undesirable)

Modeling Results Conclusions

• H2S adsorbs primarily as molecular species on reduced LSV surfaces, near 
strontium impurities, likely due to polarity of surface near strontium, with low affinity 
for vanadium due to reduced state of vanadium ions.

• H2S adsorption results primarily in single dissociated species on oxidized LSV 
surfaces, stronger reactions on La/Sr termination than V terminations. 
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Experimental Results – Adsorption Rate Calculation

𝑹𝑹𝒂𝒂𝒂𝒂𝒂𝒂 =
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔,𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅

𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 = 𝑮𝑮𝑮𝑮𝑮𝑮 𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 (𝒉𝒉𝒉𝒉𝒉𝒉)

𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔,𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 =
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝑺𝑺𝑺𝑺

𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 = 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 (𝒏𝒏𝒏𝒏)
SA = 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 (𝝁𝝁𝒎𝒎𝟐𝟐)

EDS
SEM

• EDS Provides Weight % Sulfur - Convert to Sulfur Mass
• SEM Provides Agglomerate Size - Determine Surface Area
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Experimental Results – SEM Images
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Backup Slides– LSV Optical Microscopy
Sr = +2La = +3
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Backup Slides – Activation Energy Calculation

𝑹𝑹𝒂𝒂𝒂𝒂𝒂𝒂,𝒂𝒂𝒂𝒂𝒂𝒂 = 𝒌𝒌 ∗ 𝑷𝑷𝒈𝒈𝒈𝒈𝒈𝒈,𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑
𝒙𝒙

X = 𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 (𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝟏𝟏)

𝑷𝑷𝒈𝒈𝒈𝒈𝒈𝒈,𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 = 𝑷𝑷𝒈𝒈𝒈𝒈𝒈𝒈 ∗ 𝑿𝑿𝑯𝑯𝟐𝟐𝑺𝑺

𝑿𝑿𝑯𝑯𝟐𝟐𝑺𝑺 = 𝑯𝑯𝟐𝟐𝑺𝑺𝑴𝑴𝑴𝑴𝑴𝑴 𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭
𝑷𝑷𝒈𝒈𝒈𝒈𝒈𝒈 = 𝑮𝑮𝑮𝑮𝑮𝑮 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒐𝒐𝒐𝒐 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 (𝟒𝟒𝟒𝟒 𝑷𝑷𝑷𝑷𝑷𝑷)

• Experimental and Kinetic Model Adsorption Rate Assumed Equal
• Kinetic Rate Constant Fitted to Match Experimental Adsorption Rate

• Rate Constant Used to Determine Activation Energy

k = 𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
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Backup Slides – Activation Energy Calculation

𝒌𝒌 = 𝑨𝑨 ∗ 𝒆𝒆
−𝑬𝑬𝒂𝒂
𝑹𝑹∗𝑻𝑻 𝑳𝑳𝑳𝑳 𝒌𝒌 =

−𝑬𝑬𝒂𝒂
𝑹𝑹 ∗ 𝑻𝑻

+ 𝑳𝑳𝑳𝑳(𝑨𝑨)

(Frequency of Collisions)(Energy Barrier for
Reaction to Occur)

𝑬𝑬𝒂𝒂 = −𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 ∗ 𝑹𝑹

𝑳𝑳𝑳𝑳 𝑨𝑨 = 𝒀𝒀 𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰

A = Pre-Exponential Factor (PEF)
T = TemperatureR = Ideal Gas Constant

Ea = Activation Energy (AE)
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Backup Slides – Negative Activation Energy

• Negative Activation Energy
• Barrierless Reaction
• Capture of Molecules in a Potential Well
• Higher Temperature Drives more Molecules from Well
• Less Negative Value has Greater Reaction Barrier

Positive Negative
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n-dopants p-dopants

Future Material Tuning

Predictive Doping

DISTRIBUTION A.  Approved for Public Release; Distribution Unlimited. OPSEC #: 6922



28DISTRIBUTION F.  See first page. //CUI

CUI

TGA Hydrogen Concentration Results
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VO Termination

Current Surface Efforts

Non-polar and Symmetric Surfaces

- More accurate prediction of surface energy

LaO/SrO Termination
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