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TARGET TECHNOLOGY: ANODE MATERIALS FOR TANDEM SOLAR FUELS GENERATOR

Possible solar fuel device:

  222 O5.0Hh4OH  

• To enhance device efficiency, an 
oxygen evolution electrocatalyst is 
often incorporated into the 
photoanode
• For material discovery, 

catalyst can be screened 
electrochemically (no 
illumination)

• Photoanodes must be oxidatively
stable in electrochemical 
environment
• Band gap ≤ 2 eV is critical for 

efficient solar light capture



COMBINATORIAL MATERIALS SCIENCE, SOME EARLY BEGINNINGS AT LBNL

White light photograph
Luminescence under UV illumination
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CMS AND HITP PUBLICATION TRENDS

1. Woodhouse, M.; … Parkinson, B. A., Combinatorial approach to identification of catalysts for the 
photoelectrolysis of water. Chem Mater 2005, 17 (17), 4318-4324.
2. Jaramillo, T. F; … McFarland, E. W., Automated electrochemical synthesis and photoelectrochemical
characterization of Zn1-xCoxO thin films for solar hydrogen production. J Comb Chem 2005, 7 (2), 264-271.
3. Jang, J. S.; … Bard, A. J., Rapid Screening of Effective Dopants for Fe2O3 Photocatalysts with Scanning 
Electrochemical Microscopy and Investigation of Their Photoelectrochemical Properties. J Phys Chem C 2009, 113
(16), 6719-6724.
4. Katz, J. E.; … Lewis, N. S., Combinatorial synthesis and high-throughput photopotential and photocurrent 
screening of mixed-metal oxides for photoelectrochemical water splitting. Energ Environ Sci 2009, 2 (1), 103-112.

seminal papers on HiTp for solar fuels:

• In past 25 years there have been 
many high throughput and 
combinatorial efforts

• Many “lessons learned”

• pre-2012: Many concepts 
but very little technology 
directly applicable to 
JCAP-HTE

Google Scholar results for pertinent phrases:
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HISTORICAL STARTING POINTS FOR JCAP HTE SCREENING

Discovery via HiTp coarse 
screening

Demonstration of 
technologically-relevant 

performance

Reproduce with standard 
methods

Integrate 
into device

Impact
Industry

…

Biochemical assay

Requires clinical 
studies

~10 techniques 
reported

Only at low 
throughput

~3 techniques 
reported

Most extensive 
use of HTE: drug 

discovery

OER/HER 
heterogeneous

catalysis

Photoabsorbers for 
photoelectro-

chemistry
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HiTp discovery and transfer of 
technology to directed research 
and industrial sectors:

Impact 
Directed 
ResearchG

o
al

s

JCAP-HTE has developed extensive 
new technology in this space



HITP PIPELINE: A NETWORK OF INSTRUMENTATION AND COMPUTATIONAL CAPABILITIES

• Design of a HTE pipeline must be 
• specific to the target technology 
• integrated into the broader research community
• Balance throughput with data quality
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TIERED SCREENING AND HTE PIPELINE THROUGHPUT

Optical Band Gap

Colorimetry

Aqueous Echem.

Quantum Efficiency

Band Energy

Bubble Evolution

Chemical Stability

Voltage Stability

Current vs. Overp.

Faradaic Efficiency

106

105

104

103

102

samples/day

custom customcustom
custom

custom

Ultimate solar fuels HTE pipeline

Optical Band Gap

Colorimetry

Aqueous Echem.

Quantum Efficiency

Bubble Evolution

Chemical Stability

Voltage Stability

Current vs. Overp.

104

104

104

103

samples/day

Pipeline v1

HTE-CMS (Combinatorial Material Science)

• 3 example 
implementations of a high 
throughput experimental 
pipeline

Limited by 
custom data 
handling, ~103 

samples/month
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COMBINATORIAL AND HIGH THROUGHPUT MATERIAL SCIENCE

Fe

V Bi

(continuous)
Ternary 
composition 
space

Composition 
map onto 
substrate

Example 
PVD 
library

(discrete)
Quaternary 
composition 
space

Composition map onto substrate Example inkjet printed library

• Measurement of material properties as a function of composition and/or processing

• JCAP-HTE employs 2 complementary deposition methods and has developed several processing 
methods

• PVD synthesis of continuous composition libraries

• Inkjet printing of elemental precursors and post-calcinations



LIBRARY SYNTHESIS OVERVIEW
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ETHANOL-BASED INKS—A KEY ENABLING TECHNOLOGY

S. W. BOETTCHER, J. FAN, C.-K. TSUNG, Q. SHI, G. D. STUCKY* Acc. Chem. Res. 2007, 40, 784–792

Sophisticated Materials Synthesis Platform

Oxide Precursor Ink Formulations Contain:
Metal precursor: nitrate (NO3), halide (Cl), or alkoxide (-OR)

Complexing (stabilizing) agent: acetic acid

Strong Acid: HNO3, HCl, etc.

Multifunctional structure directing agent (SDA) from the 
Pluronic or Brij family of triblock (PEO-PPO-PEO) copolymers: 
F127, P123, etc.

Performance:
SDA modifies viscosity and surface tension to match the printer 
requirements.

SDA modifies wetting and viscosity to maintain discreet 1 mm2

composition spots.

Stabile inks for 10s to 100s of hours.

SDA co-assembles with the metal oxide precursor  to produce –
in some cases—mesoporous, nanostructured materials

Promotes mixing of metals at the atomic level.

Sophisticated ink formulations required to produce defined 
library composition spots with atomic level mixing



DEVELOPMENT OF PVD DEPOSITIION OF OXYNITRIDES

Zhou, L., Suram, S. K., Becerra-stasiewicz, N., Mitrovic, S., & Kan, K. (2015). Combining reactive sputtering and rapid thermal 
processing for synthesis and discovery of metal oxynitrides. J. Mater. Res., http://dx.doi.org/10.1557/jmr.2015.140. 



EXAMPLE TRADITIONAL ELECTROCATALYST EVALUATION

• Prepare catalyst on end cap of a 
cylinder

• Prepare 100 mL of electrolyte 
solution

• Calibrate reference electrode
• Assemble 3-electrode cell
• Spin catalyst at 1000 rpm to 

mitigate diffusion limitations
• Perform various electrochemical 

experiments (CP, CA, CV), 
particularly ~200 s / cycle CV

• Discard solution 

>90% of time on experiment preparation.
Need comparable data with automated, 
rapid cell preparation.
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SCANNING DROP CELL

April 20, 2013

• Establishes 3 electrode cell for each 
sample

• Gasket-free for rapid, on-demand 
rastering

• Low uncompensated resistance for rapid 
scanning and data interpretation

• Fiber-coupled for photoelectrochemistry

• Flow cell eliminates cross contamination

• Demonstrated 1V CV at 4s per sample, 
~50x faster than any previous scanning 
instrument

• Complete software automation and real-
time analysis

J. M. Gregoire, C. Xiang, X. Liu, M. Marcin,  
J. Jin, Rev. Sci. Instrum. 84, 024102 (2013)

Electrocatalyst screening

Materials 
synthesis

Characterization Data informatics 
and distribution

Light-absorber screening

Band gap

Optical absorption

Aqueous echem.

Quantum efficiency

Band energy

Gas production

Chemical Stability

Voltage Stability

Current vs. Overp.

Faradaic Efficiency



EXAMPLE AUTOMATED HITP SCREENING



CURRENT-VOLTAGE CURVE +

HIGH-THROUGHPUT ELECTROCHEMICAL SCREENING

SCANNING DROPLET CELL (SDC) *

* J. M. Gregoire, C. Xiang, X. Liu, M. Marcin, and J. Jin Rev. Sci. Inst. 2013, 84, 024102.  
(DOI:  10.1063/1.4790419)
+ Haber, J. A., D. Guevarra, et al. ChemElectroChem 2014 (DOI: 10.1002/celc.201402306).

100 mV/s

Ni+2/Ni+3

OER

• 3-electrode cell
• Rapid solution flow
• Low uncompensated resistance

http://dx.doi.org/10.1063/1.4790419
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NI-FE-CO-CE-OX OER CATALYST DISCOVERED

J.A. Haber, Y. Cai, S. Jung, C. Xiang, S. Mitrovic, J. Jin, A.T. 
Bell and J.M. Gregoire, Energy Environ. Sci. 7, 682 (2014)

OER catalysts discovered in new, unpredicted 
composition region with ~50% Ce 

Spot Target Composition (at%) EDX Composition (at%)

1 Fe0.03Co0.30Ce0.67 Fe0.06Co0.33Ce0.64

2 Ni0.03Fe0.17Co0.13Ce0.67 Ni0.02Fe0.18Co0.14Ce0.67

3 Ni0.20Fe0.03Co0.33Ce0.43 Ni0.18Fe0.05Co0.34Ce0.43

4 Ni0.23Fe0.03Co0.23Ce0.50 Ni0.25Fe0.06Co0.21Ce0.41

5 Ni0.23Fe0.07Co0.27Ce0.43 Ni0.24Fe0.10Co0.26Ce0.40

6 Ni0.27Fe0.07Co0.20Ce0.47 Ni0.33Fe0.05Co0.20Ce0.41

7 Ni0.30Co0.27Ce0.43 Ni0.34Co0.28Ce0.38

8 Ni0.33Co0.27Ce0.40 Ni0.34Co0.29Ce0.35

9 Ni0.33Fe0.07Co0.20Ce0.40 Ni0.34Fe0.07Co0.23Ce0.35
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TRANSITION OF HIGH-THROUGHPUT MATERIALS TO BENCHMARKING AND PROTOTYPING

Ink-jet Printing enables rapid translation to alternate substrates

Prototyping Testbed electrolyzer



THE UNIQUENESS OF A QUINARY OXIDE

• Primary strategy for decades has been mixing 2 TMs
• Adding a 3rd TM exhibits diminishing returns
• Adding ~50% Ce provides great improvement even though pure 

CeOx is poor catalyst



OER CATALYST TRANSPARENCY UNDER OPERATION

Most OER catalysts are 
more oxidized under 
operation than in ambient, 
requiring in situ optical 
characterization.

As-
prepared

@ 0.33 V 
vs OER Ave. Transmission 

of AM 1.5



COMBINED CATALYTIC-OPTICAL PERFORMANCE

Ce-containing catalysts are optimal, and optimal composition depends on 
catalytic requirements
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PARALLEL CATALYST SCREEN: BUBBLE IMAGING

Automated image processing

Selected as ACS Combi cover• Parallel imaging of evolved 
gas bubbles for HER and 
OER catalysts

• Independent of solution pH

Materials 
synthesis

Bubble Evolution

Chemical Stability

Voltage Stability

Current vs. Overp.

Light-absorber screening

Electrocatalyst screening
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PARALLEL ELECTROCATALYST SCREEN: ACIDIC ELECTROCHEMICAL STABILITY

• Membrane-separated 
chambers prevent counter 
electrode  contamination via 
electroplating

• Flowing solution purges 
dissolved ions

Membrane

Library
WE chamber

CE chamber

Materials 
synthesis

Bubble Evolution

Chemical Stability

Voltage Stability

Current vs. Overp.

Light-absorber screening

Electrocatalyst screening



DISCOVERY OF PH 0 OER CATALYST

As-prepared

After 2 hr operation at pH 0



SIMULATION OF RESISTIVE LOSSES

• Assume total measured current enters sheet conductor from ~50 random samples and 
passes through sheet conductor to perimeter contact

• For 7 Ohm/square sheet resistor, effective resistance distribution over 150 x 100 mmplate
looks like:
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PRIMARY PEC SCREEN FOR PHOTOABSORBERS: QUANTUM EFFICIENCY

Materials 
synthesis Electrocatalyst screening

Light-absorber screening

Optical Band Gap

Colorimetry

Aqueous Echem.

Quantum Efficiency



MAPPING 2-ELECTRODE PHOTOCURRENT

Xiang, C., Haber, J., Marcin, M., Mitrovic, S., Jin, J., & Gregoire, J. M. (2014). 
Mapping Quantum Yield for (Fe-Zn-Sn-Ti)Ox Photoabsorbers Using a High 
Throughput Photoelectrochemical Screening System. ACS Comb Sci, 16, 120–127.

4% Quantum 
efficiency at 385nm



ON-THE-FLY UV-VIS SPECTROSCOPY

S. Mitrovic, E. W. Cornell, M. R. Marcin, R. J. R. Jones, P. F. 
Newhouse, S. K. Suram, J. Jin and J. M. Gregoire, "High-throughput 
on-the-fly scanning ultraviolet-visible dual-sphere spectrometer" 
Rev. Sci. Instrum. 86, 013904 (2015).



ON-THE-FLY UV-VIS SPECTROSCOPY: EXAMPLE BAND GAP MAPPING

S. Mitrovic, E. W. Cornell, M. R. Marcin, R. J. R. Jones, P. F. Newhouse, S. K. Suram, J. Jin and J. M. Gregoire, "High-
throughput on-the-fly scanning ultraviolet-visible dual-sphere spectrometer" Rev. Sci. Instrum. 86, 013904 (2015).

Estimate of Direct Band Gap Energy



OPTICAL CHARACTERIZATION

S. Mitrovic, E. Soedarmadji, P. F. Newhouse, S. K. Suram, J. a. Haber, J. Jin and J. M. Gregoire, "Colorimetric 
screening for high-throughput discovery of light absorbers." ACS Combinatorial Science (2014).

Colorimetry



COMPARISON OF OPTICAL SCREENING DATA

Scanner Image
Reconstructed Images for Ternaries

Dominant Hue Estimated Optical band gap from UV-Vis



SDC PHOTOELECTROCHEMISTRY

SCANNING DROPLET CELL (SDC) *



DISCOVERY OF CUO-V2O5 SOLAR FUELS PHOTOANODE

L. Zhou, Q. Yan, A. Shinde, D. Guevarra, P. F. Newhouse, N. Becerra-Stasiewicz, S. M. Chatman, J. A. Haber, J. B. Neaton, J. M. Gregoire,  Advanced 
Energy Materials, accepted (2015)

BVO prepared by Francesca Toma, LBNL

• 4 phases with (indirect) band gap near 2 eV
• Considerable OER photocurrent in alkaline 

solution
• 2 phases in pH 13 and 4 phases in pH 9 with 

better stability than BVO
• Excellent agreement between measured 

and calculated band gaps



HITP XRD+XRF AT SSRL 1-5
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JCAP-HTE PIPELINE V1

Optical Band Gap

Colorimetry

Aqueous Echem.

Quantum Efficiency

Bubble Evolution

Chemical Stability

Voltage Stability

Current vs. Overp.

104

104

104

103

samples/day

Pipeline v1
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PIPELINE OPERATION AT 13,740 SAMPLES PER DAY

Average of 13,740 
samples per day

Samples completing 
“Final Screening” 
have traversed the 
entire pipeline



PIPELINE V1 SUMMARY

S. K. Suram, J. a. Haber, J. Jin and J. M. Gregoire, "Generating Information Rich High-Throughput Experimental Materials Genomes using Functional 
Clustering via Multi-Tree Genetic Programming and Information Theory" ACS Combinatorial Science 17 (4), 224-233 (2015).

• Synthesis and screening of 104 materials per day with data comparable to traditional 
techniques

• Could be >10x higher throughput with “smart” down-selection 

• Scientific understanding requires investigation of unique materials, which may or not 
be high-performance

• These are automated experiments, but not a robotic science warehouse

• Substantial user involvement in operation, quality control and decisions based on 
scientific intuition



The Joint Center for Artificial Photosynthesis (JCAP) is the nation’s largest research program dedicated to the development of an
artificial solar-fuel generation technology. Established in 2010 as a U.S. Department of Energy (DOE) Energy Innovation Hub, JCAP aims
to find a cost-effective method to produce fuels using only sunlight, water, and carbon-dioxide as inputs. JCAP is led by a team from
the California Institute of Technology (Caltech) and brings together more than 140 world-class scientists and engineers from Caltech
and its lead partner, Lawrence Berkeley National Laboratory. JCAP also draws on the expertise and capabilities of key partners from the
University of California campuses at Irvine (UCI) and San Diego (UCSD), and the Stanford Linear Accelerator (SLAC). In addition, JCAP
serves as a central hub for other solar fuels research teams across the United States, including 20 DOE Energy Frontier Research Center.

For more information, visit http://www.solarfuelshub.org.

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.

Computational work is supported by the Materials Project Predictive Modeling Center (EDCBEE) through the U.S. 
Department of Energy, Office of Basic Energy Sciences, Materials Sciences and Engineering Division, under Contract No. 
DE-AC02-05CH11231. Work at the Molecular Foundry was supported by the Office of Science, Office of Basic Energy 
Sciences, of the U.S. Department of Energy under Contract No. DE-AC02–05CH11231.


