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Mesoscale Chemical Systems Group

 Miniaturization in analytical chemistry

 Mobile and "point-of-care” applications
a, (medical care, forensics, environment,
. space, industrial process, safety)

e Life Sciences
(tissue, cells, body fluids)

* Benefits:
- compactness of equipment
(incl. reduced power and chemical supplies)
- [imited sample size
- Improved analytical performance related to advantages of down-scaling

process
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Solar and wind rising from 0.4% of
energy consumption in 2009
to an estimated 1.9% in 2019

Non-hydro renewables estimated
growth rate of 12.7%.

Renewing Renewables,
The Economist Intelligence Unit
February, 2019

World energy consumption by energy source
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Intermittency is a problem ...
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Solar is almost inexpensive

$76.00

|| Price history of silicon PV cells
in US$ per watt

$0.30
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Source: Bloomberg New Energy Finance & pv.energytrend.com

Courtesy of M. Modestino



) Solar Intermittency Troubled Sectors

Residential
21%
Transportation
29%

Commercial

Industrial
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Clean transport (?)

Daily Storage

night day night

winter summer winter

Courtesy of M. Modestino



What H; can provide

Thermal Energy
(Calorific Content) kWh/Kg

Fuels are transportable a
©22.5x106 Ur-235 (Fission)

They have large energy density
It is “easy” to store them
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Focusing on Hydrogen

Fuels are “easy” to store ...

Scalable solar-fuel generators challenges:
1. Developing cost-effective components and processes

2. Component integration
(light-capture, catalysis, mass transport)
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Commercially relevant processes

Absolute Maximum Value per Energy Input vs Minimum Voltage Required
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What do we call

Solar Hydrogen?

H, produced via water electrolysis
using sunlight as clean renewable energy source
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i) Grid-level energy storage

-~

v) Space industry

Energy &

iii) Transportation

ii) Local energy system

vi) Military industry

»
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iv) High-margin products

ROYAL SOCIETY
OF CHEMISTRY

ISSN 1754-5706

PERSPECTIVE

Shane Ardo, David Fernandez Rivas, Miguel A. Modestino,
Verena Schulze Greiving et al.

Pathways to electrochemical solar-nydrogen technologies
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Q eBuBle

PVi=n PVi=1 PV @ PEC

Electrolyser

TRL

high Technology Readiness Level low

more  Use / Cost / Raw materials less
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45 years of Solar-H> Research

wireless cell

stainless
A steel
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Ohmic contact

Interconnect

1972 1998 2011 2014
First demonstration High solar-hydrogen conversion Artificial leaf with earth- Novel perovskites materials
of photoelectrochemical efficiency (expensive PV abundant components and earth-abundant catalysts
water splitting (TiO,) components) (up to 7% solar-fuel efficiency) push efficiency to 12.3%

Courtesy of M. Modestino



Solar fuels device taxonomy
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SHINE's

PV/Electrolysis approach

Courtesy of M. Modestino



Coming soon (somewhere) near you

https://www.siemens.com/global/en/home/products/energy/
renewable-energy/hydrogen-solutions.html

Challenge: decarbonization of the global economy.

Solution: expand renewable energy sources and
integrate them Iin developed industry, energy, and
mobility infrastructures.

“Green” hydrogen from renewable energy using
PEM electrolysis.

SILYZER integrates fluctuating energy sources
such as sun and wind.



‘ ‘ Q Coming soon (somewhere) near you

Large Scale H, Plants

Large scale renewable energy storage, grid management or industrial
applications that demand fast response times or compressor-less
operation should consider our Proton PEM hydrogen plant for their
hydrogen production needs.

Nel Hydrogen is the acknowledged specialist in large scale electrolyser
plants. The M Series modular skid based platform enables flexible plant
configuration and installation for medium to large scale H, plants based
on water electrolyser technology.

- Tailored to any demand
- Turnkey solutions

- Large capacity at minimum

footprint

- Hydrogen produced at pressure
- Scaled to any capacity

- Proton PEM technology

M400

hitps://nelhydrogen.com/assets/uploads/2016/05/Nel-
Electrolysers-Brochure-2018-PD-0600-0125-Web.pdf

https://www.siemens.com/innovation/de/home/

pictures-of-the-future/energie-und-effizienz/smart-

grids-und-energiespeicher-elektrolyse-wasserstoft-
Im-energiepark-mainz.htm|



https://nelhydrogen.com/assets/uploads/2016/05/Nel-Electrolysers-Brochure-2018-PD-0600-0125-Web.pdf
https://nelhydrogen.com/assets/uploads/2016/05/Nel-Electrolysers-Brochure-2018-PD-0600-0125-Web.pdf

Coming soon (somewhere) near you

Hydrogen can be produced at a very competitive price from renewable

Project examples

Renewable power at <$50/MWh enables
production of H2 at plant <$3.5/kg (compared to
a pump price of $10-15/kg)

>1.000 buses/year

<$50/MWh . 24 x NEL A-485 electrolysers - 50MW  <$3.5/kg e o=

>500 trucks/year

nel:
https://nelhydrogen.com/assets/uploads/2017/06/Nel-ASA_Presentation_May-2017_v2.pdf
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Electrolysis
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ﬂuBle @ MCE
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Proton Management

Q eBuBle

[ransport in Porous Silicon

uChannel 1
Porous
Silicon

Membrane

uChannel 2 /
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Our experience

Light

" Evolved H: bubble Electrods




Our approach

Nucleation Growth-coalescence Advection
Multi-Phase reaction Surface properties Bubble detachment
Nanotopology, Surfactants Boundary layers Local mass transfer
PZC, catalysts... Bubble charge Light interaction

T,
ok, ; ~:

Bubble displacement E
~“““““.""0¢' ‘0“““"."’“ /\

Waiting

Detachment period

“Roughness” gradient



Our approach

— Gas transport— Passive self-pumping

ide View

Glass slide

unpublished



Bubble Evolution © McEC

Netherlands Center for
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A) Nucleation B) Growth C) Detachment Artificial nucleation
®H,(aq) Liquid L IF, ¢H2(aq) ~
/// \\\ — ~(Dt)"2
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van der Linde, P., et al. (2018). Gas bubble evolution on microstructured silicon substrates.
Energy & environmental science, 11(12), 3452-3462.
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Evolved H:z bubble

Bubble Evolution

Electrode
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Trapping bubbles
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Contemplating bubbles
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Radii of bubbles

Bubble Residence A/

radius time £ ’ggz
NR - st \,/////////
Rzﬁtw\ = | S A A S S S S

Growth 4 lime 78 ggz
coefficient coefficient = 0.1

e ///////////// ///////// Il

Universidad van der Linde, et al. "Electrolysis-Driven and Pressure-Controlled Diffusive Growth
R, i1 & Carlos Il de Madrid of Successive Bubbles on Microstructured Surfaces." Langmuir 33.45 (2017): 12873-12886.
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Comparing bubbles

15 I ] 1
» Electrolysis-driven
N « Pressure-driven
].O B o .
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van der Linde, et al. "Electrolysis-Driven and Pressure-Controlled Diffusive Growth
of Successive Bubbles on Microstructured Surfaces." Langmuir 33.45 (2017): 12873-12886.
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Growing bubbles
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van der Linde, et al. "Electrolysis-Driven and Pressure-Controlled Diffusive Growth
of Successive Bubbles on Microstructured Surfaces." Langmuir 33.45 (2017): 12873-12886.
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Growing bubbles
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van der Linde, et al. "Electrolysis-Driven and Pressure-Controlled Diffusive Growth
of Successive Bubbles on Microstructured Surfaces." Langmuir 33.45 (2017): 12873-12886.
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Parasite bubble detection

van der Linde, et al. Langmuir 33.45 (2017): 12873-12886. IN preparation
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Top view
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Work in progress .
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Looking for..  Funds, collaboration, good questions!!
..and motivated students!
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On a given day of the year, the Dogon people of Mali can fish in the sacred water of Lake Antogo.
The lake is emptied in minutes. BBC, Human Planet: Deserts - Life in the Furnace
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http://www.bbc.co.uk/programmes/b00rrd85
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