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1 of 17 
U.S. DOE 
Labs



Scientific Discovery

National Security

Energy Independence

Environmental Management
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PNNL is 
Focused on 
DOE’s 
MISSIONS
and
Addressing Critical
NATIONAL 
NEEDS
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PNNL is an 
ECONOMIC
ENGINE

Employees

$1.1B
Annual Spending

$487M
Total Payroll

340
Inventions

198

Patents

36
Licenses

4,997
Total Economic Output

Jobs Generated 
in Washington

Companies
with PNNL Roots

7,180

$1.46B

81
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50+ Years

Developing Goodwill

$29M
$1.08M

Philanthropic 
Investments

334,000
5,660
Team Battelle 

Volunteer Hours

>120
56

Community 
Organizations

Over the 
Years

FY20
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Lithium (Li) – First Metal on Periodic Table 

“Ein neues mineralisches Alkali und ein 
neues Metall (a new mineral alkaline and a 
new metal)”

-Johan August Arfwedson (1817)

“a shining, white, combustible metal”
-William Thomas Brande (1821)

“highest electrode potential” – i.e., Li is more 
electromotive than any other metal

-Lewis and Keyes (1913)
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Journey to Lithium-Ion Battery

Daniell cell (1836) Commercial Li-ion Rechargeable Battery (1991)

155 years
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2019 Nobel Prize - Chemistry
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Wonders of Lithium-ion Batteries

M. Armand , J.-M. Tarascon, Nature 451, 652-657

Chem. Rev. 2018, 118, 23, 11433–11456

What’s next revolution?
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Rapid Demand Growth of Electric Energy Storage (EES)

Rapidly growing demand for energy storage brings significant challenge! 

New electric energy storage (EES) materials and systems need to be developed 
and validated to meet the growing demand.

Current Future!
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Science can deliver safer, cheaper and efficient EES 
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US Department of Energy (DOE) - Energy Storage 
Grand Challenge Road Map

PNNL has unique expertise and capabilities to innovate materials for energy 
storage  devices.
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Beyond Li-Batteries Space is Vast, Rich and Unknown

Chem. Rev. 2018, 118, 23, 11433–11456
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Joint Center for Energy Storage Research

Transform electrochemistry and energy storage science with disruptive new materials
deliberately constructed from the bottom up, where each atom or molecule has a prescribed role in 
producing targeted material  behavior.
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www.jcesr.org



PNNL Build Novel Tools to Study Inner Workings 
of Battery during charge/discharge cycle

PNNL hosts suite of unique tools to study the materials degradation during charge/discharge 
process of Li-batteries.

Extremely high-resolution imaging of chemical reactions in lithium-metal batteries to 
understand how to design long battery lifetimes by watching how batteries degrade in real time.
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NMR XPS TEM
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Recent Success and Remaining Challenges in  
Designing New Multi-Valent Battery Materials

•14,615 New 
structures 

•15,789 VASP runs
•2+ Million CPU hours

•10,119 calculations

Materials 
Project

Recent success in designing electrode and electrolyte materials for  
rechargeable multivalent batteries are encouraging, but still a long way to go !

Electrolyte Genome



Need for Large Scale EES – Reliable & Resilient 
Electrical Grid
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DOE OE’s Priority:

North American Energy Resiliency Model
Megawatt Scale Grid Storage



Technology and Market Challenges

Need new approach to accelerate the 
energy materials innovation.

• Safety risks
• Significant cost reduction is needed 

for greater market penetration.
• Critical materials availability and 

sustainability. 

The energy density of lithium-ion battery was 
improved < 2% per year over the last 40 years.
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Redox Flow Batteries – Grid Scale EES

Promising technology for grid energy storage
• High safety
• Potential to reach DOE cost target
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PNNL build novel and viable electrolytes for redox 
flow batteries (RFB)
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Building Robust Electrolyte Design Module

Virtual screening assisted with empirical rules to down select viable Aqueous electrolytes and subsequent 
property and battery testing for model validation
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Designed a High-Performance Vanadium Electrolyte 

Technology Advancement

Chloride anion suppress the deprotonation and subsequent precipitation reaction

Sulfate and chloride mixed electrolytes showed high energy 
density and broad operational temperature window



HCl addition prevents 
deprotonation increasing 

temperature stability by 80% 
and energy density by 70%

PNNL kW lab scale 
demonstration of 

technology
WA Governor Jay Inslee, 

UniEnergy CEO Gary Yang, 
OE Asst. Sec. Pat Hoffman at 

CEF kickoff June 2014

Avista/UniEnergy 1 MW/4 MWh 
System installation February 2015, 

commissioned in June.
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Molecules to Megawatt: Vanadium Battery R&D Story

2010

Traditional Electrolyte PNNL’s Electrolyte



Aqueous-Soluble Organic RFB is the new frontier

2
5

 Traditional Vanadium RFB
 High material cost
 Capacity loss from crossover
 Precipitation issues (temperature window)
 Requires Nafion

 Benefits of Organics
 Potentially lower cost
 Vast library of candidates
 Systems ranging from pH 0-14
 Improved electrochemical kinetics
 Candidates with 2e- redox events



 Target solubilizing groups (pH dependent) and appropriate redox-tuning groups
 Substitute core structure based on readily available reagents and scalable synthetic 

methods

Computationally Guided Molecular Editing



A Hollas, X Wei, V Murugesan, Z Nie, B Li, D Reed, J Liu, V Sprenkle, W Wang 
Nature Energy 3, 508–514, 2018

Known Phenazine 
derivatives: >6000

The largest small molecule 
data-base GDB-17 contains 
166.4 billion molecules.
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Current fragmented research through trial-and-error 
approach slows the innovation

Prototyping in 1kW 
stack 



28

Accelerated Materials Discovery for RFB

“Our goal is to develop a framework for the design of energy storage materials (e.g., redox active 
molecules) with desired properties (functionality, solubility, electrochemical stability, etc.) through 
automation (e.g., data sciences and high throughput experimentation)”.

Automation Prediction

Validation



Data Science based Electrolyte Design Formulations

Challenges: 
No known physics models for predicting solubility and stability.
Enormity organic chemical space (> 1011), demands adequate training data set for reliable ML.

Vision: 
Can recent developments in machine learning (ML) and artificial intelligence (AI), can help 
us design optimal organic redox flow electrolytes?
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• Domain specific NLP tools:
 SciBERT: pretrained on 1.14M papers from Semantic Scholar (18% CS, 82% biomed)
 ScispaCy: domain-specific tokenization and sentence splitting

https://demo.allennlp.org/named-entity-recognition

For example, benzoquinone has a solubility of 0.1 M, while BQDS has
chemical                         solubility unit chemical

a solubility of approximately 1.7 M at 25◦C.
solubility unit temperature

http://jalammar.github.io/illustrated-bert/

Natural Language Processing for Harvesting Data  
from Open Source Literatures

https://demo.allennlp.org/named-entity-recognition
http://jalammar.github.io/illustrated-bert/


A comprehensive database for organic molecules

31



32

• Installed two robotic systems, Albert (N2 atmosphere) and Beverley (Ar atmosphere).
• Handles both liquid (10µl – 10ml) and solid (0.1mg – 25g ) samples.
• Vortex mixing (~1000 rpm), heating (<180 °C), centrifugation and filtration
• Working on automating analysis protocols for solubility, density, viscosity and pH testing.
• Staff training and system integrations are in progress.

High throughput Experimentation Capabilities
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What can we learn from Nature?

Flavin-based

Nature-inspired
redox-actives

Solubility
-SO3

−, -CO2
−, -PO3

2 −, -NH2, -NR3
+, -OH

Withdrawing
-SO3

−, -CO2
−, -PO3

2 −, -NR3
+

Donating
-NH2, -OH

Phenazine-based

“Inflexible” synthetic route

Poor water/DME solubility

Schubert, et. al. ACS Energy Lett. 2016, 1, 976. 

?

Quinone-based



Electrical Energy Storage is Evolving !

PNNL team is focused on designing transformative and Innovative materials 
for future energy storage systems.
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Thank you
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We value your feedback!
https://www.surveymonkey.com/r/PNNL042021
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Join us for these upcoming webinars

Catalysis - Nature’s Way
Bojana Ginovska
April 27, 2021  |  5:00 pm

Improving Environmental 
Monitoring, Reducing 
Stressors, and Getting 
Marine Renewable 
Energy Devices into the 
Water
Alicia Amerson
May 11, 2021  |  5:00 pm

Talking Trash: Finding 
the Value in Plastic 
Waste Through Chemical 
Upcycling
Lily Hale
June 8, 2021  |  5:00 pm
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