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Hydrogen fuel cell



Data driven surface 
science in recent years
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Surface energy

𝛾 =
𝐸𝑠𝑙𝑎𝑏 −𝑁𝐸𝑏𝑢𝑙𝑘

2𝐴

Zhuang, H., Tkalych, A. J., & Carter, E. A. (2016). Surface Energy as a 
Descriptor of Catalytic Activity. Journal of Physical Chemistry C, 
120(41), 23698–23706. https://doi.org/10.1021/acs.jpcc.6b09687
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High throughput efforts and 
databases

Tran, R., Li, X.-G., Montoya, J., Winston, D., Persson, K. A., & Ong, 
S. P. (2019). Anisotropic work function of elemental crystals. 
Surface Science, 687(September), 48–55. 

Tran, R., Xu, Z., Radhakrishnan, B., Winston, D., Sun, W., Persson, 
K. A., & Ong, S. P. (2016). Data Descripter: Surface energies 
of elemental crystals. Scientific Data, 3(160080), 1–13. 

mp-79
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High throughput efforts and 
databases

http://crystalium.materialsvirtuallab.org

Scope of data
❑ Contains the surface energy, 

Wulff shape and work 
functions of elemental 
crystalline solids

❑ 142 polymorphs of 74 
elements with metals and non-
metals

❑ Sampled facets of max Miller 
indices of 2 and 3 for non-
cubic and cubic materials 
respectively

❑ Includes well known 
reconstruction schemes

Tran, R., Li, X.-G., Montoya, J., Winston, D., Persson, K. A., & Ong, 
S. P. (2019). Anisotropic work function of elemental crystals. 
Surface Science, 687(September), 48–55. 

Tran, R., Xu, Z., Radhakrishnan, B., Winston, D., Sun, W., Persson, 
K. A., & Ong, S. P. (2016). Data Descripter: Surface energies 
of elemental crystals. Scientific Data, 3(160080), 1–13. 

P63 /mmc

g = 1.86 J/m2

(0001)

(1120)

(2021)

(1012)

ത𝜙 = 3.51 𝑒𝑉 𝛼𝛾 = 0.05

𝜂 = 5.10

𝛾 =
1

2𝐴
(𝐸𝑠𝑙𝑎𝑏 − 𝑁𝐸𝑏𝑢𝑙𝑘)

𝜙 = 𝑉𝑣𝑎𝑐 − 𝐸𝐹

http://crystalium.materialsvirtuallab.org/
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Machine learning

Cleavage energy of 3,000 intermetallic surfaces

Palizhati, A., Zhong, W., Tran, K., Back, S., & Ulissi, Z. W. (2019). 
Toward Predicting Intermetallics Surface Properties with High-
Throughput DFT and Convolutional Neural Networks. Journal 
of Chemical Information and Modeling, 59(11), 4742–4749. 
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Open Catalyst Project

Chanussot, L., Das, A., Goyal, S., Lavril, T., Shuaibi, M., Riviere, M., Tran, K., 
Heras-Domingo, J., Ho, C., Hu, W., Palizhati, A., Sriram, A., Wood, B., Yoon, 
J., Parikh, D., Zitnick, C. L., & Ulissi, Z. (2021). Open Catalyst 2020 (OC20) 
Dataset and Community Challenges. ACS Catalysis, 11(10), 6059–6072. 

Scope of data
❑ GNN-based models 

for adsorption energy 
and adsorption 
induced relaxation

❑ 82 adsorbates
❑ 55 elements
❑ 11,451 materials 

(unary/binary/ternary)
❑ Miller index up to 2
❑ 872,000 ionic steps
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Models and metrics

IS2RE: Initial structure to relaxed adsorption energy
S2EF: Structure to adsorption energy and force

Chanussot, L., Das, A., Goyal, S., Lavril, T., Shuaibi, M., Riviere, M., Tran, K., 
Heras-Domingo, J., Ho, C., Hu, W., Palizhati, A., Sriram, A., Wood, B., Yoon, 
J., Parikh, D., Zitnick, C. L., & Ulissi, Z. (2021). Open Catalyst 2020 (OC20) 
Dataset and Community Challenges. ACS Catalysis, 11(10), 6059–6072. 



Materials discovery: 
Nitrate reduction reaction
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Water purification

Process Capital 
($/1000 gal)

Operating 
($/1000 gal)

Brine 
Disposal 

($/1000 gal)

Total Cost
($/1000 gal)

Rev Osmosis $0.44-0.88 $1.10-3.00 $0.40-2.60 $1.54-6.48

Ion Exchange $0.24-1.18 $0.46-0.64 $0.04-0.32 $0.70-1.24

Bio Treatment $0.40-0.90 $0.50-0.80 $0.01-0.02 $0.91-1.72

Electrocatalytic 
Treatment

$0.12-1.57 n/a$ ? $ ?

1.Activity
2.Selectivity

Wang, Z., Young, S. D., Goldsmith, B. R., & Singh, N. (2021). Increasing 
electrocatalytic nitrate reduction activity by controlling adsorption 
through PtRu alloying. Journal of Catalysis, 395(3), 143–154. 



Application to catalyst discovery

Energy barriers and therefore k and activity is now a function of adsorption energy

NO3
∗ +∗ NO2

∗ + O∗

Ea = 0.234EO + 0.054EN + 2.047
Eb = −0.593EO − 0.064EN − 1.324

Liu, J. X., Richards, D., Singh, N., & Goldsmith, B. R. (2019). Activity 
and Selectivity Trends in Electrocatalytic Nitrate Reduction 
on Transition Metals. ACS Catalysis, 9(8), 7052–7064. 

Activity map Selectivity map
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DFT and ML verification

• GNN model: DimeNet++
• MAE = ~0.3 eV
• Target: Initial structure (adsorbed slab)→𝐸𝑎𝑑𝑠
• Training data: ~100k  (metals only)

E = E − 0.03, R = 0.84

E = E − 0.22, R = 0.85
E = E − 0.39, R = 0.85
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ML assisted screening
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Minority element

59,390

Under revision
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ML assisted screening

59,390

Aqueous stability
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ΔGPBX < 0.2 eV/atom

Under revision
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ML assisted screening

1,073
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Final candidates

Under revision

Wang, Y., Xu, A., Wang, Z., Huang, L., Li, J., Li, F., Wicks, J., Luo, M., Nam, D. H., 
Tan, C. S., Ding, Y., Wu, J., Lum, Y., Dinh, C. T., Sinton, D., Zheng, G., & 
Sargent, E. H. (2020). Enhanced Nitrate-to-Ammonia Activity on Copper-
Nickel Alloys via Tuning of Intermediate Adsorption. Journal of the 
American Chemical Society, 142(12), 5702–5708. 
https://doi.org/10.1021/jacs.9b13347
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Recap

• Screened the MP/AFLOW DBs for 
aqueously stable binary intermetallics.

• ML with OC20 provides a quick 
estimate of their adsorption energies 
which would otherwise be unfeasable
with DFT

• Using microkinetic/scaling models from 
the literature, we found 23 economical 
bimetallics that can facilitate NO3RR  
DFT verifying their 𝐸𝑎𝑑𝑠

1,073

872

32

23

59,390

Aqueous stability

Select N2/NH3

High activity

Cost < $500 

3,457

M
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o
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ty
 e

le
m
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t

Minority element

ΔGPBX < 0.2 eV/atom

𝐄𝐡𝐮𝐥𝐥 < 𝟎. 𝟏
eV/atom

Under revision



Outlook and 
Future works



30

Hydrogen fuel source

Oxygen evolution reaction

2𝐻+ + 2𝑒− → 𝐻2

𝐻2𝑂 →
1

2
𝑂2 + 2𝐻+ + 2𝑒−

Hydrogen evolution reaction
Water electrolysis

acetoneIsopropyl alcohol
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González, D., Heras-Domingo, J., Sodupe, M., Rodríguez-Santiago, L., 
& Solans-Monfort, X. (2021). Importance of the oxyl character 
on the IrO2 surface dependent catalytic activity for the 
oxygen evolution reaction. Journal of Catalysis, 396, 192–201.
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