
Bubbles and Hydrogen

David Fernández Rivas

February 7th 2019

 1



UT Intro My Intro Cavitation

 4



Mesoscale Chemical Systems GroupUT Intro My Intro Cavitation

Assistant David Fernandez Rivas
Tenured, May 2017

Academic staff 

Full Han Gardeniers

Associate Niels Tas

ca. 18 PhD students - 3 Postdocs
2 Cleanroom technicians

1 Postdoc 
1 PhD 
3 MSc 
4 BSc



space

forensics

environment

Mesoscale Chemical Systems Group
• Miniaturization in analytical chemistry 

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

• Life Sciences  
(tissue, cells, body fluids) 

• Benefits: 
- compactness of equipment  
(incl. reduced power and chemical supplies)  
- limited sample size  
- improved analytical performance related to advantages of down-scaling
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From Cuba to NL History tracing back to 1628

Geoctroyeerde Westindische Compagnie,Havana Matanzas

Opportunities Given by “restrictions”.
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Exploiting Bubbles for  
Chemistry and Medicine

Applicable 
Research 

& 
Efficient 

Knowledge 
Transfer

Leading an excellent scientific team  
to address 21st Century Challenges.

Generating employment and  
public-private-partnerships.

Health Water Energy

Vision UT Intro My Intro Cavitation
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How	much	are	we	consuming?

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
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Storage	of	renewable	energy	

What	to	do	with	this	surplus?

Courtesy of M. Modestino

Night					-					Day					-					Night

Solar	is	almost	inexpensiveIntermittency	is	a		problem	…
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Residential
21%

Commercial
19%

Industrial
31%

Transportation
29%

Courtesy of M. Modestino

Solar	Intermittency	Troubled	SectorsUT Intro My Intro Cavitation



Courtesy of M. Modestino

Clean	transport	(?)

day nightnight

summer winterwinter

Daily Storage

Seasonal Storage
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Courtesy of M. Modestino

What	H2	can	provide

– Fuels are transportable
– They have large energy density
– It is “easy” to store them

99% of storage (127 GW total = 2.5%)
Energy of 5 Kg of H2 =

125,000 Kg of Water tallest Swiss Dam

UK	National	Physical	Laboratories	(NPL)

Thermal	Energy			
(Calorific	Content)	kWh/Kg

22.5x106	Ur-235	(Fission)	

13.0		 	 Gasoline	(Fossil)

8.3			 Ethanol	(Green)

39.4		 	 Hydrogen

UT Intro My Intro Cavitation
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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)

depending	on	its	form	 

(gas,	liquid,	metal	hydride,…)
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Design	elements

Rodriguez, et al. Ener. Env. Sci., 2014, 7 (12), 3828 - 3835 Modestino & Haussener. Ann. Rev. of Chem. and Bio. Eng. 2015, 6 (1)
Modestino et al. Energy and Environmental Science, 2016, 9, 1533-1551
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efficiencies is sure to increase the value of LED PEC processes
over time.
PV-E and sunlight PEC processes were often the

fundamentally highest valued, the prevailing pathway often
determined by the voltage required. Although an extensive cost
analysis for each pathway would have to be performed for
definitive results, PV-E and PEC configurations for water
splitting have been compared in the literature. Without grid
supplementation to the PV-E process, the total expenses for the
two pathways were about the same.27 Overall, Figure 6 shows
minimal combinations of chemical commodities and solar
conversion pathways that fall above the LBF, despite best-case
assumptions in each. The highest estimated value for water
splitting is $100/m2-year using sunlight PEC, which falls below
the LBF by a factor of 10. The commodities that fall above the
LBF all have values above $2/kWh and require less than 2 V or

2400 °C for economically favorable electrochemical or
thermochemical production, respectively.

■ CONCLUSIONS
Sunlight from radiation driven by the thermonuclear reactions
in our sun can be converted to electrochemical energy and/or
heat. Life depends on this conversion and sunlight powers the
profitable and vital agriculture segment of the global economy.
However, with the exception of modest uses of sunlight for low
grade residential heating and drying and evaporation processes,
no other economically significant commercial chemical
production process makes use of sunlight. Solar electricity
and heat is generally too expensive compared to alternatives.
Fossil fuels provide far cheaper sources of energy for both
electrochemical and thermochemical processes and the overall
solar-to-chemical conversion efficiency is low, regardless of

Figure 4. Maximum net value per energy input (log scale) plotted versus minimum voltage required for all electrochemical processes or
electrochemical equivalents of thermochemical processes. For each point, the width of the circle corresponds to the relative market size. Processes
highlighted in green are conducted electrochemically in industry, to any appreciable extent. The lower bound of feasibility (LBF) is plotted as the
horizontal dashed line.

Figure 5. Maximum net value per energy input plotted versus minimum temperature required for all thermochemical processes on a log scale. For
each point, the width of the circle corresponds to the relative market size. Processes highlighted in red are conducted thermochemically in industry,
to any appreciable extent. The lower bound of feasibility (LBF) is plotted as the horizontal dashed line.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b00830
ACS Sustainable Chem. Eng. 2018, 6, 7003−7009

7007

ACS Sustainable Chem. Eng. 2018, 6, 7003−7009

Cost of  
electricity

Hydrogen

Commercially	relevant	processes

New Frontiers for 
Solar-Chemical 
Process

SolarTextiles
Production

New Frontiers for 
Solar-Chemical 
Process

SolarTextiles
Production

Modestino’s	group

Adiponitrile
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What	do	we	call	
Solar	Hydrogen?

H2	produced	via	water	electrolysis	 
using	sunlight	as	clean	renewable	energy	source

…	and	others
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Pathways to  
Solar Hydrogen Technologies

Workshop: 13 - 17 June 2016, Leiden, the Netherlands

• Katherine Ayers, Proton OnSite
• Frances Houle, LBNL/JCAP
• Jurriaan Huskens, U Twente
• Roel van de Krol, Helmholtz- 
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Scientific  
Advisors

The Lorentz Center is an international 
center for scientific workshops. Its aim is 
to organize workshops for researchers in 
an atmosphere that fosters collaborative 

work, discussions and interactions.  
For registration see: www.lorentzcenter.nl

Image: artistic rendition of a technology to produce and 
store hydrogen based on solar energy 
Poster design: SuperNova Studios . NL

This journal is©The Royal Society of Chemistry 2018 Energy Environ. Sci.
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Pathways to electrochemical solar-hydrogen
technologies

Shane Ardo, *a David Fernandez Rivas, *b Miguel A. Modestino,*c

Verena Schulze Greiving,*d Fatwa F. Abdi, e Esther Alarcon Llado,f

Vincent Artero, g Katherine Ayers, h Corsin Battaglia,i Jan-Philipp Becker, j

Dmytro Bederak, k Alan Berger,l Francesco Buda, m Enrico Chinello,n

Bernard Dam,o Valerio Di Palma,p Tomas Edvinsson, q Katsushi Fujii, r

Han Gardeniers, b Hans Geerlings,o S. Mohammad H. Hashemi,s

Sophia Haussener, t Frances Houle, u Jurriaan Huskens, v Brian D. James,w

Kornelia Konrad,d Akihiko Kudo,x Pramod Patil Kunturu,v Detlef Lohse, y

Bastian Mei, z Eric L. Miller,aa Gary F. Moore, ab Jiri Muller,ac

Katherine L. Orchard,ad Timothy E. Rosser,ad Fadl H. Saadi, ae

Jan-Willem Schüttauf,af Brian Seger,ag Stafford W. Sheehan, ah

Wilson A. Smith, o Joshua Spurgeon, ai Maureen H. Tang, aj

Roel van de Krol, e Peter C. K. Vesborg ag and Pieter Westerik b

Solar-powered electrochemical production of hydrogen through water electrolysis is an active and

important research endeavor. However, technologies and roadmaps for implementation of this process do

not exist. In this perspective paper, we describe potential pathways for solar-hydrogen technologies into

the marketplace in the form of photoelectrochemical or photovoltaic-driven electrolysis devices and

systems. We detail technical approaches for device and system architectures, economic drivers, societal

perceptions, political impacts, technological challenges, and research opportunities. Implementation

scenarios are broken down into short-term and long-term markets, and a specific technology roadmap is

defined. In the short term, the only plausible economical option will be photovoltaic-driven electrolysis

systems for niche applications. In the long term, electrochemical solar-hydrogen technologies could be

deployed more broadly in energy markets but will require advances in the technology, significant cost

reductions, and/or policy changes. Ultimately, a transition to a society that significantly relies on solar-

hydrogen technologies will benefit from continued creativity and influence from the scientific community.

Broader context
Penetration of solar-powered technologies in the energy market is accelerating and they promise to become clean and cost-competitive alternatives to
traditional fossil-based sources of energy. However, despite their rapid deployment, adoption of solar-powered technologies is hindered by the intermittent
nature of sunlight. Electrochemical solar-hydrogen technologies are promising solutions to this challenge, because they are capable of capturing and storing
solar energy in the form of an environmentally friendly fuel. Throughout the past five decades, the scientific community has developed the foundation for the
realization of practical solar-hydrogen generators, yet clear strategies for their deployment have not been reported. This article condenses the perspectives of
B50 basic scientists, engineers, and social scientists, from academia, government, and industry, and reports on high-potential pathways for commercialization
opportunities of solar-hydrogen technologies. By doing so, the article identifies key barriers for the deployment of these technologies both in the short term and
long term, and also provides a balanced analysis of advantages and drawbacks of various designs. The insights provided in this perspective paper intend to
contribute to defining new directions for research in the solar fuels field, and to enable future solar-hydrogen ventures that capitalize on technical advances
from the scientific community.

1. Introduction
Solar-powered technologies for the electrochemical production
of hydrogen through water electrolysis are of significant

immediate interest. These so-called ‘‘solar hydrogen’’ techno-
logies are able to capture solar energy and efficiently store it as
hydrogen for widespread use when demand is high, uniquely
for stationary applications, as a mobile transportation fuel, and

Received 25th December 2017,
Accepted 18th June 2018

DOI: 10.1039/c7ee03639f
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45 years of Solar-H2 Research

1972 1998 2011
First	demonstration  

of	photoelectrochemical  
water	splitting	(TiO2)	

Fujishima	and	Honda.	  
Nature,	1972,	238,	37-38	

High	solar-hydrogen	conversion	
efficiency	(expensive	PV	

components)	
Khaselev	and	Turner,		

Science,	1998,	280,	425-427

Artificial	leaf	with	earth-
abundant	components	 

(up	to	7%	solar-fuel	efficiency)	
Reece	et	al.	

Science,	2011,	334,	645-648

2014
Novel	perovskites	materials	
and	earth-abundant	catalysts	
push	efficiency	to	12.3%	

Luo	et	al.	
Science,	2014,	345,	1593-1596

Courtesy	of	M.	Modestino
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Reisner	et	al.	JACS	2015

Solar fuels device taxonomyUT Intro My Intro Cavitation



SHINE’s  
PV/Electrolysis approach
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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 in developed industry, energy, and 
mobility infrastructures. 

“Green” hydrogen from renewable energy using 
PEM electrolysis. 

SILYZER integrates fluctuating energy sources 
such as sun and wind.  
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Coming	soon	(somewhere)	near	you

https://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-wasserstoff-

im-energiepark-mainz.html

UT Intro My Intro Cavitation
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https://nelhydrogen.com/assets/uploads/2017/06/Nel-ASA_Presentation_May-2017_v2.pdf

Coming	soon	(somewhere)	near	youUT Intro My Intro Cavitation



Energy Environ. Sci. This journal is©The Royal Society of Chemistry 2016

involved. In electrochemical devices, usually the transport
processes that dominate the performance of the system are
the transport of charge carriers – electrons, holes and ionic
species – and the transport of neutral species – reactants and
products. The characteristic length scale for transport of charged
species, lion or le! for ions or electrons respectively, is determined
by Ohms law,

lion=e! ¼
DVOhms

jop
(7)

based on the operating current density of the device, jop, the
allowable voltage drop, DVOhm, and the conductivity of the
transport media (i.e. electronic conductors or electrolytes). In
the case of neutral species transport, the characteristic length

scale, lneu, depends on the species diffusivity, D, and its char-
acteristic concentration in the reactor, c0,

lneu¼
Dc0nF

jop
(8)

where F is Faraday’s constant and n is the stoichiometric number
of electrons involved in the electrode reaction. Based on char-
acteristic transport properties of metallic electrodes, electrolytes
and neutral species involved in the redox reactions, one can
estimate the range of the characteristic length required for opera-
tions under different current density regimes (Table 3). The estima-
tion of these length scale requirements can aid in the design of
electrochemical reactors and the decision on their scaling strategy.
For example, for the devices summarized in Section 2, if only the ion
transport processes are required to occur in the microscale (1D), an
areal scale-up strategy can be implemented.

Once a scale-up strategy has been identified, the next step is to
assess the manufacturability of the scalable system. Areal scaling
of electrochemical reactors is usually preferred whenever allow-
able. Under this strategy a large suite of common fabrication
techniques can be implemented to achieve the desired structure.
Classical machining can be used to manufacture parts where
parallel planar electrodes are separated by 100’s mm. Reactor
manufacturing methods include laminate or sheet construction
techniques which have been used extensively to perform gas–
liquid reactions and processes with film plates,55 e.g. methane
steam reforming.56 This fabrication method offers flexibility in
design and can accommodate multiple reactor units within a
single component. Different layers of a laminate structure can be
easily machined to define internal passages and channel struc-
tures. Also, as the limiting dimension in laminated reactors is
defined by the thickness of the layers, interelectrode spacings in
the microscale can be easily accessed. These fabrication techni-
ques open the possibility for producing large throughput reactors
at relatively low cost. Another successful scale-up example
involves the redesign of a sonochemical microreactor for the
controlled generation of chemically active bubbles. While the
initial concept and proof-of-principle demonstrations were
developed in a silicon-based device,57 large-scale reactors were

Fig. 4 Scaling strategies for increasing the throughput of microfluidic
reactors. Volumetric scaling is often used for homogeneous chemical
processes where the dimensionality of the reactor does not affect the
reactions (0D). Areal scaling can be applied if all the limiting transport
processes that require microscale path lengths can be carried out in one
dimension (1D). A parallelization strategy of microdevices is needed when
the system involves more than one dimension in the microscale (Z2D).

Table 3 Characteristic length scales for transport processes involved in electrochemical energy conversion devices

Species Characteristic conductivity (s) Current density ( jop) Length scale (le! or lion)

Charged speciesa

Electrons in metallic electrodes 105–107 S m!1 Low (100–103 A m!2) 10–104 m
High (104–105 A m!2) 0.1–100 m

Ions in electrolytes 0.1–10 S m!1 Low (10–103 A m!2) 10–104 mm
High (104–105 A m!2) 0.1–100 mm

Species Characteristic properties Current density ( jop) Length scale (lneu)

Neutral species
Low solubility species c0 B 1 mol m!3

D B 10!9 m2 s!1
Low (100–103 A m!2) 0.1–1 mm
High (104–05 A m!2) 1–10 nm

High solubility species c0 B 103 mol m!3

D B 10!9 m2 s!1
Low (10–103 A m!2) 100–103 mm
High (104–105 A m!2) 1–10 mm

a The allowable voltage drop, DVOhm, is assumed to be 0.1 V.
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The potential for microfluidics in electrochemical
energy systems†

M. A. Modestino,*a D. Fernandez Rivas,*b S. M. H. Hashemi,a J. G. E. Gardeniersb

and D. Psaltisa

Flow based electrochemical energy conversion devices have the potential to become a prominent energy

storage technology in a world driven by renewable energy sources. The optimal design of these devices

depends strongly on the tradeoffs between the losses associated with multiple transport processes:

convection and diffusion of reactants and products, migration of ionic species, and electrical charge

transport. In this article we provide a balanced assessment of the compromise between these losses and

demonstrate that for a broad range of electrochemical reactors, the use of microfluidics can enhance the

energy conversion efficiency. Moreover, we propose proven scale-up strategies of microelectrochemical

reactors which could pave the way to the large scale implementation of energy microfluidic systems.

Broader context
The transition to a world driven by clean and renewable energy sources would rely on our ability to develop and implement at large scale energy storage
technologies. To this end, high efficiency electrochemical energy conversion devices will play a key role as they have the potential to buffer the fluctuation inherent
to renewable energy generation from solar and wind resources. The performance of these devices depends on the balance of complex processes that range from the
atomic scale all the way up to the macroscale. While molecular processes drive the electrochemical transformations that determine the energy storage potential of
the devices, transport phenomena are responsible for the limitations that prevent devices to operate at the maximum possible efficiencies. Therefore,
electrochemical cells and reactors need to be designed in suitable dimensions to facilitate the transport of reactants, products and charged intermediates to
and from the electrochemical reaction sites. In this article, we explore a generalized flow-based electrochemical device to demonstrate that optimal performances
can be achieved if cells are designed in the microscale. Then we discuss the potential to scale up these microfluidic units so that large scale energy applications can
be tackled. By doing so we hope to spur discussion in the scientific community towards reactor design routes to optimize energy conversion devices.

1. Introduction
The ever-increasing drive towards the implementation of clean
energy technologies and processes has propelled a strong interest
towards the development of deployable energy conversion
devices.1 These devices need to capture energy from renewable
sources such as wind and sunlight, and convert it into usable and
preferably storable forms. Historically, our society has learned that
economies of scale drive energy technologies towards large dimen-
sions: big ships for transportation and long pipelines to pump oil
from reservoirs to large refineries, massive hydroelectrical dams
and large nuclear power plants. In this line of thought one tends to

forget that many important phenomena related to energy and
mass transfer occur at very small scales. Furthermore, often the
concept of scale gets confused with scalability. These considera-
tions can result in the premature dismissal of promising energy
technologies with small operating cells that may be intrinsically
scalable. State-of-the-art electrochemical energy conversion devices
(e.g. batteries, fuel cells, electrolyzers, flow batteries, among others)
fall into this category; small operating units that can be paralle-
lized to reach power conversion at the megawatt scale. The small
size of the units encountered in these systems is inherent of the
multiple mesoscale processes (from nanometers to hundreds of
micrometers) that occur within them: redox reactions, transport of
charge carriers to electrodes, and mass transport of ions, reactants
and products to and from reaction sites (Fig. 1).2

Within this opinion article, we intend to provide a fair, yet not
exhaustive assessment of small technologies and their potentials
to impact big energy applications. Specifically, we will focus on
microfluidic electrochemical energy conversion devices, and
identify the conditions under which they can be implemented
in a scalable way. While scaling traditional microfluidic devices

a School of Engineering, École Polytechnique Fédéral de Lausanne (EPFL),
Station 17, 1015, Lausanne, Switzerland. E-mail: miguel.modestino@epfl.ch;
Tel: +41 21 69 33446

b Mesoscale Chemical Systems Group, MESA+ Institue for Nanotechnology,
University of Twente, Enschede, The Netherlands.
E-mail: d.fernandezrivas@utwente.nl; Tel: +31 53 489 3531

† Electronic supplementary information (ESI) available: Flow diagram describing
the scaling strategy for microfluidic energy systems. See DOI: 10.1039/c6ee01884j
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or other gradients are increased. Fluid flow in microchannels
usually falls within a laminar regime that provides greater control
over the flow. Additionally, short radial diffusion times result in a
narrow residence-time distribution as well as an enhancement in
heat and mass transfer. Moreover, microdevices have large surface-
to-volume ratio (m2 m!3), which makes them particularly inter-
esting for processes dictated by surface phenomena.3 These
features allow the systems to reach thermal or surface reaction
equilibrium much faster due to an increased mass and heat flux
(over a given area L2). Although the enhanced heat transfer of
microfluidic reactors can accelerate the transformations that occur
inside the device, it can also result in larger heat losses to the
external environment. This can be used to the advantage of energy
conversion devices that require active cooling, but can be detri-
mental to other systems that require additional energy inputs to
operate at elevated temperatures (e.g. solid oxide fuel cells).

Many groups have reported on the uses of microfluidic reactor
technology for chemical synthesis in academic research settings,
and recently it has become more prominent in industrial
processes.4,5 Life-cycle analysis has hinted to significant ecological

advantages of microreactors when compared to their macro-scale
counterparts. The bulk of the interest in microfluidic systems has
been centred on the production of high-value chemicals in the
pharmaceutical and fine chemistry industry. Only until recently,
researchers have started exploring the space for microfluidic
technologies in the energy field because of their potential to
improve the conversion efficiency of devices, to better understand
energy conversion processes and be implemented in niche appli-
cations that require energy systems with small footprints.6

To better demonstrate the power of scalable microsystems in
electrochemical energy conversion, we will introduce a simple
model electrosynthetic device as an example of a prototypical
electrochemical energy conversion device (Fig. 2). This model
consists of a set of infinite parallel plate electrodes separated by a
distance, d. In between the electrodes, a liquid electrolyte flows
with a given areal flow rate, Q. An electrical potential is applied
between the two infinite, parallel plates so that an electrochemi-
cal reaction can take place at the surface of the electrodes at a rate
imposed by a constant current density, j. The thermodynamic
equilibrium potential for the reaction is given by E0, and is
imposed by the nature of the chemical transformation taking
place. For simplicity, we will assume a fully developed (parabolic)
flow of a Newtonian electrolytic fluid between the electrodes, a
uniform electrolyte conductivity, s, across the channel, no mass
transport limitations at the surface of the electrodes, and that the
volume fraction of products in the electrolyte is negligible.
Within these conditions, the only two factors that depend on
d and affect the energy conversion efficiency are the ionic and
fluidic resistances. The power loss arising from ionic resistance,
Pion, over a reactor length, L, is given by,

Pion ¼
j2dL

s
(1)

Fig. 1 Diagram describing the multiple processes present in electrochemical
energy conversion devices. From left to right, processes are presented in
order of increased limiting scales. As observed, most of the processes lie
within the mesoscale.

Fig. 2 Trade-off between ionic and fluidic resistance as a function of distance
between electrodes d, for a water electrolyzer operated at 104 A m2 in a 1 M
sulfuric acid electrolyte with an areal flow rate, Q, of 10!4 m2 s!1. A
maximum fractional device efficiency of 98% is achieved at d = 120 mm
(denoted by a red dashed line), and efficiencies above 95% are achievable
in the window between 60 and 400 mm (highlighted in yellow). Lower
separations lead to large fluidic resistances, while larger separations result
in large losses from ionic transport.

D. Psaltis

Demetri Psaltis is Professor of
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Engineering Schools at Ecole
Polytechnique Federale de
Lausanne (EPFL). He received a
PhD in Electrical Engineering
from Carnegie-Mellon University
in 1977. In 1980, he joined the
faculty at the California Institute
of Technology, Pasadena,
California. He moved to EPFL in
2006. He received the International
Commission of Optics Prize, the

Humboldt Award, the Leith Medal, the Gabor Prize and the Joseph
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be very roughly estimated as tss ⇡ H
2
/D, where D is the diffusivity of H2 in the electrolyte.

To do so, we have assumed a 1D concentration profile C(z, t) with a constant flux at z = 0

together with a no concentration boundary condition at the free surface: C(H, t) = 0. Taking

H = 10 mm and D = 4.2⇥ 10
�9 m2/s, this gives approximately 6 hours. It will be seen that

in our experiments the steady state is attained significantly faster, but still within the same

order of magnitude.
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Figure 5: Time evolution of the bubble radius for a succession of bubbles captured during the
first hour after the start of electrolysis. Each individual curve represents a distinct bubble.
Four different experiments are shown, in which the supplied current density is set to (a) 5.2,
(b) 7.8, (c) 10.4 and (d) 13.0 A/m2. The pit and pillar radius are 5 and 15 µm, respectively,
whereas the pillar height is 30 µm. The dotted horizontal line marks the etching defect size
below which it was not possible to optically detect the bubble.

Secondly, the radius dynamics are affected by transient effects. It is especially evident

in the very first bubble(s) of figures 5(a)–(d), whose growth dynamics display fast temporal

variations. This is attributed to the unsteadiness and huge non-uniformity of the evolving

concentration field which makes it more susceptible to perturbations during the first minutes

after the onset of electrolysis. In time, these transient effects fade as the boundary layer of

evolved H2 gas grows and the local concentration field surrounding the pillar becomes more

10

5.2

A/m2

7.8

10.4

13.0

predicts this behaviour. On the other hand, in constant-current electrolysis set-ups

with relatively large electrodes, it has often been assumed that a fixed current density

translates to constant bubble growth rates. However, it is observed that H2 bubble

successions at a gas-evolving substrate first experience a depletion regime, during which

�̃H2
remains fairly constant, followed by a fast increase in �̃H2

before the steady state is

reached. The bubble growth kinetics depends on the time-evolving supersaturation level

near the electrode and are sensitive to additional depletion effects that arise from our

experimental configuration. These effects are discussed with support from numerical

simulation results. Furthermore, in all the experiments, the actual flux of dissolved H2

available for bubble growth is much less than the total flux of gas evolved. Finally, the

gas evolution efficiency, i.e. the ratio of the effective gas that diffuses into the bubble

to the total amount of produced gas, is seen to increase with increasing current density.

Introduction

Gas bubbles are unavoidably produced at gas-evolving electrodes in electrochemical reac-

tors,1,2 in water-splitting cells during the electrolysis of water for hydrogen production3 and,

more recently, during photoelectrolysis by solar-driven cells.4,5 In all these cases, the concept

of ‘bubble management’6 translates to the successful avoidance of unwanted nucleation sites,

excessive electrode bubble coverage or large bubble departure sizes, all of which may result

in increased ohmic resistances.3 This perspective opens a wide variety of possible future

options to trap/harvest the produced gas without the need of further mechanical systems,

such as pumping or vibrations, methods which require a lot of energy to be applied.

Moreover, control over the bubble growth is a critical step in bubble management. Bubble

growth kinetics in electrolytic systems have been generally described in the form of7–15

R = �t
x
, (1)

2

Bubble  
radius

Residence 
time

Growth  
coefficient

Time 
coefficient
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ABSTRACT: Control over the bubble growth rates forming on the
electrodes of water-splitting cells or chemical reactors is critical with
respect to the attainment of higher energy efficiencies within these
devices. This study focuses on the diffusion-driven growth dynamics
of a succession of H2 bubbles generated at a flat silicon electrode
substrate. Controlled nucleation is achieved by means of a single
nucleation site consisting of a hydrophobic micropit etched within a
micrometer-sized pillar. In our experimental configuration of
constant-current electrolysis, we identify gas depletion from (i)
previous bubbles in the succession, (ii) unwanted bubbles forming
on the sidewalls, and (iii) the mere presence of the circular cavity where the electrode is being held. The impact of these effects
on bubble growth is discussed with support from numerical simulations. The time evolution of the dimensionless bubble growth
coefficient, which is a measure of the overall growth rate of a particular bubble, of electrolysis-generated bubbles is compared to
that of CO2 bubbles growing on a similar surface in the presence of a supersaturated solution of carbonated water. For
electrolytic bubbles and under the range of current densities considered here (5−15 A/m2), it is observed that H2 bubble
successions at large gas-evolving substrates first experience a stagnation regime, followed by a fast increase in the growth
coefficient before a steady state is reached. This clearly contradicts the common assumption that constant current densities must
yield time-invariant growth rates. Conversely, for the case of CO2 bubbles, the growth coefficient successively decreases for every
subsequent bubble as a result of the persistent depletion of dissolved CO2.

■ INTRODUCTION
At sufficiently large voltages, gas bubbles are produced on the
electrodes in electrochemical reactors,1−3 in water-splitting cells
during the electrolysis of water for hydrogen production,4 in
the study of nanobubbles,5−7 and during photoelectrolysis by
solar-driven cells,8,9 a topic that recently has gained interest.
The formation of unwanted nucleation sites or large bubble
departure sizes may lead to an excessive coverage of electrodes
by bubbles. This ultimately results in increased electrical
resistance4,10 within the aforementioned devices. Thus, proper
control over the nucleation, growth, and detachment of bubbles
is expected to play a key role in the progress toward higher
energy efficiencies.11 Moreover, such control should allow us to
efficiently harvest the produced gas bubbles12 without further
need of energy input, e.g., in the form of pumping- or vibration-
based mechanical systems.
Control over the bubble growth rates is a critical aspect that

should be achieved after properly understanding the underlying
physical problem. Bubble growth kinetics in electrolytic systems
has been generally described in the form of13−21

= αR bt (1)

where R is the bubble radius and t is the actual residence time
of the bubble, which starts growing at t = 0, on the electrode
before detachment. Here, b is the dimensional growth
coefficient whereas α is the scaling exponent. Throughout the
majority of the bubble lifetime, except for a very fast inertia-
controlled initial growth15 (on the order of 0.1 s in our
experiments), b and α can be approximated as constants. The
scaling exponent α is typically 1/2 or 1/3, depending on the
experimental conditions.
The occurrence of one scaling exponent is determined by a

quantity of immediate interest, Ae/Rd
2, namely, the ratio of the

active surface area, Ae, of the electrode upon which the bubble
grows to the characteristic bubble surface at the moment of
detachment (at a bubble radius of Rd). This coefficient
represents the ratio between the characteristic time of the
diffusive transport of the evolved gas across a region of the size
of the electrode, tt ≈ Ae/D, and that of the diffusive transport of
gas to the bubble, namely, td ≈ Rd

2/D, which in turn limits the
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Figure 2: A) Images sequence of a bubble growing on the artificial nucleation site
at various time intervals. Inside the bubble, dark circular shape, bright spots
result from reflections of the light source. The reflection of the bubble is seen on
the SiO2 substrate below the bubble neck. B) Schematic representations of the
gas concentration profile in the liquid at intervals comparable to A, where the
color bar indicates a low (yellow) and high (red) concentration of dissolved gas
in the electrolyte around the electrode (blue). The bubble takes up gas from the
surrounding liquid indicated by the dashed line. After bubble detachment, the
spirals indicate the convective flow induced by the displacement of the liquid
phase. C) The potential di↵erence measured during bubble evolution on the
cavity alone, the electric response to bubble detachment is indicated by the
arrows. A current density of 374 A/m2 was applied, a pH 7 solution was used as
electrolyte, and the radius of the cavity was 10 µm. D) The potential di↵erence
measured during bubble evolution on both cavity as well as the platinum ring
electrode. The fluctuation of the potential is attributed to the evolution of the
bubbles. A current density of 112 A/m2 was applied, a pH 1 solution was used
as electrolyte, and the radius of the cavity was 5 µm.
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Figure 3: A) Bubble radii evolution (left y-axis) for current densities 197 A/m2,
393 A/m2, and 786 A/m2, with corresponding potential measurements (right y-
axis). These bubbles evolved from the same substrate with a cavity radius of R0

= 15 µm in a pH 7 (NaOH & NaHCO3) electrolyte, which was renewed between
experiments. The potential drops were found synchronized with the bubble
detachment. The dashed line indicates the optical resolution which with the
bubble radii could be determined accurately. B) The bubble radius (as shown
in A) squared as function of the life time of a single bubble. The black lines
indicate the theoretical di↵usive growth. The dashed line indicates the optical
resolution limit. C) The potential drop normalized by the initial potential as
function of the volume of the detached bubble. The bubbles where evolved
under various current densities and from various cavity radii indicated by the
markers (here R0 shows the cavity radius). The larger volume bubbles tend
to show larger potential drops. The reason for the scatter in results has been
attributed to the mixing of the non-homogeneously gas saturated electrolyte
and subsequent unknown concentration overpotential after electrolyte mixing.
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Work in progress …

275 μm



Funds, collaboration, good questions!!Looking for …

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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… and motivated students!!

http://www.bbc.co.uk/programmes/b00rrd85


… huge list of collaborators

Thank you for your time
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