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growth  
of world population

depletion  
of fossil resources

To get a sense of the magnitude of the challenge…

How to achieve global energy sustainability?
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= ╳ ╳ ╳

The relation involves 3 factors

GDP  
per capita

energy  
intensity

extraction 
intensity

How to achieve global energy sustainability?
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The pace of the transition to renewables must be >2%/year

World Bank, World Development Indicators (2018) 
Enerdata, Global Energy Statistical Yearbook (2019)

= ╳ ╳ ╳

+1%/year+2.5%/year–1.5%/yearx%/year(x–2)%/year

GDP  
per capita

energy  
intensity

extraction 
intensity

How to achieve global energy sustainability?
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U.S. Energy Information Administration, Annual Energy Outlook (2018) 

International Energy Agency, Global Electric Vehicle Outlook: ‘Two Million and Counting’ (2017)

Hybrid (2000s)

Plug-in (2010s)

Hybrids and plug-ins have contributed  
to an inflection in the fuel consumption

Some reasons to be optimistic…
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}Heavy-duty vehicles contribute a growing 
share (>40%) of the fuel consumption…

Some reasons to worry…
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Artificial photosynthesis as a sustainable option

CO2 CH4 + 2O2

hν 2H2O

n CO2 CnH2n+1OH

n H2O~~~ hν ~~~

H2O H2 + 1/2O2

hν ~~~

Powering the Planet, Lewis and Nocera (2006)

(3n – 1)/2 O2

Artificial photosynthesis uses sunlight 
to convert carbon dioxide and water 
into chemical fuels
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Hydrogen as energy carrier

h+

e—

H2O

2H++½O2

2H+

H2

2H+

H2

H2O

2H++½O2e—
e—

~~~
~~~

The cycle can be repeated, making hydrogen an attractive energy carrier

Water splitting can be promoted  
on a photocatalytic semiconductor

The process can be reversed  
in a fuel cell to produce electrical work

H2
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Challenge:  Durability of fuel-cell electrodes

2H+

H2

H2O

2H++½O2e—
e—

The voltage window of fuel cells is limited due to 
the dissolution of catalytic nanoparticles

Sugawara et al., Journal of Electroanalytical Chemistry 662, 379 (2011)
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Simulating electrochemical interfaces

Increasing the voltage causes charge accumulation and interface polarization

v(z→+∞)

–QQ

3-5 Å

EF

V
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How to account for long-range interface polarization 
in quantum simulations?

Quantum-continuum embedding is an effective approach 
to model quantum systems in electrochemical environments

continuum electrolyte

quantum electrodeO

Ru
H2O

continuum electrolyte

Auquantum electrode

a

b

continuum electrolyte

quantum Pt nanoparticle

The self-consistent continuum solvation (SCCS) model 
Andreussi, ID, Marzari, JCP136, 064102 (2012)
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Predicting electrochemical dissolution and restructuring

Voltage (V vs. SHE)
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Additional Dissolution tests
Approximate Experimental Dissolution Studies

Narayanan et al. J. Phys. Chem. B 2004, 108, 5726-5733
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Multiple synthesis routesFunctional surface structures

Mistry, Varela, Kühl, Strasser, & Cuenya (2016) Nat. Rev. Mater. 1, 16009.
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What’s next?

▹  Many synthesis methods rely on controlling Φ and T 
 
▹  How to use simulations to guide synthesis of catalytic alloys?
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What’s next?

▹  Many synthesis methods rely on controlling Φ and T 
 
▹  How to use simulations to guide synthesis of catalytic alloys?

Goff, Sinnott, ID, Journal of Chemical Physics (submitted, 2019) 
Weitzner and ID, Journal of Chemical Physics 150, 041715 (2019)

The ability to model electrochemical systems is of interest to understand  
which surface sites are the most susceptible to electrodissolution…



The model can predict the influence of the voltage  
on clustering trends at bimetallic electrodes
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What’s next?

▹  Many synthesis methods rely on controlling Φ and T 
 
▹  How to use simulations to guide synthesis of catalytic alloys?

low voltage high voltage

Predicting electrochemical dissolution and restructuring

�

F

	$F��)!F1��2<F*��F)+(����F�""%/�$�F����,�%(F%�F�%(�C)��""F$�$%&�(*��"�)F��)F���$F�$,�)*���*��F+)�$�F
�$F�$C�%+)�F�$*�(�����"F�"+)*�(F�.&�$)�%$F?	��@F�%��;F�%*�,�*��F�/F*��F�.&�(�#�$*�"F%�)�(,�*�%$F
%�F�$F�$%#�"%+)"/F����F��*�,�*/F%�F��F#%$%#�()F�*F�+F�"��*(%��)<F*��F�""%/�$�F����,�%(F%�F%*��(F
��*�"/*��F)/)*�#)F?�*<F��<F�+<F	(<F�+F-�*�F�+@F�)F���$�F�))�))��;F	$F*��F��B�+F)/)*�#<F&(�"�#�$�(/F
%�)�(,�*�%$)F )+���)*F �F )��$�����$*F �$�(��)�F �$F *��F ��$)�*/F %�F ��F #%$%#�()F �*F ����F ,%"*���)F
?��� ��6*@;F�"*�%+��F*��)�F��$��$�)F#%*�,�*�F�+(*��(F)*+�/F�$*%F�+�"C��""F�"��*(%��*�"/*��F�""%/)<F
�+((�$*F(�)+"*)F�"(���/F&(%,���F)%#�F�$)���*)F�$*%F(�"�*��F��*�"/)*F�&&"���*�%$)F)+��F�)F�$�+)*(��"F
%(��$��F %.���*�%$;F 	$F ���*<F *��F &�(*��"F %.���*�%$F %�F �*�/"�$�F �$�F %*��(F %(��$��)F (�'+�(�F ����"/F
)�"��*�,�F��*�"/)*);F���F)�"��*�,�*/F%�F*��)�F(���*�%$)F�)F�%$*(%""��F�/F*��F#%(&�%"%�/F%�F*��F��*�,�F
)+(����F#+"*�#�();F�+(F(�)+"*)F)�%-F*��*F*��F�'+�"��(�+#F��$)�*/F%�F*��)�F#+"*�#�()F�)F�.*(�#�"/F
)�$)�*�,�F *%F *��F,%"*���<F��+)�$�F "�(��F���$��)F �$F *��F%,�(�""F )�"��*�,�*/;F��)��F%$F *��)�F �$�*��"F
��"�+"�*�%$)<F �+(*��(F �$C��&*�F )*+���)F %�F )&������F ��*�"/*��F (���*�%$)F �(�F +$��(-�/;F ���F
*��(#%�/$�#��F ��*�F ��$�(�*��F �%(F *��)�F �$�"/)�)F �(�F )/)*�#�*���""/F )*%(��F �$F *��F �+*%#�*��F
�$*�(��*�,�F �$�(�)*(+�*+(�F �$�F ��*���)�F �%(F �%#&+*�*�%$�"F )���$��F ?�����@F *%F �$)+(�F ��*�F
�,��"���"�*/F�$�F(�&(%�+����"�*/;F���)�F��*�F-�""F��F�")%F+)��F�%(F)+�)�'+�$*F��**�$�F%�F*��F�"�))���"F
�%(��C���"�)F*%F)�#+"�*�F*��F*�#�F�,%"+*�%$F%�F�+F�$�F�*F$�$%&�(*��"�);F
F

F F

�

��� ��6*636�� ������ �6� �����6������ �������6��6��%.'*6� %.,*6� �����6����#�6��6!���� �6!�������061�26%.'6
6!�.6���/61�26
%.)6
6!�.6���/61�26%.-6
6!�.6���61��������6�#������6���������2.F�%""%-�$�F*��F�%"%(�$�F�%$,�$*�%$F%�F���;F3<F)+�)+(����F
�+F�*%#)F�(�F)�%-$F�$F�"+�F�$�F��F�*%#)F�(�F)�%-$F�$F�(�/;F���F�"+)*�(F�.&�$)�%$)F+)��F�$F*��)�F)�#+"�*�%$)F-�(�F
�%$)*(+�*��F-�*�%+*F*��F�����*)F%�F*��F�%$*�$++#F)%",�$*;F��*<F*��)�F&(�"�#�$�(/F*(�$�)F�"(���/F)�%-F*��*F*��F�#%+$*)F
%�F#%$%#�()<F��#�()<F�$�F*(�#�()F,�(/F"�(��"/F-�*�F,%"*���;F��#+"�*�%$)F*��*F�$�"+��F*��F���"��*(��F(�)&%$)�F%�F*��F
#���+#F�%(F�*<F��<F�+<F	(<F�+F%$F�+F)+(����)<F�$�F�%(F��<F�+<F	(<F�+F%$F�*F)+(����)F�(�F�+((�$*"/F���$�F��((���F%+*;F

36

Cluster-expansion 
Monte-Carlo simulation  

under voltage 

Au

Ag



�15

The model is being developed to tackle  
the stability of bimetallic and shape-controlled nanoparticles…
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DOE, Office of Science, Basic Energy Sciences, CPIMS Program, 
Award No. DE-SC0018646 (2018)

Y. Kang et al. /  Nano Today 11 (2016) 587–600 593

Fig. 8. (a–d) Schematic illustrations and corresponding TEM images of the samples obtained at four representative stages during the evolution process from polyhedra to  Pt3Ni
nanoframes and annealed Pt3Ni nanoframes with Pt(111)-Skin surfaces dispersed on  high–surface area carbon. (e) EDX reveals that the thickness Pt-Skin is  approximately
2  atomic layers. f) Bar chart comparing the mass activities (0.95 V) of PtNi NSTF, Meso-TF, Pt3Ni nanoframes and ionic liquid (IL)-encapsulated Pt3Ni nanoframes to that of
commercial Pt/C. (Modified with permission from the American Association for the Advancement of Science [129]).

Pt3Mn [54],  Pt3Zn [93],  and Pt3Pb [94] alloy and intermetallic
nanocrystals and explored structure sensitivity of electrocatalysis.
Fang and colleagues synthesized Pt3Ni nanocubes and octahedra,
and found that Pt3Ni  octahedra primarily enclosed by (111) facets
exhibit higher ORR activity than Pt3Ni  nanocubes [95], which was
in good agreement with the observations made on extended sur-
faces [88].  Yang and coworkers extensively explored synthesis of
Pt-Ni nanoparticles [96–98],  while Strasser’s group investigated
dealloyed electrocatalysts [99–101],  and claimed the surface strain
induced improvements of the ORR [102]. Sun and coworkers also
intensively studied composition-property relationship for the ORR
[103–107].  Due to the limited space, relatively small number of
studies is featured in this review which reflects the main research
directions in the ORR electrocatalysis [4,60,99–102,108–119].

Design of high performance catalyst through tailoring the
nanostructure

In this section, we point out a general strategy to design high
performance electrocatalyst for the ORR by  incorporating beneficial
properties of well-defined systems in a  singular nanostructure.

As discussed earlier, Pt  is  the most active element towards the
ORR, and the activity can be further enhanced through alloying Pt
with transition metals. Particularly, Pt3M  (M =  Fe, Co, and Ni) are
proven to be the most active composition by both experimental
evidence and computational simulation [88,89].  In our early work
on well-defined single crystalline surfaces it has been found that
Pt3Ni(111) exhibited much higher ORR activity than Pt3Ni(100)

and Pt3Ni(110) [88].  Moreover, it was  revealed that after anneal-
ing in vacuum Pt  segregates over Pt3Ni and forms so called Pt-Skin
surface [88](Fig. 5). Based on this study, it was possible to  iden-
tify three key factors responsible for high activity of the ORR: 1)
Pt3Ni overall composition, 2) (111) surface structure, and 3) oscil-
latory compositional profile in the near surface region with the
topmost Pt(111)-Skin formation which is electronically modified
compared to  Pt(111) system. In what followed, we  have imple-
mented these findings to develop practical materials. In attempt
to mimic  Pt-Skin formation in  thin film catalysts, we have relied
on so called nanostructured thin film (NSTF) systems developed
by 3M [120–122].  A series of Pt-bimetallic thin film NSTF catalyst
were made by magnetron sputtering over the perylene red sub-
strate. It has been found that PtNi bimetallic NSTF exhibited the
highest ORR activity when compared to  other PtM alloys [122].  In
order to explore how annealing process affects thin film catalysts
we pursued an in-situ annealing approach by HRTEM. As depicted
in Fig. 6,  annealing transforms the near surface region of  Pt-Ni thin
film into smooth (111)-like Pt-Skin with so called mesostructured
morphology (MSTF) (Fig. 6a–c). The PtNi MSTF shows a  20-fold
enhancement in the ORR activity over the state-of-the-art Pt/C
electrocatalysts [122] (Fig. 6e). In addition to thin film materials,
the approach in tuning compositional profile and surface morphol-
ogy was extended to  nanoparticles. Our effort to synthesize PtNi
alloy nanoparticles was executed through reduction of  Pt(acac)2
and nickel acetate [Ni(Ac)2]  by 1,2-tetradodecanediol in the pres-
ence of oleylamine and oleic acid [123].  Acid treatment turned PtNi
alloy nanoparticles into PtNi nanoparticles with Pt-Skeleton sur-

Kang, Yang, Markovic, Stamenkovic, Nano Today 11, 587 (2016)  
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Challenge:  Discovering water-splitting semiconductors
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First-principles computational screening
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Fundamental properties of relevance to water splitting  
can be calculated from first principles

The success of this screening is critically dependent on the reliability of 
the first-principles approximation
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H Ψ = E Ψ
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hρ,l φ = ε φ

Timrov et al., PRB 98, 085127 (2018) 
Campbell et al., in preparation (2018)

What makes a reliable prediction?
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Ca2FeClO3
CaCl2 + Fe2O3 in CaCl2 flux 
at 850 oC for 5 h in Pt crucible

CaTaNO2
CaCO3 + Ta2O5 at 900 oC 
in ammonia Ref. 260

Cu2WO4
CuWO4 (CuO and WO3 at 800 oC 
for 20 h) + Cu Ref. 52

Fe3BO6

Na3BO3 + Fe2O3 at 200 oC, then 
1200 oC in air for 18 h then 
heated in boiling water then 
treated with HCl

Ref. 335

In4Bi2S9

Bi + In + S + I via chemical vapor 
transport with thermal gradient of 
680-600 oC

Ref. 268

Na2TeO4
NaOH + Te(OH)6 in hydro-thermal 
furnace at 580 oC Ref. 343

Ref. 63

Nb2Co4O9
Nb2O5 + CoO heated at 1300 oC 
for 10 h

Nb9VO25
Nb2O5 + V2O5 + Na2CO3 at 350 oC 
for 24 h and 925 oC for x hours Ref. 450

NbBr5 NbBr5 can be purchased —

Ref. 337

Sb2MoO6
Sb2O3 + MoO3 in sealed 
ampoule at 490 oC for 24 h

Sb2S3 Sb2S3 can be purchased —

SnMo5O8
SnO2 + 2MoO3 +3Mo in sealed 
Mo crucible at 1757 oC for 1 h Ref. 60

Sr2FeBrO3
Fe2O3 + SrCO3 + SrBr2 at 850 oC 
in air for 4 days

Ref. 171

SrCuSF
SrF2  + SrS (SrSO4 under H2 at 
1100 oC for 15 h) + Cu2S in sealed 
ampoule at 500 oC for 6 h

Ref. 229

Ref. 187

Ta4Cu2O11
CuCl + Ta2O5 in CuCl flux heated 
to 665 oC for 1 h

V5W3O20
WO3, V2O5 + V2O3 in sealed 
ampoule at 1100 oC Ref. 107

VSO5
VSO5∙5H2O heated to 330 oC 
for 1 h Ref. 225

Ref. 140

NbCu3S4
Cu + Nb + S + I via chemical vapor 
transport across 850-780 oC for 120 h Ref. 277

Zn(CoO2)2 ZnO + Co2O3 

ZnGeP2
Zn + Ge + P in Bi flux in sealed 
ampoule

Ref. 109

Ref. 35

Which candidates can be made?
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Abstract 
The production of hydrogen from sunlight and water has the potential to revolutionize the 
generation of electric power for transportation and residential applications.  Hydrogen is a 
sustainable energy carrier whose catalytic reaction with oxygen generates electrical energy 
and heat without emitting carbon dioxide. The goal of this collaborative research is to 
develop a widely applicable computational protocol to accelerate the selection of 
photoactive materials that can efficiently split water. Specifically, the Schottky barrier height 
will be used as an aggregate of the various performance parameters that collectively 
contribute to photocatalytic activity. Building on the unique experimental and 
computational capabilities of the team participants, this DMREF project will deliver a robust 
high-throughput framework to guide the optimization of novel photocatalysts with an initial 
focus on oxynitride and oxysulfide perovskites, taking into account realistic synthetic 
constraints and conditions of operation.
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Synthesis capabilities

Synthesized crystalline colbalt oxide structure characterization. Crystalline colbalt oxide films that 
facilitate sustained oxygen evolution under strong acidic conditions. (a) HAADF-STEM image of cross 
section of the Co3O4/ FTO electrodes, along with STEM-EDS element maps. (b) TEM images and (c) XRD 
characterizations confirmed the formation of crystalline Co3O4. (d) Galvanostatic measurements at 10 mA/
cm2 for Co3O4/FTO, IrO2/FTO and RuO2/FTO.

Simulation capabilities

Semiconductor–solution interface and electrical response. Formation of an interfacial electric field 
before and after equilibrium both (a) without and (b) with surface states. The surface states cause charge 
accumulation and potential buildup at the interface, thereby reducing the barrier heights and limiting 
charge transport. Calculated charge-voltage response and Mott–Schottky plots of solvated silicon (100) 
structures with different surface adsorbates show significant contributions from the surface states.

Photocatalysts by design: Computational screening of reconstructed 
perovskite semiconductor electrodes for efficient solar-to-fuel conversion

Band gap and band edge calculations with Koopmans-compliant functionals. Band gaps of 30 
semiconductors and insulators calculated with PBE and newly developed functionals (KI and KIPZ). These 
functionals are in excellent agreement with experimental measurements.(b) Accurate surface ionization 
potentials for semiconductors can be computed using Koopmans functionals.  The calculated band edges 
are within a few tenths of an eV of experimental measurement.

Photo-assisted water splitting at SrTiO3 (001). Comprehensive characterizations of photocatlysts are 
conducted in AFM image of STO (001) after surface preparation. The atomic terraces are about 0.5 nm in 
height and 90 nm in width. (b) Light-chopped linear sweep voltammogram of STO in 0.1 M NaOH, The 
power of light illumination directly on the sample was 15 mW/cm2. (c) Setup for in situ surface X-ray 
diffraction measurement of STO during photo-assisted chemistry.
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Characterization capabilities

 
 Synthesis of bulk oxides, oxynitrides, and oxysulfides. (a) Arc-melting technique for Ta-based 

intermettalics synthesis. (b) Arc-melted rod. (c) Polycrystalline powders of synthesized TaON (yellow), 
SrTaO2N (orange), and CaTaO2N (green). These nitrogen-substituted oxynitrides are all visible-light 
absorbing semiconductors.

Map of performance indicators. A range of thermodynamic (blue), physical (green), and catalytic (yellow) metrics can be 
predicted from first principles, but none of these metrics reflect the strong interfacial couplings enabling solar-to-fuel conversion. 

Polarization- and strain-coupled photophysics of perovskite materials and surfaces 
(a) Optical second harmonic generation (SHG) microscopy developed in Gopalan lab revealing (b) new 
monoclinic phases in room temperature tetragonal BaTiO3 single crystals unexpected in-plane polar 
domains in non-polar CaTiO3 single crystals. SHG microscopy of Ca3Ru2O7 single crystal shows (c) two 
domains with in-plane and out-of-plane polarization (shown with arrows), and (d) Kelvin probe force 
microscopy (KPFM) measurements show that the two domains have different surface potentials, indicating 
the potential for photovoltaic phenomena.   
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Fe2TeO6

Fe2GeO4 

 

GeO2 + NaOH + HCl + FeCl2 to 
500 C for 1 h in autoclave 

Ref. 58 

Fe2TeO6 

 

Fe2O3 + TeO2 heated to 700 C 
for 24 h 3x 

Ref. 59 

Fe3BO5 

 

Fe+Fe2O3+B2O3 in sealed ampule 
at 900 C for 3 d 

Ref. 60 

Fe3BO6 

 

Na3BO3 + Fe2O3 at 200 C, then 
1200 C in air for 18 h then 
heated in boiling water then 
treated with HCl 

Ref. 61 

Fe3Te2(CO)9 

 

Fe(CO)4I2 (Fe(CO5) in I2) + Na2Te 
in THF, solvent removed under 
vacuum 

Ref. 62 

Fe4Bi2O9 

 

from melt of Bi2O3 + 2 Fe2O3 Ref. 63 

Fe7(P2O7)4 

 

Fe2P2O7+Fe4(P2O7)3 at 900 C in 
sealed ampule 

Ref. 64 

FeCoPO5 

 

CoCO3 + FePO4 (Fe2O3 + 
(NH4)2HPO4 at 800 C for 24 h) at 
1000 C for 2 d 

Ref. 65 

FeGeO3 

 

Fe + Fe2O3 + GeO2 in sealed 
ampule at 1273 K for 3-4 d 

Ref. 66 

FeNi2BO5 

 

NiO + Fe2O3 + B2O3 at 1100 C for 
4 h 

Ref. 67 
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Materials synthesis and testing

12 of the 30 compounds have been successfully synthesized 
with high purity and tested photoelectrochemically…
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Ultimately, 7 of the 12 compounds show 
hydrogen generation through gas 
chromatography

Materials synthesis and testing



1 SOLAR COMPATIBILITY 
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3 CHARGE TRANSFER

4 SURFACE ACTIVITY ?
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Beyond solar compatibility and charge 
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Plaza et al., J. Am. Chem. Soc. 138, 7816 (2016)

operando conditions, that the electrochemical activation (“train-
ing”) of n-doped SrTiO3(001) in basic media, by biasing at 0.8
V vs Ag/AgCl for 40 min, induces an irreversible surface
reordering that enhances (by 260%) its activity for photo-
catalytic water splitting.
The operando structural characterization of SrTiO3 before

and after training was performed using high-energy X-ray
reflectivity to measure the specular crystal truncation rod
(CTR) during photo-catalytic water splitting.19,20 Taking
advantage of the penetrating power of high energy (30 keV)
X-rays, a novel photo-electrochemical cell (Figure 1b), and a
large format area detector optimized for hard X-rays, we
measured absolute X-ray structure factors. The sub-angstrom
sensitivity of CTR to average surface/interface structure allows
us to characterize the SrTiO3(001)/electrolyte interface and the
bulk-like layers beneath, while maintaining strict control of the
electrochemical reaction conditions. Scanning electrochemical
microscopy (SECM)21 was used to follow sequential functional
changes (e.g., O2 evolved or adsorbed oxygen-containing
intermediates)22,23 at the surface. Joint density functional
theory (JDFT)24,25 was employed to calculate the electronic
structure, geometry, and X-ray structure factors of the SrTiO3
surface in the presence of a liquid description with atomic-scale
structure. A detailed description of each of these methods is
given in the Supporting Information (SI).
We carefully prepared the n-SrTiO3 electrode to ensure an

atomically smooth surface with well-defined doping and
benchmarked its UV light-induced water-splitting activity to
optimize our experimental design. As shown in Figure 1c,
chemical etching produced atomically flat terraces on the
SrTiO3(001) surface. Precisely controlled vacuum annealing,
followed by a thermal quench, fixed the bulk oxygen vacancy
concentration and concomitant carrier density to nD ≈ 1 × 1017

cm−3, producing samples with a clear photo-current signal in
0.1 M NaOH electrolyte under illumination with a 200 W Hg/
Xe lamp. Figure 1d shows a typical photo-current vs applied
potential profile under chopped illumination, where the anodic
photo-current corresponds to the electrochemical oxidation of
water to form O2. Large photo-currents occur only under UV
irradiation. Monochromatic UV light, centered at λ = 390 ± 20
nm (∼3.2 eV), was used in subsequent experiments to control
the illumination conditions precisely.
Figure 2a shows the measured X-ray structure factors, |F|2, of

n-doped SrTiO3(001) in air and in electrolyte (both before and
after training). The data from samples in air are consistent with
previous reports in the literature,26 and the line-shape is the
same for doped and undoped samples. Nonlinear least-squares
fits of |F|2 to atomic models (solid blue line in Figure 2a)
suggest that the structure represents a relaxation of the well-
known TiO2 double-layer model.27,28 Immersing the doped
substrates in 0.1 M NaOH, however, dramatically alters |F|2 and
the resulting (untrained) surface structure is stable in
electrolyte under UV illumination. The same structural
evolution also occurs in 0.1 M CsOH, suggesting that the
countercation does not play a role in these structural changes.
This structural evolution does not occur for undoped samples
in either 0.1 M NaOH or 0.1 M H2SO4. Reports in the
literature previously established that photo-assisted water
splitting, at open circuit, is negligible for n-SrTiO3 in H2SO4,
but readily observed in basic medium.13 Figure 2b schematically
illustrates the dependence of the structural evolution upon
doping and choice of electrolyte.

These experimental studies of the stoichiometry and atomic
structure of the untrained surface offer an excellent starting
point for interpretation by JDFT calculations. Other state-of-
the-art ab initio techniques for the study of electrochemical
interfaces either require computationally prohibitive molecular
dynamics to sample the liquid structure, or they consider the
surface in vacuum or with only a single frozen layer of water.
Our JDFT calculations efficiently include the atomically
detailed structure of a thermodynamically sampled liquid by
construction.25 Because JDFT provides full access to the
electron density of both the solid surface and the contacting
liquid, we calculate |F|2 and compare it directly with experiment.
Figure 3b displays the best JDFT candidate structure for
untrained SrTiO3 immersed in 0.1 M NaOH, a relaxed 1×1
double-TiO2-terminated structure. The black curve in Figure 3a
shows that the JDFT calculated |F|2 agrees extremely well with
experiment with no adjustable parameters, thereby demonstrat-
ing the power of the JDFT approach. The JDFT structure
describes the X-ray data much more accurately than the 2×1
reconstruction that has the minimum free energy in air or an ab
initio calculation with a single layer of water molecules adsorbed
on the surface (see Figure S13).
As shown in Figure 2a, when an electrode is trained (biased

to +0.8 V vs Ag/AgCl) during UV illumination, the surface
evolves to a new stable structure. Trained electrodes exhibit a
significant enhancement of |F|2 between the 001 and 002 peaks
that is independent of the electrode potential. This enhance-
ment of |F|2 may be characterized by defining a reaction
coordinate midway between the two peaks (dotted line in
Figure 2a). Figure 2b summarizes the dependence of this

Figure 2. (a) Structure factor of 00L CTR of SrTiO3 in air (blue), in
0.1 M NaOH at open circuit before (black) and after (red) training.
“r.l.u” stands for reciprocal lattice units. Blue solid line is the best
nonlinear least-squares fits to the CTR of SrTiO3 in air, using the TiO2
double-layer model. (b) Map to the evolution of |F|2 at (0 0 1.5) of
samples in different electrolytes: red, doped SrTiO3 in 0.1 M NaOH;
black, doped SrTiO3 in 0.1 M CsOH; blue, doped SrTiO3 in 0.1 M
H2SO4; and purple, undoped SrTiO3 in 0.1 M NaOH. (c) SECM in
O2 substrate collection mode. The Hg/Au amalgam tip detects the
oxygen produced by the water splitting reaction at the SrTiO3
electrode at open circuit. (d) SECM collection with UV light on/
off: blue, in 0.1 M NaOH before training; red, after training (biasing to
0.8 V vs Ag/AgCl for 40 min); black, upon immersion in 0.1 M
H2SO4; and green, after returning to 0.1 M NaOH. The oxygen
generation rate is proportional to the current, 100 pA ∼ 200 mol h−1

m−2 (see Figure S19).
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operando conditions, that the electrochemical activation (“train-
ing”) of n-doped SrTiO3(001) in basic media, by biasing at 0.8
V vs Ag/AgCl for 40 min, induces an irreversible surface
reordering that enhances (by 260%) its activity for photo-
catalytic water splitting.
The operando structural characterization of SrTiO3 before

and after training was performed using high-energy X-ray
reflectivity to measure the specular crystal truncation rod
(CTR) during photo-catalytic water splitting.19,20 Taking
advantage of the penetrating power of high energy (30 keV)
X-rays, a novel photo-electrochemical cell (Figure 1b), and a
large format area detector optimized for hard X-rays, we
measured absolute X-ray structure factors. The sub-angstrom
sensitivity of CTR to average surface/interface structure allows
us to characterize the SrTiO3(001)/electrolyte interface and the
bulk-like layers beneath, while maintaining strict control of the
electrochemical reaction conditions. Scanning electrochemical
microscopy (SECM)21 was used to follow sequential functional
changes (e.g., O2 evolved or adsorbed oxygen-containing
intermediates)22,23 at the surface. Joint density functional
theory (JDFT)24,25 was employed to calculate the electronic
structure, geometry, and X-ray structure factors of the SrTiO3
surface in the presence of a liquid description with atomic-scale
structure. A detailed description of each of these methods is
given in the Supporting Information (SI).
We carefully prepared the n-SrTiO3 electrode to ensure an

atomically smooth surface with well-defined doping and
benchmarked its UV light-induced water-splitting activity to
optimize our experimental design. As shown in Figure 1c,
chemical etching produced atomically flat terraces on the
SrTiO3(001) surface. Precisely controlled vacuum annealing,
followed by a thermal quench, fixed the bulk oxygen vacancy
concentration and concomitant carrier density to nD ≈ 1 × 1017

cm−3, producing samples with a clear photo-current signal in
0.1 M NaOH electrolyte under illumination with a 200 W Hg/
Xe lamp. Figure 1d shows a typical photo-current vs applied
potential profile under chopped illumination, where the anodic
photo-current corresponds to the electrochemical oxidation of
water to form O2. Large photo-currents occur only under UV
irradiation. Monochromatic UV light, centered at λ = 390 ± 20
nm (∼3.2 eV), was used in subsequent experiments to control
the illumination conditions precisely.
Figure 2a shows the measured X-ray structure factors, |F|2, of
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suggest that the structure represents a relaxation of the well-
known TiO2 double-layer model.27,28 Immersing the doped
substrates in 0.1 M NaOH, however, dramatically alters |F|2 and
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off: blue, in 0.1 M NaOH before training; red, after training (biasing to
0.8 V vs Ag/AgCl for 40 min); black, upon immersion in 0.1 M
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Scanning electrochemical microscopy
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Pourbaix diagram (cont’d)
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