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PEC Breakout Sessions

Session ID Topic Lead

PEC-1
Device and System Integration: New 
opportunities and Design Spaces for PEC 
Water Splitting

Todd Deutsch (NREL)

PEC-2 Strategic Analysis TEA Review Brian James (Strategic Analysis)

PEC-3 Durability in Materials and Devices Francesca Toma (LBNL)

PEC-4 Photocatalyst and Particle Based Systems Shane Ardo (UCI)

PEC-5 Roadmap Review and Discussion Daniel Esposito (Columbia)
Frances Houle (LBNL)

PEC-7 Standard Hardware for Bench-Scale and 
Sub-Scale Testing James Young (NREL)
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• Brief introduction of the topic
– Solar-generated H2 is the most technologically advanced solar fuel but has stalled at deployment. 

This breakout session will examine a few case studies, with different degrees of photo-
electrochemical integration, that show promising system-level solutions for efficient and stable 
solar water splitting. We will discuss how these approaches might offer a new value proposition 
for solar hydrogen in specific applications and identify opportunities for pilot-scale projects.

• Session Logistics
– Session topic introduction (20 min), 
– Mural-facilitated discussion, 3 topics (45 min)
– Summarize and discuss action items (10 min)
– Rules for session: Mural- please add your name when signing in as visitor
– Start with sticky notes, then discussion based on that input
– Report out

Session goals
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Background and motivation

• Photo-electrochemical hydrogen: time to 
move from bench to pilot scale
– 2016 workshop- Leiden, Netherlands

• Scaling will take time and effort
– Manufacturing readiness level
– Supply chain, distribution, market analysis

• Beyond the semiconductor-liquid junction –
buried junction
– Enabled higher efficiency and durability

• Expand value proposition – Look for niche 
applications where wet, lower pressure H2
can be used and has value over PV-
electrolysis
• Biomethanation, steel making, separate step in 

CO2 reduction process
• PEC flow batteries

PV-electrolysis facilities:
6MW Linz, Austria
10 MW electrolyzers + 20MW PV – Fukushima, Japan
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Integrated concentrated PV-electrolysis

Sophia Haussener – EPFL
• III-V tandems with >15% STH efficiency
• Durability by encapsulation
• Concentration ~1000x to defray absorber 

cost
– Membrane electrode assembly- high current 

without bubbles/scattering

• Thermal integration 
– PV cooling, electrolyzer heating

• Demonstration at scale
– 7 m diameter dish
– >1000x concentration

Small (~120W), ~0.8 gH2/h, ηSTH=17%, t=minutes, indoor, controlled

Commercialization
Scalable, large (~20kWpeak), co-generation, t>10 days, ~0.45 kgH2/day (~20 bar), 

ηSTH,device=21%, outdoor, dynamic/fluctuations, live: https://solardish.epfl.ch
(for average day in Lausanne)



HydroGEN: Advanced Water Splitting Materials 7

Solar water splitting to pressurized hydrogen

CX Xiang – Caltech
• Significant fraction of levelized cost of 

hydrogen production is purification and 
compression up to 300 psi

• Compression is costly, inefficient, and 
unreliable – especially if starting at 1 bar

• PV-Redox Flow Battery (RFB): more integrated 
than PV-electrolysis, less integrated than EPFL 
approach

• Good stability and efficiency
• H2 produced up to 100 atm, on-demand (dark)
• DOE targets $2/kg for H2 production, another 

$2/kg for compression, storage, delivery
• Advantage of pumping liquid vs. low pressure 

H2 and centralized H2 generation

Decoupling H2(g) and O2(g) Production in
Water Splitting by a Solar-Driven
V3+/2+(aq,H2SO4)|KOH(aq) Cell
Alec Ho,† Xinghao Zhou,‡ Lihao Han,† Ian Sullivan,† Christoph Karp,† Nathan S. Lewis,*,†,§,∥
and Chengxiang Xiang*,†

†Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125, United States
‡Division of Engineering and Applied Science, Department of Applied Physics and Materials Science, California Institute of
Technology, Pasadena, California 91125, United States
§Beckman Institute Molecular Materials Research Center, California Institute of Technology, Pasadena, California 91125, United
States
∥Kavli Nanoscience Institute, California Institute of Technology, Pasadena, California 91125, United States

*S Supporting Information

ABSTRACT: A solar-driven V3+/2+(aq,H2SO4)|KOH(aq) cell, consisting of a
carbon-cloth cathode in 2.0 M H2SO4(aq) with 0.36 M V2(SO4)3 (pH
−0.16), a Ni mesh anode in 2.5 M KOH(aq) (pH 14.21) for the oxygen-
evolution reaction (OER), and a bipolar membrane that sustained the pH
differentials between the catholyte and anolyte, enabled water splitting with
spatial and temporal decoupling of the hydrogen evolution reaction (HER)
from the OER and produced H2(g) locally under pressure upon demand.
Over a range of potentials and charging depths, V3+ was selectively reduced
with >99.8% faradic efficiency. The V2+ species produced in the catholyte was
then passed subsequently on demand over a MoCx-based HER catalyst to
produce H2(g) and regenerate V3+ for subsequent reduction. Under a base
hydrogen pressure of 1, 10, and 100 atm, the discharge efficiency of the V3+

to hydrogen was 83%, 65.2%, and 59.8%, respectively. In conjunction with a
solar tracker and a photovoltaic device, the V3+/2+(aq,H2SO4)|KOH(aq) cell
was charged outdoors under sunlight and discharged at night with a daily averaged diurnal solar-to-hydrogen (STH)
energy conversion efficiency of 3.7% and a STH conversion efficiency of 5.8% during daylight operation.

In a solar-driven water-splitting electrochemical cell, the
hydrogen-evolution reaction (HER) occurs at the cathode
while the oxygen-evolution reaction (OER) occurs at the

anode:1

HER in acidic solution:

E2H 2e H ( 244 mV vs SCE)2+ → ° = −+ −
(1a)

HER in alkaline solution:

E2H O 2e H OH ( 1074 mV vs SCE)2 2+ → + ° = −− −

(1b)

OER in acidic solution:

E2H O O 4H 4e ( 986 mV vs SCE)2 2→ + + ° =+ −

(2a)

OER in alkaline solution:

E4OH O 2H O 4e ( 156 mV vs SCE)2 2→ + + ° =− −

(2b)

where SCE is the standard calomel electrode in saturated KCl. In
a phototelectrochemical (PEC) cell, reactions 1 and 2 are tightly
coupled, and to ensure charge neutrality, they must proceed at
the same rate.2−5 Hence, most solar-driven water-splitting cells,
operated either under conventional single-electrolyte
conditions5,6 or in electrolytes that have sustained pH
differentials between the catholyte and anolyte,3,4 generate
H2(g) and O2(g) simultaneously in the cell, so that whenever
one oxygen molecule is produced at the anode, two hydrogen
molecules are produced at the cathode. H2(g)/O2(g) mixtures

Received: February 4, 2019
Accepted: March 21, 2019
Published: March 21, 2019

Letter

http://pubs.acs.org/journal/aelccpCite This: ACS Energy Lett. 2019, 4, 968−976

© 2019 American Chemical Society 968 DOI: 10.1021/acsenergylett.9b00278
ACS Energy Lett. 2019, 4, 968−976
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Solar water splitting to pressurized hydrogen

Hydrogen Station Compression, Storage, and 
Dispensing (CSD)
Technical Status and Costs 
Technical Report
NREL/BK-6A10-58564 
May 2014

20 bar → 700 barCX Xiang – Caltech
• Significant fraction of levelized cost of 

hydrogen production is purification and 
compression up to 300 psi

• Compression is costly, inefficient, and 
unreliable – especially if starting at 1 bar

• PV-Redox Flow Battery (RFB): more integrated 
than PV-electrolysis, less integrated than EPFL 
approach

• Good stability and efficiency
• H2 produced up to 100 atm, on-demand (dark)
• DOE targets $2/kg for H2 production, another 

$2/kg for compression, storage, delivery
• Advantage of pumping liquid vs. low pressure 

H2 and centralized H2 generation
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Pilot scale H2 + CO2 to renewable natural gas

Kevin Harrison, Nancy Dowe – NREL
• Renewable electrons electrolyze water to H2 and O2
• Optimized strain of methanogenic archaea perform 

methanation under industrial conditions 
• 125 kW PEM electrolyzer feeds 2.5 kg H2/h, 

continuously producing 4.1 scfm CH4
– Equivalent to 550 m2 PEC system @ 15% STH 

• Potential long-term storage strategy via PEC H2 & 
CO2 to CH4

• Large market for natural gas and gas grid can absorb 
any H2 produced

– Site where gas grid accessible but electric delivery is 
difficult/costly

• Can be directly fed with low-pressure, wet hydrogen
• Low carbon fuel standard credit
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Research priorities guided by technoeconomic analysis

Technoeconomic analysis (TEA) from 2013
• 1-sun Type 3 flat panel will never be economical
• High cost of H2 collection, drying, and compression
• Hard to hit $2/kg with 2013 Type 4 design
• H2A analysis tool can tell us what combinations of 

system performance metrics could be feasible…if our 
assumptions match the state of technology

Energy Environ. Sci., 2013, 6, 1983
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Hydrogen analysis (H2A) tool

• To date, most H2A models have very 
optimistic assumptions of absorber costs 
– most critical parameter

• Performed sensitivity analysis using more 
realistic “current” costs:

H2A modeling can inform policy makers and researchers on 
which metrics to target 

https://www.hydrogen.energy.gov/h2a_analysis.html
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TEA targets 

• William Xi (Mark Ruth’s group) – NREL 
• Use H2A production model
• Top-down, target-setting approach
• Include more realistic PEC absorber costs and higher concentration ratios
• Monte Carlo simulations that vary key H2A parameters to identify opportunity 

windows
• Goal is to find the technology or parameter regime that allows us to meet the 

targets
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TEA targets 

Parameter Current
Baseline

Current
Variable Range

Future 
Baseline

Future Variable 
Range

Concentration Ratio 10 10 à 1000 10 10 à 1000

Collector System Cost $/m2

USD 2016
137 100 à200 70 65 à 137

PEC Absorber Cost

$/m2 USD 2016

11,500 2,300 à 34,700 925 810 à 2300

PEC Absorber Lifetime (years) 150 hours 100h à 0.5 2 0.5 à 10

STH Efficiency (%) 10 5 à12.4 15 5 à 25

Operating Capacity (%) 90 90 à100 90 90 à 100
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Probability distribution simulation results

Parameter Variable Range 

Concentration Ratio 10 à 1000 

Collector System Cost 
(Parabolic Trough) 

100à200 
$/m2 USD 2016

PEC Absorber Cost 2,300à 34,700 
$/m2 USD 2016

PEC Lifetime 0.01à 0.5 years

STH 5à12.4 %

Operating Capacity 90à100 %
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Varying lifetime, absorber cost, and concentration ratio

Parameter Variable Range 

Concentration Ratio
(CRatio)

10 à 1000 

Collector System Cost 100à200 
$/m2 USD 2016

PEC Absorber Cost
(PECC)

2,300à 34,700
$/m2 USD 2016

PEC Absorber Lifetime
(PECL)

0.01à 0.5 years

STH Efficiency 5à12.4 %

Operating Capacity 90à100 %
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TEA contour plots

Parameter Value

Concentration Ratio 10-1000x (10)

Collector System Cost 137 $/m2

PEC Absorber Cost 11,500 $/m2

PEC Lifetime (years) 0.01à0.5 
(0.02)

STH Efficiency 10%

Operating Capacity 90%

Solar concentration can’t compensate for poor durability with high absorber costs
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TEA contour plots 

Parameter Value

Concentration Ratio 10-1000x (10)

Collector System Cost 137 $/m2

PEC Absorber Cost 2,300 to 34,700
$/m2 (11,500)

PEC Lifetime 0.5 years

STH Efficiency 10%

Operating Capacity 90%

Solar concentration can compensate for poor durability at lower absorber costs
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TEA contour plots 

At 2-year lifetime, moderate solar concentration can compensate for high absorber costs 

Parameter Value

Concentration Ratio 10à1000x 
(10)

Collector System Cost 70 $/m2

PEC Absorber Cost 810-11500 
(925) $/m2

PEC Lifetime 2 years

STH Efficiency 15%

Operating Capacity 90%
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Combinations that achieve $4/kg H2 production

Parameter Set 1 Set 2 Set 3 Set 4 Range 
(Baseline)

Concentration Ratio 10 54 100 500 10à1000
(10)

Collector System Cost 
($/m2 USD 2016)

75 72 94 137 65à137
(70)

PEC Absorber Cost
($/m2 USD 2016)

1,003 1,049 1,926 2,300 810à2,300
(925)

PEC Lifetime (years) 5 1 2 2 0.5à10
(2)

STH Efficiency (%) 17 12 10 8 5à25
(15)

Operating Capacity (%) 98 98 94 94 90à100
(90)
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Discussion topics

• Topic 1: Can we identify potential (niche) opportunities where existing PEC systems 
might have advantages over PV-electrolysis? 

• Topic 2: What approaches might help us meet the requirements of the 
opportunities identified in discussion Topic 1? 

• Topic 3: What are the most promising concepts– from discussion topics 1 & 2 or 
from the top-down TEA targets–to elevate to pilot scale? What research is needed 
(near and long-term) to accelerate deployment of the most promising 
configurations? 

• Questions: 
– Does this change materials challenges? 
– What new tools or protocols need to be developed? 
– What markets, sectors, locations, adjacencies, incentives should be considered? 
– Are there alternative oxidation products that can add value? Do they scale?
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Session Goals

• Session Goals
– Briefly review TEA methodology & assumptions for latest case studies
– Discuss where the analysis goes next

• Provide feedback on validity of key parameters 
• Suggest other key parameters
• Suggest alternative case study ideas
• Suggest informative and useful sensitivity studies

• Session Logistics 
– Rules for session
– Mural link
– Attendance list

https://app.mural.co/t/globalfutureslaboratorytest2644/m/globalfutureslaboratorytest2644/1614043661528/46b3b4e44a2853d98b301b4c72ec71e0f1d437d5
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Overview of Techno-Economic Analysis Methodology

• The objective of techno-economic analysis (TEA) is to evaluate and compare 
competing technologies and chart progress on the basis of cost and 
technical performance

• TEA Method Steps
• Define system: develop flow schematic and bill of materials

• Perform system mass & heat balance modeling to identify critical design 
parameters

• Enumerate H2 production plant capital cost
• Investigate and input technical and financial values into discounted cash flow 

analysis model H2A to evaluate the levelized cost of hydrogen ($/kgH2)

• Results and Post-Analysis
• Perform sensitivity analyses to identify components with greatest impact on cost 

• Tornados and Monte Carlo
• Obtain external review and feedback
• Use feedback to update models 
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Blaise A. Pinaud et al., “Technical and Economic Feasibility of Centralized 
Facilities for Solar Hydrogen Production via Photocatalysis and 
Photoelectrochemistry,” Energy & Environmental Science 6, no. 7 (2013): 
1983, https://doi.org/10.1039/c3ee40831k.

Water Source

HER 

Solar Collection Field 
Module II

OER

Compressor 1

PSA 
Subsystem

H2 Product

O2 Off-Gas

Pump

Generalized PEC 
Plant

Solar Conversion 
Module

• Water management
• H2 compression (if needed)
• H2 management/purification

• H2 generation
• H2 compression (if needed)

System Generally divided between Solar 
Conversion Module and BOP

https://doi.org/10.1039/c3ee40831k
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3.71

3.78

3.80

3.83

3.85

3.87

3.88

4.08

4.00

3.96

3.94

3.91

3.89

3.88

3.88

$3.5 $3.6 $3.7 $3.8 $3.9 $4.0 $4.1 $4.2

Operating Capacity Factor
(95%, 90%, 86%)
Plant Design Capacity (kg of H2/day)
(1,050, 1,000, 0,950) 

Total Fixed Operating Cost
($0,492K, $0,518K, $0,544K) 
Total Capital Investment
($4,363K, $4,593K, $4,823K) 

Feedstock Consumption (% of baseline)
(95%, 100%, 105%)
Utilities Consumption (% of baseline)
(95%, 100%, 105%)

After-tax Real IRR
(8%, 8%, 8%)

Bottom-Up Technology Status: PEC Type 2

• Levelized Cost of Hydrogen: $3.88 / kg 
(2007$)

• Installed Equipment Cost: $3,200,000 
(for 1 TPD module)

• Total Capital Investment: $4,600,000 
(for 1 TPD module)

• Capital Costs represent the majority of 
Hydrogen cost. ( 55%)

• O&M (41%) dominated by labor costs

Base on old PEC H2A Case. In process of update.
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Type 2 Installed Equipment Cost Breakdown

• “Baggies” are 41% of total
– Stacked baggies concept addresses 

this

• BOP cost is substantial
– System simplification    

needed
– Stack baggies concept 

addresses this
– H2 compressor is substantial

• PEC Particles <5%
– Even at ~$300/kg and 5% 

conversion

• $/m2 for baggies is 
convenient cost metric Baggies ~$7/m2

Cost breakdown is from draft/updated analysis. Does not exactly match H2A Case.

PEC Particle
3%

Bag …
Bag Material 

Bottom
6%

Membrane
9%

Circulation 
Pump

4% Port 
Hardware

1%Port 
Installation

1%
PVC Pipe

10%

Water 
Manifold

1%

H₂ Compressor
41%

Bed Wiring 
Panel

2%

Water Level 
Controllers

1%

Pressure 
Sensors

4%

Hydrogen 
Area 

Sensors
4%

“Baggie” System
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Energy Feedstocks & Utilities: PEC Type 2

• Process Water (Utility)
– Price in Startup Year: $0.0018 / gal
– Usage: 2.37 gal / kgH2
– $0.0018 / gal x 2.37 gal / kgH2 = <$0.01 / kgH2

• Industrial Electricity (Utility)
– Price in Startup Year: $0.064 $ / kWh
– Usage: 2.01 kWh / kgH2
– $0.064 / kWh x 2.01 kWh/ kgH2 = $0.13 / kgH2

• Replacement Schedule
– Unplanned Replacements: 0.5%/year of Total Deprec. 

Capital Cost
– Planned Maint./Repair: 4%/ year of compressor cost 
– Planned Maint./Repair: 5%/year of total sys minus 

compr./films/nanoparticles
– Replacement of pond films every 5 years
– Replacement of nanoparticles every year

Water cost is 
negligible.

Electricity cost is modest.

Annual catalyst replacement
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Bottom-Up Technology Status: PEC Type 4

28

• Levelized Cost of Hydrogen: $4.27 / kg 
(2007$)

• Installed Equipment Cost: $5,400,000 
(for 1 TPD module)

• Total Capital Investment: $7,500,000 
(for 1 TPD module)

• Capital Costs represent the majority of 
Hydrogen cost. ( 82%)

• Capital is dominated by the solar 
concentrator and H2 containment 
module

• O&M (18%) dominated by labor costs

Base on old PEC H2A Case. In process of update.
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Type 4 Installed Equipment Cost Breakdown

• Solar concentrator 
dominates capital cost 39%

• PEC electrodes & Receiver 18%

• Total BOP is 43%
– Needs simplification

• $/m2 for baggies and Solar 
Module is convenient cost metric

Concentrator ~$75/m2 
solar capture area

PEC Module= ($200 (electrode) + $155 (Rec.))/m2
electrode area

Concentrator/Tra
cker

PEC 
Receiver 
(not incl. 

PEC Cells
10%

Condenso
r

4%

Piping
14%

Control 
System

4%

Reactor 
Install
11%

Cost breakdown is from draft/updated analysis. Does not exactly match H2A Case.
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PEC Discussion Topics

1. Provide feedback on validity of key parameters
– What assumptions or values do you disagree or consider dubious? State basis and 

preferred value if possible.
– What area could be improved that is not currently flagged as a cost driver?

2. What do you want to get out of TEA studies?
– What cost sensitivities would aid you as researchers?
– What do you have the biggest cost uncertainty about?

3. Intersection of stack design & (low-cost) manuf.: How to reduce PEC module cost?
- Use stacked reactor beds to improve efficiency, reduce material and land cost 
- Alternative to expensive parabolic solar concentrator? Fresnel lens?
- Explore Type 3 (non-concentrated) systems?

4. What big technology, component, or material advances do you see in the future? 
(and specify approx. year of achievement)

5. What alternative case studies should be modeled?
(Alternative to Distr./Central with 24/7 constant-price electricity)
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Background

Durability as critical barrier to the deployment of PEC

Outcome of the 2019 HydroGEN Benchmarking Workshop, the PEC Technology focus 
will be on: “the understanding of degradation mechanisms and stressors and the 
development of standardized protocols”

ACS Energy Lett. 2020, 5. 2631-2640
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HydroGEN 2.0 PEC Technology

ACS Energy Lett. 2020, 5. 2631-2640

Comparison of the solar to 
hydrogen efficiency (STH) and 
lifetime H2 produced for 
unassisted water splitting 
devices. The “PEC Goal” point 
in the upper right was 
calculated assuming a 20% 
capacity factor over a 10 year 
lifetime 
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Session Goals

• Session Goals – Discuss Durability in PEC Materials/Devices
– What are classes of materials we should focus on?
– What are common failure mechanism in PEC materials and devices?
– What should be the protocol(s) to characterize degradation?
– How can theory and modeling help?
– What accelerated testing, if any, may be useful in this context?
– How can we share data (and failures) across the community?
– ?

• Session Logistics
– Session Chair Introduction
– Our co-moderator/note taker is Olivia Alley (LBNL)
– Fill out attendance list
– Mural – ice breaker: please list your name, the material(s) you are 

working with and one (or more) major challenge(s)

https://app.mural.co/t/globalfutureslaboratorytest2644/m/globalfutureslaboratorytest2644/1614045458197/b6742d4f72b55f3018b6b6ef123a99dd43b8b06c
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Discussion Prompts

– What are classes of materials we should focus on?
Share your experience with materials stability and protection strategies

– What are common failure mechanism in PEC materials and devices?

– What should be the protocol(s) to characterize degradation?
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Discussion Prompts

– How can theory and modeling help?

– What accelerated testing, if any, may be useful in this context?

– How can we share data (and failures) across the community?

– What else?
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Session Goals

• Session Goals
– Review protocols written to date in PEC; none in PC
– Discuss what PC protocols should be written next (first), if any???
– Strategy for implementation of protocols

• Session Logistics
– 2 min: Intro & Rules (Chair: Prof. Shane Ardo; Co-Chair: Zejie (Justin) Chen 

(UCI))
– 20 min: Setting the Stage with Background and Overview (Ardo)
– 2 min: Logistics: Attendance (You!), Rules (Ardo), MURAL Instructions (Ardo)
– 45 min: Facilitated “MURAL Board” Discussion (All)
– 5 min: Summarize and Converge on Action Items (All)
– Report Out (Ardo & Chen)
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What is PC (Photocatalysis)? Think Particles in Bags!

Hisatomi & Domen, Nat. Catal., 2019, 2, 387
Pinaud, Benck, Seitz, Forman, Chen, Deutsch, James, Baum, Baum, Ardo, Wang, Miller & Jaramillo, Energy Environ. Sci., 2013, 6, 1983

Co-evolution of H2 and O2

Intrinsic separation of H2 and O2
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What is PC (Photocatalysis)? Think Particles as 
Sheets!

Goto, …, Domen, Joule, 2018, 2, 509Wang, …, Domen, Joule, 2018, 2, 2667

STH efficiency, ηSTH > 1%
Wang, …, Domen, Nat. 
Mater., 2016, 15, 611

Quantum yield, EQY > 
95%

Takata, …, Domen, 
Nature, 2020, 581, 411

Year-long stability MOx
Domen, et al.

Setoyama, Takewaki, Domen & Tatsumi, Faraday Disc., 2017, 198, 509
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What is PC (Photocatalysis)? Think Particles in Bags!

Bala Chandran, Breen, Shao, Ardo & Weber, Energy Environ. Sci., 2018, 11, 115
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PEC Benchmarking/Protocols: Device Level
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PEC Benchmarking/Protocols: Component Level
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PEC Benchmarking/Protocols: Material Level
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Critical Insight from PC Theoretical STH Efficiency

STH Efficiency (%
)

Keene, Bala Chandran & Ardo, Energy Environ. Sci., 2019, 12, 261
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Critical Insight from PC Theoretical STH Efficiency

Shockley, Queisser, 
Henry, De Vos, Pauwels, 
Wurfel, Ross, Hsiao, et 

al.

Fluxtransmitted

1 absorber, Abs = 2
jop ≈ 9 mA/cm2

8 isolated absorbers, N
Absn = 0.25; jop-total ≈ 13 mA/cm2

~1.4x

~1.8x

Fluxsolar Fluxblackbody (bb)

Fluxb
b

Absorber 1

Absorber 2

Absorber N

H2

H2

O2

O2

Fluxrecycled
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H2 O2

With many "molecules" the 
maximum STH efficiency 

can increase by > 20x, due 
to optical thinning and 

photon recycling

Keene & Ardo, Nature Materials, in revision
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Critical Insight from PC Theoretical STH Efficiency

Bala Chandran, Breen, Shao, Ardo & Weber, Energy Environ. Sci., 2018, 11, 115

ηSTH = 10% for optimized reactor

The rate of non-
selective HER (R"

eff), 
relative to the rate of 
selective HER (R"

sel), 
depends greatly on 

redox selectivity (αa,sh)
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PEC Benchmarking/Protocols: Device Level
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PC (not PEC!) Benchmarking and Protocols

Wang, …, Liu, Domen, Li & Wang, Joule, Feb 2021, 5, 344 (Australia, China, Japan)
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PC Benchmarking/Protocols: Device/Component Level

Wang, …, Liu, Domen, Li & Wang, Joule, Feb 2021, 5, 344 (Australia, China, Japan)
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PEC Benchmarking/Protocols: Component Level
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PC Benchmarking/Protocols: Device/Component Level

Wang, …, Liu, Domen, Li & Wang, Joule, Feb 2021, 5, 344 (Australia, China, Japan)
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PC Benchmarking/Protocols: Component Level

Suzuki, Matsumoto, Iwase & Kudo, Chem. Comm., 2018, 54, 10606Motivation:

Ir/SrTiO3:Ir (ID16) (1.0 mg/mL) with 0.3wt% Ir cocatalyst 
(impregnated @ 673 K for 2 h, H2 anneal @ 673 K for 1 h) 

in aq 10 vol% CH3OH under 785 nm LED illumination

Absorptance + Reflectance + Transmittance = 1
… Absorptance = 1 – Reflectance

100%R baseline is a standard reflective material
"%A" is average of (1 – R)% over 780 – 790 nm
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PC Benchmarking/Protocols: Component Level

8 hr

Ir/SrTiO3:Ir (ID22) (1.8 mg/mL) with 
0.3wt% Ir cocatalyst in aq 10 vol% 

CH3OH under 785 nm LED illumination
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PEC Benchmarking/Protocols: Material Level
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PC Benchmarking/Protocols: Material Level

Maeda & Domen, J. Phys. Chem. Lett., 2010, 1, 2655Motivation:

(n
m

)a) 0 nm b) 2 nm c) 5 nm
HeighttSiOx= 5 nm

200 nm

rms roughness
Pt|Ti|Si: ~0.3 nm
SiOx|Pt|Ti|Si: ~0.3 nm
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PC Benchmarking/Protocols: Material Level

Eo
Fe(III)/Fe(II)

120 min SiOx cure (x nm)

CVs (20 mV/s) at Pt electrodes immersed in pH 1.5 
aqueous Na2SO4(100 mM)–Fe(SO4)n(25 mM, 1:1 
Fe(II):Fe(III))

Motivation:

Au

SrTiO3:Rh(5%)

FTO|Glass

Ag

I/V
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Discussion Topics

Given that fundamental differences between PC and PEC are
(i) Incomplete per-particle above-bandgap light absorption, and
(ii) Selectivity toward less thermodynamically favored reactions,
does this warrant new, or simply updated:

(1) PC (PEC) Device Protocols?
(2) PC (PEC) Component Protocols?
(3) PC (PEC) Material Protocols?

Critical Question: What new techniques and/or considerations 
should be taken into consideration, for both PC and PEC?
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Session Goals

• Session Goals
– Outline roadmap structure for materials and devices for future PEC H2

technologies
– Connect roadmap to protocols
– Timelines

• Session Logistics
– Session chair + note taker introductions (5 min.)
– Fill out attendance list (1 min.)
– Introductory slides (15 min.)
– Discussion, populate MURAL (48 min)
– Wrap-up - final chance to add to Mural, discussion (6 min.)
– Report out on 3/8
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Performance targets to reach low cost PEC H2

Source: DOE EERE Fuel Cell Technologies Program Multi-Year Research, Development, and Demonstration Plan 
(MYRD&D Plan), Planned program activities for 2011-2020. pp. 3.1-22. 

^Cost target:  2.10 $/kg H2. 
Note: Hydrogen cost represents the complete system hydrogen production cost for purified, 300 psi compressed gas. 
System level losses and expenses due to solar collection/concentration, window transmittance/refraction, replacement 
parts, operation, and maintenance are included in the cost calculations.  

^

Note: Similar table available for dual bed photocatalyst reactor system.  
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What is a Roadmap?

We are 
here

We 
need to 
be here

Materials strategy

Integration strategy

Performance strategy

Scale-up strategy

Kistler et al, Adv Energy Mater 2020
DOI: 10.1002/aenm.202002706 Sathre et al, Energy Env Sci 2014

DOI: 10.1039/c4ee01019a
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PEC Roadmap, Fall 2019

Photoabsorber

Catalyst

Protection layer

Baseline: legacy PV martials improve legacy materials stability
Improve stability under dynamics conditions 
and develop new class of photoabsorbers for 

PEC*

Advanced processing and 
scalability

Electrolyte/
Separator

Photoelectrodes

Transport

M
at
er
ia
ls Baseline: a portfolio of 

materials for different pHs
Improve activity, transparency 
and stability at all pHs

improve activity, transparency and stability under 
dynamic conditions and impurities

Advanced processing and 
scalability

Baseline: transparent, conductive oxide 
materials

Improve 
stability/conductivity/transparenc
y/energetics *

Improve performance at dynamic 
conditions and develop accelerated 

stress testing*
Scalable processing

Baseline: adoption of LTE membranes and 
common electrolytes

Improve conductivity, reduce 
permeability for PEC conditions*

Improve stability under 
dynamic conditions Integration and optimization

Baseline: a portfolio of catalyst coated 
semiconductors

Interface optimization and improve 
stability*

Reduce layer complexity and 
integration with new PEC material*

Advanced processing and 
scalability

Baseline: liquid electrolyte coupled with 
membrane separators

Reduce product cross-overs 
and transport losses

Improve durability and 
develop accelerated test 

protocols*
Advanced processing and scalability

Auxiliary Baseline: planar chassis 
integrated with membranes

Standardization of chassis designs & 
improve reliability*

New chassis designs for various 
feeds and bubble management Optimize manufacturing

Co
m
po

ne
nt

Device Baseline Testing* Standardization of prototypes & durability 
characterization & new device architects*

Improve H2 collection at pressure, efficiency & 
stability in real world conditions*

Accelerated stress test and device 
scalability*

Lower 
Priority

High 
Priority

*Requires 
development of 
test capabilities 
within EMN 
nodes

2023 - 20242022 - 20232020 - 2021Current State

H2 Cost ($/kg) $2

What should the timeline look like for each strategy?

Today’s goal – revisit this scheme
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Roadmap basics

Time (t)Today N years

%
 o

f T
ar

ge
t A

ch
ie

ve
d

0%
0.75·N0.5·N0.25·N

100%

75%

50%

25%

Electrode 
Replacement 
Lifetime

Target value
and year

STH efficiency

Scale-up

Hypothetical Roadmap for Device-Level Metrics

Note: there are many possible roadmaps, which will vary for different PEC technologies.
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Questions to Consider when setting up a 
Roadmap

1. What are the key system elements that most strongly influence LCOH, and 
what are their target performances?  (discussed in PEC session #1)

2. What are the bottlenecks along the critical path for each element to achieve 
the technology target? 

3. What are the dependencies* for the critical paths?
4. What is the timeline for the technology path? 
5. What protocols are needed to accurately track progress? 

*Dependencies means interdependencies between critical paths: progress/delays
on one can affect the others 
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Decision Tree: a useful Tool for Formulating a PEC 
Target and Identifying Key Bottlenecks  

Starting inputs/constraints

Decision 1:

Decision 2:

Decision 3:

Decision 
N:

Most promising 
final outcomes
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Decision Tree: a useful Tool for Formulating a PEC 
Target and Identifying Key Bottlenecks  

Starting inputs/constraints

Decision 1:

Decision 2:

Decision 3:

Decision 
N:

List of target specifications for 
material/component/system 

Electrolyte type

Photoabsorber(s)/coatings

Electrocatalysts

Membrane/divider 

Example:  
Concentrator PEC 
design

Hypothetical decision tree:

Example: encapsulated III-V absorber 
with alkaline electrolyte, HE-membrane, 
and Ni-based OER & HER electrocatalysts.

Most 
promising 
outcomes:
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How Does One use Outputs from a Decision Tree to 
Build a Roadmap?  

1. Understand how the properties/performance of each 
component impacts device-level target. (Modeling is key!)

2. Assess state-of-the-art performance for candidate components 
in comparison to that expected to be necessary to meet device-
level target metrics. 

3. What are the key bottlenecks for each component, and how 
difficult do we expect it will be to overcome them?

Simple G/Y/R classification of bottlenecks:

G: Likely to be easily overcome based on current R&D trajectory   

Y: Likely to be overcome with substantial additional effort & resources.   

R: “Red brick wall”. At least an order of magnitude increase in effort & resources is 
likely needed to substantially alter current R&D trajectory. Success not guaranteed.
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Today’s discussion topics

1. What are key remaining bottlenecks and promising 
strategies for advancing the following PEC elements?: 
1. Photoabsorbers (12 min.)
2. Electrocatalysts (12 min.)

2. What testing protocols should be in place to verify progress 
for materials and systems?

3. What is the timeline for overcoming key bottlenecks for 
each of three commonly considered PEC pathways?

3. Membranes (12 min.)
4. Devices & systems (12 min.)

Type 2: Dual bed photocatalyst 
particle suspensions

Type 3: Fixed Panel Array
(No or limited solar concentration)

Type 4: Concentrator Array
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General Targets^ to Consider for Discussion

Dual bed photocatalyst 
particle suspensions
(“Type 2” from [1])

Fixed Panel Array
(No or limited solar 
concentration)
(“Type 3” from [1]) 

STH Efficiency

Tracking Concentrator 
Arrays
(“Type 4” from [1])

Replacement 
Lifetime 

[1.] Pinaud, et al., Energy & Environ. Sci., 6, 1983-2002 (2013).

PEC Technology Path or “Type”

15-25% 10-15 yrs.

15-25% 5-10 yrs.

8-12% 3-7 yrs.

Common Target for all: the ability to scale to GW- TW level cost effectively. 

^Targets include “ultimate” targets from 2015 FCTO’s 
MYRD&D Production Section 3.1 to achieve LCOH $2.1/kg
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MURAL Board for this Session

Place thoughts 
that are 
extraneous or 
relate to cross-
cutting topics.

12 min. 12 min.

12 min. 12 min.

Topic #1:  Photoabsorbers Topic #2: OER & HER Electrocatalysts

Topic #3:  Membranes Topic #4:  Devices & Systems

Protocol needs

Type III PEC Type IV PEC

Type II PC Protocol needs

Type III PEC Type IV PEC

Type II PC

Protocol needs

Type III PEC Type IV PEC

Type II PC Protocol needs

Type III PEC Type IV PEC

Type II PC

*Please sign in with your name so we can 
follow up w/ Questions if needed
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MURAL Board: Color-Coding for Sticky Notes

Note: Zoom feature in lower right corner

Yellow: Likely to be overcome with substantial additional effort & resources.   
Green: Likely to be easily overcome based on current R&D trajectory   

Red: Orders of magnitude increase in effort needed to overcome this bottleneck.   

Drag and drop
sticky note

Blue notes for 
comments on strategies to 
overcome bottlenecks
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PEC Roadmap Breakout Poll

Google Form Poll (Link provided in zoom chat box):
-Contains 4 sections (1 or each topic) with 6 questions each:
• (3) G/Y/R voting questions for each of 3 PEC technology pathways.
• (3) timeline questions: how long do you think it will take for the element 

of interest to advance to where it can enable commercialization?
• (1) comment box: comment on needed protocols for topic, elaborate on 

an answer, state a caveat, suggest a key strategy. 
-Answer each set of 6 questions after completion of each of the 10-12 
minute long topic-based discussions, then click “Next”.

Example:  for the 12 minute section on photoabsorbers:
1. Is photoabsorber development G/Y/R for Type III PEC (non-concentrator panel designs)?
2. What is the expected timeline in years to achieve desired performance metrics?
3. photoabsorber development G/Y/R for Type IV PEC (concentrator designs)?
4. What is the expected timeline in years to achieve desired performance metrics?
5. Is photoabsorber development G/Y/R for Type II PEC (dual bed photocatalyst designs)?
6. What is the expected timeline in years to achieve desired performance metrics? 
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Topic 1 - Photoabsorbers

Targets: stable, sufficient photovoltage,  high photocurrent

What are key remaining bottlenecks 
and promising strategies?

What testing protocols should be in 
place to verify progress for these 
materials?

What is the timeline for overcoming 
key bottlenecks for each of three 
commonly considered PEC 
pathways?
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Topic 2 - Electrocatalysts

Targets: minimized overpotential for OER and HER, stable, 
compatible with photoabsorber and electrolyte

What are key remaining bottlenecks 
and promising strategies?

What testing protocols should be in 
place to verify progress for these 
materials?

What is the timeline for overcoming 
key bottlenecks for each of three 
commonly considered PEC 
pathways?
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Topic 3 - Membranes/Separators

Targets: low resistance, zero product crossover, stable

What are key remaining bottlenecks 
and promising strategies?

What testing protocols should be in 
place to verify progress for these 
materials?

What is the timeline for overcoming 
key bottlenecks for each of three 
commonly considered PEC 
pathways?
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Topic 4 - PEC Devices & Systems

Targets: high STH efficiency, long lifetime, safety, 
high energy return on energy invested (ERoEI)

What are key remaining bottlenecks 
and promising strategies?

What testing protocols should be in 
place to verify progress for these 
materials?

What is the timeline for overcoming 
key bottlenecks for each of three 
commonly considered PEC 
pathways?
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• Session Logistics
– Session topic introduction (10-15 min), 
– Mural facilitated discussion, 3-4 topics (45+ min)
– Facility/capability needs for subscale testing (10 min)
– Rules for session: Mural- please add your name when signing in as visitor
– Start with sticky notes, priority voting (CX moderator), then comment and discuss

• Brief introduction of the topic
– 2019 workshop session summary review
– Overview of 2021 discussion topics
– HydroGEN hardware examples designed to facilitate standardization

• Bench scale: HydroGEN 2.0 common PEC cell version 1.0 (in 3D!)
• Bench to subscale: NREL photoreactor platform (in motion picture!)

Session goals
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(2019)
(Protocol-focused)
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Overview of Discussion Topics

• Q0) Should bench- and sub-scale each be one word, two words, or hyphenated?
• Q1) How should PEC define bench scale?

– Q2) Design features needed in standard bench scale PEC testing hardware
• Q3) How should PEC define subscale?

– Q4) Design features needed in standard subscale PEC testing hardware
• Q5) What subscale targets should the field strive to demonstrate within 5 years? 

(add sticky notes then vote)
• Q6) What barriers are most critical to address in meeting these targets?
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PEC Hardware Examples

Examples: Hardware designed to help facilitate testing in standard configuration(s)
• Ex. 1) HydroGEN PEC 2.0

– Current initial work is establishing a common bench-scale hardware for PEC testing

• Ex. 2) NREL photoreactor platform
– A flexible platform for bench- or sub-scale PEC testing
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HydroGEN PEC 2.0

• Current initial work is establishing a common bench scale hardware for PEC testing
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NREL photoreactor platform

A flexible PEC testing platform
• Chassis-chuck two-part design

– Quick slide in/out of pre-mounted samples
– Customizable sample mounting

• Fresnel lens and collimating tube 
attachments

• Minimizes electrode separation, 
electrolyte resistance

• Flow pattern for bubble removal
• Separable anode compartments
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GaAs 
micro
-cells

NREL photoreactor platform
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NREL photoreactor platform


