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Technologies capable of coupling sustainable generation of energy and production of
valuable products are required to shift the focus from a fossil economy to a renewable-
based and circular economy and to confront environmental pollution. In this regard, hy-
brid biological-inorganic (HBI) systems, which combine the advantages of biological
components with electrochemical methods, provide a platform for efficient and sustain-
able chemical synthesis. HBI technology can be used to synthesize a wide range of high-
value compounds, including microbial proteins, alcohols, and polymers. The operating
principle of HBI systems is based on the use of special autotrophic microorganisms in
systems with in situ water electrolysis, which are interfaced to biocompatible electrodes.
These biocompatible catalysts or electrodes are then employed to convert electrical en-
ergy into H, or energetic reducing equivalents, which are then used by microorganisms
as an energy source for assimilation of CO, to create new carbonaceous molecules. In
this context, HBI systems are anticipated to play a critical role in storing energy from
intermittent energy sources, as well as offering a sustainable mechanism for fixing CO,.

With HBI being a nascent technology, this doctoral dissertation aims to study and improve
the energy efficiency of in situ water electrolysis and to prove the feasibility of CO, assim-
ilation into protein-rich biomass on a pilot scale. To achieve these goals, the performance
of different conventional electrodes and transition metal electrocatalysts is comparatively
studied in specific electrolytes used in HBI processes. So far, as the practical implemen-
tation of HBI systems requires the development of robust and scalable electrobioreactors,
this work reports a series of in situ water electrolyzer stack designs as part of an elec-
trobioreactor system. In addition, this research presents a Neo-Carbon Food concept that
demonstrates pilot-scale synthesis of microbial biomass using direct CO, capture from
the air, autotrophic bacteria, and in situ water electrolysis. The data collected during the
experiments could be employed to simulate, investigate, and improve electrobioreactors
with in situ water electrolysis used in HBI processes. The results attained in this research
represent a significant step for the industrial implementation of HBI systems.

Keywords: Power-to-food, carbon dioxide capture, hybrid biological-inorganic system, in
situ water electrolysis, electrobioreactor, hydrogen-oxidizing bacteria, microbial protein
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1 Introduction

A steady and reliable supply of food, water, energy, and chemicals, among other things,
is essential for the prosperity and daily comfort of our society (Nocera and Nash, 2006;
Dresselhaus and Thomas, 2001). To achieve high standards of welfare, humans have been
exploiting our planet quite intensively, which has led to a rapid economic growth and a
significant population increase reaching 7.9 billion people in 2021 (Worldometer, 2021).
The current global economy is, to a great extent, dependent on the consumption of fossil
fuel-based energy and raw materials (Fig.1.1). In 2019, the average energy consumption
rate was close to 18.5 TW, and it is projected to reach 27 TW and 43 TW in 2050 and
2100, respectively, (Nocera and Nash, 2006). Evidently, the increasing energy consump-
tion coupled with the scale of the human population and the current pace of its growth
significantly accelerate the environmental load. Numerous lines of scientific evidence
show that the Earth’s climate and natural ecosystems are in a state of change because of
the anthropogenic impact and the use of carbon-based energy (Mac Dowell et al., 2017,
Crist et al., 2017). Such phenomena as the Earth’s surface warming, a loss in biodiversity,
acidification and change in the salinity of the oceans, melting of icebergs, and the rise of
the mean sea level are widely observed and are the subject of serious concerns. It has al-
ready become clear that maintaining a similar standard of living endangers the long-term
viability of the natural world. This might be considered an ultimate challenge of the 21st
century. In order to address this challenge in a sustainable fashion, the development of
new large-scale, cost-effective, carbon-neutral technologies based on renewable energy is
required.

Other renewables
Modern biofuels
160,000 TWh

Wind

140,000 TWh Nuclear

Gas
120,000 TWh

100,000 TWh

80,000 TWh oil
60,000 TWh
40,000 TWh

Coal

20,000 TWh

Traditional biomass
0 TWh
1800 1850 1900 1950 2000 2019

Figure 1.1: Global primary energy consumption by source (Ritchie, 2021).
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1.1 Carbon dioxide emissions

The CO, and other greenhouse gas emissions have increased dramatically since the prein-
dustrial period, mostly owing to the population growth and economic expansion, and are
now higher than ever. The inexorable growth in CO; emissions has led to a drastic cli-
matic change, which is likely a dominant cause of the observed global warming caus-
ing indubitable impacts on natural and human systems (IPCC, 2014). The lion share of
CO, emissions originate from the combustion of fossil fuels in the energy, industrial, and
transportation sectors; however, a considerable part of emissions is also associated with
agriculture, forestry, and other land use (AFOLU) (IPCC, 2019). Despite the growing
significance of renewable energy, fossil energy carriers will persist to be dominating for
the primary energy supply in the foreseeable future. Based on some forecasts, the propor-
tion of fossil fuel-based energy will likely account for more than 65% of the total energy
mix in 2100 (Mac Dowell et al., 2017). Therefore, the likelihood that CO5 emissions will
continue to grow in the upcoming decades is very high.

/
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Figure 1.2: Global greenhouse gas emissions by sector in 2016 (Ritchie and Roser, 2021).
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Future emissions scenarios are widely discussed by such reputable organizations as the
International Energy Agency (IEA) or the Intergovernmental Panel on Climate Change
(IPCC) (IEA, 2017; TPCC, 2014). One of such scenarios called the two-degree scenario
(2DS) predicts that if anthropogenic emissions of CO could be reduced to approximately
20 Gt per year, the world might await no more than 2 °C of warming above preindustrial
levels by 2050. On the contrary, the six-degree scenario (6DS) shows 6 °C global warm-
ing by 2050 if CO, emissions increase to 60 Gt from the current 40 Gt per year. However,
if anthropogenic emissions of CO persist in conjunction with the recent growth trends,
the rise in temperature may take place much faster than it has been described in the 6DS
(Mac Dowell et al., 2017).

In order to prevent such a development, the Paris Agreement has been signed and entered
into force in 2016 as a legally binding international treaty on climate change. In conso-
nance with the Paris Agreement, countries commit to reach global peaking emissions of
COs and other greenhouse gases as soon as possible and reduce them thereafter (Haszel-
dine et al., 2018). By that means it will be possible to limit global warming to well below
2°C, preferably to 1.5°C, compared with preindustrial levels. Among all the proposed
measures, carbon capture and storage (CCS) and carbon capture and utilization (CCU)
have been strongly recommended as technologies to control global CO, emissions (Mac-
Dowell et al., 2010; Majumdar and Deutch, 2018).

For the realization of 2DS, it is required to capture and store 120-160 Gt of CO, by CCS
methods by 2050 (Mac Dowell et al., 2017). From a technological perspective, CCS has
already proved its feasibility and is ready for widespread deployment; however, from the
perspective of economical feasibility, the implementation is postponed. The financing is-
sues are due to the fact that beyond climate change abatement, the CCS brings about no
net profit, which makes it unattractive for potential investors. Furthermore, CCS leakage
risks and possible impacts on the environment and human health should be studied in
more detail as they might represent a serious concern (Majumdar and Deutch, 2018; Hep-
burn et al., 2019). Thus, in this context, CCU, as a metamorphosis of CCS, has received
widespread attention among academic, industrial, and political stakeholders.

As an alternative for long-term storage of carbon dioxide, CCU offers a pathway to pro-
duce a wide range of value-added chemicals using CO- as a feedstock (Hepburn et al.,
2019). Currently, the major CCU potential is represented by two processes: conversion of
CO;, to urea through a 2-step chemical process and to methanol by catalytic hydrogena-
tion (Pikaar et al., 2018). However, the overall CCU potential in tackling the global CO,
mitigation challenge is currently quite limited, and thus, new economically and techno-
logically feasible technologies for CO5 conversion are needed (Mac Dowell et al., 2017).
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1.2 Role of water electrolysis and power-to-x technologies

In order to prevent further environmental destruction, a rapid and fundamental shift across
all carbon-emitting sectors of the global economy is required. According to some bold es-
timates (Ram et al., 2019), a transition to a global 100% renewable energy system by 2050
is possible, and electrification is going to play a key role in such a system. Indeed, the cost
of renewable energy harvesting has been steadily declining in recent years while several
renewable electricity technologies, such as solar photovoltaics (PV) and wind turbines,
are already among the most cost-competitive options for power generation. The follow-
ing numbers for levelized cost of electricity (LCOE), namely the drop of solar LCOE by
89% and onshore wind LCOE by 70% during a ten-year period from 2009 to 2019, con-
firm that a significant increase in the share of renewables is expected (Roser, 2020).

« e ] 2050
14- N 1 Solar PV
| 3%
= Wind ener

m Hydropower

Geothermal
100% Biomass/Waste
W Fossil Coal

M Fossil Oil

4 . B Electricity
Heat
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M Fossil Gas

= Nuclear

Primary energy demand per capita [MWh/person]

m Others
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Figure 1.3: Forecasts published in (Ram et al., 2019) based on LUT’s state-of-the-art
energy transition modeling simulation for (a) primary energy demand per capita and (b)
shares of primary energy supply in 2050.

The shift from conventional electricity production to sustainable models with an increased
share of renewables is associated with certain challenges. One of such challenges is
connected with the alternating nature of renewable electricity generation and, as a con-
sequence, an urgent need for storage technologies providing flexible demand response
(de Vasconcelos and Lavoie, 2019). Some of the potential energy storage technologies in-
clude batteries, compressed air storage, pumped hydro, and flywheels, while other options
propose chemical storage of renewable energy by power-to-x technologies. The overall
principle of power-to-x technologies is based on electrical energy transformation into dif-
ferent carbon-neutral fuels and chemicals using CO, as a feedstock (de Vasconcelos and
Lavoie, 2019; Daiyan et al., 2020).

A key step in the power-to-x concept is the production of hydrogen by water electrolysis.
The water electrolysis process holds the potential to play an essential role in a forthcom-
ing energy model based on electrification (Vidal et al., 2018; de Vasconcelos and Lavoie,
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2019). Currently, main water electrolysis technologies include: (i) alkaline water elec-
trolysis, which is the most established technology; (ii) proton exchange membrane (PEM)
electrolysis enabling the production of high-purity Hs and the ability to work under vari-
able power feeding regimes; and (iii) solid oxide electrolysis (SOE) offering the highest
energy efficiency among all electrolyzer devices but limited with the long-term stability of
the electrolysis cells. Hydrogen produced by water electrolysis has been claimed to be one
of the most prospective sustainable fuels for the following reasons: (i) a wide inflamma-
bility range both in the air (from 4 to 75 vol.%) and in oxygen (from 4 to 95 vol.%); (ii)
the highest energy content per mass unit exceeding that of gasoline (the higher heating
value (HHV) of H; gas is 39.4 kW h/kg); and (iii) as a by-product, only water is formed
during combustion of Hy, which has a minimal impact on GHG emissions (Ursta et al.,
2012). A power-to-x concept is always referred to as power-to-gas (PtG) if Hy gas is
the final product (Bailera et al., 2017). Notably, efficient and straightforward conversion
of hydrogen back to electricity is also possible by using devices called fuel cells (Scott,
2006). However, because of the difficulties involved in storing and transporting Ha, its
use in the manufacture of other value-added compounds is appealing.
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Figure 1.4: Overall idea of carbon-neutral fuels and chemicals production by the power-
to-x concept (Gero Rueter, 2019).

If further processing is emphasized, CO, is an attractive feedstock for converting Hs
into other energy carriers or industrial products, which is typically the second step in the
power-to-x concept. The well-established Fischer-Tropsch infrastructure provides a plat-
form for CO, conversion into a variety of chemicals and fuels, such as methane, methanol,
formic acid, diesel, DME, gasoline, and jet fuels (Daiyan et al., 2020; de Vasconcelos and
Lavoie, 2019). A small-scale SOLETAIR plant demonstrating hydrocarbon production
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directly from water, solar energy, and air is one of such successful implementations of the
concept (Vidal et al., 2018). Furthermore, already nowadays there are companies such
as Audi and Carbon Recycling International, who have successfully demonstrated power-
to-x commercial plants. The main research in the field focuses now on the development
of robust and efficient catalysts capable of withstanding the harsh conditions of CO; hy-
drogenation and being able to selectively produce target compounds (de Vasconcelos and
Lavoie, 2019). Clearly, each of the above-mentioned compounds will find its niche in the
future energy system with an increasing reliance on synthetic fuels. Currently, renewable
energy utilization is mostly reducing the CO, footprint of the electricity sector, whereas
decarbonization of the other sectors is going much slower (Daiyan et al., 2020). From this
perspective, production of chemicals and fuels by power-to-x is not only a good option
for renewable energy storage but also an opportunity to considerably contribute to the
decarbonization challenge.

1.3 Food security and power-to-food concept

As can be observed in Fig.1.2, the AFOLU sector is the second largest emitter of CO,
and other GHG, accounting for roughly 20% of the total GHG emissions (IPCC, 2019).
Besides a considerable environmental footprint in terms of greenhouse GHG emissions,
conventional agriculture and livestock production cause multiple undesired environmen-
tal impacts, such as a loss of biodiversity, eutrophication, salinization of groundwater, and
overuse of pesticides (Food and Agriculture Organization of the United Nations (FAO),
2017). It is likely that as a result of the constantly growing population, the environmen-
tal pressures will be doubled by 2050 when compared with the 2010 levels (Crist et al.,
2017; Poore and Nemecek, 2018). Moreover, according to the latest estimates, nearly half
of habitable land is already used by agriculture (Fig.1.5). Increasing temperatures aris-
ing from the anthropogenic climate change are, in turn, anticipated to reduce agricultural
yields of major crops (Zhao et al., 2017). This leads to a conclusion that conventional
agriculture for the production of feed and food is running out of time, and reliable alter-
native solutions are needed to strengthen the future food security.

It is clear that a net-zero carbon emission society requires net CO,-free production of
food, which is less reliant, for instance, on weather conditions and arable land. One
upcoming strategy that might substantially facilitate the dissociation of food production
from the established agricultural production routes is the microbial assimilation of car-
bon. Miscellaneous microbes, such as yeast, algae, fungi, and bacteria have been well
known for years for their capability of producing a microbial protein (MP), also known
as a single-cell protein (SCP) (Pikaar et al., 2018). Amid diverse microorganisms, au-
totrophic hydrogen-oxidizing bacteria (HOB) have been recognized as one of the most
powerful microbial actuators of the transition in the direction of sustainable food produc-
tion. The distinctive and tremendously versatile metabolism of HOB allows to utilize the
chemical energy embedded in H, gas to assimilate CO, and to produce new carbonaceous
compounds and energy carriers (Yu, 2014). This peculiarity is useful as the efficiency of
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Figure 1.5: Global land use for food production (Ritchie, 2019).

the autotrophic growth of HOB is not obstructed by the use of costly plant-derived car-
bon sources, such as carbohydrates or sugars, necessary for heterotrophic growth (Nangle
et al., 2017). HOB can easily shift between heterotrophic and autotrophic growth modes,
using organic compounds or molecular H, as energy sources, both alternatively or con-
comitantly (Matassa et al., 2015). The natural premier product of CO, assimilation by
HOB is biomass, which has high protein and valuable amino acid contents as well as
availability for proteolytic enzymes. Therefore, the biomass synthesized by HOB can be
considered a potential protein source and a meat substitute (Volova and Barashkov, 2010).

If both Hy and O, are synthesized from renewable energy through water electrolysis and
further used for the microbial assimilation of carbon, then the described biotechnology
production platform is typically referred to as power-to-protein (PtP) (Mishra et al., 2020).
An appealing characteristic of microbial-based systems is that the protein production can
be carried out in fully controlled, automated, and enclosed fermentation bioreactors ex-
hibiting a minimal environmental impact (Sillman et al., 2020). Reactor-based MP pro-
duction is not reliant on the deployment of organic substrates, such as starch or cellulose,
does not require the use of toxic pesticides to control weeds and pests, emits no phos-
phorus, and needs a minimal amount of freshwater inputs. Besides, the prime nutrient—
ammonia, which is commonly produced by the Haber-Bosch method using fossil fuels, is
fully utilized in the enclosed system (Pikaar et al., 2017). Taking into consideration that
globally a substantial proportion of the arable land is currently reserved for agricultural
production of food and feed, the shift to reactor-based protein production has the potential
to considerably reduce the environmental pressure. As a result, net positive greenhouse
gas emissions from agricultural land use can be significantly reduced, while simultane-
ously, issues associated with deforestation, biodiversity loss, and land-use change can be
addressed.
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Figure 1.6: Schematic representation of metabolism and bioproduct formation in HOB
(Matassa et al., 2015).

1.4 Status of power-to-food technologies

The idea of producing a vital protein for human and animal diet using microbes, any-
place where renewable energy is accessible, is spectacular. The opportunity of producing
MP by using HOB attracted the curiosity of researchers already in the 1970s (Repaske
and Mayer, 1976). The Soviet government strove to establish large-scale MP manufac-
ture by using n-paraffin produced from oil as the carbon and energy source (Pikaar et al.,
2018). However, the Imperial Chemical Industries (ICI) outpaced the USSR and was the
first to bring to full-scale production and commercialization a MP product called Pruteen,
which was produced from methanol oxidation by means of Methylophilus methylotrphus
(Westlake, 1986). Despite the aforementioned significant international efforts, MP never
reached the full market potential with most of the initiatives being terminated by the end
of the 1980s (Pikaar et al., 2018).

The concept of CO, assimilation by HOB has already been successfully vindicated by
various scientists on the lab scale. In particular, Matassa et al. (2016) estimated the po-
tential of HOB to upgrade NH; and CO, under autotrophic conditions into biomass with
a protein content of approximately 71%. The researchers were able to reach a maximum
volumetric productivity of 0.41 g of cell dry weight per liter per hour (g CDW/L/h) under
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the continuous fermentation process. Molitor et al. (2019) developed a two-stage biopro-
cess where anaerobic acetogenic bacteria were used to fix CO; in the 1st stage followed
by growing fungi or yeasts in the 2nd stage under aerobic conditions with acetate as the
intermediate metabolite. Molitor et al. (2019) managed to achieve a carbon yield of 25%
as yeast biomass with a protein mass fraction of 40-50 %. Hu et al. (2020) evaluated the
potential for using N, gas as a direct nitrogen source for MP production by HOB and man-
aged to synthesize biomass with a high protein content of up to 68%. The research of Yu
et al. (2013) found out the trends exerting influence on the energy efficiency of CO, fixa-
tion in compliance with the limitation of essential gas substrates required for HOB growth.
It was revealed that the efficiency of biomass production is, to a great extent, affected by
the CO, concentration. The biomass was synthesized with a high energy efficiency of
up to 50% with modest O, concentrations indicating a possible overall solar-to-biomass
conversion efficiency of 5%. Under H, limitation, the CO, fixation efficiency decreased
in the course of time. Evidently, the overall process efficiency of CO, fixation by HOB
is substantially dependent on the mass transfer characteristics of the main reactant gases
(CO,, H,, and O,) to bacterial cells located in the cultivation medium (Yu, 2014). To the
best of the authors’ knowledge, the highest value of H, conversion efficiency of up to 80%
in the continuous fermentation process is reported in (Matassa et al., 2016).

In order to achieve industrially relevant productivity of approximately 1-2 g CDW/I/h,
considerable technical optimizations are necessary. Two key directions can be empha-
sized to increase the production rates: (i) the development of microbial culture that can be
efficiently cultivated under aerobic conditions with enhanced CO, conversion rates and
(i1) the development of an advanced bioreactor and process design. It is noteworthy that
the scale-up of the MP-based production process requires paying attention to the critical
aspects that are related to guarantee the stability of the growing culture, processing of
cells to the final product, and assurance of the process safety and a high product quality
(Pikaar et al., 2017; Linder, 2019). All the aforementioned requirements have already
been successfully attained, and a number of commercial companies producing food and
feed from microbial-based biomass operate in the market. Marlow Foods Ltd, UK is one
such example producing a vegetarian meat substitute derived from the glucose-fed fila-
mentous fungus strain under the brand name Quorn. Studies of the Marlow Foods product
revealed that the Quorn protein quality is identical to high-quality protein sources such as
egg and cow’s milk while surpassing that of soy and beef (Linder, 2019). Another com-
mercial success story in the field is Unibio Company, which produces methane-based MP
called UniProtein in the U-Loop fermentor. The specific configuration of the bioreactor
makes it possible to perform an optimal fermentation process with the reported production
rate of 4 g CDW/I/h (UniProtein, 2019). The Finnish company Solar Foods makes use
of chemoautotrophic HOB and CO, as a source of carbon for the production of a high-
protein component branded Solein, which is going to be presented in the market in 2021
(Solein, 2019). One more interesting Finnish myco protein product, named PEKILO, was
originally developed in the 1970s and provided an important novel domestic source of
protein for the feed industry using side streams of the forest industry and microfungus
for its synthesis (Pekilo, 2021). Other examples include products obtained from methanol
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feedstock, such as KnipBio Meal, Provesta, and Pruteen or methane-based products, such
as FeedKind (Linder, 2019).

Even though the industrial feasibility of MP production is already proven, there are still
certain challenges that have to be surmounted to establish the emerging route of protein
production as a major sector in the feed and food industry. The rate at which the MP
production can be scaled up depends, to a great extent, on the public acceptance of the
product as a suitable replacement of the conventional agriculture-based protein. Further-
more, considerable efforts must be taken to develop appropriate regulatory incentives and
to compete with the existing conventional alternatives. From the perspective of public
acceptance, in the nearest future, MP might be more accessible to the animal feed sector
rather than as a meat substitute for human nutrition (Pikaar et al., 2017; Linder, 2019).
A key direction that can be pointed out to enable the faster transition of MP to a human
consumption market is creation of a product with the desired meat-like texture, enjoyable
taste, appropriate nutritional value, and food safety. Without doubt, another dominant fac-
tor that will influence the transition rate is the MP cost to consumers, which is currently
for example for the Quorn protein higher than for the agricultural-based protein. In order
to increase the rate at which the global production of MP can be scaled up, the devel-
opment of effective pricing of environmental pollution caused by agricultural production
and alteration of the policy paradigm from the encouragement of the output-oriented agri-
cultural production to sustainable and resource-efficient MP production may be required
(Molitor et al., 2019; Pikaar et al., 2017; Linder, 2019).

1.5 Carbon dioxide fixation with hybrid biological-inorganic systems

As it has been mentioned before, the main constraint hindering the overall process effi-
ciency of CO, fixation by HOB is the low solubility of the main reactant gases (CO,, H,,
and O,). In order to address this constraint, a scalable electricity-driven CO, fixation pro-
cess in hybrid biological-inorganic (HBI) systems has been elaborated by Torella et al.
(2015). Generally, HBI systems couple biocompatible catalysts for in situ H, production
and specific microorganisms that use the obtained reducing equivalent as a source of en-
ergy for CO, fixation. Microbial CO, reduction in the context of HBI systems can be
classified into two main categories: Type I, where electrons are directly transferred to im-
mobilized acetogenic bacteria, and Type II, in which electrons are indirectly transferred
to organisms through electrochemical H, evolution from water splitting followed by mi-
crobial H, oxidation that is coupled to CO, reduction (Nangle et al., 2017).

Coupling of in situ water electrolysis and CO, fixation by HOB in the HBI process could
potentially overcome many of the challenges inherent to the traditional gas fermentation
relying on the external input of the reactants. Apart from a better gas transfer to the lig-
uid medium, the HBI process does not suffer from selectivity problems between organic
compounds over a narrow thermodynamic range, it does not experience difficulties in per-
forming multielectron reductions for C—C bond formation, and its efficiency is not dras-
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Figure 1.7: Schematic representation of the two main types of HBI systems with direct
and indirect mechanisms of electron transfer (Nangle et al., 2017).

tically reduced when using air instead of a concentrated CO, source (Nangle et al., 2017;
Liu et al., 2016). Furthermore, the HBI process is supposedly superior to gas fermentation
as it allows to avoid the use of a separate electrolyzer unit and thus decreases the CAPEX.
At the same time, the use of an in situ water electrolyzer does not raise safety concerns as
explosive H, and O, mixture are utilized almost straight away during the bacterial growth.

The HBI process has been initially examined on a laboratory scale by Torella et al. (2015).
Their research group reported the development of an integrated bioelectrochemical system
in which earth-abundant biocompatible catalysts were applied for water splitting while si-
multaneously HOB were used to fix CO, into biomass and isopropanol with notable yields
of 17.8% and 3.9% of the thermodynamic maximum over 24 h, respectively. In later stud-
ies, Liu et al. (2016) were able to upgrade the HBI process and reached a CO, reduction
efficiency of around 50% when producing biomass. It is noteworthy that the CO, reduc-
tion efficiency declined only by a factor of 2.7 and reached 20% when substituting pure
CO, by air. Nevertheless, the use of concentrated CO, is likely to play a significant role
in the overall HBI process efficiency as a smaller flow-rate is required, which leads, for
instance, to a smaller effect on the temperature balance in the bioreactor than in a case
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when air is used as the CO, source. Other chemicals, such as polyhydroxybutyrate (PHB)
and isopropanol, were produced with the 24-hour maximum efficiencies of 42% and 39%,
respectively. Finally, the calculated solar-to-chemical efficiencies were 9.7% for biomass,
7.6% for bioplastic, and 7.1% for fusel alcohols.

Following the HBI process proof-of-concept, the scientific focus has switched to the goals
of increased energy efficiency, process robustness, product selectivity, and attempts to
scale up (Nangle et al., 2017). Practical implementation and scaling up of the HBI tech-
nology is, to a considerable extent, contingent on the successful resolution of the chal-
lenges identified in the initial phase. In this respect, the main research directions include,
but are not limited to, the following items: development of stable microbial cultures or
microbiomes allowing fast CO, conversion rates under aerobic conditions, integration of
innovative material structures, and successful implementation of advances in bioreactor
and process designs.

1.6 Outline of the doctoral dissertation

In order to make the production of MP using systems with integrated water electrolysis
a competitive technology, certain challenges should be overcome. First of all, the energy
efficiency of in situ water electrolysis in neutral pH should be properly studied to pro-
vide a basis for future investigation. Thus, the dissertation aims to offer innovations and
insight into the energy efficiency of in situ H, production, which is extensively studied
and improved by the application of earth-abundant electrocatalysts. For the moment, the
production of MP using in situ water electrolysis has been proven on a laboratory scale,
and the research in the field has mostly concentrated on single electrocatalytic cells. Mul-
tiple cell stack structures required for upscaling of the process have not been reported yet.
Hence, this doctoral dissertation aims to develop and study the performance of novel in
situ water electrolyzer stacks for neutral pH. The final objective of the study is to develop
and demonstrate an upscaled electrobioreactor system based on CO, capture and in situ
water electrolysis for the production of MP.

The main highlights of the five original papers are discussed in the five following para-
graphs.

Publication I reports the initial results of in situ electrolysis performed in a pH-neutral
medium for HOB cultivation. Various combinations of traditional electrodes along with
electrodes coated with earth-abundant nickel-iron and cobalt were tested to measure the
water splitting performance. A water electrolysis model was developed and implemented
to characterize the current-voltage relations of the HBI system prototype. Furthermore,
HOB cultivation using in situ water electrolysis was performed in a small-scale electro-
bioreactor in order to support the experimental results. The developed model and the data
gathered were used as an initial insight for the further development and improvement of
in situ water electrolysis devices presented in the following publications.
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Publication II presents a simplified stack structure for in situ water electrolysis in HBI
systems, which is intended to boost up hydrogen production in comparison with reactor
tank-immersed electrodes. The energy efficiency and hydrogen production rate of the pro-
totype were experimentally examined in a pH-neutral medium for HOB cultivation. The
investigation established that with a water electrolysis energy efficiency (HHV) of 50%,
the current density can be up to a range of 5mA /cm? if special coatings are applied to
electrodes. The results of the scientific article were supplemented with HOB cultivation
experiments. The experimental work highlights the improvements required for the further
development of in situ water electrolyzer stacks.

Publication III concentrates on performance evaluation studies of amorphous transition-
metal phosphate (TM-Pi) electrocatalysts, which have recently attracted ample attention
because of their exceptional electrocatalytic properties. In this scientific article, the oxy-
gen evolution reaction (OER) performance of a series of amorphous first-row TM-Pi cata-
lysts, in particular Co—Pi, NiFe—Pi, and Fe—Pi, prepared with various deposition strate-
gies onto different substrates, was comparatively examined in a neutral phosphate buffer
solution (PBS). Furthermore, a simplified cell model was applied to analyze the current—
voltage characteristics and quantitatively evaluate and compare the reversible, ohmic, and
activation overvoltage components of the studied TM-Pi. The investigation revealed that
TM-Pi catalysts deposited onto a highly ordered nickel foam (NF) substrate can com-
pete with commercial precious Pt and IrO, electrocatalysts in respect of OER activity and
long-term stability.

Publication IV introduces the Neo-Carbon Food concept that is the first in the world
pilot-scale HBI process suitable for the production of microbial biomass. The concept
includes integrated hydrogen production by water electrolysis. For that purpose, a second
version of the in situ water electrolyzer stack was developed. Moreover, direct air cap-
ture (DAC) of carbon dioxide and its subsequent assimilation by autotrophic HOB were
presented. The specific energy consumption of in situ water electrolysis and direct air
capture of CO, were reported. The hydrogen production with in situ electrolysis achieved
a specific energy consumption just below 100 kWh /kgy,, which indicated a gap for fur-
ther improvement. The specific energy consumption of DAC was around 20 kWh /kgco,.
The study revealed the importance of an accurate sterilization procedure, which was not
carefully designed and performed during the operation of the pilot, and as a consequence,
led to the contamination of the final product.

Publication V reports an in situ water electrolyzer stack design as part of an electro-
bioreactor system required for the pilot-scale operation of the HBI process. The former
trials revealed issues that were taken into consideration in the proposed design. The elec-
trolyzer was designed with the help of fluid dynamics simulation tools in order to model
the electrolyte flow and to avoid stagnated flows. The design takes into account the prob-
lem of leakage currents, identified in earlier versions, which was addressed by applying
an electrically insulating coating. Different electrode surface modification methods, for
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example coating with electrocatalysts and etching, were applied for additional improve-
ment of the performance and energy efficiency of the electrolyzer prototype. Neutral
phosphate buffer solution (PBS) was again used to examine the performance of the elec-
trolyzer stack. In comparison with the previous experimental work, the performance of
the in situ water electrolyzer was substantially enhanced. The designed in situ water elec-
trolyzer demonstrated a high Faraday efficiency of about 90% and a reasonable specific
energy consumption below 90 kWh/kgy, .

The motivation for the research topic and its practical importance are addressed briefly in
Chapter 1. Chapter 2 elucidates the fundamentals of in situ water electrolysis. Chapter 3
focuses on electrode materials and electrocatalytic coatings used to enhance the sluggish
kinetics of oxygen evolution reaction (OER) in pH-neutral conditions. Chapter 4 provides
an insight into the development of in situ water lectrolyzer stacks for an electrobioreactor
system. Chapter 5 gives an overview of the developed Neo-Carbon Food pilot process
suitable for the production of MP from CO, and renewable H,. The chapter is comple-
mented with HOB cultivation results in a small-scale electrobioreactor with in situ water
electrolysis. Chapter 6 summarizes the research topic discussed in the doctoral disserta-
tion and provides suggestions for future work.

1.7 Scientific contributions

The scientific contributions of the publications comprising this doctoral dissertation are
summarized as follows:

e Performance of different conventional electrode materials is analyzed for in situ
water electrolysis with the aid of a simplified mathematical model.

o Different transition metal coatings are tested as potential substitutes for noble met-
als, and their water splitting performance is evaluated in the pH-neutral conditions.

e A series of in situ water electrolyzer stacks are developed using modern fluid dy-
namics tools, and their energy efficiency is analyzed. An improvement in perfor-
mance is achieved by the application of insulating and electrocatalytic coatings.

e A microbial process based on the in situ water electrolysis and CO, assimilation by
HOB is demonstrated on a laboratory scale.

e A Neo-Carbon Food pilot plant, suitable for the production of MP from electricity,
water, air, and nutrients, is constructed and demonstrated.
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2 In situ water electrolysis characteristics

2.1 Water electrolysis reactions in neutral pH

The water electrolysis process has provided the scientific basis for a range of energy stor-
age and conversion devices, with electrolyzers (Zeng and Zhang, 2010; Marini et al.,
2012), fuel cells (Carrette et al., 2001), and metal-air batteries (Li and Lu, 2017) being
the most efficient and well-researched ones. Bioelectrochemical systems (BES) (Kumar
etal., 2017) and hybrid biological-inorganic (HBI) systems (Nangle et al., 2017) introduce
a burgeoning research field and are promising illustrations of coupling water electrolysis
and biological fixation of CO, into multicarbon organic compounds. Notwithstanding
that the module design of the aforementioned systems differs, their common feature is
that they are all two-electrode systems involving the hydrogen evolution reaction (HER)
at the cathode and the oxygen evolution reaction (OER) at the anode (Nian-Tzu et al.,
2017).

The water electrolysis in neutral pH conditions is defined by the electrochemical reactions
represented below (Cheng and Ping, 2015). Half-cell potentials are given in the conven-
tion of reduction potentials. Subsequently in the dissertation, the modular values of the
given potentials will be used for clarity in the descriptions.

The oxidation half-reaction at the anode—oxygen evolution reaction (OER):
2H,O0 — Oy +4H" +4e, By = 0817V 2.1
The reduction half-reaction at the cathode—hydrogen evolution reaction (HER):
4H,O+4e” — 2Hy +40H | By = —0.413V 2.2)
The overall reaction in the electrolytic cell:

2H50 + electrical energy — Os + 2Hy, Ey = —1.23V 2.3)

2.2 Overvoltages

A complex pathway involving the extraction of four electrons and four protons is used in
the OER to form molecular oxygen. On the contrary, the HER is based on a two-electron
transfer reaction mechanism and, hence, requires a considerably smaller amount of energy
(overpotential) to overcome the kinetics of the reaction (Nian-Tzu et al., 2017; Tahir et al.,
2017). The OER is highly pH-dependent. In alkaline conditions, four OH™ are oxidized
into two molecules of H,O and one O, molecule, while in acidic and neutral conditions,
two H,O molecules are oxidized to be transformed into four H* and one O, molecule
(Tahir et al., 2017). The high stability of water makes electrochemical water splitting
difficult, requiring 237 kJ/mol of the Gibbs free energy change for the entire reaction
(Cheng and Ping, 2015). According to thermodynamics, the equilibrium or reversible cell
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voltage, which is the lowest potential necessary for electrolysis to occur at 25°C and 1
atm, corresponds to 1.23 V. In practice, however, commercial water electrolyzers usually
operate in the region of 1.8-2.1 V, signifying that electrolysis of water proceeds far from
its equilibrium potential (Ursda et al., 2012). Considerable energy losses resulting from
the high overpotentials required to perform water dissociation at adequately fast rates are
mainly the consequence of the sluggish OER kinetics (Nian-Tzu et al., 2017; Tahir et al.,
2017; Irshad and Munichandraiah, 2015). De facto, to initiate the water splitting process,
higher voltages exceeding 1.23 V are required, which leads to a considerable energy loss.
The additional overvoltages are described in the following equation (Ursda et al., 2012):

Ucell - Urev + Uohm + Uact + Uconv (24)

where U,y is the cell voltage, U, is the reversible open circuit voltage, Uy, is the over-
voltage caused by ohmic losses in the cell elements, U, is the activation overvoltage
caused by electrode kinetics, and U, is the concentration overvoltage caused by mass
transport processes (usually, Uy, is substantially lower than Uy, and Uy, and it can thus
be neglected).

2.3 Energy efficiency characteristics

There are several important parameters characterizing the electrochemical water splitting.
Cell voltages are typically well above the thermoneutral voltage 1.48 V, at which H, and
O, are produced with 100% thermal efficiency. Voltage efficiency can be defined by the
stack voltage and the thermoneutral voltage:

UHNCB
ny = el ; 1 (2.5)

where Uy, is the thermoneutral voltage, N, is the number of cells in series, and U is the
stack voltage.

The hydrogen production rate (mol/s) of an electrolyzer stack is linearly proportional to
the stack current:

; 1

ny, = nFNcell ﬁ, (26)
where z is the number of moles of electrons transferred in the reaction (for hydrogen, z
= 2), F is the Faraday constant (9.6485 x 10 C/mol), i is the stack current (A), and g
is the Faraday efficiency, also known as the current efficiency, and N is the number of
electrolytic cells in series.

The specific energy consumption F of an electrolysis process can be obtained based on
the stack voltage, current, and hydrogen production rate:
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S i) u(t)dt
[ i, dt
where T is the time interval under study. The higher heating value (HHV) is the minimum
energy required to produce hydrogen gas with a thermoneutral process. The per mass unit
HHYV of hydrogen gas is 39.4 kW h/kg, which can be assumed to represent the energy

consumption of the process with a 100% energy efficiency.

E, = 2.7

The energy efficiency of a water electrolysis process can be calculated from

_ HHVy,

B, (2.8)

Te

2.4 Reaction mechanism of OER in neutral pH

Extensive description of kinetic equations under diverse reaction conditions can be found
for instance in (Bockris, 1956), while the mechanistic schemes are covered in (Nian-Tzu
et al., 2017). Generally, the OER mechanism in alkaline and neutral conditions can be
characterized by the following equations (Irshad and Munichandraiah, 2015):

S+OH = S—OH+e" 2.9)
S—OH + OH™ == S—0+ H,O + ¢~ (2.10)
25—0 =25+ 0, @2.11)

where S represents active sites on the catalyst, and S—OH and S-O stand for adsorbed
intermediates.

If the Tafel slope is near to 120 mV/dec, the reaction described by Equation (2.9) depicts
a rate-determining step. However, if the Tafel slope is close to 60 mV/dec, the rate-
determining step differs. The reaction described by Equation (2.9) is separated into the
following steps described by Equation (2.12) and Equation (2.13). The reaction described
by Equation (2.13) is then considered the rate-determining step for Tafel slope close to 60
mV/dec.

S+OH = S—OH" +e" 2.12)

S—OH* — S—OH (2.13)
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where S—OH* and S—OH stand for adsorbed intermediates with the same chemical struc-
ture, but different energy states.

2.5 Electrocatalysts for in situ water electrolysis

Electrocatalysts with a high OER efficiency are required to decrease the energy barrier
and increase the overall efficiency of the water electrolysis. Presently, benchmark elec-
trocatalysts made from noble iridium (Ir) and ruthenium (Ru) and particularly oxides
of the aforementioned metals show a superior performance toward OER. An inherent
drawback of these electrocatalysts is unsuitability for large-scale H, production because
of their exorbitant price and scarcity. Moreover, in both alkaline and acidic conditions,
RuO; and IrO, encounter stability problems at high anodic potentials as a consequence of
their oxidation into IrO; and RuQy, respectively, and subsequent dissolution in the elec-
trolyte (Nian-Tzu et al., 2017). For that reason, substantial efforts have been dedicated to
developing stable, efficient, cheap, and earth-abundant catalysts able to operate at differ-
ent pHs at low overpotentials as alternatives to precious metal electrocatalysts (Nian-Tzu
et al., 2017; Tahir et al., 2017).

Various transition metal (TM) oxides (Liu et al., 2018; Zaffran and Toroker, 2017; Huang
et al., 2018), hydroxides (Morales-guio et al., 2016), sulfides (Long et al., 2015; Ma et al.,
2017), nitrides (Wang et al., 2016; Xu et al., 2015), borides (Chen et al., 2019; Masa
et al., 2016), carbides (Liao et al., 2014; Lin et al., 2016), selenides (Tang et al., 2015),
and phosphides (Tian et al., 2014; Wang et al., 2016; Huang et al., 2017; Zhang et al.,
2017a,b) have been broadly studied as effective electrocatalysts for the water dissociation
process. Among others, transition metal phosphates (TM-Pi) have attracted ubiquitous
scientific attention when Matthew W. Kanan and Daniel G. Nocera developed a cobalt
phosphate (Co—Pi) catalyst in 2008 (Kanan and Nocera, 2008). In the succeeding stud-
ies, a host of other TM-Pi catalysts have been explored, and their electrocatalytic activity
toward OER and HER has been proven. As an example, Fig. 2.1 represents the surface
morphology of the NiFe-Pi electrocatalyst prepared for Publication III of this doctoral
dissertation.

An inherent peculiarity of all TM-Pi catalysts is the doping of phosphate groups into a
crystal lattice of transition metals, such as Ir (Irshad and Munichandraiah, 2015; Wang
et al., 2019), Fe (Babar et al., 2018; Zhong et al., 2017), Co (Kanan and Nocera, 2008;
Wang et al., 2019), Ni (Zhang et al., 2018; Xing et al., 2016; Liang et al., 2018; Li and
Zhao, 2016), and Mn (Jin et al., 2014) by various techniques including for instance hy-
drothermal synthesis, electrodeposition, and precipitation. Phosphate groups facilitate the
oxidation of metal atoms during the proton-coupled electron transfer process and distort
the native atomic geometry favoring adsorption and oxidation of water molecules (Guo
et al., 2018). By virtue of this unique feature, several reported TM-Pi catalysts, such as
Ir—Pi (Irshad and Munichandraiah, 2015) and IrCo—Pi (Wang et al., 2019), show an ex-
cellent performance surpassing that of the benchmark IrO,. Nevertheless, although the
content of Ir in IrCo—Pi is lowered by 50%, there is still a substantial capacity for opti-
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mization, particularly in decreasing the use of expensive Ir.
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Figure 2.1: Example of the surface morphology of the NiFe-Pi electrocatalyst prepared
for Publication III of this doctoral dissertation. (a-c) NiFe-Pi on NF at different magni-
fications and (d) the corresponding EDS elemental mappings.

2.6 Constraints of in situ water electrolysis

The side reactions of reactive oxygen species (ROS) formation at the cathode, in partic-
ular hydroxyl radicals or hydrogen peroxide (H,O,), was pointed out as a conspicuous
constraint of the HBI processes. It was found that the formation of ROS is thermodynam-
ically more favorable than the formation of H, at and below the potentials of HER. The
high toxicity of ROS to HOB cells was mentioned as one of the key aspects hindering bi-
ological growth and affecting the energy efficiency of the HBI process. Great efforts have
been devoted to tackle this problem and to develop and apply electrocatalysts selective
for H, production instead of ROS production (Nangle et al., 2017). One of the successful
examples is the study of Liu et al. (2016), who managed to achieve a substantial increase
in performance compared with the previous research of Torella et al. (2015) when using



34 2 In situ water electrolysis characteristics

cobalt-phosphorous (Co-P) as a HER catalyst for the HBI synthesis of biomass and al-
cohols. As it has been mentioned before, the sluggish kinetics of the OER in neutral pH
represents another serious constraint for HBI processes. To overcome this issue, Kanan
and Nocera (2008) developed a cobalt—phosphate (Co—Pi) catalyst, which was success-
fully used as a coating for the anode to drive HOB cultivation and to improve the OER
performance in the experimental work of (Torella et al., 2015; Liu et al., 2016).



35

3 Electrode materials for in situ water electrolysis

As it has been stated before, owing to the deprotonated molecules available for OER and
HER, water electrolysis is kinetically challenging in pH-neutral conditions and more fa-
vorable in basic and acidic conditions (Cheng and Ping, 2015). Nevertheless, pH-neutral
conditions are much less corrosive to electrochemical devices and are critical for fast-
developing biological processes involving integrated water electrolysis. For alkaline wa-
ter electrolyzers, the impacts of different OER catalysts have been widely documented
in the literature, but there have been few investigations of electrolyzer cell performance
in pH-neutral bioreactors. Thus, one of the major tasks of this research was to evaluate
the performance of different electrode materials in a specific pH-neutral electrolyte. This
chapter is a brief summary of the research performed in Publication I and III.

3.1 Materials and methods
3.1.1 Experimental setup

All electrochemical experiments for Publication I and III were performed in the experi-
mental setup depicted in Fig. 3.1. The setup represents a three-electrode electrolyzer cell,
which is controlled by a WaveNow potentiostat. The electrolyte is continuously circu-
lated with the aid of a constant flow pump while a constant temperature is maintained by
a Lauda thermostat. A more detailed description of the device is presented in the afore-
mentioned publications.

3.1.2 Electrolytes

For Publication I, a mineral medium, the composition of which was slightly modified
form the original recipe (DSMZ GmbH, 2011) and is given in Table 3.1, was used as an
electrolyte for the tests. According to measurements, the pH of the medium is 7, and the
conductivity is 12mS/cm.

For Publication III, a phosphate buffer solution (PBS), which was prepared by mixing
0.1 M KH,PO, and 0.1 M K,HPQO,, was selected as the electrolyte for the water electrol-
ysis tests. The PBS has a pH of 7 and a conductivity of 22.5 mS/cm.

3.1.3 Conventional electrodes

In Publication I, various electrode material combinations, such as SS, Ni, graphite, Pt,
and IrO,, were examined. The following grounds were used to justify the selection of
these materials. Because of its low cost and good corrosion resistance in most environ-
ments, SS is a frequently used material. Ni-based metals are often employed in alkaline
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Figure 3.1: For the electrolysis experiments, an experimental setup was employed. (a)
Electrolyzer cell 3D model and (b) photograph of the test setup.

Table 3.1: Composition of the cultivation medium

Compound Amount
KH,PO, 2.3g/1
NazHPO4*2H20 2.9 g/l
Nast4 5.45 g/l

MgSO,4*7TH,0 0.5g/1
CaSO4*2H,0  11.7mg/1
MnSO,*H,0 4.4mg/1
NaVO; 5mg/1
NaHCO3 0.5mg/1
C6H3FCNO7 ) mg/l
ZnSO4*7TH,0 0.5mg/1
CoCl,*6H,0 1mg/1
CuCL*2H,0  0.05mg/1
NiCL*6H,0  0.1mg/l
N32M004*2H20 0.15 mg/l

water electrolyzers, and thus, Ni is used as a benchmark for the other materials (Schalen-
bach et al., 2018). In (Nevin et al., 2010), graphite was employed as an electrode for the
first bioelectrochemical cultivation experiments of an acetogenic microbe. The catalytic
activity of noble metals and their oxides, such as Pt and IrO,, is well recognized.
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3.1.4 Electrocatalysts

The performance of the electrodeposited Co and a Fe—Ni alloy was initially evaluated in
Publication I in order to get an impression of whether these transition metals can com-
pete with the noble electrocatalysts. Subsequently, in Publication III, a series of first-row
transition metal phosphates (TM-P1), in particular Co—Pi, Fe—P1i, and NiFe—Pi, were pre-
pared and tested. The Co—Pi catalyst of the TM-Pi family was chosen as a benchmark
catalyst because it was specifically designed to conduct water splitting in artificial pho-
tosynthesis systems at neutral pH under ambient conditions (Kanan and Nocera, 2008).
Owing to its abundance and low cost, Fe—Pi was chosen as a candidate for analysis as it
can be produced using a simple successive ionic layer deposition and reaction (SILAR)
technique (Babar et al., 2018; Zhong et al., 2017). According to a literature review, Ni—Fe
catalysts represent a promising substitute to precious metal catalysts. It should be noted
that Ni—Fe catalysts are substantially more active toward OER than pure Fe or Ni (Xing
et al., 2016; Li and Zhao, 2016). Hence, bimetallic NiFe—Pi (Xing et al., 2016) was cho-
sen to measure the synergistic impact of iron in NiFe-based structures. The procedure of
the electrocatalyst preparation is described in more detail in Publication I and III.

3.1.5 Material characterization

The surface morphologies and compositional distribution of the elements of the synthe-
sized catalysts were analyzed using a Hitachi S-3400N scanning electron microscope
(SEM) equipped with energy dispersive X-ray spectroscopy (EDX) measurement. A
Bruker D8 Advance X-ray diffractometer was used for the X-ray diffraction (XRD) anal-
ysis of the crystal structure of the TM-Pi catalysts.

3.1.6 Electrochemical measurements

In the two-electrode and three-electrode configurations of the system, all electrochemical
measurements were performed with a WaveNow Potentiostat purchased from Pine Re-
search Instrumentation, USA. In Publication I, various combinations of electrode mate-
rials were tested as working electrodes (WE) and counter electrodes (CE). In Publication
II1, as-deposited onto graphite or NF TM-Pi catalysts were utilized as the WE, Pt was
used as the CE, and Ag/AgCl,Cl™ (3M) was employed as the reference electrode (RE).
Linear sweep voltammetry (LSV) with a scan rate of 5mV /s was used to produce po-
larization curves. The chronopotentiometry mode was used to conduct 36 h durability
testing. The following equation was used to calibrate all of the potentials measured in
Publication III to a reversible hydrogen electrode (RHE):

Erue = Eagagcr +0.1976 V + 0.059pH (3.1)
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3.1.7 Cell model

In order to have an instrument for the evaluation of different electrode and electrocatalyst
performance, a cell model was proposed. The simplified cell model in the equation be-
low enables quantitative assessment and comparison of reversible, ohmic, and activation
overvoltages of various electrode configurations:

51'1'1 .Ce .Ce
Ucell = Urev + fecll +« <Z ll) y (32)

Om 210

where 4y, is the distance between the electrodes (cm), ic is the current density (A /cm?),
om is the conductivity of the electrolyte (S/cm), « is the charge transfer coefficient, and
1, 1s the exchange current density on the electrode surfaces. Uy, oy, i, and 7 are the
parameters to be fitted by the experimental data.

3.2 Results and discussion
3.2.1 Verification of the simplified cell model

To verify the cell model described in Section 3.1.7, variable distance experiments were
performed using SS for both the anode and the cathode. Because the only condition that
changes is the distance between the electrodes, and resistive conduction losses are de-
fined by the electrolyte conductivity, all of the model parameters were intended to match
in every case. The distance of 3 mm was selected as the minimum while the maximum
distance applied was 16 mm. The parameters Uy, 0, &, and 7g in Eq. (3.2) for variable
distance experiments were determined using experimental voltage and current data and
the method of nonlinear least square regression, and presented in Table 3.2. Based on the
results presented in the table, it can be concluded that the model was verified successfully.

Table 3.2: Parameters of the simplified cell model (Eq. (3.2)) in experiments with a
variable distance and SS electrodes presented in Publication I

Om (mm) Upey (V) 0w (S/em)  a(-)  dp (A/cm)

3 1.905 0.012 0.393  0.0010
6 2.058 0.012 0425  0.0021
9 2.132 0.012 0.530  0.0036
16 1.92 0.012 0.278  0.0007

It was found that in neutral pH the distance between the electrodes has a considerable
influence on voltage because of the substantial ohmic losses produced by the poor con-
ductivity of the electrolyte (Fig.3.2a). In a case where the electrolysis voltage efficiency
is intended to be more than 50%, considering the thermoneutral voltage of 1.48V, the
current density should be more than 10 mA /cm? at a distance between the electrodes of
3mm. The allowed current density would be even lower at larger distances between the
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electrodes. Notably, commercial alkaline electrolyzers operate at current densities of up
to 500 mA /cm? at similar voltage values (Decourt et al., 2014) that can be explained due
to the significantly higher conductivity of the alkaline electrolyte. Therefore, in order to
achieve a high efficiency and a compact structure of in situ water electrolysis applications,
the space between the electrodes should be as low as possible.

3.2.2 Comparison of conventional anode materials

After the initial tests, the distance between the electrodes was set to 3 mm for all further
experiments. In Fig. 3.2b, the cell voltages of various anode materials are shown as a func-
tion of current density. Based on the obtained data, it is clear that the anode material has
a considerable influence on the cell voltage, in particular at higher current densities. With
the highest cell voltage, graphite obviously exhibits the lowest performance, whereas Ni
and Pt anodes show voltages that are very close to each other. Of the materials investi-
gated in Publication I, the IrO, anode is clearly the most attractive material exhibiting a
current density of 15mA /cm? at the 50% voltage efficiency.

Table 3.3: Parameters of the simplified cell model (Eq. (3.2)) in experiments with various
anode materials published in Publication I
Anode Uy (V) o0y (S/em)  a(-)  ip (A/cm)
C 2 0.012 0.455  0.0010
Ni 2 0.012 0.338  0.0007
Pt 1.975 0.012 0.332  0.0007
IrO, 1.766 0.012 0.351  0.0013

In Publication I and III, the reversible voltage, ohmic voltage, and activation voltage
terms as a function of current density were analyzed and plotted for all the studied cases.
In this dissertation, an example of this analysis is presented later for the experiments with
different TM-Pi/NF in Figs. 3.7b—d published in Publication III. Table 3.3 provides the
model parameters for the case being discussed here, in which it can be seen that the re-
versible and activation voltages are both significantly affected by the material choice. In
comparison with the other materials, IrO, shows a somewhat lower reversible voltage.
The activation overpotential of the graphite anode is the highest, whereas the activation
overpotentials of the other materials are in the same range. The low-conductivity elec-
trolyte medium is clearly the primary source of resistive voltage loss, and thus, the anode
material selection has a minor effect on it.

3.2.3 Initial tests with coatings

Fig. 3.2c and Table 3.4 show the current-voltage relations and fitted model parameters for
the initial tests with coatings, respectively. From Fig. 3.2c it can be noticed that coated
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electrodes could be regarded as an appealing substitute for precious metal catalysts. Co
and Ni-Fe alloy electrodeposition allows modification of the substrate surface structure by
increasing the electrochemically active surface area. The produced highly ordered CoPi
coatings outperformed the Pt anode, whereas the performance of the Ni-Fe film was close
to that of the IrO, anode. When deploying SS coated with the Ni-Fe, a current density
of about 14 mA /cm? was reached with a voltage efficiency of 50%. At this stage of the
experimental work, it was first found that the electrochemical performance of the elec-
trode was influenced by the substrate material selection. The CoPi coating on the graphite
substrate performed somewhat worse than the identical coating electrodeposited on SS
substrates.

Table 3.4: Parameters of the simplified cell model (Eq. (3.2)) in the initial experiments
with coatings published in Publication I
Anode Uev (V) om (S/em) (=) ip (A/cm)
C(CoPi-sol.1) 1.790 0.012 0.443  0.0014
SS(CoPi-sol.1)  1.630 0.012 0.359  0.0006
SS(CoPi-sol.2)  1.695 0.012 0.370  0.0009
SS(NiFe) 1.449 0.012 0.338  0.0004

3.2.4 Noble anodes and cathodes

Eventually, to determine whether the performance could be enhanced further, the most
promising anode materials were employed as the cathode material in Publication I. Simi-
larly to the material presented before, Fig. 3.2d and Table 3.5 summarize the results of this
experiment. Current densities of 25, 15, and 10 mA /cm? were reached at the 50% voltage
efficiency, and correspondingly when IrO,, Pt, and SS were used for both the anode and
the cathode. Despite the fact that IrO, performs best as an anode and cathode material,
the SS performance is still satisfactory when taking into account the high production cost
of precious metal catalysts. Furthermore, SS might be regarded as a promising low-cost
substrate material for coating deposition. It may be inferred that the cathode material has
a considerable impact on the water electrolysis performance in pH=7 conditions. The re-
versible voltage is substantially lower with Pt- and IrO, cathodes than with SS cathodes.
Furthermore, compared with Pt, the IrO, cathode has a smaller activation overpotential.

Table 3.5: Parameters of the simplified cell model (Eq. (3.2)) in experiments with the
best-performing electrode materials published in Publication I
An./Cath. Uy (V) on(S/ecm)  «a(-)  ig (A/cm)
Pt-Pt 1.4 0.012 0.255  0.0002
IrO,-Ir0,  1.366 0.012 0.227  0.0004
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Figure 3.2: Experimentally determined cell voltages as a function of current density, pub-
lished in Publication I: (a) in the variable distance experiments with SS electrodes, (b) in
the experiments with various anode materials, (c) in the initial tests with Co- and NiFe-
based coatings, and (d) in the experiments with best-performing combinations of the elec-
trode materials.

3.2.5 Synthesis of TM-Pi electrocatalysts

The detailed procedure for the electrocatalyst synthesis is presented in Publication III.
As it can be seen from Fig. 3.3, the central region of the NF was uniformly coated with a
black coating after deposition of NiFe—Pi and Co—Pi, whereas the coating changed color
to silver when depositing NiFe—Pi onto graphite. After the SILAR deposition of Fe—Pi,
the substrates tested in Publication III were coated with flocculent precipitate (Zhong
et al., 2017) that could be seen with the naked eye all over the surface.

The XRD analysis revealed the amorphous nature of all the synthesized TM-Pi electrocat-
alysts. Results of SEM analysis, published in Publication III, are presented in Fig. 4.11
and Fig. 2.1. In all cases, the SEM analysis indicated that the NF surface was fully and
evenly coated with TM-Pi electrocatalysts. As an example, the elemental mapping of
Ni, Fe, and P compounds and their homogeneous distribution onto the surface of the NF
substrate is shown in Fig. 2.1d. This observation held true also for the other TM-Pi cat-
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Figure 3.3: Electrode images: (a) graphite, (b) NiFe-Pi deposited onto graphite, (c) NF,
and (d) Co-Pi deposited onto NF.

alysts. Based on the high magnification images, all the TM-Pi catalysts exhibit distinct
surface structures. For example, the Fe-Pi coating shows a highly rippled flake structure
with many agglomerates, which is in good agreement with the previous research (Babar
et al., 2018; Zhong et al., 2017). The Co-Pi coating is created with plenty of 3D-porous
micrometre-sized particles on top of the film (Kanan and Nocera, 2008). The hierarchical
NiFe-Pi mainly consists of nanobubbles (Xing et al., 2016). The cracks observed in all of
the TM-Pi catalysts are most likely the consequence of water loss during sample drying
in ambient air. The occurrence of the desired Ni, Fe, Co, and P was confirmed by EDXA,
as evidenced by the matching peaks in the EDXA diagrams.

3.2.6 Performance of TM-Pi electrocatalysts

During the experimental work, NiFe-Pi catalyst was deposited onto the graphite substrate
using a varying Ni/Fe composition. According to the findings, the electrodes containing
25 wt.% Ni and 75 wt.% Fe had the lowest electrochemical activity and the largest over-
potential. The OER performance of the electrodes containing 50 wt.% Ni and 50 wt.%
Fe was moderately better than in the case with 75 wt.% Ni and 25 wt.% Fe. Hence, at
this stage, a 50/50 wt.% composition was selected as optimal for future experiments in
Publication III.

One of the goals of the research was to further study how the substrate material affects the
TM-P1i performance. Figs. 3.5a and b show the electrolysis tests results of all the studied
TM-Pi electrocatalysts deposited onto graphite and NF, respectively. The electrocatalytic
properties were compared with the benchmark Pt and IrO, also used in Publication I of
this doctoral dissertation. Once again it was shown that, while the catalyst composition
is the most critical factor in determining OER activity, the type of the substrate on which
the catalyst is placed also has a considerable effect. According to the obtained results,
Pt and IrO, overtook TM-Pi deposited onto graphite. After 1.5V, the current at noble
Pt and IrO, began to climb sharply reaching 1 mA /cm? at overpotentials of 450 mV and
430 mV, respectively. In the case of Co—Pi deposited onto graphite, after 1.5V, the cur-
rent rise was less abrupt, reaching 1 mA /cm? at a considerably higher overpotential of
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Figure 3.4: SEM images of (a—c) NF, (d-f) Fe-Pi deposited onto NF, and (g-i) Co-Pi
deposited onto NF, published in Publication III.

510mV. The Fe—Pi and NiFe—Pi catalysts deposited onto graphite were approximately
similar in performance, having the onset potential at 1.6 V and reaching current densities
of 0.6 mA /cm? and 0.88 mA /cm? at 1.8V, respectively.

As it can be seen in Figs. 3.5b, when TM-Pi catalysts were deposited onto NF, the elec-
trocatalytic activity was considerably increased and the onset overpotentials were compa-
rable with the benchmark Pt and IrO,. The Co-Pi/NF outperformed the noble electrodes
during the whole water splitting process, achieving 1 mA /cm? at the 420mV overpo-
tential. The remarkable Co-Pi OER performance is due to its large active surface area
(Fig. 4.11 g—i) as well as its high intrinsic catalytic activity. The NiFe-Pi/NF and Fe-
Pi/NF exhibited comparable OER activities reaching 1 mA /cm? at 495 mV, and 534 mV
overpotentials, respectively. However, at 1.7 V, the activity of NiFe-Pi started to rise
steeply and 4.45 mA /cm? was reached at 1.8 V, which was higher than the corresponding
current densities shown by Pt and IrO,. At potentials higher than 1.7 V, the Fe-Pi/NF
performance was comparable with the bare NF.

In the subsequent experiments published in Publication III, TM-Pi/NF catalysts were
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Figure 3.5: Electrocatalytic properties of: (a) different TM-Pi deposited onto graphite
versus noble catalysts, (b) different TM-Pi deposited onto NF versus noble catalysts, (c)
corresponding Tafel plots, and (d) 36-hour durability tests, published in Publication III.

selected for further analysis because of their superior OER activity. For evaluating OER
kinetics, the Tafel slope is a crucial representative parameter. The data in Fig. 3.5¢ were
used to calculate the TM-Pi/NF Tafel slopes. It was found that the Tafel slopes of IrO,
and Co-Pi were virtually identical at 60 mV/dec, which corresponds to a chemical rate-
determining step with fast OER kinetics. Other examined catalysts had Tafel slopes near
to or above 120 mV/dec, which corresponds to a slow OER (Reier et al., 2012).

In practical applications, stability is a critical criterion for evaluating catalyst perfor-
mance. In Publication III of this doctoral thesis, TM-Pi/NF stability was analyzed for 36
hat 1,5, and 10mA /cm? (Fig. 3.5d). The SEM images of TM-Pi/NF electrocatalysts af-
ter the test are shown in Fig. 3.6, from which it can be seen that the catalyst layer is partly
peeled off from the NF. Despite peeling off, the catalysts maintained a steady potential
and activity during the water electrolysis, which suggests that a sufficient TM-Pi layer
stays on the NF surface. The slight rise in the overpotential over time can be explained
by the development of bubbles on the electrode surfaces and partial detachment of TM-Pi
catalysts.
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Figure 3.6: Example of the SEM analysis of the TM-Pi electrocatalysts after the 36 h
durability tests, published in Publication III.

In Publication III, a simplified cell model was once again used to describe the cell volt-
age components of the TM-Pi/NF electrocatalysts in a two-electrode configuration, and
the test results are shown in Fig. 3.7 and Table 3.6. Co-Pi/NF exhibited the lowest U,
(Table 3.6) and outperformed NiFe-Pi/NF and Fe-Pi/NF. All of the tested TM-Pi catalysts
had a comparable ohmic overpotential (o,,), which is mostly generated by the voltage
drop across the PBS electrolyte. Table 3.7 summarizes the reversible voltage, ohmic, and
activation overvoltages for different TM-Pi/NF at 10 mA /cm?.

Table 3.6: Parameters of the simplified cell model in experiments with various TM-Pi
catalysts, published in Publication I11
Anode material Uy, (V) 05 (S/cm)  a(-) 4o (A/cm?)
NF-NiFe-Pi 1.5799 0.0220  0.1801 0.0001
NF-Co-Pi 1.5166 0.0223  0.1708 0.0001
NF-Fe-Pi 1.5627 0.0222  0.2180 0.0001

Table 3.7: Overvoltage analysis results for various TM-Pi/NF at 10 mA /m?, published in
Publication I1I
Anode material Urev (V) Uohm (V) Uact (V) Ucell (V)
NF-NiFe-Pi 1.5799  0.2500 0.8294  2.6593
NEF-Co-Pi 1.5166  0.2466  0.7866  2.5498
NF-Fe-Pi 1.5627  0.2477 1.0039 2.8143
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Figure 3.7: (a) Experimentally determined cell voltages as a function of current density
of different TM-Pi/NF and the corresponding overvoltages analysis of (b) NiFe-Pi/NF, (c)
Co-Pi/NF, and (d) Fe-Pi/NF, published in Publication III.
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4 Development of in situ water electrolyzer stacks

The upscaling of an HBI system is closely associated with the development of a robust,
efficient, and ergonomic reactor design with the in-situ electrolysis of the cultivation
medium (Krieg et al., 2014). Stackable reactor structures, which are extensively em-
ployed in industrial electrolysis and dialysis applications, are a feasible technical alterna-
tive for this purpose, because they can achieve the desired capacities simply by increasing
the number of stacked units. Moreover, using a stacked reactor for in situ electrolysis
has a number of advantages, including improved power output and current generation,
mitigation of ohmic losses and edge effects, homogeneous current distribution over the
reaction volume, and ease of characterization of the overall performance by analyzing
individual cell performance. Many of the existing problems associated with HBI sys-
tems, such as the low conductivity of the cultivation medium, increased ohmic losses,
current density limitations imposed by microorganisms, and the need for a design with
an acceptable electrode surface-to-volume ratio, could presumably be mitigated by this
technology. Furthermore, employing electrode surface coatings that also address biocom-
patibility concerns might result in a significant boost in performance (Liu et al., 2016).
This chapter presents a brief summary of the research dedicated to the development of the
in situ water electrolyzer stacks published in Publications II, IV, and V.

4.1 Materials and methods
4.1.1 In situ water electrolyzer stack vl

An initial design of the in situ water electrolyzer stack was published in Publication II,
where its scheme (Figure 4.1) can be found. The stack is made up of bipolar SS(316L)
electrodes, which are connected in series (10 cells with a 10 mm distance in between),
tubular PVC spacers, and SS endplates serving as current collectors and pressure plates.
Each circular electrode has an effective electrode area of 86.6 cm? and a diameter of
10.5 cm. The current is supplied to the connection bolt welded to the end plates, whereas
the insulated tightening rods are assembled via the corner holes to compress the stack
structure. In order to make a parallel electrolyte flow through the electrolyzer, 6 mm PVC
tubes were used. The mineral medium described in Publication I was used as an elec-
trolyte for the tests. Keithley 2701 Data acquisition system was applied to measure the
cell voltages.

4.1.2 In situ water electrolyzer stack v2

For the research published in Publication IV, an in situ water electrolyzer stack shown in
Fig. 4.2 was developed. In this prototype, a zig-zag flow of the electrolyte (described in
Publication I) through slit orifices in electrode plates was performed. OpenFOAM was
used to model the optimal location of the slit orifices to provide a uniform flow distribution
between the electrodes. Modest turbulence of the electrolyte was set as a design goal to
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Figure 4.1: First version of the in situ water electrolyzer stack published in Publication
II.

prevent the attachment of the biomass to the electrode surfaces and provide the local mix-
ing enhancing mass transfer of the gases to HOB. There were 10 series-connected cells
with an active electrode area of 380 cm? and a distance minimized to 2.8 mm between
them. Special electrical connections were installed on the electrode plates to monitor the
individual cell voltage during experimental work. The distance between the electrodes
was set with the aid of machined spacer rings made of polyacetal (POM) plastic function-
ing also as electrical insulation and providing the preload of the stack assembly. Planar
elastomer seal rings kept the electrodes sealed. AISI316L SS endplates served as pressure
plates while eight M8 bolts were used to compress the stack. Sorensen DLM (40V/15A)
and Aim-TTi QPX1200SP (60V/50A) laboratory power sources were used to supply the
stack current in series and parallel modes, respectively, while Keithley 2701 was used for
cell voltage measurements.

4.1.3 In situ water electrolyzer stack v3

Based on the results of the test runs with previous prototypes published in Publications
IT and IV, an improved electrolyzer stack was developed and presented in Publication V.
The electrolyzer device, depicted in Fig. 4.3, is made up of a stack of electrode plates sep-
arated by spacers that function as flow guides. Similar to previous prototypes, the pressure
load is carried by the SS endplates and the stack is compressed with M8 bolts. Duplex
stainless steel 1.4462 was selected as the material for the stack to adress the corrosion
problems revealed in previous prototypes. The zig-zag flow arrangement was changed
back to the parallel flow arrangement and electrical insulation provided by a 100 um
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Figure 4.2: Second version of the in situ water electrolyzer stack published in Publication
Iv.

Teflon coating was used to decrease leakage currents that reduce the Faraday efficiency
of the electrolyzer stack. Only the active areas, indicated by orange in Fig. 4.3, were left
uncoated with Teflon, but afterward, TM-Pi electrocatalysts were deposited on it. The
distance between the electrode plates was further reduced to 2 mm in order to improve
the electrochemical process efficiency by reducing ohmic losses. A GAMRY reference
3000 potentiostat and a Reference 30k Booster were used to supply and measure the elec-
trolyzer stack current. The measurements were verified using a Hioki PW6001 power
analyzer and a Hioki CT6862-05 current probe. A more detailed description of the design
features of all the studied electrolyzers is provided in Publications IL, IV, and V.

4.2 Results and discussion
4.2.1 Initial results of electrolyzer energy efficiency

On the basis of the gathered current-voltage relationships (Fig. 4.4), the key parameters
of the first version of the electrolyzer stack efficiency were determined. Table 4.1 sum-
marizes the values of the aforementioned parameters. Based on the collected data points
for the electrolyzer with a 10 mm distance between the electrodes and using the model
presented in Eq. (3.2), the electrolyzer stack efficiency was recalculated for the 3 mm dis-
tance. The computed hydrogen production rate and power as a function of stack current
density, as well as the SEC for the electrolyzer stack with a 3 mm spacing between the
electrodes, are shown in Fig. 4.4.
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Figure 4.3: Third version of the in situ water electrolyzer stack published in Publication
V.

Table 4.1: Energy efficiency parameters of the first electrolyzer stack prototype published
in Publication II.

Ustack I stack f Ho E, s T)E. HHV
V] (Al [NUH [kWh/(Nw?)] (%]
30 020 0.82 7.18 49.33
31 026 1.07 7.42 47.74
32 030 1.25 7.65 46.25
33 034 142 7.89 44.85
34 039 1.64 8.13 43.53
35 046 192 8.37 42.29
36 053 223 8.61 41.11
37 062 257 8.85 40.00
38 070 294 9.09 38.95

39 081 3.37 9.33 37.95
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Figure 4.4: Computed energy efficiency parameters of the first electrolyzer stack proto-
type with a decreased distance between the electrodes, published in Publication II.

4.2.2 Hydrogen production in neutral pH

The performance of the in situ electrolysis without H,-consuming biomass was evaluated
in Publication IV by measuring the exhaust gas H, concentration using a thermal con-
ductivity detector (TCD) under constant air flush. The test was carried out with the elec-
trolyzer stack cells connected in series and parallel to compare the performance and, in
particular, to determine the amount of stray currents. Fig. 4.5 shows measured stack volt-
ages as a function of current. It can be seen that the typical cell voltages are substantially
over the thermoneutral voltage of 1.48 V. Interestingly, when the cells were connected in
parallel, they all had almost the same voltage, but when they were connected in series,
the outermost cells had a considerably higher voltage than the other cells. This leads to a
conclusion that high leakage currents are present in the system in the case of series con-
nection.

The calculated Faraday efficiency for the second electrolyzer prototype is presented in
Fig. 4.6. In the case of series connections, the Faraday efficiency was poor throughout the
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Figure 4.5: Individual cell voltages vs. current of the second electrolyzer prototype in the
case of (a) series and (b) parallel connection, published in Publication I'V.

whole current range, once again signifying the problem of leakage currents in the flow
channels. At currents above 15 A, the Faraday efficiency increased to approximately 80%
when using a parallel connection. The poor efficiency at the lower currents has yet to
be explained, although the H, and O, recombination, other potential side reactions, and
measurement error are the most likely explanations of the observed phenomena.
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Figure 4.6: Values of the Faraday efficiency of the second electrolyzer prototype in the
case of (a) series and (b) Parallel connection, published in Publication IV.

The SEC of the in situ electrolyzer is shown in Fig. 4.7. The SEC is much higher com-
pared with the standard alkaline or PEM electrolyzers, which usually reach values of
50 kWh/kgy,. The low conductivity of the pH-neutral electrolyte and the lack of catalyst
coating are the major reasons for the high SEC even with Faraday efficiencies above 80%.
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Figure 4.7: Values of the SEC of the second electrolyzer prototype in the case of (a) series
and (b) parallel connection, published in Publication IV.

4.2.3 Effect of insulating coating on leakage currents

The problem of leakage currents was successfully addressed in the later version of the
third version of the electrolyzer stack prototype, published in Publication V, by coating
the electrolyzer stack plates with an insulating Teflon coating except for the active elec-
trode region in the middle. On the basis of the collected current—voltage relationships and
the observed H, generation, the SEC and Faraday efficiency of the stack were computed
and displayed in Fig. 4.8. Uniformly distributed cell voltages for both parallel and series
connections indicated successful application of the insulation. At the cell currents of 1.5—
2.5 A, the Faraday efficiency was near to 90% while the typical value of the H, production
rate was close to 3.7 N1/h at 2 A and 2.9V per electrolyzer cell in both cases. Moreover,
the SEC was substantially lower than in the previous study. The specific energy consump-
tion for the current range of 1.5-2.5 A per cell did not surpass 90 kWh/kgy,, indicating
once again that the electrolyzer stack was successfully redesigned with proper insulation.

4.2.4 Effect of electrocatalytic coatings on stack performance

For the third electrolyzer prototype, published in Publication V, several surface modifica-
tion methods were applied in order to further improve the performance. In the first place,
stack electrodes were coated in situ with the benchmark Co—Pi, which resulted in uni-
form black coating throughout the surface of the anode-acting electrode plates (Fig. 4.9).
Linear sweep voltammetry was used to evaluate the performance of the parallel-connected
electrolyzer prior and after coating with Co—Pi. As can be observed in Fig. 4.10, there
was no current flow in the electrolyzer stack before coating until 2.15V, and afterward,
the current gradually increased. Overpotentials of 1.14 V and 1.6 V per cell were required
to reach 1 mA /cm? and 5 mA /cm?, respectively. The electrolyzer stack performance was
significantly improved when the anode plates were coated with Co—Pi as already after
1.85V the current began to increase rapidly, while the aforementioned current densities
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Figure 4.8: Values of the SEC and Faraday efficiency of the third electrolyzer prototype
for (a) series and (b) parallel connection, and (c—d) corresponding cell voltage distribu-
tion, published in Publication V.

were reached at 0.9 V and 1.28 V overpotentials.

After that, the substrate surface was roughened and the stainless steel grains were bared
by etching using a combination of H,O, and HCI. The active area of the electrolyzer
stack plates was considerably enlarged by this method, as can be seen in Fig. 4.11c. Lin-
ear sweep voltammetry was used to investigate the influence of etching on the electrolyzer
stack performance, as shown in Fig. 4.10. In the etched electrolyzer, an overpotential of
1.28 V was required to reach 5mA /cm?. Although the stack performance was somewhat
lower before 2.5V compared with the prior test with the Co—Pi coating, the current in-
crease in the etched stack was faster after 2.5V, and 18 A was reached at 3'V.

Subsequently, CoFe—P was applied to the etched electrode surfaces because of the re-
ported OER activity (Li et al., 2019; Yoon et al., 2018). After the deposition process, the
chosen plate was examined using the SEM equipped with EDX, which indicated a signif-
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Figure 4.9: Images of the third electrolyzer prototype before and after deposition of Co-Pi,

published in Publication V.
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Figure 4.10: Polarization curves of the third electrolyzer prototype with different elec-
trode surface modifications, published in Publication V.

icant change in the surface morphology (Fig. 4.11d) and the presence of nodular grains
covered with nanoparticles typical of this coating. The onset overpotential appeared to be
the lowest with the CoFe —P, and all the reference current densities were attained at lower
overpotentials than with any of the previously evaluated alternatives. An overpotential of
1.07 V was required to reach 5mA /cm?. The current in the etched and CoFe—P-coated
electrolyzer at 3V was approximately 2.7 times as high as with the initial tests with un-

coated SS electrodes.
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Figure 4.11: SEM images of (a) SS, (b) Co-Pi on SS, (c) etched SS, and (d) CoFe-P on
the etched SS, published in Publication V.
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5 Neo-Carbon Food proof-of-concept

Cultivation of HOB with in situ water electrolysis has been successfully performed and
demonstrated in the present research work. This chapter includes research results pub-
lished in Publications I, II, and IV. First, small-scale HOB cultivation results obtained
at the VTT Technical Research Centre of Finland are presented. Following that, the Neo-
Carbon Food concept is discussed, which is a pilot-scale HBI process for the generation
of microbial biomass. The idea involves integrated H, generation by water electrolysis,
0O, DAC, and later HOB assimilation of captured carbon.

5.1 Materials and methods
5.1.1 Medium and HOB strains

The mineral medium, the composition of which is summarized in Table 3.1, was used
for the electro-assisted cultivation of HOB in Publications I, II, and IV. In the first two
publications, the HOB strain was Cupriavidus necator H16 (DSM 428) supplied by the
Leibniz-Institut DSMZ. In Publication IV, Nocardioides nitrophenolicus VIT E-183562
was used as a strain for the experimental work. The inoculum for the HBI cultivation was
grown in 20 ml liquid volume shake flasks under 12.5% H,, 13.1 % O,, 25 % CO,, and
49.4 % N, until late exponential phase.

5.1.2 Description of the small-scale HOB cultivation procedure

Scientists of the VTT Technical Research Centre of Finland were responsible for carrying
out small-scale HOB cultivation. In Publications I and II, the contributions of the authors
are clearly stated, while small-scale HOB cultivation results are included in this disser-
tation as an example of the research performed during the MOPED project. The growth
was carried out in a small 60 ml electrobioreactor with an IrO, anode and an SS cathode
as shown in Fig. 5.1. The electrodes were made using wires of the aforementioned mate-
rials, which were wrapped in coils to give each electrode a surface area of approximately
13 cm?. Before the actual cultivation, the electrobioreactor filled with sterile growth me-
dia was purged with CO, for 2 h in order to stabilize. During experiments, CO, gas was
sparged from the bottom, a constant electrolysis current of 18 mA was supplied, and the
temperature was maintained at 30 °C. The first data point was taken at the end of the
preinoculation stabilization phase when a suitable volume of inoculum (typically 2 ml)
was added to get an initial optical density of 0.2 .

5.1.3 Optical density and cell dry weight measurements

In all the publications, the microbial growth was monitored by measuring the optical
density of the medium at 600 nm (ODggp). Samples collected from the bioreactor were
analyzed using a spectrophotometer after appropriate dilution. The ODgy was correlated
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Figure 5.1: Small-scale electrobioreactor used for the HOB cultivation in Publications I
and II.

with cell density by measuring the cell dry weight (CDW). For this purpose, a 500 ml
sample was extracted, separated by centrifugation at 3000 g over 20 min, washed with
pure water, and dried at 105 °C overnight. The correlation between the ODggy and the
CDW was presented separately in Publications I, II, and IV.

5.1.4 Description and operation of the Neo-Carbon Food pilot

The bioreactor tank, the CO, DAC unit, and the in situ water electrolyzer are the major
components of the developed Neo-Carbon Food pilot, as illustrated in Fig. 5.2a. A second
version of the in situ water electrolyzer, described in the previous chapter, was used in the
Neo-Carbon Food pilot to generate H, and O,. An SS bioreactor tank equipped with a
2-blade stirrer was used for biomass growth, accumulation, sampling, and process mon-
itoring. The appropriate temperature for the HOB cultivation of 30 °C was maintained
using a water jacket and a Lauda RP855 thermostat. To provide consistent liquid circula-
tion in the system, an EBARA model EVMSUL centrifugal vertical multistage pump with
a maximum flow rate of 3 m?*/h was employed, controlled by an ABB ACS355 frequency
converter.

The system was flushed with ethanol to sterilize it at the start of the procedure. Following
that, using the Flowrox dosing pump and the sterile filtration system, 20 I of fresh medium
and enriched HOB culture were sequentially delivered to the bioreactor tank. The system
was set up for semicontinuous operation by extracting a certain volume and feeding the
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Figure 5.2: (a) Schematic diagram and (b) photo of the Neo-Carbon Food pilot, published
in Publication IV.

same amount of new medium to the bioreactor at intervals determined by the observed
optical density. The pH-neutral conditions were maintained during the procedure using
IM NH4OH and 1M H;PO, solutions. The flammability of H, raises concerns about the
safety of any H,-based procedure. Thus, air purging was implemented in the bioreactor
to ensure that accumulation of an explosive gas mixture does not take place even when
the H, production exceeds consumption.
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5.1.5 Measurements of H, concentration

The concentration of H, in the exhaust gas was defined using a BCP-H, (BlueSens) ther-
mal conductivity detector (TCD) with a two-stage drying solution consisting of a con-
densing dryer followed by a silica gel tank to prevent moisture ingress from the gas flow
into the TCD. The current in the electrolyzer stack was varying in response to the data
acquired on H, concentration in the exhaust. Throughout the pilot operation, the H, con-
centration was kept below the lower explosion limit of 4%. The ambient H, level was
monitored with a Honeywell Sensepoint XCL gas detector.

5.1.6 CO, capture

In this study, CO, was captured from the air by using a DAC device based on temperature—
vacuum swing adsorption. A proprietary aminoresin was used as the solid adsorbent in
the DAC system. The operation of the DAC unit and the physicochemical properties of
the adsorbent were previously described in (Bajamundi et al., 2019) and (Elfving et al.,
2017a,b), respectively. Similar to the SOLETAIR project (Vidal et al., 2018), the unit
was operated by adsorbing at night, and generating CO, in the daytime. The automated
procedure published previously in (Bajamundi et al., 2019) was used for the desorption
step. Typically, a 60 min CO, desorption time was used for each bed pair, which means
the time when the bed pair is subjected to both heating at a maximum temperature of
80 °C and a vacuum. The produced CO, gas was stored into an initially empty buffer with
a volume of 650 I, consisting of one 50 1 buffer tank and a 600 1 bundle. CO, from the
buffer was constantly fed into the bioreactor at a flow rate of 250 ml/min and sparged at
the bottom of the bioreactor with an airflow of 11/min.

5.2 Results and discussion
5.2.1 Small-scale HOB cultivation results

Initially, in a small scale electrobioreactor, the growth of HOB with in situ water elec-
trolysis was successfully tested. In Publication I of this doctoral dissertation, the culture
consisted of a mixed population of yet-to-be-identified species viable in the HBI environ-
ment. An average cell voltage of 2.31 V was used in the process. The cell mass increased
in a linear fashion as the growth was limited by the availability of H,. Assuming a wa-
ter electrolysis Faradic efficiency of unity and full H, consumption, a 2.5 gpiomass/mols,
yield was calculated, which was comparable with the traditional gas fermentation results,
but without the requirement to handle and store dangerous H, and O, gas mixtures.

In Publication II, the cultivation of Cupriavidus necator H16 was performed in the same
bioreactor setup in similar conditions. A Pfeiffer Vacuum Omnistar GDS 301 Gas analy-
sis system was used to measure the H, concentration in the reactor gas exhaust. The gas
analysis system was calibrated before the cultivation against a known H, concentration
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of 10% in a reference gas supplied by AGA. To determine the HOB biomass growth rate,
the H, concentration at the bioreactor effluent was transformed into an H, utilization ratio:

Out,Initial
ut,Initial Cout

aye . __ YHp Ho
H, utilization = — Cumma 6.1
Ha
Out : : Out,Initial . :
where ¢y is the H, concentration at the reactor outlet, and ¢y, is the concentration

at the beginning of cultivation.

The use of H, was assumed to increase at the same rate with the biomass growth. A
generic exponential function was fitted to the increasing range (between 0.5—12 h) of the
H, utilization data:

H, utilization = Ae* (5.2)
where A is a preexponential constant, and 1 is a rate constant.
The best fit was achieved with A = 0.1675 and ;2 = 0.1422 h~!. The rate constant can be

regarded as an estimate of the biomass growth rate, because the biomass growth is depen-
dent on H, consumption. Fig. 5.3 shows the results of small-scale HOB cultivation.
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Figure 5.3: Small-scale HOB cultivation with in situ water electrolysis: (a) biomass in-
crease of a mixed culture and (b) development of the H, utilization in the small-scale
electrobioreactor and exponential curve fitting to the part of the data range associated
with the exponential biomass growth, published in Publications I and II.
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5.2.2 Carbon dioxide production

The DAC unit’s CO, output of 2-3 kg per day (Bajamundi et al., 2019) was much higher
than the bioreactor’s CO, requirement of 0.49 kg per day. As a result, the DAC unit was
not used every day following the initial filling of the CO, buffer. The SEC of the DAC was
estimated throughout the course of six typical days of operation, as illustrated in Fig. 5.4.
Higher generated CO, amounts typically resulted in a reduced SEC, as can be observed
in Fig. 5.4. It is also clear that the desorption phase contributes significantly more to the
overall SEC than the adsorption phase, ranging from 62% up to 73% of the total SEC.
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Figure 5.4: SEC and daily produced CO, of the DAC unit of six different experiments,
published in Publication IV.

5.2.3 Pilot-scale biomass production

For the proof of the Neo-Carbon Food concept, a bench-scale pilot was operated over
three test campaigns from summer 2019 to winter 2020, but the results of the last and
most successful campaign are emphasized here. The pilot was operated in a semicontinu-
ous mode throughout the third test campaign, with periodic extraction of the biomass-rich
medium and simultaneous input of the same amount of approximately 4 1 of fresh growth
medium to the system. The CO, captured from air was continuously sparged from the bot-
tom of the bioreactor through the mineral medium with an experimentally defined flow
of 11/min while in the top section of the bioreactor air purging was performed with the
flow rate of 250 ml/min. In order to saturate the culture with H, and O,, the medium
and cells were pumped through the in situ electrolyzer stack with a constant flow rate of
approximately 1 m®/min. The hydrogen production rate was controlled manually to keep
the exhaust hydrogen rate as low as possible and below the lower explosion limit of 4%.
Circulation of the medium with a high flow rate enabled to avoid biofilm formation on
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the electrode surfaces and provided an additional mixing required for the intensification
of the dissolution of the main reactant gases.

Biomass concentration, stack current, and hydrogen content in the exhaust line during
the third test campaign are shown in Fig. 5.5. The graph shows that the HBI process
was separated into several phases. At the beginning, a clear lag phase with practically no
biomass growth was observed, which was followed by a steep increase in biomass concen-
tration in the reactor volume. When the biomass concentration reached approximately 2.5
g CDW/I, the dilution process was launched and the aforementioned concentration was
successfully maintained in the bioreactor for 900 h (37 days). Notably in Fig. 5.5, there
was no clear correlation between the stack current indicating hydrogen production rate
and the microbial growth. Presumably, the use of hydrogen by the HOB was not consis-
tent and varied during the whole experimental process. However, there was a clear trend
indicating that the absence of hydrogen in the exhaust gas was every time interconnected
with the start of the increase in biomass concentration. This trend observed at approxi-
mately 100 h, 190 h, 300 h, and 970 h of the experimental procedure could be explained
as a phase of intensification of the oxidation of hydrogen coupled with the assimilation of
CO, by the HOB culture into cell biomass. After the last intensification phase, the HBI
pilot system was operated in a batch mode for 700 h in order to achieve a stable growth
phase. The maximum biomass concentration reached during the stable growth phase was
15g17!, while average biomass production rates in the two batches were 0.038 gl~1h~!
and 0.032 g1~ h~1, respectively.

The start of the stable and intensive growth of cell culture observed at 970 h occurred
when the stack current was increased to 30 A with the corresponding cell voltage of
slightly above 3V. This observation could be explained by the fact that high cell potentials
favor the use of cathodic current for the hydrogen evolution reaction (HER) instead of the
reactive oxygen species (ROS) formation at lower potentials, leading to toxicity and cell
viability issues (Torella et al., 2015; Liu et al., 2016). It is worth noting that Torella et al.
(2015) reported an operational window of 2.3 V > Ecell > 4 V at which the biological
viability of HOB was not hindered by the ROS toxicity. Subsequent studies of Liu et al.
(2016) clearly showed that the application of selective catalysts kinetically favoring OER
at the anode and especially HER at the cathode proved to facilitate an increase in the pro-
duction rate at a much higher energy efficiency. In the present study, selective catalysts
were not applied, and SS electrode plates were used both for the HER and the OER. How-
ever, the use of the developed stack structure for the electrolyzer prototype was assumed
to reduce the leakage currents to some extent, and as a consequence, the possibility of
emerging undesired side reactions.

The achieved value of production rate is close to the productivity reached by using a two-
stage bioprocess reported by Molitor et al. (2019), and to the values of volumetric pro-
ductivity achieved in sequence batch reactor conditions by Matassa et al. (2016). Because
the exhaust H, concentration is significantly lower in the test without microorganisms
with the same current, most of the generated H, is consumed in the process. Even though
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Figure 5.5: Cell dry weight concentration, stack current, and H, content in the exhaust
line as a function of time. Adding fresh medium, which decreases the optical density, is
indicated by circles on the optical density curve. Because of contamination, the results
were excluded from Publication IV.

for the bulk of the time there was a minor surplus of hydrogen ranging from 0.5% to 2%,
which was not consumed by HOB microbes, it is evident that the hydrogen utilization effi-
ciency of the HBI system is far higher than in the processes with the external production of
the main reactant gases used in traditional gas fermentation designs (Matassa et al., 2016).

However, it is necessary to point out that significant contamination was detected in the
biomass analysis, and thus, it cannot be stated that all the biomass consists of the desired
MP. The most likely cause of contamination is the failure to sterilize the system despite
sanitation with 2% NaOH and flushing with 70% ethanol at a temperature of 55 °C before
the autoclaved growth medium was introduced through a sterile filter. Hence, it is difficult
to perform any analysis of the specific energy consumption of the MP production because
of contamination.

5.2.4 Influence of HOB cultivation on stack electrodes

Fig. 5.6 shows the electrode plate after long-lasting HBI cultivation and the CFD velocity
distribution analysis. The amount of deposited biomass on the surface of the electrode
plate and the flow velocity distribution measured by the CFD indicate a strong correla-
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tion. A thick layer of biomass was attached at areas with a low flow velocity (locations A
and D), while almost clean surfaces can be seen at a higher velocity (location C).

Slit orifice

Outlet

Biomass on electrode plate after first test runs Flow speed by CFD [m/s]

Figure 5.6: Images of (a) electrode plate after long-lasting HBI cultivation and (b) com-
puted by CFD velocity distribution on the similar electrode plate, published in Publica-
tion IV.

The surfaces of the SS electrodes were thoroughly coated after the first run, as can be seen
in Fig. 5.7. According to the EDX, most of the compounds deposited onto the electrode
surface were metals from the cultivation medium and carbon referring to the biomass.
Periodic switching of the polarity solved the problem of metal deposition, while more
powerful mixing was applied to decrease the attachment of the biomass. Corrosion of the
electrode plates along the edges of the slit orifices was another problem that was observed.
The corrosion may have resulted from the cavitation-induced erosion in combination with
the presence of O, in the process, and thus, more corrosion-resistant SS for the electrode
plates would be required.

' {00um

Figure 5.7: Changes in the in situ water electrolyzer stack electrodes after the HOB cul-
tivation experiments: corrosion and SEM images showing electrodeposited metals from
the medium solution.
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6 Conclusion and suggestions for future work

It is evident that the supply of sufficient food, energy, and water represents a huge global
challenge at present. Indeed, there is no universal solution for tackling this challenge. In-
stead, what will be needed are situation-oriented tailored solutions based on creative and
cross-sectoral thinking. The power-to-food concept could become one of such creative so-
lutions capable of helping to feed the increasing population of the world while mitigating
the negative environmental impacts of conventional agriculture. From this perspective,
HBI systems provide a sustainable, efficient, and versatile synthesis platform suitable for
the production of high-quality proteins by microbial assimilation of CO, and in situ water
electrolysis.

In this work, the energy efficiency of in situ water electrolysis performed in neutral pH
was extensively studied, and attempts to improve the efficiency were made. Furthermore,
the feasibility of CO5 conversion into protein-rich biomass using HOB was proven on a
laboratory and pilot scale. The main conclusions obtained are summarized as follows:

e Because of the substantial ohmic losses induced by the poor conductivity of the
electrolyte, the distance between the electrodes has a considerable influence on
voltage in electrobioreactors. To achieve a high energy efficiency and a compact
design structure, the space between the electrodes should be kept as low as possi-
ble. For instance, if in the case of plain SS the electrodes are located at a 3 mm
distance and the voltage efficiency of the electrolysis is required to be higher than
50%, the current density would be in the range of 10 mA /cm?.

e Because the anode half-reaction has a greater potential than the cathode half-reaction,
the anode material has a considerable impact on the cell voltage, especially at higher
current densities. Among the conventional electrocatalysts, precious IrO, exhibited
the best OER performance, showing a current density of 15 mA /cm? with a voltage
efficiency of 50% at a 3 mm distance. If IrO, is also used as a cathode material, a
current density of up to 25 mA /cm? could be reached at a similar voltage efficiency.

o In terms of OER activity, TM-Pi catalysts placed onto a highly ordered NF substrate
are competitive with commercial Pt and IrO, catalysts for short experiments. In a
neutral PBS, the intrinsic OER activity of the investigated catalysts declined in the
sequence of Co-Pi > NiFe-Pi > Fe-Pi. The reference current density of 1 mA /cm?
was reached at relatively small overpotentials of 420mV, 495mV, and 534 mV for
Co-Pi, NiFe-Pi, and Fe-Pi, respectively.

e A series of in situ water electrolyzer stack prototypes for HBI systems were de-
signed and tested. With the initial version of the stack it was possible to achieve only
2.3mA /em? of current density at the 50% efficiency. In the latest version, the per-
formance was considerably enhanced by application of insulating coatings prevent-
ing leakage currents and electrocatalytic TM-Pi coatings. It was possible to reach a
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current density of approximately 10 mA /cm? at 2.5 V per electrolyzer cell by using
a less conductive electrolyte solution. The in situ water electrolyzer showed a high
Faraday efficiency close to 90% and an acceptable SEC below 90 kWh /kgy, .

e The cultivation of HOB with in situ water electrolysis was successfully tested in
a small-scale electrobioreactor. The cell mass increases in a linear fashion as the
growth is limited by the availability of H,. In one case, the apparent biomass yield
from hydrogen was calculated to be 2.5 gpiomass/molp,, which is comparable with
the typical yields of gaseous H, feed cultivation.

e The Neo-Carbon Food concept, which is a pilot-scale HBI process suitable for
the production of microbial biomass, was introduced. According to the concept,
the plant operation is based on integrated H, production by water electrolysis, the
DAC of CO,, and its subsequent assimilation by autotrophic HOB. The SEC of
the DAC was around 20 kWh/kgco,. The pilot plant achieved a total operating
time of approximately 1650 h and a maximum bacterial biomass production rate of
0.038 g1~ ' h~!. Unfortunately, the biomass analysis revealed heavy contamination
despite sterilization of the system by sanitation with 2% NaOH and flushing with
70% EtOH at a temperature of 55 °C before HOB cultivation. Therefore, the SEC
of the MP production was not calculated in this study.

Because HBI systems are still in their infancy, further research is required from the view-
point of fundamental and applied research. The value obtained for biomass productivity
indicates that further technical optimization is required to achieve industrially relevant
production rates. Further, the contamination of biomass requires more attention to the
sterilization process. In situ electrolysis has the benefit of high H, utilization, but the
efficiency of H, generation is limited, and in situ electrolysis also increases system com-
plexity, making sterilization more difficult than with external electrolysis. Furthermore,
the best SEC values obtained for in situ water electrolysis in this study are nearly 1.8
times as high as those obtained for traditional alkaline and PEM electrolyzers, which are
typically around 50 kWh/kgy, at 47%-82% efficiency (Ursda et al., 2012). The lower
conductivity of the cultivation medium compared with, for example, KOH used in alka-
line water electrolysis, could be pointed out as a major factor contributing to the greater
SEC even at the 90% Faraday efficiency. Despite the fact that the pH-neutral in situ water
electrolysis and the conventional water electrolysis have certain similarities, the applica-
tions of both technologies differ substantially. Therefore, making unfavorable judgments
about the feasibility of the investigated process only on the basis of the Faraday efficiency
and SEC differences is not fair (Rieth and Nocera, 2020).

The key directions of future research will be focused on:

e Development of microbial culture capable of increasing the rate of CO, conversion
into bacterial biomass.
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e Optimization of the electrolyzer stack design in order to further increase the energy
efficiency of in situ water electrolysis, reaching values comparable with alkaline
and PEM electrolyzers.

e Application of biocompatible earth-abundant electrode coatings and high-surface
materials to improve the electrocatalytic efficiency of water splitting and avoid
leaching of compounds toxic for bacterial growth on the pilot scale.

e Assessing whether tailoring the DAC process for microbial cultivation can reduce
the SEC of the produced CO,, and to support this objective;

e Studying which are the optimal CO, concentration levels for the maximum growth
of the microbial biomass, and

e Studying which are the maximum current densities that HOB can tolerate.

e Comprehensive environmental assessment together with an extensive economic and
life cycle analysis is essential to evaluate the industrial viability of the HBI produc-
tion of protein.

Nevertheless, even now it is possible to conclude that the HBI processes with in situ water
electrolysis represent a groundbreaking technology that could potentially revolutionize
the food and feed production industries, drastically changing their effect on the planet’s
environment.
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ARTICLE INFO ABSTRACT

Keywords: Hydrogen-oxidizing bacteria (HOB) have been shown to be promising micro-organisms for the reduction of
Bioengineering carbon dioxide to a wide range of value-added products in bioelectrochemical systems with in situ water
Electrochemistry

electrolysis of the cultivation medium, also known as a hybrid biological-inorganic systems (HBI). However,
scaling up of this process requires overcoming the inherent constraints of the low energy efficiency partly
associated with the pH-neutral electrolyte with low conductivity. Most of the research in the field is concentrated
on the bacterial cultivation, whereas the analysis and evaluation of the electrode material performance have
received little attention in the literature so far. Therefore, in the present work, in situ electrolysis of a pH-
neutral medium for HOB cultivation was performed with different combinations of electrode materials. Besides
conventional electrode types, electrodes with coatings made of earth-abundant cobalt and a nickel-iron alloy,
known for their catalytic activity for the kinetically sluggish oxygen evolution reaction (OER), were prepared
and tested as potential substitutes for catalysts made of precious metals. The cultivation of HOB with in
situ water electrolysis has been successfully tested in a small scale electrobioreactor in order to support the
experimental results. A simplified water electrolysis model was developed and applied to evaluate the current-
voltage characteristics of an bioelectrochemical system prototype. Application of the developed model allows
quantitative evaluation and comparison of reversible, ohmic, and activation overvoltages of different electrode
sets. The modeling results were found to agree well with the experimental data. The developed model and the
data gathered can be applied to further investigation, simulation, and optimization of HBI systems.

Materials chemistry

to be a sustainable and promising energy carrier in the Hydrogen Econ-
omy Concept [4]. Even though the currently dominating technologies of
hydrogen production are steam reforming, partial oxidation of hydro-
carbons, and coal gasification, the development of advanced technolo-
gies for renewable-energy-based hydrogen production is given a high
priority, and the topic is attracting scientific interest. One of the most

1. Introduction

The rapid economic growth and the increasing consumption of
fossil-fuel-based energy have led to higher concentrations of pollu-
tant gases in the atmosphere, depletion of natural resources, adverse
climate impacts, and geopolitical tensions. The global shift from a fossil-

fuel-based economy to a renewable-energy-based one has the potential
to tackle the aforementioned problems [1, 2]. Electrical energy pro-
duced from abundant renewable energy sources, such as solar and wind
power, is considered to be the cleanest form of energy. However, the
fluctuating nature of these sources leads to technical challenges as-
sociated with the storage of the generated electricity [3]. Recently,
hydrogen, which is the simplest and lightest element, has been shown
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mature technologies of renewable hydrogen production is electrolysis
of water [5]. By this method, surplus peak electricity from renewable
energy sources is applied to generate renewable hydrogen, which can
be further used in Power-to-X processes to produce net carbon-neutral
fuels and chemicals [6, 7].

One approach attracting scientific interest in this context is micro-
bial electrosynthesis (MES), electricity-driven synthesis of chemicals
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and fuels. Microbial electrosynthesis (MES) is an emerging technology
capable of using water electrolysis and various microorganisms directly
for the reduction of carbon dioxide to value-added compounds in bio-
electrochemical systems (BESs). The concept was first proven by Nevin
et al. [8], who were able to reduce carbon dioxide to acetate and small
amounts of 2-oxobutyrate by applying electric current to acetogenic
microorganisms. The subsequent research revealed an opportunity of
applying in situ water electrolysis and microbes for the efficient produc-
tion of other value-added commodities. Information about chemicals
that can be produced in bioelectrochemical systems can be found in [9]
and [10]. Hydrogen-oxidizing bacteria (HOB), the metabolic growth of
which is based on the use of hydrogen as an electron donor and oxygen
as an electron acceptor, were shown to be promising microorganisms for
the reduction of carbon dioxide to a wide range of value-added products
[11]. Volova et al. [12] found that the biological value of proteins syn-
thesized by different strains of hydrogen-oxidizing bacteria is sufficient
to consider them as a potential protein source for human and animal
nutrition. Moreover, research is currently carried out into HOB-based
single cell protein production. For instance, Matassa et al. [13] used
autotrophic hydrogen-oxidizing bacteria to recycle ammonia recovered
by air stripping from a wastewater treatment plant and captured CO,,
together with hydrogen and oxygen produced by water electrolysis, to
food and feed [13, 14]. Furthermore, a pilot plant has been constructed
in Belgium within the framework of a Power-to-Protein project, which
produces single cell protein with a targeted capacity of 1 kg-2 kg per
day [15]. However, these processes require external supply of hydrogen
and oxygen to the bioreactors where the HOB are being cultivated. The
application of bioelectrochemical system with in situ water electrolysis
could provide a solution for overcoming the mass transfer limitations
of this process, and could thus be considered a prospective strategy for
renewable electrical energy storage. Torella et al. [16] reported devel-
opment of a scalable integrated bioelectrochemical system using HOB
for carbon dioxide conversion into biomass and isopropyl alcohol with
maximum bioelectrochemical efficiencies of 17.8% and 3.9%, respec-
tively. A distinctive feature of this BES was the use of a cobalt phosphate
(CoPi) anode, which is capable of performing oxygen evolution reaction
(OER) at low overpotentials at a neutral pH. The same anode material
was used in combination with a cobalt-phosphorus (Co-P) alloy cathode
in the studies of Liu et al. [17] to establish an effective water splitting
system for HOB conversion into biomass at an efficiency of approxi-
mately 55% within a period of six days at an applied potential of 2.0 V.
In addition to biomass, polyhydroxybutyrate (PHB), which is considered
an intermediate compound in microbial assimilation of carbon dioxide,
was synthesized with a 36% energy efficiency. Furthermore, different
fusel alcohols were produced with efficiencies ranging from approxi-
mately 15% to 30%. Hybrid biological-inorganic (HBI) systems, which
couple microorganisms with chemical catalysts to derive value-added
products, have also been applied, for example, to ammonia [18] and
bacterial biomass production [19].

Nevertheless, upscaling of bioelectrochemical processes for HOB cul-
tivation requires overcoming the inherent constraints of low energy
efficiency. The target of the present study is to develop a scalable en-
ergy efficient system for cultivation of hydrogen-oxidizing bacteria. The
effects of various oxygen evolution (OER) catalysts are extensively re-
ported in the literature for alkaline water electrolyzers, but there are
only a few studies of electrolyzer cell performance in bioreactors with
pH-neutral conditions so far. Further, a simplified mathematical model
is introduced, based on models developed for traditional water elec-
trolyzers. The model parameters are tuned and the model is verified by
experimental results. The model is applied to quantitatively evaluate
and compare possible overvoltage sources in the system with various
electrode materials.

This paper is organized as follows. The characteristics of the in situ
water electrolysis, initial HOB cultivation results with in situ water elec-
trolysis, the experimental setup used for electrode material tests, the
procedure describing in situ formation of coatings, and the simplified
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electrolyzer cell voltage model are introduced in Section 2. The cell
voltage model parameters are fitted by experimental results, and the
model is applied to describe the performance of the selected electrode
materials in Section 3. Finally, Section 4 concludes the paper.

2. Materials & methods

This section first defines the special characteristics of the in situ
water electrolysis compared with traditional water electrolyzers. HOB
cultivation results with in situ water electrolysis are shown. Further, the
experimental setup and methods applied for electrolyzer cell studies in
this paper, including the analytical model used to describe the operation
characteristics of the electrolytic cell, are introduced.

2.1. In situ water electrolysis characteristics

One of the key issues of the gas-fermentation-based hydrogen-
oxidizing bacteria production is the mass transfer of the hydrogen gas
to the cultivation medium, even though a hydrogen gas conversion ef-
ficiency up to 81% has been reported [13]. The mass transfer problems
can be effectively avoided by BES, where the in situ water electroly-
sis takes place directly in the cultivation medium. However, the in situ
water electrolysis imposes some constraints on the system. Firstly, the
temperatures and pressures must be in a favorable range for the HOB.
Secondly, the current densities applied to the water electrolysis must be
limited to levels not harming the HOB. Finally, numerous requirements
are set on the electrolyte, which also acts as a cultivation medium, and
the electrodes themselves. Contrary to the traditional alkaline water
electrolysis, the cultivation medium must offer an almost pH-neutral
environment for the bacteria. This constraint is connected to the ki-
netically sluggish oxygen evolution reaction (OER), which produces
a high activation overvoltage. Further, the side reactions producing
toxic compounds must be prevented. In practice, these limitations lead
to a significantly lower conductivity of the electrolyte compared with
the traditional alkaline electrolysis. Therefore, to achieve an accept-
able energy efficiency of the water electrolysis, relatively low current
densities have to be applied, which leads to large electrode areas, yet
the distance between the electrodes is minimized. Because of the large
electrode area, low-cost electrode materials are preferred. Finally, the
electrode materials must be corrosion resistant not to release any toxic
compounds to the cultivation medium.

2.2. HOB cultivation experiments with in situ water electrolysis

The cultivation of HOB with in situ water electrolysis has been suc-
cessfully tested in a small scale electrobioreactor [20]. The research
utilized a BES with internal liquid volume of 60 ml as shown in Fig. 1a.
CO, gas was fed to the reactor, while hydrogen and oxygen for the
microbial growth and CO, fixation were generated inside the reactor
vessel at a stainless steel cathode and an iridium oxide coated titanium
anode. The electrodes were manufactured from wires of aforementioned
materials which were looped in coils so that the surface of each elec-
trode was 13 cm?2.

In Fig. 1b, the biomass increase of a hydrogen enrichment culture
is presented. The culture was a mixed population of yet unidentified
species, which had evolved at least some resistance towards the BES en-
vironment. The bioreactor was fed with 0.13 gh™! gaseous CO,, and
supplied with electrolysis current of 18 mA, which roughly equals cur-
rent density of 1 mA cm~2 at the surface of the electrodes, with average
cell voltage of 2.31 V.

The cell mass increases in linear fashion as the growth is limited
by the availability of hydrogen. Assuming faradic efficiency of unity
for the electrolysis of water and complete consumption of the hydro-
gen, the apparent biomass yield from hydrogen was calculated to be
2.5 8hiomass/Molyy,. Matassa et al. have collected biomass to hydrogen
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Fig. 1. Experimental setup used for the cultivation tests: (a) scheme of the small-scale in-situ electrolysis bioelectrochemical system, and (b) biomass increase of a
mixed hydrogen enrichment culture.
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Fig. 2. Experimental setup used for the electrolysis tests: (a) cross section of the electrolyzer cell, (b) photo of the experimental setup.

yields for various HOB species cultivated with gaseous hydrogen feed platinum (Pt), cobalt phosphate (CoPi), nickel-iron (NiFe), and iridium

[13]. dioxide (IrO,) deposited onto a titanium substrate, were tested. Stain-
The published values range between 1.12 gpjomass/mOly,— less steel is widely used material because of the relatively low cost and
4.64 Zpiomass/Moly, , therefore the HOB cultivation with in situ electrol- high corrosion resistance in most environments. Applicability of SS 304
ysis gives biomass yield comparable to the gaseous H, feed cultivation, material for HOB cultivations was first studied by [16], while the ef-
but without the need for handling and storage of flammable, and po- fect of stainless steel or carbon surface modification by CoPi or CoP
tentially explosive, hydrogen gas and hydrogen — oxygen gas mixtures. electrocatalysts was further investigated in the subsequent state of the
The volumetric productivity of biomass during the cultivation test art studies of the same research group [17, 18, 19]. However, HOB

is below 15 mgl~' h~! while the hydrogen production is the limiting have showed to have effect on the corrosion of the low carbon steels
factor for the growth. Therefore, the hydrogen production rate must be [21]. Further, the selected 316L has been mentioned to be vulnerable
improved to enhance the volumetric productivity of the electrobioreac- to microbial corrosion, and some other steel should be selected if un-
tor. Therefore, the current density or electrode area must be increased coated electrodes are used for longer periods of time [22]. Platinum
to improve the productivity. In this article, the electrode materials are is widely used as electrode material because of its stability despite the
studied to enhance the current density without lowering the efficiency. high cost. Nickel based metals are widely used in alkaline water elec-
trolyzers, and therefore, used as a reference for the other materials [23].

2.3. Experimental electrode material study setup Graphite is also stable, but not highly catalytic material. CoPi coatings

are shown to be self healing and biocompatible in the literature [17].
The experimental setup is presented in Fig. 2. The setup consists of IrO, coated anode is found to be a promising candidate in the HOB cul-

the following elements: (i) an electrolyzer cell with a cross-sectional tivation experiments described above. Linear sweep voltammetry (I-V)
area of 2.6 cm? and an initial distance of 3 mm between the electrodes, was applied to measure the cell voltage as a function of cell current.
(ii) a WaveNow potentiostat to conduct electrochemical measurements, The sweep rate of the linear sweep voltammetry was selected to be
(iii) a water bath with a submerged Lauda heater to keep the system 10 mVs~! to mitigate the effect of cell capacitances.

optimal for the bacterial cultivation temperature of 33°C, and (iv) a The mineral medium, used for the bioelectrochemical cultivation
constant flow pump to circulate the medium through the external vessel of hydrogen-oxidizing bacteria prepared according to the DSM-81-LO4
equipped with the temperature measurement. Different combinations of recipe at the VTT Technical Research Centre of Finland, was applied
electrode materials, such as stainless steel (SS), nickel (Ni), graphite (C), as an electrolyte in the study. One liter of the medium solution con-
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Fig. 3. Scanning electron microscope (SEM) images of the cobalt phosphate (CoPi) coating onto (a) graphite substrate, (b) stainless steel substrate, and (c) nickel-iron

(NiFe) coating onto stainless steel substrate.

tained distilled water, 50 ml of phosphate buffer, 2.3 g (KH,PO,), 2.9 g
(NayHPO,), 2 ml (NH4)(Fe)(citrate), 0.005 g of ferric ammonium citrate
(16% Fe), 10 ml of (NaHCOj3) solution, 0.5 g (NaHCO;), mineral salts,
5.45 g (Na,S0O,4), 1.19 g ((NH4),S0O,4), 0.5 g (MgS0O,4-5H,0), 0.0117 g
(CaS0,4-2H,0), 0.0044 g (MnSO,4-1H,0), 0.005 g (NaVO3), and 5 ml
of trace element solution. 500 ml of trace element stock solution was
made from 0.05 g (ZnSO,4-7H,0), 0.15 g (H3BO3), 0.1 g (CoCl,-6H,0),
0.005 g (CuCl,-2H,0), 0.01 g (NiCl,-6H,0), and 0.015 g (Na,MoO,).
The phosphate buffer, the ammonium iron (III) citrate, the mineral salts,
and the trace element solutions were autoclaved separately. The vita-
min solution (NaHCO3) was filter sterilized. The solutions were com-
bined aseptically at room temperature. The pH and conductivity of the
medium, measured before and after the electrolysis tests, were 7 and
12 mScm™!, respectively.

2.4. Insitu catalyst formation

Electrodeposition of coatings based on earth-abundant first-row
transition metals such as Co and Fe-Ni is considered an efficient method
for the electrode surface structure modification and enhancement of
the electrochemical activity. In the present study, in situ preparation
of coatings was performed in the experimental setup described in the
previous section based on the electrodeposition strategies adopted from
[16] and [24]. Cobalt phosphate (CoPi) coating was electrodeposited
onto graphite and stainless steel plates (substrates) in a solution con-
taining 0.1 M KH,PO, and 0.5 mM Co(NOs),-6H,0 and 250 ml of dis-
tilled deionized water. Pretreatment of the electrode samples included
polishing with sand paper and rinsing with acetone and deionized wa-
ter. Electrolytic deposition was carried out by bulk electrolysis at 2 V for
5 h for the graphite substrate and for 3 h for the stainless steel substrate.
Graphite and stainless steel were used as the auxiliary and reference
electrode for the corresponding experiments in a two-electrode system.
Solution with two times increased concentration of Co,+ was also de-
posited onto the stainless steel substrate to investigate the influence of
the increased cobalt mass on the coating structure and the electrochem-
ical performance of the synthesized catalyst.

In situ formation of nickel-iron (NiFe) coating was carried out by the
bulk electrolysis method at 2.8 V for 15 min in the solution containing
0.1 M Na,S0,, 0.25 M NiSO,-6H,0, 0.25 M FeSO,-7H,0, and 250 ml
of distilled deionized water. A small amount of H,SO4 was added to the
solution to adjust the pH to 2. A stainless steel plate with the afore-
mentioned pretreatment was used as a substrate for the electrolytic
deposition of the nickel-iron (NiFe) film. Scanning electron microscope
(SEM) images of the obtained cobalt phosphate (CoPi) and nickel-iron
(NiFe) structures are presented in Fig. 3.

2.5. Cell model

In neutral conditions (pH=7), the water electrolysis is described by
the following electrochemical reactions [7]. Oxidation half-reaction at
the anode-oxygen evolution reaction (OER):

2H,0 —> O, +4H" +4e™, £, =0.817 V m

Reduction half-reaction at the cathode-hydrogen evolution reaction
(HER):

4H,0 +4e~ —> 2H, +40H™, Ey = —0.413 V @

The overall reaction in the electrolytic cell:

2H,0 + electrical energy — O, + 2H,, Ey=-1.23 V 3)

The above equations demonstrate that the equilibrium or reversible
cell voltage, which is the lowest potential required for the electrolysis
to take place at 25°C and 1 atm, is equal to 1.23 V. However, in prac-
tice, higher voltages are required to dissociate water; this is due to the
additional overvoltages presented in the following equation:

Ucell = Urey + Uohm + Uact + Ucon» [C)]

where U, is the cell voltage, U, is the reversible open circuit voltage,
Ughm is the overvoltage caused by ohmic losses in the cell elements, U,
is the activation overvoltage caused by electrode kinetics, and U, is
the concentration overvoltage caused by mass transport processes [1].
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In electrolysis, the production of hydrogen and oxygen is directly
proportional to the mean value of the current flowing through the elec-
trolyzer cell. Thus, the hydrogen and oxygen production rates (mols~")
of a single electrolytic cell can be expressed as:

fcell Acell

zF
where z (z= 2 and 4 for hydrogen and oxygen, respectively) is the
number of moles of electrons transferred in the reaction, F is the Fara-
day constant (9.6485x10* Cmol™!), i is the current density (A cm™2),
Acen is the effective cell area (cm?), and 7 is the Faraday efficiency,
also known as the current efficiency. In this study, the Faraday effi-
ciency can be assumed to be unity because there should be no leakage
currents, and further, as the product gas is a mixture of hydrogen and
oxygen, there is no leakage of hydrogen to the oxygen line as in tradi-
tional electrolyzers [25]. Therefore, the hydrogen production rate can
be directly estimated based on current, and the voltage eventually de-
scribes the energy efficiency of the cell.

A simplified model to describe the electrolytic cell voltage behavior
as a function of current is introduced. The open-circuit voltage can be
described using the Nernst equation [26]

Pu, 'Pé,/zz

RT,
Urey =Ugy + = In o | ©
2

Ty =8 ©)

where UY,, is the reversible cell voltage, R is the universal gas constant
(8.3144621 Jmol~' K1), and T, is the temperature. Further, py_, po,,
and py, o are the hydrogen, oxygen, and water partial pressures. S

The reversible cell voltage is defined as a function of temperature;
for example, for a PEM electrolyzer cell in [27] and for an alkaline
electrolyzer cell with the KOH electrolyte in [28]. However, in this
simplified case, the open-circuit cell voltage under constant operating
temperature and atmospheric pressure is considered as one parameter
to be found by the curve fitting of the measured data.

The ohmic overpotential is mainly caused by the voltage across the
cultivation medium with the conductivity in the range of 10 mScm™"
as the conductivity of titanium or stainless steel electrodes is roughly
2.5 kScm™!. Therefore, the ohmic overpotential can be expressed as
Uppy = 22, @

Um

where &, is the distance between the electrodes in (cm), and o, is the
conductivity of the medium in (Secm™").
The activation overpotential is typically described by using the
Butler-Volmer equation [29]
Uper = RTo arcsinh (Ici> + ﬂ arcsinh (Ici> s 8
an F UcatF

0,an lo,cat

where a is the charge transfer coefficient for the anode and the cathode
separately, and i, is the exchange current density on the electrode sur-
faces. The charge transfer coefficients and the exchange current densi-
ties are experimentally defined as a function of temperature for example
in [30].

Finally, the simplified model for the cell voltage as a function of
current can be expressed as

Sl i
Ueett = Urey + 2L 4 garcsinh (<2l )| )
Om 2ig
where Uy, oy, @, and i, are the parameters to be fitted by the experi-
mental data.

3. Results & discussion

Graphite was used as an electrode material for the first bioelectro-
chemical cultivation tests of an acetogenic microorganism in [8]. Nickel
and stainless steel have traditionally been used with alkaline elec-
trolyzers whereas noble metals and their oxides, such as platinum and

Heliyon 5 (2019) e01690

Voltage (V)

$5-85 (5, =amm)
S-S5 (5, =5mm)
558 (5, =9mm)
58-S (5, =16mm)
|= — —Moget it

o 5 10 15 20 25 30 35
Current density (mA/cm?)

Fig. 4. Experimental results of water electrolysis with stainless steel (SS) elec-
trodes, obtained with a variable distance, and the modeling results with Eq.

9).

iridium dioxide, are known for their high catalytic activity. Therefore,
the performance of the aforementioned materials was studied for the
electrolyte introduced in Section 2. The potential of coated electrodes
prepared by electrodeposition of Co and a Fe-Ni alloy as a possible sub-
stitute for electrodes made of precious metals was also evaluated.

Both hydrogen and oxygen are important in the cultivation of HOB,
and thus, a membrane-free electrolyzer cell prototype was used for the
electrolysis tests. The absence of a membrane makes it possible to de-
crease the distance between the electrodes and increase the electrical
efficiency, which is especially important in pH-neutral conditions. How-
ever, the flow of biomass through the electrolyzer can become an issue
at very low distances between the electrodes. Hence, the electrode ma-
terials were tested at distances varying from 3 mm to 16 mm to collect
the voltage-current characteristics of the electrolyzer cell as a function
of distance between the electrodes. In the present section, the linear
sweep voltammetry results for various anode and cathode material sets
of the in situ water electrolysis are presented and analyzed with the
developed cell model.

3.1. Stainless steel electrodes

First, stainless steel electrodes were used as the anode and the
cathode. The main solutes of the Sanmac 316L alloy per weight are:
chromium 17.0%, nickel 10.1%, molybdenum 2.0%, and manganese
1.6%. The distance of the electrodes was varied to study the effect of
distance on the cell voltage. Further, the results are used to verify the
simplified cell model. As only the distance between the electrodes is
changed and resistive conduction losses are described by the medium
conductivity, all the model parameters should match each other in all
cases. A minimum distance of 3 mm between the electrodes was se-
lected to limit the flow resistance of the electrolyte. Further, it was
assumed that distances exceeding 10 mm cannot be used because of
the low conductivity of the electrolyte. The cell voltage as a function of
current density is shown in Fig. 4.

The distance between the electrodes has a significant impact on volt-
age owing to the high ohmic losses caused by the low conductivity of
the medium. If the voltage efficiency of the electrolysis is required to be
higher than 50%, considering the thermoneutral voltage of 1.48 V, the
current density cannot exceed the value of 10 mA cm~2 at the distance
of 3 mm between the electrodes as the current densities in commercial
alkaline electrolyzers are up to 500 mA cm~2 [31]. At greater distances
the allowed current density would be even lower. Therefore, it can be
concluded that the distance between the electrodes should be as short
as possible to achieve a high efficiency and a compact structure. The
parameters U, 6, @, and iy in Eq. (9) were determined using ex-
perimental voltage and current data and the method of nonlinear least
square regression, and presented in Table 1. Further, the reversible volt-
age, the ohmic voltage, and the activation voltage terms are presented
separately in Fig. 5.
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Fig. 5. Reversible voltage, ohmic overvoltage, and activation overvoltage as a function of current density for the water electrolysis experiments with a variable
distance between the stainless steel electrodes: (a) é,, =3 mm, (b) 6, =5 mm, (c) 5, =9 mm, and (d) 6, = 16 mm.

Table 1
Experimentally fitted parameters of the simplified cell model with stainless steel
electrodes.

6, (mm) Upey (V) o (Sem™) a() iy (Aem™")
3 1.905 0.012 0.393 0.0010
6 2.058 0.012 0.425 0.0021
9 2132 0.012 0.530 0.0036
16 1.92 0.012 0.278 0.0007

We can see that the ohmic overpotential becomes higher than the
activation overpotential at relatively moderate current densities of
3 mAcm~'-25 mAcm~! depending on the distance between the elec-
trodes. At great distances between the electrodes the ohmic overpoten-
tial even exceeds the reversible voltage. The reversible voltage and the
activation overpotential are almost the same with all distances between
the plates, as supposed, that supports the use of the simplified model.

3.2. Anode material comparison

According to Eq. (1), the potential of the anode half reaction is
higher than the potential of the cathode half reaction. Therefore, all
the studied materials were applied to the anode as the cathode is made
of stainless steel. The cell voltages with different anode materials with
the electrode distance of 3 mm are presented as a function of current
density in Fig. 6.

As can be seen in Fig. 6, the anode material has a significant ef-
fect on the cell voltage, especially at higher current densities. Graphite
clearly exhibits the worst performance with the highest cell voltage, and
the nickel and platinum anodes have voltages relatively close to each
other. The iridium-dioxide-coated anode is obviously the most favorable
anode material of the studied materials. With the iridium dioxide, a cur-
rent density of 15 mAcm~2 can be achieved with a voltage efficiency
of 50%. The reversible voltage, the ohmic voltage, and the activation
voltage terms as a function of current density with different anode ma-

Voltage (V)

10

15 20 25 30
Current density (mA/cm?)

Fig. 6. Cell voltage as a function of current density with various anode materials
and a stainless steel cathode. The solid lines indicate the measured data and the
dashed lines represent the simplified model.

Table 2
Experimentally fitted parameters of the simplified cell model with various an-
ode materials.

Anode Upey (V) 6, (Sem™") a() iy (Aem™)
C 2 0.012 0.455 0.0010
Ni 2 0.012 0.338 0.0007
Pt 1.975 0.012 0.332 0.0007
IrO, 1.766 0.012 0.351 0.0013

terials are compared with each other in Fig. 7 and the model parameters
are shown in Table 2.

The material selection significantly affects the reversible voltage
and the activation voltage. The iridium oxide yields a slightly lower
reversible voltage compared with the other materials. The activation
overpotential is highest in the case of the graphite anode as the activa-
tion overpotentials with the other materials are in the same range with
each other. Furthermore, the resistive voltage loss is mainly caused by
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Fig. 7. Separated overvoltages for the water electrolysis experiments with different anode materials: (a) graphite (C), (b) nickel (Ni), (c) platinum (Pt), and (d)

iridium dioxide (IrO,).
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Fig. 8. Cell voltage as a function of current density with coated electrodes used
as the anodes and stainless steel as the cathode.

the low-conductivity electrolyte medium, and thus, the electrode mate-
rial has practically no impact on it.

3.3. Coated electrodes

Subsequently, coated electrodes were applied to the anode and stain-
less steel was used as the cathode. The cell voltages with different
coated anode materials with the electrode distance of 3 mm are pre-
sented as a function of current density in Fig. 8.

It can be clearly seen from Fig. 8 that coated electrodes can be con-
sidered an attractive alternative for catalysts made of precious metals.
Electrodeposition of Co and the Ni-Fe alloy enables substrate surface
structure modification by enhancement of the electrochemically ac-
tive surface area, which is well shown in Fig. 3. The obtained highly
ordered CoPi coatings exhibited a better performance than the Pt an-
ode, whereas the performance of the Ni-Fe film was comparable with
the IrO, anode. A current density of approximately 14 mA cm™ was
achieved with a voltage efficiency of 50% when using stainless steel
coated with the Ni-Fe alloy. It was also found that the substrate material

Table 3
Experimentally fitted parameters of the simplified
coated electrodes used as the anode materials.

cell model with various

Anode Upey (V) o (Sem™") a(?) iy (Aem™)
C(CoPi-sol.1) 1.790 0.012 0.443 0.0014
SS(CoPi-sol.1) 1.630 0.012 0.359 0.0006
SS(CoPi-sol.2) 1.695 0.012 0.370 0.0009
SS(NiFe) 1.449 0.012 0.338 0.0004

had an effect on the electrochemical performance of the electrode. The
performance of the CoPi coating on the graphite substrate was slightly
lower than the performance of the same coating electrodeposited onto
stainless steel substrates. The performances of the CoPi coatings elec-
trodeposited onto the stainless steel substrate from solution 1 and so-
lution 2 with 0.5 and 1 mM concentrations of Co,+, respectively, were
similar.

The reversible voltage, the ohmic voltage, and the activation voltage
terms as a function of current density with different coated anodes are
compared with each other in Fig. 9 and the model parameters are shown
in Table 3.

3.4. Cathode material comparison

Finally, the most promising anode materials were also used as the
cathode material to see if the performance can be further improved. The
cell voltages with different anode and cathode material combinations
are presented as a function of current density in Fig. 10, and the model
parameters are summarized in Table 4.

Current densities of 25, 15, and 10 mA cm~2 were achieved with
the voltage efficiency of 50% for IrO,, Pt, and SS used for both the
anode and the cathode. In the previous research [16], HOB managed to
tolerate and grow at current densities up to approximately 4 mA cm~2
with 2.5 V cell potential. Further increase of the driving voltage up to
3 V resulted in the exponential increase of the cell densities and the
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Fig. 10. Cell voltage as a function of current density with the best-performing
anode and cathode materials.

Table 4
Experimentally fitted parameters of the simplified cell model with the best-
performing electrode materials.

An./Cath. Urey (V) o (Sem™!) a(?) iy (Aem™)
Pt-Pt 1.4 0.012 0.255 0.0002
Ir0,-Ir0, 1.366 0.012 0.227 0.0004

highest reported value for the current density, which bacteria managed
to tolerate, was 11 mA cm™2.

It is important to note, that there was no substantial increase in
the performance when using CoPi and Ni-Fe coated catalysts for both
electrodes in comparison with the experiments where SS was used as
the cathode material. Thus, we can state that the aforementioned coat-
ings are catalytically active for oxygen evolution reaction (OER) but
do not exhibit high catalytic activity for hydrogen evolution reaction
(HER). Even though IrO, shows the best performance as the anode and
cathode material, the SS performance is still acceptable when consider-
ing the high manufacturing cost of catalysts made of precious metals.
Furthermore, the SS can be considered a potential cost-effective sub-

strate material for electrodeposition of coatings. It can be concluded
that in a neutral environment the cathode material also has a signif-
icant effect on the water electrolysis performance. The cell overpo-
tentials with different electrode material combinations are shown in
Fig. 11.

The reversible voltage with both the platinum- and iridium-dioxide-
coated cathodes is significantly lower than with the stainless steel
cathode. Further, the iridium-dioxide-coated cathode exhibits a lower
activation overpotential than platinum.

4. Conclusions

In the present paper, a simplified cell model was proposed to de-
scribe the cell voltage components as a function of current density.
It is noteworthy that the chemical formulation of the electrolyte sig-
nificantly affects the electrical resistance of the electrolysis cell and
thereby the energy efficiency of the whole process. The developed
model was implemented to analyze the applicability of numerous elec-
trode materials for the in situ electrolysis of a pH-neutral medium
for bioelectrochemical cultivation of hydrogen oxidizing bacteria. The
model enables quantitive evaluation of the reversible voltage, ohmic
overpotential, and activation overpotential for different sets of electrode
materials.

The obtained highly ordered CoPi and Ni-Fe coatings exhibited an
oxygen evolution reaction (OER) performance exceeding that of the
Pt anode and being comparable with the IrO, anode. However, the
aforementioned coatings did not show a substantial improvement in
performance for the hydrogen evolution reaction (HER) compared with
the stainless steel cathode. Based on this observation, we can conclude
that additional research is required to find suitable coatings with high
electrocatalytic performance for the HER.

The lowest cell voltage as a function of current density was reached
with the IrO, coating both at the anode and the cathode. With the stain-
less steel electrodes, the same voltage level was achieved at roughly
50% lower current densities compared with the IrO,-coated electrodes.
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Fig. 11. Separated overvoltages for the water electrolysis experiments of the best electrode material combinations: (a) platinum-platinum (Pt-Pt), and (b) iridium-

iridium (Ir0,-IrO,).

Despite this, the stainless steel can be considered a potential cost-
effective substrate material for preparation of coatings in electrobiore-
actors with in situ electrolysis of media.

A detailed energy efficiency analysis of the bioelectrochemical sys-
tem and an analysis of the effects of the in situ water electrolysis on
the microbial growth, e.g. maximum allowable current density, will be
conducted in the further research into the topic.
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Abstract: Hydrogen-oxidizing bacteria provide a sustainable solution for microbial protein
production. Renewable electricity can be used for in situ water electrolysis in an electrobioreactor.
The use of cultivation medium as the electrolyte enhances the hydrogen dissolution to the medium.
This paper proposes a stack structure for in situ water electrolysis to improve the productivity of
the electrobioreactor. The hydrogen production rate and the energy efficiency of the prototype stack
are analyzed.

Keywords: in situ water electrolysis; microbial protein; hydrogen-oxidizing bacteria; electrobioreactor

1. Introduction

The intensive use of fossil fuels has resulted in the depletion of natural resources, increasing
levels of greenhouse gas emissions, and undesired climate changes. The generation of electrical energy
from abundant renewable energy sources, such as wind and solar energy, provides a sustainable and
environmentally friendly alternative to fossil-fuel-based energy [1]. However, the intermittent nature
of solar and wind energy sources requires the development of efficient and flexible methods for energy
storage [2]. Moreover, in order to deal with the challenge of climate change, there is an urgent need
for efficient technologies that are capable of capturing and using carbon. One emerging strategy that
might significantly contribute to the transition towards a renewable energy-based economy is the
microbial assimilation of carbon. This method enables the fixation of abundantly available atmospheric
CO; and its further use as a source of carbon for carbonaceous products and energy carriers by means
of microorganisms [3-5].

Considering various microorganisms, autotrophic aerobic hydrogen-oxidizing bacteria (HOB)
have been found to be among the most prospective candidates to exploit the potential of renewable
energy generation. The distinctive feature of HOB is that they can be grown in a mineral medium
containing low amounts of citrate as a minor source of organic carbon, using atmospheric or point
source CO» as the source of carbon along with Hy and O, which act as the electron donor and the
electron acceptor, respectively, for the production of new cellular materials [6]. The intrinsic premier
product of CO, assimilation by HOB is biomass, the content of which can be tuned to be rich in
carbohydrates, proteins, or fatty acids. Thus, HOB have the potential to play a significant role in future
sustainable food production systems [7].

The obtained microbial biomass is frequently referred to as a single cell protein (SCP) also known
as a microbial protein (MP) because of its high crude protein content of approximately 70-75% [8].
Volova et al. [9] found that the biological value of proteins synthesized by different strains of HOB
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is sufficient for them to be considered as a potential protein source for human and animal nutrition.
The feasibility of CO; assimilation by HOB has recently been proven on a pilot scale within the
framework of the Power-to-Protein project in Belgium. A pilot plant produces an MP with a targeted
capacity of 1-2 kg per day using HOB with H, and O, produced by water electrolysis and CO, and
NH3 recovered from a wastewater treatment plant [10]. Polyhydroxybutyrate (PHB) is another possible
bio-based product, which can be derived from CO; assimilation by HOB [6,11]. Interestingly, PHB is
a biopolymer and is considered a carbon and energy storage material in bacteria. A wide variety of
important platform chemicals can be derived from PHB including thermoplastic, methyl-esterified
3-hydroxybutyrate oligomers, R-3-hydroxybutyric acid, 1,3-butandiol (BDO), crotonic acid, acetoacetic
acid, and some others [12].

The low solubility of the main reactant gases Hp, O, and CO» in the aqueous solution where
the HOB cells are being suspended drastically decreases the mass transfer and overall process
efficiency [12]. The highest reported average H,-to-biomass conversion efficiencies are up to 80% in
continuous operation and up to 65% in the sequence batch reactor [11]. To overcome this constraint,
there is increasing scientific interest in combining water electrolysis and CO, assimilation by HOB
into a single vessel, which is called a hybrid biological-inorganic (HBI) system. This provides an
advantage of improved gas transfer of Hy and O; to the liquid phase over the conventional gas
fermentation process with an external supply of main reactant gases. The concept was successfully
proven on a laboratory scale by Pamela A. Silver and Daniel G. Nocera’s research group. For instance,
Torella et al. [13] reported a development of integrated bioelectrochemical systems in which HOB was
used to convert CO, into biomass and fuel alcohols at high efficiencies using scalable earth-abundant
catalysts. In subsequent studies, Liu et al. [14] developed a hybrid water splitting-biosynthetic system
based on CO-based catalysts possessing unique self-healing properties, which made it possible to
achieve a CO; reduction efficiency above 50% and a solar-to-chemical efficiency of almost 10% when
coupled with the existing photovoltaic systems. A hybrid inorganic-biological system and the same
biocompatible catalysts were used to fix CO, and N into NH3 and a biofertilizer in the studies of [15]
and for biomass synthesis from CO; in the studies of [16].

After successful proof-of-concept of CO, assimilation by HOB using the HBI systems, the scientific
focus shifted towards the objectives of enhanced energy efficiency, product selectivity, and scaling
up [17]. The development of a robust, efficient, and ergonomic reactor system designed with in situ
electrolysis of the cultivation medium for the HBI process is considered one of the key research
directions in this field. The main requirements for such a design are the following: (i) the system has to
be biocompatible; (ii) the system must have an acceptable electrode surface-to-volume ratio, and (iii)
the system components must be low cost and have long-term stability [18]. Other main limitations of
the HBI systems are the low conductivity of the cultivation medium, an increase in the ohmic losses,
and the current density limitations set by the microorganisms. In the traditional alkaline and proton
exchange membrane (PEM) electrolyzers, the electrolytic cells are series connected to form a stack
structure with a high efficiency and a compact design [19]. Thus, the electrolyzer stack structure has
not been reported to be applied to HBI systems.

The purpose of this study is to develop and present a conceptual design of an electrobioreactor to
enable upscaling of the HBI process to an industrial scale and to discuss the main aspects affecting the
energy efficiency of the system. To reach these targets, a novel in situ water electrolyzer stack structure
for an electrobioreactor is introduced to enhance the hydrogen production rate and energy efficiency of
HOB cultivation. The performance of the in situ electrolyzer stack is experimentally studied. Further,
the achievable energy efficiency and the volumetric hydrogen production rate are discussed based on
the cell model.

This paper is organized as follows: Section 2 describes the principles of HOB production with
in situ water electrolysis. The in situ water electrolyzer stack prototype is introduced and the
experimental results are discussed in Section 3 and in Section 4, respectively. Finally, Section 5
concludes the paper.
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2. Theory and Concept Background

To date, all reported bioelectrochemical systems (BES) have been studied at volumes ranging from
100mL to 1L by applying simplified electrode configurations [5,13-16]. This leads to the conclusion
that the BES design technology is currently in its infancy. This section aims to provide a possible
conceptual design for a scaled-up prototype for the BES by first defining the special characteristics of
in situ water electrolysis and the BES, then describing the design idea, and finally, proving and testing
the concept on an experimental scale.

2.1. In Situ Water Electrolysis and Electrobioreactor Characteristics

While the technical performance and energy efficiency of the electrobioreactors are crucial aspects
that have to be taken into consideration in the design stage, water electrolysis can be considered
one of the major phenomena that affects those criteria. The minimum thermodynamic potential
required for water electrolysis, called reversible voltage, is 1.23 V under standard ambient conditions.
Without auxiliary heat, the required minimum voltage is higher and is dependent on the electrolysis
conditions (e.g., 1.43 V under standard ambient conditions). From the perspective of energy efficiency,
the voltage driving the electrolysis should thus be kept as low as possible. The actual voltage required
to drive the electrolysis is higher because of overvoltages (i.e., voltage losses) caused by the impedance
between the electrodes and the activation reactions. Hence, the overall cell voltage is the sum of
different overvoltages (overpotentials), as presented in the following equation:

ucell = urev + uohm + uact + ucon/ (1)

where Uy is the cell voltage, Urey is the reversible open circuit voltage, Ughm is the overvoltage caused
by ohmic losses in the cell elements, U, is the activation overvoltage caused by electrode kinetics,
and Ucon is the concentration overvoltage caused by the mass transport processes [20].

There are several crucial parameters that describe the water electrolysis process. First of all,
the production of hydrogen can be estimated according to Faraday’s laws of electrolysis. The hydrogen
production rate (NL/h) is directly proportional to the electric charge transferred at the electrodes and
can be expressed as

Neeltfcell Acell NL S
=np———2241— = 2
S, =ip ¢ 01 26005 )

where z is the number of moles of electrons transferred in the reaction (for hydrogen, z = 2), F is the
Faraday constant (9.6485 x 10* C/mol), N is the number of cells constituting the electrolyzer stack,
icel) is the current density (A/ cm?), A is the effective cell area (cm?), and nr is the Faraday efficiency,
also known as the current efficiency.

Secondly, the specific energy consumption Es (kWh/Nm?) of an electrolysis process, which relates
the energy consumed to produce hydrogen, can be obtained from

t ,
E. — fo Neelticell Acelt Ucendt
s t
fO fr,dt

®)

where fy, is the hydrogen flow rate in Nm/ hs.

Finally, the electrolyzer stack efficiency can be calculated based on the higher heating value
(HHV), which is the minimum energy required to produce hydrogen gas by a thermoneutral process.
The per volume unit HHV of hydrogen gas is 3.54 kWh/Nm?3, which can be assumed to represent the
energy consumption of the process with a 100% efficiency. Thus, the electrolyzer efficiency can be
described by the following equation:

HHV
=g 12 100%. @)
S
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On the other hand, the particularity of the process itself is definitely yet another dominating aspect
in the design development of the HBI system. Due to the fact that both H, and O, are important for CO,
fixation by HOB, a simplified design that does not require expensive separation of anode and cathode
compartments is possible for this process. The application of an electrolyzer without a separator
facilitates the operation and maintenance of the system while reducing the capital costs. Furthermore,
a simplified construction eliminates the internal resistance and therefore the ohmic overpotential
related to the separator. However, the main source of ohmic overpotential is the pH-neutral electrolyte
with a relatively low conductivity which is typically used in HBI systems.

One notable constraint of the HBI process is the incidental formation of toxic reactive oxygen
species (ROS) on the cathode side, represented by superoxide, hydrogen peroxide, and hydroxyl
radicals, at and below potentials required for the Hy evolution reaction [17]. This phenomenon can
be mitigated by using biocompatible ROS-resistant catalysts. For instance, a cobalt-phosphorous
(CoP) alloy cathode, which kinetically favors Hy generation, was used in combination with a
self-healing cobalt-phosphate anode to enhance the production rate and achieve high solar-to-fuel and
solar-to-biomass energy efficiencies in the studies of [14]. Distinctive advantages of the aforementioned
catalysts include (i) biocompatibility; (ii) low overpotentials required for water splitting; (iii) low
cost as a result of the use of earth-abundant materials as raw materials, and (iv) ease of manufacture
by electrodeposition into a variety of conventional substrate materials, such as stainless steel or
nickel sheets.

2.2. Immersed Electrodes

So far, the bioelectrochemical systems for the above-mentioned microbial protein production have
used simple rod or plate electrodes immersed inside the bioreactor tank. Figure 1 shows the progress
of a typical BES cultivation with a small-scale (60 mL liquid volume) bioreactor with immersed rod
electrodes (for the details of the cultivation, the reader is referred to Appendix A.1). The hydrogen
concentration at the BES exhaust is also presented.
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Figure 1. BES cultivation of Cupriavidus necator H16 with immersed electrodes, compared with the
hydrogen concentration at the bioreactor gas outlet.

The first points in Figure 1 correspond to a situation before inoculation, i.e., a 0 g/L biomass and
a 1.15g/m3 hydrogen concentration at the outlet. The hydrogen evolution rate before the inoculation
was 5.3 x 1077 kg/h. The theoretical hydrogen evolution rate based on the electrolysis current was
6.8x1077 kg/h, and therefore, the current efficiency of the hydrogen generation was 78%. Very soon
after the beginning of the cultivation, the Hy concentration decreased below the detection limit, and the
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biomass grew at a constant rate, as the growth was limited by the availability of the produced H,.
Therefore, the hydrogen utilization rate was close to 100%, which is considerably higher than the
gaseous H» utilization rate of 80% cited by [11]. During the first 12 h of cultivation, before the hydrogen
evolution rate started to limit the growth, the hydrogen utilization ratio increased at an exponential rate.
This rate was assumed to be comparable with the biomass growth rate (see Appendix A.2). From the
hydrogen data, the specific growth rate of the biomass was estimated to be 0.14 h~!. Previously,
for instance in the study by Yu and Munasinghe (2018) [21], similar specific growth rates have been
reported for the autotrophic growth of Cupriavidus necator: 0.094-0.12 h~! under different gaseous
Hy pressures.
The main issues related to the electrodes immersed in the reactor tank are as follows:

e  The electrode area must be increased to maximize the hydrogen production.
e  The coil-shaped electrodes inside each other lead to inhomogeneous current densities in the

electrode surface and the electrolyte.

e  The rod electrodes also force most of the current to travel along an unnecessarily long path
through the low-conductivity electrolyte.

e  The electrodes make the mixing of the reactor more difficult.

e  The internal resistance of the electrode limits the length and thus the surface area of the electrode.

e  The serial connection of the immersed electrodes is not allowed to avoid excessive leakage
currents, although it would be necessary to scale the system voltage to a favorable level for the
industrial-scale AC/DC converters

These aspects can be addressed by applying a stack structure for water electrolysis.

2.3. Conceptual Design of the Electrobioreactor System

The integration of electrodes inside the bioreactor, while keeping the structure compact and
ergonomic, is a challenging engineering task. Despite the lack of information about possible BES
designs, outstanding progress has been achieved in alkaline and PEM water electrolyzer stack designs.
Mimicking stack structure designs and integrating them into the electrobioreactor could provide
significant benefits for increasing the energy efficiency and overall technical performance of the system.
For that reason, our research team proposes the following electrobioreactor design concept with an
external in situ water electrolyzer stack (Figure 2).

Fresh medium in Used medium out

® ®

AC/DC
Electrolyzer converter

Thermostat

-

Bioreactor

CO2

Figure 2. Proposed process diagram of the electrobioreactor with an external electrolyzer stack for the
hybrid biological-inorganic (HBI) process.
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It can be clearly seen from the process diagram that the electrode stack assembly is not immersed in
the cultivation medium, but the cultivation medium is constantly circulating through the external stack
where the water electrolysis takes place. The microbes are allowed to flow through the electrolyzer
stack, thereby increasing the total volume used for the microbial growth. If the microbes were not
allowed to enter the electrolyzer, for example, because of the current density being too high for the
microbes, a porous separator could be used to prevent microbes from entering the electrolyzer part of
the system. A Nafion 117 proton-exchange membrane was used to separate the anode and cathode
compartments of the bioelectrochemical reactor in [5]. However, a careful design would be required to
avoid the separator blocking up because of the microbes.

The electrodes in the stack operate in a bipolar mode acting as an anode from one side and as
a cathode from the other side. Depending on the electrode function, each side can be coated with
a suitable catalyst material by performing electrodeposition prior to CO, assimilation by the HOB.
The medium flows between the electrodes in a flow channel formed by the nonconducting separator
plates. No separator is needed to separate hydrogen and oxygen gases, contrary to the traditional
alkaline electrolyzer stack, as both gases can be dissolved in the bioreactor cultivation medium [22].
Any type of conventional bioreactor can be used to perform stirring, the control of the main process
parameters, such as a CO; supply, and for other important operations required for HOB cultivation.
The proposed system design enables achievement of the following:

A high electrode area per volume;

A constant distance between electrodes, leading to constant current densities;
Simple series connection of electrolytic cells;

Low leakage currents, resulting in enhanced power densities;

Stack voltage levels suitable for industrial AC/DC converters;

A high energy efficiency.

3. Materials and Methods

3.1. Experimental Setup

Figure 3a illustrates the experimental setup used for the electrolysis tests, consisting of an external
manifold with simple hosing to enable parallel electrolyte flow, a pump to provide constant circulation
of the medium through the system, a vessel for the medium input and output, and an electrolyzer stack.
The electrolyzer stack is schematically presented in Figure 3b. The stack consists of series-connected
bipolar electrodes (uncoated 316 L stainless steel with a thickness of 1 mm) separated by tubular plastic
(PVC) spacers and end plates made of stainless steel acting both as a current collector and a pressure
plate. The effective electrode area of each circular electrode is 86.6 cm?, with a diameter of 10.5cm.
The distance between the electrodes is 10 mm, and there are ten cells connected in series. The current is
supplied using a standard cable shoe to the connector bolt welded to the end plate. The stack structure
is compressed with insulated tightening rods assembled through the corner holes of the pressure
plates. The hosing providing the parallel electrolyte flow of the cells is made from plastic (PVC) tube
with a diameter of 6 mm. The measurement system control and data logging were implemented in
a LabVIEW environment. Current was supplied and measured with a Sorensen DLM (40V /15 A)
laboratory power source with a current stability of 7.5 mA. The stack and cell voltages were measured
with a Keithley 2701 data acquisition system with a voltage measurement accuracy of 0.015% for
reading and 0.006% for the 100 V range. A Grundfos Alpha2 25-60 household hot water circulation
pump with an integrated frequency converter was used to pump the electrolyte. Tests were performed
at room temperature. The temperatures of the manifold inlet and outlet flows were measured with
PT100 thermistors with an IPAQ-C201 mA-signal transmitter. The mA signal was further read with a
NI-9208 C series current input module.
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Istacr = Tcent

Uscack = Z Ucer

(a) Experimental setup (b) Electrolyzer stack

Figure 3. Experimental setup used for the electrolysis tests and a schematic of the electrolyzer stack.
The ten cells are electrically connected in series, and the electrolyte flow is equally divided between the
parallel cells by the manifolds.

3.2. Electrolyte

The mineral medium used for the cultivation of HOB is based on Leibniz-Institut DSMZ
growth medium number 81 [23] with the following changes: (i) The major chloride compounds
were replaced with the corresponding sulfates to minimize the production of chlorine gas by
the electrolysis current. The trace element solution SL-6 of Pfennig [24] used in the medium
preparation was left unchanged both for the sake of convenience and because some bacteria might
require chloride as a micronutrient, especially at high salt concentrations [25]. (ii) The ferric
ammonium citrate concentration was reduced to 5mg/L from the 50 mg/L recommended by DSMZ
to prevent iron precipitation from the medium during storage of even a few days. (iii) NaxSO4 was
added to increase the electrical conductivity of the medium and reduce the required electrolysis
voltage. The final mineral medium composition was 2.3g/L KH,POy4, 2.9g/L NaoHPOy -2 H0,
5.45g/L NapSOy, 1.19g/L (NH4)2S04, 0.5g/L MgSOy - 7H>0, 11.7mg/L CaSOy4 - 2H0, 44mg/L
MnSO; - HO, 5mg/L NaVO3 (metavanadate), 0.5 g/L NaHCO3, 5mg/L ferric ammonium citrate
(16% Fe), 0.5 mg/L ZnSOy - 7H>0, 1.5 mg/L H3BO3, 1 mg/L CoCl, - 6 H,0, 0.05mg/L CuCl, - 2H;0,
0.1mg/L NiCl, - 6 H,0, 0.15mg/L NaxMoOy - 2 H>O. The medium had a pH of 7 and a conductivity
of 12mS/cm.

4. Results and Discussion

Figure 4a depicts the measured currents as a function of time with various voltages ranging
from 30V to 39 V during 1h of experimental time. The stack voltage as a function of stack current is
presented in Figure 4b, and the cell voltage as a function of current density is shown in Figure 4c.

The main parameters of the electrolyzer stack efficiency were calculated based on the collected
current-voltage relationships. Figure 5a presents the hydrogen production rate and the electrical supply
power as a function of the stack current density. Figure 5b,c shows the specific energy consumption and
the electrolyzer efficiency as a function of the stack current density. The values of the aforementioned
parameters are summarized in Table 1.
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Figure 4. Measured currents and current densities of the electrolyzer stack with various supply voltages.
(a) Measured currents as a function of time with various voltages; (b) stack voltage as a function of
stack current; (c) cell voltage as a function of current density.
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Figure 5. Main energy efficiency parameters of the electrolyzer stack.

Table 1. Main energy efficiency parameters of the electrolyzer stack calculated based on the measured
stack voltage and current.

Ustack Lstack fu, Es HEHHV
[VI  [A] [NL/h] [KWhH(Nm®)]  [%]
30 0.20 0.82 7.18 49.33
31 0.26 1.07 7.42 47.74
32 0.30 1.25 7.65 46.25
33 0.34 1.42 7.89 44.85
34 0.39 1.64 8.13 43.53
35 0.46 1.92 8.37 4229
36 0.53 2.23 8.61 41.11
37 0.62 2.57 8.85 40.00
38 0.70 294 9.09 38.95
39 0.81 3.37 9.33 37.95

4.1. Effect of Electrode Distance on the Cell Performance

As was stated in Section 2, the efficiency of the HOB cultivation process can be enhanced
by reducing the electric power consumption during the water electrolysis process. According to
Equation (1), the overall cell potential is the sum of different overpotentials, one of which is the
ohmic overpotential, representing the electrical resistance of the cell elements. We may state that the
ohmic overpotential is mainly caused by the voltage loss across the cultivation medium with a low
conductivity. Consequently, a reduction in space between the electrodes in the stack substantially
decreases the electrical resistance and leads to elevated current densities at the same cell potentials.
Having measured the current and voltage data of the electrobioreactor electrolyzer stack with a 10 mm
distance between the electrodes, the corresponding data were calculated for the same stack with a
3mm distance between the electrodes, according to the simplified cell voltage model published in [26]
and presented by the following equation:

Ucenl = Urey + M + a arcsinh < ZCi“) , (5)
Om 2ig

where Jy, is the distance between the electrodes in (cm), 0y, is the conductivity of the medium in
(S/cm), « is the charge transfer coefficient for the anode and the cathode separately, and i, is the
exchange current density on the electrode surfaces.

The modeling results of the stack current densities as a function of cell voltage with a 10 mm
and 3 mm distance between the electrodes are illustrated in Figure 6a. Figure 6b shows the hydrogen
production rate and the power as a function of stack current density. Figure 6¢ depicts the specific



Energies 2019, 12, 1904 10 of 13

energy consumption as a function of the stack current density for the electrolyzer stack with a 3 mm
distance between the electrodes.
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Figure 6. The main energy efficiency parameters of the electrolyzer stack with a decreased distance
between the electrodes. (a) Cell voltage as a function of current density at variable electrode separations;
(b) hydrogen production rate and supply power as a function of current density with a 3 mm distance
between the electrodes; (c) specific energy consumption as a function of the current density with a
3 mm distance between the electrodes.

4.2. Volumetric Productivity

As an example, a bioreactor with a volume of 1000 L with a specific production rate of 0.2 g/ (Lh)
would produce 200g of biomass per hour. With the 2.5g/mol biomass yield from hydrogen,
the hydrogen consumption is 80 mol/h. If CoP-coated electrodes are used, a 50% HHYV efficiency
can be reached with current densities up to 5mA/cm? [26]. According to (2), the required cell area
is 85.8 m?. By assuming that there are 100 circular cells in series and that the total axial length of the
cell is 5mm, the electrolyzer volume is 429 L. Thus, it can be stated that with coated electrodes, the
electrolyzer volume is roughly half of the bioreactor volume, and in the case of noncoated stainless
steel electrodes, the bioreactor and electrolyzer volumes are roughly the same. This leads to the fact
that the actual bioreactor tank might not be needed at all, or, at least, the size could be significantly
reduced, as the electrolyzer stack structure provides a significant proportion of the volume required
for microbial growth.
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5. Conclusions

Hydrogen production for HOB cultivation in an electrobioreactor with in situ water electrolysis
was studied. A stack structure was introduced to enhance hydrogen production compared with reactor
tank-immersed electrodes. The energy efficiency of the prototype stack was experimentally studied.
It was found that with a water electrolysis energy efficiency (HHV) of 50%, the current density could
be up to a range of 5mA /cm? with coated electrodes. Thus, the volume of the in situ water electolyzer
stack is approximately half of the total volume required for microbial cultivation. However, the results
are based on the energy efficiency of the water electrolysis process, and the maximum allowed current
density that does not harm microbial growth has not been studied yet.
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Appendix A. Materials and Methods

Appendix A.1. BES Cultivation

The HOB strain used in the BES cultivation was Cupriavidus necator H16 (DSM 428) supplied
by the Leibniz-Institut DSMZ—Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH.
The inoculum for the BES cultivation was grown in 20 mL liquid volume shake flasks under 12.5%
Hy, 13.1% O, 25% CO,, and 49.4% N> for nine days. The BES cultivation was performed in a
small-scale (60 mL liquid volume) bioreactor with immersed rod electrodes (cathode: stainless steel,
anode: iridium-oxide-coated titanium). The reactor was supplied with gaseous CO, and a constant
electrolysis current of 18 mA. The bioreactor was jacketed, and the cultivation temperature was kept
constant at 30 °C with external water circulation. Prior to the inoculation, reactors filled with a sterile
growth medium were allowed to stabilize to the temperature, electrolysis, and CO; purge conditions
for 2 h. The first data point was recorded at the end of the stabilizing period before inoculation. The BES
reactor was inoculated with an appropriate volume of inoculum (2mL) to get an initial optical density
of 0.2 units for the cultivation broth. Subsequently, the optical density (OD) at 600 nm was measured
daily by withdrawing samples of 1 mL from the reactor. The OD was correlated with the cell density by
measuring the dry cell density at the end of the cultivation period from an aliquot of 2 mL. The biomass
in the aliquot was separated by centrifugation, washed twice with pure water (Milli-Q Advantage A10
Water Purification system by Millipore), and finally, the biomass was dried at 105 °C. The correlation
between the OD and the dry cell density was found to be 1 OD unit = 0.255 g/L biomass. During the
BES cultivation, the hydrogen concentration at the reactor gas exhaust was measured with a Pfeiffer
Vacuum Omnistar GDS 301 gas analysis system. Before cultivation, the Omnistar was calibrated
against the known Hj concentration of 10% in a reference gas supplied by AGA.

Appendix A.2. HOB Growth Rate Calculation from the Outlet Hydrogen Concentration Data

For the HOB biomass growth rate determination, the hydrogen concentration at the bioreactor
outlet was transformed into a hydrogen utilization ratio:

Out,Initial Out
e CH, — CH,
H; Utilization = ~ Owial (A1)
H,
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where cjj" is the hydrogen concentration at the reactor outlet, and cg;“’lmt‘al is the concentration at

the beginning of cultivation. The use of Hy was assumed to increase at the same rate as the biomass
growth. A generic exponential function was fitted to the increasing range (between 0.5h-12h) of the
Hy utilization data:

H, Utilization = Ae*, (A2)

where A is a pre-exponential constant, and yu is the rate constant. The best fit was achieved
with A =0.1675 and p = 0.1422 h~!. Because the biomass growth is dependent on the hydrogen
consumption, the rate constant can be considered an approximation of the biomass growth rate.
The H utilization data and the fitted curve are shown in Figure A1.
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Figure Al. Development of hydrogen utilization in the small-scale BES. The exponential curve fitted to
the part of the data range is associated with exponential biomass growth.
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Water electrolysis represents a clean and sustainable route for large-scale hydrogen generation. How-
ever, efficient water splitting is hindered by the kinetically sluggish oxygen evolution reaction (OER),
which requires significant energy inputs to drive the reaction at sufficiently fast rates. Recently, an
increasing number of applications have emerged that require water electrolysis at neutral pH and under
ambient conditions. This requirement creates additional challenges as the electrolysis of water is
favorable in acidic and alkaline conditions. In order to tackle these challenges, considerable efforts have
been devoted to the development of earth-abundant, highly effective, and robust electrocatalysts for the
OER at pH = 7. Of these catalysts, amorphous transition-metal phosphates have attracted wide attention
because of their unique electrocatalytic properties. In this paper, the OER performance of a series of
amorphous first-row transition metal phosphate (TM-Pi) catalysts, namely Co-Pi, NiFe-Pi and Fe-Pi
prepared with different deposition strategies onto various substrates, is comparatively studied in a
neutral phosphate buffer solution (PBS). Additionally, a simplified cell model is applied to analyze the
current-voltage characteristics and quantitatively evaluate and compare the reversible, ohmic, and
activation overvoltage components of the studied TM-Pi. It is found that TM-Pi catalysts deposited onto a
highly ordered nickel foam (NF) substrate are competitive with commercial Pt and IrO, catalysts in terms

of OER activity and long-term stability.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The intensive use of fossil and nuclear energy has exacted a
considerable toll on the natural environment and has led to rapid
depletion of many natural resources, adverse climate impacts from
greenhouse gas emissions, as well as water, air and land pollution.
Growing public awareness of climate change and other environ-
mental issues have resulted in demands for clean and sustainable
technologies based on renewable energy [1—3]. Hydrogen, which is
the simplest and lightest element of the periodic table, has a high
energy density and is considered an eco-friendly fuel to meet the
world's increasing energy demand. Currently, the major part of
hydrogen production is based on fossil fuel refining processes, such
as steam reforming or partial oxidation of methane, which release
significant amounts of carbon dioxide into the atmosphere. In
contrast, electrochemical water splitting based on renewable

* Corresponding author.
E-mail  addresses:  georgy.givirovskiy@lut.fi,  georgy_givirovskiy@mail.ru
(G. Givirovskiy).
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2468-6069/© 2020 Elsevier Ltd. All rights reserved.

electricity provides a sustainable carbon-neutral route for storing
energy from intermittent sources using hydrogen as a carrier [4,5].

The water electrolysis process has formed the basis for a number
of different energy storage or conversion devices, of which the most
efficient and robust are electrolyzers [6,7], fuel cells [8], and metal-
air batteries [9]. Bioelectrochemical systems (BES) [10] and hybrid
biological-inorganic (HBI) systems [11] represent a fast-developing
area of research and are interesting examples of integrating water
electrolysis into the biological process to fix carbon dioxide into
multicarbon organic compounds. Even though the module design
of such systems varies, a common factor is that they are all two-
electrode systems involving the hydrogen evolution reaction
(HER) or oxygen reduction reaction (ORR) at the cathode and water
oxidation or the oxygen evolution reaction (OER) at the anode [12].
The common constraint of these systems is the sluggish kinetics of
the oxygen evolution reaction (OER) in which molecular oxygen is
formed through a complex pathway involving the extraction of four
electrons and four protons. The hydrogen evolution reaction (HER)
however is exclusively a two-electron transfer reaction and,
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therefore, requires substantially less energy (overpotential) to
overcome the kinetics of the reaction [12,13].

The oxygen evolution reaction (OER) is highly pH-dependent. In
alkaline conditions, four hydroxyl groups (OH™) are oxidized into
two water molecules (H,0) and one molecule of oxygen (0, ), while
in acidic and neutral conditions, two water molecules (H,0) are
oxidized to be transformed into four protons (H") and one oxygen
molecule (O) [13]. Electrochemical water splitting is hindered by
the high stability of water, which requires 237 k] mol~! of Gibbs
free energy change for the overall reaction [14]. According to the
thermodynamics, the equilibrium or reversible cell voltage, which
is the lowest potential required for the electrolysis to take place at
25°Cand 1 atm, is equal to 1.23 V. In practice, however, commercial
electrolyzers typically operate in the range of 1.8—2.1 V, indicating
that water electrolysis proceeds far from its equilibrium potential
[15]. Significant energy losses caused by the large overpotentials
required to drive water splitting at sufficiently fast rates are mainly
the result of the kinetically sluggish oxygen evolution reaction
(OER) [12,13,16]. Therefore, highly efficient OER catalysts are
required to lower the energy barrier and increase the overall effi-
ciency of the water splitting process.

At the present time, noble metal-based catalysts made of
ruthenium (Ru) and iridium (Ir) and especially their oxides exhibit
superior performance for OER and are considered benchmark cat-
alysts. A major drawback of these materials is their unsuitability for
large-scale applications owing to their high cost and scarcity. In
addition, in both acidic and alkaline electrolytes, IrO, and RuO,
experience stability issues at high anodic potentials because of
their oxidation into IrO3; and RuOy, respectively, and further
dissolution in the electrolyte [12]. Considerable efforts have been
therefore made to develop active, stable and low-cost catalysts
made of earth-abundant materials capable of operating at low
overpotentials at different pHs as substitutes for precious metal
catalysts [12,13].

Various transition metal (TM) oxides [17—19], hydroxides [20],
sulfides [21,22], nitrides [23,24], borides [25,26], carbides [27,28],
selenides [29] and phosphides [23,30—33] have been extensively
investigated as efficient catalysts for overall water splitting. Tran-
sition metal phosphates (TM-Pi) have attracted widespread scien-
tific interest after the development of a cobalt phosphate (Co-Pi)
catalyst by Matthew W. Kanan and Daniel G. Nocera in 2008 [34]. In
subsequent studies, numerous other TM-Pi catalysts have been
developed, and their electrocatalytic activity towards OER and HER
has been shown. A common feature of all these catalysts is the
doping of phosphate groups into a crystal lattice of transition
metals, such as Ir [16,35], Fe [36,37], Co [34,35], Ni [38—41] and Mn
[42] by different methods including electrodeposition, precipita-
tion and hydrothermal synthesis. Phosphate groups facilitate the
oxidation of metal atoms during the proton-coupled electron
transfer process and distort the native atomic geometry favoring
adsorption and oxidation of water molecules [43]. As a result of this
unique feature, several reported catalysts, such as Ir-Pi and IrCo-Pi,
exhibit an intrinsic performance superior to the benchmark IrO,
[16,35]. However, even though the content of Ir in IrCo-Pi has been
reduced by 50%, there is still a considerable capacity for optimiza-
tion and reduction in expensive Ir usage.

In the present paper, a series of first-row transition metal
phosphates (TM-Pi) are prepared and tested in a neutral phosphate
buffer solution (PBS). It is well known that water electrolysis is
kinetically difficult in pH-neutral conditions and more favorable in
basic and acidic conditions because of the deprotonated molecules
available for oxygen and hydrogen evolution reactions [14]. How-
ever, pH-neutral conditions exert a significantly less corrosive effect
on the electrochemical devices and are vital for emerging biological
processes with integrated water electrolysis. The materials

analyzed included Co-Pi, Fe-Pi and NiFe-Pi. Co-Pi was selected as a
benchmark catalyst from the TM-Pi family, which was exclusively
developed to perform water splitting in artificial photosynthesis
systems at neutral pH under ambient conditions [34]. Iron (Fe) is
the cheapest and most abundant TM in the Earth's crust. Therefore,
Fe-Pi prepared by a simple and cheap successive ionic layer depo-
sition and reaction (SILAR) method [36,37] was selected as a
candidate for analysis. Literature review suggests that Ni—Fe cata-
lysts provide a promising alternative to catalysts based on precious
metals. It is noteworthy that Ni—Fe catalysts are considerably more
active for OER than pure Ni or Fe [39,41]. Consequently, bimetallic
NiFe-Pi [39] was selected to quantify the synergistic effect of iron in
NiFe-based structures. The performance of Fe-Pi and NiFe-Pi has
been extensively studied in an alkaline medium, but to the authors’
knowledge, it has not been studied in detail in neutral conditions.
The main contribution of the present study is the comparative
analysis of TM-Pi catalyst on different substrates under neutral
conditions. A simplified mathematical electrolyzer cell model is
used to deconvolute different overpotentials based on measured
current—voltage characteristics.

2. Experimental section
2.1. Materials

Analytical grade reagents NiSO4-6H,0, FeSO,4+7H,0, NaH,PO,,
NaOAc-3H,0, KH,PO4, KHPO4, Co(NO3),+-6H,0, FeCl3-6H,0 ,
ethanol, and acetone were purchased from Sigma-Aldrich, USA. All
chemicals were used as received without additional purification.
Graphite electrodes were acquired from Gamry Instruments, USA.
Titanium (Ti) coated with IrO,, and Pt catalysts were purchased
from PV3 Technologies, UK. Nickel foam (NF, thickness: 2 mm,
porosity: 97%, purity: 99.8%, PPI: 110) was acquired from Tmax
Battery Equipments Limited Company, China.

2.2. Catalyst fabrication (NiFe-Pi, Co-Pi, and Fe-Pi)

The procedure for catalyst fabrication was adopted from previ-
ous reports [34,37,39]. Electrodeposition and successive ionic layer
deposition and reaction (SILAR) were the methods used for catalyst
fabrication. The electrodeposition was carried out in the experi-
mental setup depicted in Fig. 1. The setup consisted of: (i) a three-
electrode electrolyzer cell with a cross-sectional area of 2.6cm?; (ii)
a WaveNow potentiostat to conduct electrochemical measure-
ments; (iii) a constant flow pump to circulate the electrolyte
through the external vessel equipped with the temperature mea-
surement; and (iv) a water bath with an immersed Lauda heater to
maintain constant temperature.

Graphite and nickel foam (NF) were used as substrates for
deposition of the catalysts. Prior to deposition, a circular piece of NF
(15.2cm?) was cleaned in 2M HCL to remove the nickel oxide layer.
Subsequently, ultrasonic cleaning was performed in ethanol,
acetone and distilled deionized water to complete removal of sur-
face contaminants. Pretreatment of the graphite substrates
included polishing with sandpaper and rinsing with acetone and
distilled deionized water. All samples were dried in ambient air
prior to the deposition of the TM-Pi catalysts.

The NiFe-Pi catalyst was prepared with a cathodic electrode-
position strategy by cyclic voltammetry (CV) in the potential range
from —1.2 to —0.7 V (vs.Ag/AgCl) at a scan rate of 5 mV/s for 8 cy-
cles. The aqueous source solution contained 0.0125, 0.025,
0.0375 M NiSO4-6H,0, 0.0125, 0.025, 0.0375 M FeSO4-7H,0, 0.5 M
NaH,PO,, and 0.1 M NaOAc-3H,O0 dissolved in distilled deionized
water. The Co-Pi catalyst was prepared with an anodic electrode-
position strategy by CV at a scan rate of 5 mV/s for 100 cycles.
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Fig. 1. Experimental setup used for the electrolysis tests. (a) 3D model of the electrolyzer cell; 1: teflon frame, 2: conductive stainless steel plates, 3: working and counter electrodes,

4: reference electrode (Ag/AgCl). (b) Photo of the experimental setup.

Potential ranges from 0.9 to 1.2 V (vs.Ag/AgCl) and from 0.8 to 1.1 V
(vs.Ag/AgCl) were used when depositing onto graphite and NF,
respectively. To obtain the solution for the electrodeposition,
0.5 mM of Co(NOs),-6H,0 was added to the phosphate buffer
solution (PBS), which was prepared by mixing 0.1 M KH,PO4 and
0.1 M K;HPOy. In both electrodeposition methods, graphite and NF
were used as the working electrodes (WE), while a stainless steel
plate was used as the counter electrode (CE). For the SILAR depo-
sition method, 10 mM aqueous solutions of KH,PO, and FeCls-
6H,0 were prepared separately as the sources of cations and an-
ions, respectively. To prepare the Fe-Pi coating, the cleaned sub-
strates were successively immersed first in a KH,PO4 solution for
10 s and then immediately in a FeCls -6H,0 solution for 10 s. This
procedure was repeated for 10 min. All solutions were prepared in
ultrapure doubly distilled water obtained from a PURELAB flex
system. After deposition, all samples were again gently rinsed with
distilled deionized water and dried in ambient air before the elc-
trochemical measurement tests.

2.3. Material characterization

A Hitachi S—3400N field-emission scanning electron micro-
scope (SEM) equipped with energy dispersive X-ray spectroscopy
(EDX) measurement was used to examine the surface morphologies
and the compositional distribution of the elements of the fabri-
cated catalysts. SEM images were obtained by operating the mi-
croscope at 10 kV and 20 mA using a UDV (secondary electron
detector) and a BSE (backscatter electron detector). X-ray diffrac-
tion (XRD) analysis performed with a Bruker D8 Advance X-ray
diffractometer was used to analyze the crystal structure of the
studied TM-Pi catalysts. XRD patterns were obtained at 40 kV,
30 mA with Cu Ka-type radiation.

24. Electrochemical measurements

All the electrochemical measurements were conducted with a
WaveNow Potentiostat from Pine Research Instrumentation, USA,
in the three-electrode system shown in Fig. 1. As-prepared TM-Pi

catalysts deposited on NF or graphite were directly used as the
working electrodes (WE) without further treatment. A titanium (Ti)
coated with a Pt circular electrode plate and an Ag/AgCl,Cl~ (3M)
electrode were used as the counter electrode (CE) and the reference
electrode (RE), respectively. Polarization curves were obtained by
linear sweep voltammetry (LSV) at a scan rate of 5 mV/s in a PBS
solution, which was prepared by mixing 0.1 M KH,PO,4 and 0.1 M
K;HPO,. Long-term durability tests were carried out in the chro-
nopotentiometry mode for 36 h in a PBS. All the potentials
measured in this work were calibrated to a reversible hydrogen
electrode (RHE) using the following equation:

Egue =Eag/ngcl + 0.1976 V + 0.059pH (1)
2.5. Cell model

Water electrolysis in neutral conditions (pH = 7) is described by
the following electrochemical reactions [14].

The oxidation half-reaction at the anode—oxygen evolution re-
action (OER):
2H,0—0, +4H" +4e~, Eg = 0.817V 2)

The reduction half-reaction at the cathode—hydrogen evolution
reaction (HER):

4H,0 +4e~ —»2H; +40H ", Ey = —0.413V 3)
The overall reaction in the electrolytic cell:
2H,0 + electrical energy— 0, + 2H,, Eg = -1.23V (4)

Virtually, higher voltages than equilibrium or reversible voltage
(1.23 V) are required to initiate the dissociation of water. The high
overvoltage and the subsequent energy loss are mainly caused by the
additional overvoltages presented in the following equation [15]:

Ucell = Urev + Uohm + Uact + Ucon, (5)

where U is the cell voltage, Uey is the reversible open circuit
voltage, Uy, is the overvoltage caused by ohmic losses in the cell
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elements, U, is the activation overvoltage caused by electrode
kinetics, and Ucon is the concentration overvoltage caused by mass
transport processes (usually, Ucon is much lower than Uy, and
Usct, and it can thus be neglected).

A water electrolysis model developed and validated in our
previous studies [44,45] was applied to analyze the collected
current—voltage characteristics. The simplified cell model pre-
sented in the equation below allows quantitative evaluation and
comparison of reversible, ohmic (the 2nd term in the equation after
the equal sign) and activation overvoltages (the 3rd term in the
equation after the equal sign) of different electrode sets.

Oml . i
Ucett = Urev + -2l 4 o arcsinh <£“> . (6)
Om 2ig

where 6, is the distance between the electrodes (expressed in cm),
iceyr is the current density (A cm™2), o is the conductivity of the
electrolyte (S cm™1), o is the charge transfer coefficient, and i, is the
exchange current density on the electrode surfaces. Urey, om, o, and
ig are the parameters to be fitted by the experimental data.

3. Results and discussion
3.1. TM-Pi catalyst formation

Typical CV curves of the NiFe-Pi and Co-Pi electrodeposition
process are presented in Fig. 2. The CV approach ensures fast

deposition of TM ions in different potential ranges, and it is
beneficial in comparison with traditional potentiostatic deposition
of TM-Pi catalysts. It can be clearly seen from the curves that there
is a steep increase in the voltammetric current observed over the
first 20—30 cycles and a subsequent gradual increase during the
electrodeposition of Co-Pi. A similar behavior can be observed in
the potential region of the HER; the voltammetric current de-
creases fast at the beginning of the deposition of NiFe-Pi, and
slows down at the end. It would appear that the increasing
coverage of the substrate surface and the rising thickness of the
TM-Pi coating accelerate the rate of the electrolysis reaction in
both cases. After deposition of NiFe-Pi and Co-Pi, the central part
of the NF substrate was evenly coated with a dark coating. When
depositing NiFe-Pi onto graphite, the surface coating had a silver
color as seen in Fig. 3.

The SILAR deposition method to prepare Fe-Pi is considered an
inexpensive and facile strategy. Successive immersion of the sub-
strate in the 10 mM cation solution of KH,PO,4 and the 10 mM anion
solution of FeCl3+:6H,0 for 10 min resulted in the formation of a
white flocculent precipitate all over the surface which could be
easily detected with the naked eye.

3.2. Physical characterization
XRD patterns were recorded for the substrate prior to and after

the catalyst deposition. A typical XRD diagram of the TM-Pi cata-
lysts deposited on NF is presented in Fig. 4. Diffraction peaks were
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Fig. 2. Cyclic voltammograms of the deposition process of (a) NiFe-Pi onto graphite, (b) NiFe-Pi onto NF, (c) Co-Pi onto graphite and (d) Co-Pi onto NF.
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Fig. 3. Photos of electrode surfaces: (a) bare graphite, (b) graphite coated with NiFe-Pi, (c) NF, and (d) NF coated with Co-Pi.

observed at 44.5°, 55.8°, and 76.4° for the NF substrate. The peaks
indicates that all the synthesized TM-Pi catalysts are amorphous in
nature.

The morphology of the TM-Pi catalysts was studied using SEM.
Fig. 5 shows SEM images of bare NF and as-deposited Fe-Pi and Co-
Pi, while Fig. 6 depicts the surface morphology and elemental
mapping of NiFe-Pi deposited on the NF substrate. The SEM analysis
revealed that the surface of the NF was completely and uniformly
coated with TM-Pi catalysts in all cases. The example of elemental
mapping in Fig. 6d shows uniform distribution of Ni, Fe, and P in the
film of NiFe-Pi catalysts. This observation applied also to other TM-
Pi catalysts. According to SEM images at high magnification, all TM-
Pi catalysts have different surface structures. In particular, the Fe-Pi
coating demonstrates a highly rippled flake structure with
numerous agglomerates. A Co-Pi layer is formed on the surface of
the NF substrate with numerous 3D-porous micrometer-size par-
ticles on top of the film. Hierarchical NiFe-Pi mainly consists of
nanobubbles  with sizes ranging from approximately
200 nm—500 nm. Cracks observed in all the TM-Pi catalysts at
higher magnifications probably result from loss of water when
drying of samples in ambient air.

The EDXA spectra of bare NF and TM-Pi catalysts are depicted
in Fig. 7. The presence of Ni, Fe, Co, and P can be verified from the
corresponding peaks in the EDXA diagrams. The quantitative EDXA
analysis showed that for Co-Pi catalyst a Co:P ratio varied from
2.5-3:1, while for Fe-Pi a typical Fe:P indicated a ratio of
1:2.2—-2.5. The NiFe-Pi catalysts were prepared with different Ni/
Fe wt.% compositions. The EDXA showed that the weight percent

Intensity (a.u.)

. . . . . .
10 20 30 40 50 60 70 80
20 (Degree)

Fig. 4. Typical XRD diagram of the TM-Pi catalysts deposited on NF.

of Ni and Fe in the NiFe-Pi catalyst deposited onto graphite was
close to the theoretical composition in all cases. For instance, for
NiFe-Pi catalyst a Ni:Fe:P ratio was approximately 8:1:1.6. The
amount of Ni was much higher when using the NF substrate,
which can be explained by the EDXA spectrum probe, which
reaches the NF substrate due to penetration through the thin
catalyst layer.

3.3. Catalytic activity

The electrochemical activity of all TM-Pi catalysts was evaluated
using a three-electrode electrolyzer prototype in a neutral PBS
electrolyte. In order to find the optimal Ni/Fe composition, NiFe-Pi
catalyst deposited onto the graphite substrate with different
compositional ratios of Ni and Fe were compared with each other. It
was found that electrodes with 25 wt.% of Ni and 75 wt.% of Fe
showed the worst electrochemical activity and the highest over-
potential. Electrodes with a 50/50 wt.% composition of Ni/Fe had a
slightly better OER performance than electrodes with 75/25 wt.%,
and thus, the optimal 50/50 wt.% composition was used in subse-
quent tests.

One objective of the study was to investigate the role of the
substrate material in the performance of TM-Pi catalysts. In the
present study, graphite was selected as a flat, cheap, and commonly
used electrode material, while NF was selected as a substrate with a
high specific surface area and good OER activity. Fig. 8a and b shows
the polarization curves of all TM-Pi catalysts deposited onto
graphite and NF at a scan rate of 5 mV s~! in a neutral PBS. The
performance of the TM-Pi electrodes was compared with com-
mercial noble materials, represented by Pt and IrO,. It can be clearly
seen that even though the composition of the catalyst layer is the
most important parameter determining the OER activity, the nature
of the substrate onto which the catalyst is deposited also plays a
significant role. When studying TM-Pi catalysts deposited onto
graphite, the LSV curves revealed that there was no current flow
until the potential reached 1.5 V for all the studied electrodes. After
1.5 V, the current at noble Pt and IrO, started to rise steeply
reaching a current density of 1 mA cm™2 at overpotentials of
450 mV and 430 mV, respectively. In the case of Co-Pi deposited
onto graphite, after 1.5 V, the current increase was less steep,
reaching 1 mA cm™2 at a significantly higher overpotential of
510 mV. The Fe-Pi and NiFe-Pi catalysts deposited onto graphite
were approximately similar in performance, having the onset po-
tential at 1.6 V and reaching current densities of 0.6 mA cm™2 and
0.88 mA cm ™2 at 1.8 V, respectively.

The electrocatalytic OER activity of the series of TM-Pi was
considerably enhanced when deposited onto the NF substrate. As
shown in Fig. 8b, all the TM-Pi catalysts exhibited an onset over-
potential comparable with the commercial Pt and IrO, electrodes.
The reference current density of 1 mA cm™2 was reached at
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overpotentials of 420 mV, 495 mV, and 534 mV for Co-Pi, NiFe-Pj,
and Fe-Pi, respectively. Notably, the OER performance of the Co-Pi
catalyst deposited onto the NF surpassed that of the noble elec-
trodes during the whole water splitting process. The superior OER
activity of Co-Pi is due to both the high active surface area and the
high intrinsic catalytic effect. NiFe-Pi and Fe-Pi were once again
similar in performance; however, when the potential reached 1.7 V,
the activity of NiFe-Pi increased significantly, and the current
density reached 4.45 mA cm™2 at 1.8 V, exceeding that of the Pt and
IrO, electrodes. The current density of Fe-Pi/NF was about 2.8 times
as low as that of NiFe-Pi/NF and almost 3.4 times as low as that of
Co-Pi/NF at the end of the electrolysis process.

In general, the performance of the TM-Pi-containing electrodes
is far better than that of the bare substrates, especially for the NF
series. Although the coating on all the studied electrodes has the
same geometric surface area of 2.6cm?, the real active area of the
catalyst layer is much higher on the NF substrate because of its
unique morphology (Fig. 5a—c). The greater active area explains the
high electrocatalytic activity once the TM-Pi electrocatalysts are
loaded on the NF. In light of the higher electrocatalytic activity, the
TM-Pi catalysts prepared on NF were selected for further charac-
terization and evaluation of the OER performance in the present
study.

The Tafel slope is an essential representative parameter for
evaluation of OER kinetics. Tafel slopes of TM-Pi/NF were

4
2x|0

determined from the data shown in Fig. 8c. Analysis revealed that
IrO, and Co-Pi exhibited almost similar Tafel slopes of approxi-
mately 60 mV/dec. This value is representative for a chemical rate-
determining step in which a fast OER occurs with the OH surface
species rearrangement through a surface reaction [46]. Other tested
catalysts showed exceptionally high Tafel slopes close to or higher
than 120 mV/dec, which is consistent with the comparatively slow
OER kinetics characterized by adsorption and discharge of OH- ions
as a chemical rate-determining step. Detailed description of kinetic
equations under different reaction conditions can be found in
Ref. [47] while the mechanistic schemes are well-presented in
Ref. [12]. In general, the mechanism for OER in neutral and alkaline
conditions can be described by the following equations [16]:

S+OH =S—OH+e" (7)
S_OH+OH =5-0+H,0+e" (8)
25-0=25+0, (9)

where S represents active sites on the catalyst while S—OH and S—0
stand for adsorbed intermediates.

When the Tafel slope is close to 120 mV/dec, reaction described
by equation (7) represents a rate-determining step. However, the
rate-determining step for Tafel slope of 60 mV/dec is different. It is
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Fig. 7. EDXA spectra for (a) bare nickel foam (NF), (b) NiFe-Pi on NF, (c) Fe-Pi on NF and (d) Co-Pi on NF.
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considered that reaction described by equation 7 is divided into the
following steps and step described by equation (11) is the rate-
determining step for 60 mV/dec:

S+OH =S—OH +e” (10)

S—OH"—>S— OH (11)

where S—OH* and S—OH stand for adsorbed intermediates with the
same chemical structure, but different energy states.

Stability is an important parameter in evaluation of catalyst
performance in practical applications. In this study, stability mea-
surements for a series of TM-Pi/NF were performed successively at
a constant current density of 1, 5, and 10 mA cm ™2 for 36 h in the
PBS solution (Fig. 8d). Fig. 9 shows SEM images of TM-Pi/NF after
the 36 h durability test. It can be seen that the catalyst layer is partly
detached from the substrate surface. Nevertheless, the catalysts
continued to maintain a stable potential during the operation of
water splitting. The stable operation indicates that an essential part
of the TM-Pi catalysts remains on the surface, and its amount is
sufficient to maintain the same level of activity. The formation of
bubbles on the electrode surfaces under vigorous oxygen evolution
and partial loss of effective catalyst may explain the minor increase
in the overpotential over time for all the studied catalyst materials.

3.4. Overvoltage analysis

In the present study, a simplified cell model was used to
describe the cell voltage components as a function of current
density for various TM-Pi deposited onto NF in a pH-neutral PBS. To
apply a developed model, the voltage and current were measured
with the same electrolyzer prototype but using a two-electrode
configuration to measure the whole cell. Cell voltage as a function
of current density is presented in Fig. 10a. Again, NF coated with an
appropriate TM-Pi catalyst was used as a working electrode, the Pt
plate acting as a counter and reference electrode simultaneously.
The parameters Urey, om, 2, and ig in Eq. (6) were determined using
experimental voltage and current data and the method of nonlinear
least square regression, and presented in Table 1. Further, the
reversible voltage, the ohmic voltage, and the activation voltage
terms are presented separately in Fig. 10b—d.

Fig. 10 shows clearly that the measured data are in good
agreement with the experiments with the three-electrode setup.
The obtained Co-Pi/NF exhibited the lowest Uey (Table 1) and
outperformed NiFe-Pi/NF and Fe-Pi/NF throughout the water
splitting process. The ohmic overpotential (o), which is mainly
caused by the voltage drop across the PBS electrolyte, was
approximately similar for all the tested TM-Pi catalysts. The
reversible voltage, ohmic overvoltage, and activation overvoltage at
reference current density of 10 mA cm™2 for various TM-Pi catalysts
deposited onto NF are summarized in Table 2. The obtained values
match well with the experimentally measured conductivity of the
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NF vs. noble catalysts, (c) corresponding Tafel plots and (d) long-term stability tests of TM-Pi.
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Table 1

Experi fitted | of the simplified cell model with various TM-Pi

catalysts deposited onto NF as anodes.
Anode material Urev (V) om (Scm™) a(—) ip (MA cm~2)
NF—NiFe-Pi 1.5799 0.0220 0.1801 0.0001
NF—Co-Pi 1.5166 0.0223 0.1708 0.0001
NF—Fe-Pi 1.5627 0.0222 0.2180 0.0001

Table 2

Reversible voltage, ohmic overvoltage, and activation overvoltage at reference cur-
rent density of 10 mA cm ™2 for various TM-Pi catalysts deposited onto NF.

Anode material Urev (V) Uohm (V) Uaet (V) Ueep (V)
NF—NiFe-Pi 1.5799 0.2500 0.8294 2.6593
NF—Co-Pi 1.5166 0.2466 0.7866 2.5498
NF—Fe-Pi 1.5627 0.2477 1.0039 2.8143

PBS of 22.5 mS cm™! which supports the use of the simplified cell
model.

4. Conclusions

A comparative study of the OER activity, stability and over-
voltage components of amorphous TM-Pi catalysts deposited by
different strategies onto different substrates was presented in this
paper. The experimentally observed intrinsic OER activities for the
studied catalysts in a neutral PBS decreased in the order of Co-Pi >
NiFe-Pi > Fe-Pi. The catalysts exhibited activity comparable with or
exceeding that of commercial precious Pt and IrO, when deposited
onto a substrate with a high specific surface area such as NF. The
reference current density of 1 mA cm™2 was reached at relatively
small overpotentials of 420 mV, 495 mV, and 534 mV for Co-Pi,
NiFe-Pi, and Fe-Pi, respectively. A simplified cell model was used
to evaluate the current-voltage characteristics of the studied TM-Pi
catalysts and to separate the reversible voltage, the ohmic voltage,
and the activation voltage terms. All the studied TM-Pi catalysts
exhibited sufficient stability for the OER during the 36 h durability
tests in the electrolyzer prototype. The collected data and the
proposed simplified cell model are valuable for further studies and
evaluation of TM-Pi electrocatalyst performance.
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The pace at which the human population is growing raises serious concerns related to food security while
at the same time conventional agriculture-based food production is becoming a major cause of environ-
mental pollution and greenhouse gas emissions. Numerous solutions have been proposed to boost food
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1. Introduction

To achieve the climate mitigation goal of the Paris Agreement,
4—5 Gigatonnes of CO, must be stored annually (Dowell et al.,
2017). According to IPCC, 23% of total anthropogenic greenhouse
gas emissions (2007—2016) derive from Agriculture, Forestry and
Other Land Use (AFOLU) (IPCC, 2019). Further, maintaining food
security is becoming more challenging due to the growing popu-
lation, lack of additional arable land and freshwater resources,
overfishing, and climate change (FAO, 2017). Additionally, un-
wanted environmental impacts of the conventional agricultural
practices such as loss of biodiversity, eutrophication, and saliniza-
tion of groundwater resulting from fertilizer runoff, inefficient
irrigation, and overuse of pesticides harm the sustainability of food
production (Mateo-Sagasta et al., 2017). Because of agriculture, six
out of nine planetary boundaries have exceeded safe operational
spaces (Campbell et al., 2017). Therefore, net-zero carbon emission
society requires net CO-free food production, which is less

* Corresponding author.
E-mail address: vesa.ruuskanen@lut.fi (V. Ruuskanen).

https://doi.org/10.1016/j.jclepro.2020.123423

dependent on arable land, weather conditions, etc.
1.1. Microbial protein as an emerging technology

One emerging strategy that might significantly contribute to the
decoupling of food production from the conventional agricultural
production routes is microbial assimilation of carbon. Diverse mi-
crobes, such as bacteria, yeast, algae, and fungi, have been known
for years for their ability to produce a microbial protein (MP) also
known as single-cell protein (Pikaar et al., 2018). The idea of
generating an essential protein for human and animal nutrition
using microbes, anywhere renewable energy is available, is
astonishing.

Indeed, the production of MP as a meat substitute is regaining
attention in recent years (Pikaar et al., 2018; Sillman et al., 2019). An
attractive feature of microbial protein-based systems is that the
production can be performed in fully controlled, enclosed, and
automated fermentation bioreactors showing minimal environ-
mental impact (Sillman et al., 2020). Reactor-based MP production
is not dependent on using organic substrates, such as starch or
cellulose, does not require the utilization of toxic pesticides to
control pests and weeds, emits no phosphorous, and requires a

0959-6526/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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limited amount of freshwater inputs. Moreover, the main nutrient
ammonia, which is conventionally produced by Haber—Bosch
method using fossil fuels, is fully utilized in the closed system
(Pikaar et al., 2017). Taking into account that globally the major part
of the arable land is currently dedicated to agricultural production
of food and feed, the transition towards reactor-based protein
production might considerably decrease the environmental pres-
sure. As a consequence, a net positive greenhouse gas emissions
from agricultural land use can be diminished drastically while at
the same time problems related to deforestation, biodiversity loss,
and land-use change would be tackled.

The main carbon source in the process is captured CO;, which is
accessible from anywhere in the world while the main energy
source for bacterial growth is H, which can be produced through
water electrolysis powered by renewable energy. These unique
features of the reactor-based process open up the opportunity to
launch the production of MP in any geographical location making it
almost independent of weather conditions. Furthermore, direct use
of captured CO; as a feedstock in the process has the potential to
make the MP production carbon-neutral (Pikaar et al., 2017; Linder,
2019).

It is worth noting that scaling up the MP production process
requires consideration of the important aspects related to assur-
ance of stability of the growing culture, processing of cells to the
final product, guaranty of the process safety, and product quality
(Pikaar et al., 2017; Linder, 2019). All these requirements have been
already successfully achieved and several commercial companies
producing food and feed from microbial biomass exist at the mar-
ket. One of such success stories is the Finnish start-up Solar Foods
which uses microbes and CO, as a carbon source for the
manufacturing of high-protein ingredient branded Solein which
will be available in the market in 2021 (Solein, 2019).

1.2. CO;, assimilation by hydrogen-oxidizing bacteria

Among various microorganisms, autotrophic hydrogen-
oxidizing bacteria (HOB) has been pointed as one of the most
powerful microbial actuators of the transition towards sustainable
food production. The unique feature of HOB enables it to use the
chemical energy embedded in hydrogen gas H; to assimilate CO,
and to build new carbonaceous compounds and energy carriers (Yu,
2014). This feature is advantageous as the efficiency of autotrophic
growth of HOB is not hindered by the utilization of expensive plant-
derived carbon sources, such as sugars or carbohydrates, required
for heterotrophic growth (Nangle et al., 2017). The intrinsic premier
product of CO, assimilation by HOB is biomass which is high in total
protein content, has valuable amino acid content, and availability
for proteolytic enzymes, and therefore can be considered as a po-
tential protein source and a meat substitute (Volova and Barashkov,
2010).

The concept of CO, assimilation by HOB has been successfully
proven by different research groups. For instance, Matassa et al.
(2016) evaluated the potential of HOB to upgrade NH3 and CO,
under autotrophic conditions into biomass with a protein content
of approximately 71%. The research group managed to achieve
maximum volumetric productivity of 0.41 g of cell dry weight per
liter per hour under the continuous operation of the fermentation
process. Studies of Yu et al. (2013 ) revealed the trends affecting the
energy efficiency of CO; fixation in accordance with the limitation
of essential gas substrates required for HOB growth. It was found
out that the efficiency of biomass production is substantially
affected by the CO, concentration. Biomass was produced with a
high energy efficiency of up to 50% with moderate O, concentra-
tions signifying the possible overall solar-to-biomass conversion
efficiency of 5%. Under H, limitation, the CO; fixation efficiency

declined with time. Obviously, the overall process efficiency of CO,
fixation by HOB is to a great extent dependent on the mass transfer
of the main reactant gasses (CO,, Hy, and O) to bacterial cells
suspended in the cultivation medium (Yu, 2014). To the best of the
authors’ knowledge, the maximum value of Hy conversion effi-
ciency up to 80% in the continuous operation of the fermentation
process is reported in (Matassa et al., 2016).

1.3. CO; fixation with hybrid biological—inorganic systems

In order to overcome the inherent constraints related to the low
solubility of the main reactant gasses, a scalable electricity-driven
CO; fixation process in the so-called hybrid biological—inorganic
(HBI) systems have been developed by Torella et al. (2015). Over-
all, HBI systems couple biocompatible catalysts to produce H; by in
situ water splitting and specific microorganisms that use the
derived reducing equivalent as an energy source for CO, fixation
(Nangle et al., 2017). A combination of water electrolysis and CO,
fixation by HOB in the HBI system may potentially overcome many
of the challenges intrinsic to the traditional gas fermentation pro-
cess relying on the external supply of the reactants. Besides
improved gas transfer to the liquid medium HBI process does not
experience selectivity problems between organic compounds over
a narrow thermodynamic range, does not suffer from difficulties of
performing multi-electron reductions for C—C bond formation and
its efficiency is not significantly diminished when utilizing air
instead of concentrated CO, source (Nangle et al., 2017; Liu et al.,
2016). Moreover, the HBI process is presumably beneficial over
gas fermentation because it allows avoiding the utilization of
separate electrolyzer unit and hence decreases the CAPEX while at
the same time increasing the safety of the process as the handling
of the explosive Hy and O, mixture is not required.

The HBI process has been first tested on a laboratory scale by
Torella et al. (2015). They reported the development of an inte-
grated bioelectrochemical system in which water splitting is per-
formed using earth-abundant biocompatible catalysts and HOB to
fix CO, into biomass and isopropanol with substantial yields of
17.8% and 3.9% of thermodynamic maximum over 24 h, respec-
tively. In the subsequent studies, Liu et al. (2016) managed to
improve the HBI process and achieved CO; reduction efficiency of
approximately 50% when producing bacterial biomass. It is inter-
esting to note, that the CO; reduction efficiency decreased only by a
factor of 2.7 and reached 20% when using air instead of pure CO,.
However, utilization of concentrated CO, might play an important
role in the overall HBI process efficiency as it brings practical ad-
vantages such as smaller required flow-rate, leading to e.g. less
effect on the temperature balance in the bioreactor than by using
air as the CO, source. Other chemicals, such as polyhydroxybutyrate
(PHB) and isopropanol, were produced with the 24-h maximum
efficiencies of 42% and 39%, correspondingly. Finally, the calculated
solar-to-chemical efficiencies were 9.7% for biomass, 7.6% for bio-
plastic, and 7.1% for fusel alcohols.

One notable constraint of the HBI process is the incidental for-
mation of reactive oxygen species (ROS), such as hydrogen peroxide
(H207) or hydroxyl radicals, at the cathode side. At pH = 7 ROS
formation is thermodynamically more favorable than H; produc-
tion at and below potentials of hydrogen evolution reaction (HER).
ROS are toxic to HOB and hinder its biological growth affecting
overall process energy efficiency. To overcome this constraint, huge
efforts have been made to develop catalysts selective for H, pro-
duction instead of ROS production (Nangle et al., 2017). Substantial
increase in performance has been achieved when using cobalt-
phosphorous (Co-P) as a HER catalyst in studies of Liu et al.
(2016). Sluggish kinetics of oxygen evolution reaction (OER) in
neutral pH represents another challenge for HBI processes.
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However, the problem is once again tackled by using efficient
earth-abundant catalysts such as cobalt—phosphate (Co—Pi) alloy
developed by Kanan et al. (Kanan and Nocera, 2008) and success-
fully applied as anode coating for HOB cultivation in (Torella et al.,
2015; Liu et al, 2016). After phenomenological and proof-of-
concept discovery of the HBI process, the scientific focus has shif-
ted towards the objectives of enhanced energy efficiency, product
selectivity, process robustness, and scaling up. Up to date the
research in the field has mostly concentrated on single electrolytic
cells immersed in the cultivation medium, and multiple cell stack
structures suitable for industrial-scale production have not been
widely studied (Givirovskiy et al., 2019a).

Herein, the Neo-Carbon Food demonstration setup for the pilot-
scale HBI process is introduced (LUT University VTT Technical
Research Centre of Finland, 2019). So far the production of value-
added commodities with the HBI system has been proven on a
laboratory scale. Thus, the main objective of this paper is to discuss
topics related to scaling up the HBI system. In situ water electrolysis
stack is introduced to enable hydrogen production directly in the
cultivation medium to overcome relatively low hydrogen utiliza-
tion rates reported for traditional fermentation. Laboratory scale
cultivations show a very high hydrogen utilization rate for the HBI
system (Givirovskiy et al., 2019a). Aspects related to the specific
energy consumption of in situ electrolysis are studied and dis-
cussed in detail including the practical aspects related to combining
hydrogen production into the HBI system with biomass. Further,
the integration of the direct CO, capture from the air to the HBI
system is studied. Finally, the specific energy consumption of the in
situ water electrolysis and CO, capture are reported.

2. Materials and methods
2.1. Medium

The mineral medium used for the bioelectrochemical cultivation
of HOB is based on a Leibniz-Institut DSMZ growth medium
number 81 (DSMZ, 2011) with the following changes: (i) The major
chloride compounds have been replaced with the corresponding
sulfates, to minimize the production of chlorine gas by the elec-
trolysis current. The trace element solution SL-6 of Pfennig (1974),
used in the medium preparation was left unchanged both for
convenience, and because some bacteria might require chloride as a
micronutrient especially at high salt concentrations (Roefler et al.,
2006). (ii) The ferric ammonium citrate concentration was lowered
to 5 mg/L from the 50 mg/L recommended by DSMZ, to prevent iron
precipitation from the medium during even a few days storage. (iii)
Na,SO04 was added to increase the electrical conductivity of the
medium and lower the required electrolysis voltage. The final
mineral medium composition is given in Table 1.

The medium has a pH of 7 and a conductivity of 12 mS/cm?.

2.2. Pilot plant description and operation

The main parts of the studied HBI pilot are: the bioreactor tank,
the direct air capture unit of CO,, and the in situ water electrolyzer
as shown in Fig. 1. The image of the pilot unit is depicted in Fig. 2
while the piping and instrument schematic of HBI system with
equipment labels and key specification is given in the Appendix.
The equivalent information of the direct air capture setup is given
in (Bajamundi et al., 2019).

A stainless steel bioreactor tank is one of the core elements of
the system used for biomass growth, accumulation, sampling, and
process monitoring. The tank is equipped with the 2-blade stirrer
(E-6) operated at 900 rpm to ensure completely mixed conditions.
Water jacket and Lauda RP855 circulation thermostat were used to

Table 1

Composition of the cultivation medium.
Compound Amount
KH,PO4 23 gL
Na;HPO4*2H,0 29¢g/L
NayS04 5.45 g/L
(NH4);S04 1.19 g/L
MgS04*7H,0 05g/L
CaS0,4*2H,0 11.7 mg/L
MnSO4*H,0 4.4 mg/L
NavO; 5 mg/L
NaHCO; 0.5 mg/L
CgHgFeNO; 5 mg/L
ZnS04*7H,0 0.5 mg/L
H3BO3 1.5 mg/L
CoCly*6H,0 1 mg/L
CuCly*2H,0 0.05 mg/L
NiCl,*6H,0 0.1 mg/L
Na;Mo04*2H,0 0.15 mg/L

maintain the optimal for HOB cultivation temperature of 30°C. A
centrifugal vertical multistage pump (P-1) EBARA model EVMSUL
with maximum flow rate of 3 m/h, controlled by a frequency
converter (ABB ACS355), was used to guarantee constant liquid
circulation in the system.

At the beginning of the process, the system was flushed with
ethanol for sterilization. Subsequently, the fresh medium with the
total volume of 20 L and enriched HOB culture was supplied to the
bioreactor tank successively using the Flowrox dosing pump (P-5)
through the sterile filtering system (E-5). The semi-continuous
operation of the system was set by extracting a predefined
amount and supplying the same amount of fresh medium to the
reactor with an interval defined by the measured optical density.
The 1M NH40H and 1M H3PO4 solutions were used to maintain the
pH neutral conditions during the process.

In order to enhance the hydrogen production rate and energy
efficiency, compared with simply immersed electrodes, an in situ
water electrolysis stack (E-1), shown in Fig. 2 (c) was designed and
implemented. The cultivation medium with microbes was pumped
through the electrolyzer stack to maximize the H; gas utilization.
Electrolyzer stack current was supplied and measured in case of
serial connection with a Sorensen DLM (40V/15A) laboratory power
source and in case of parallel connection with an Aim-TTi
QPX1200SP (60V/50A) laboratory power source while the stack
cell voltages were measured with a Keithley 2701 data acquisition
system.

Flammability of H, represents a concern for the safety of any
hydrogen containing process. Furthermore, the energy efficiency of
the HBI process is dependent on the value of applied current in the
electrolyzer stack by means of hydrogen utilization and
voltage—current characteristics of the electrolyzer stack. Thus, it is
critical to supply current at values satisfying the condition when
the amount of H, produced is equal to the amount of H, consumed
by HOB and no excess Hj is accumulated in the headspace of the
bioreactor. To make sure that explosive gas mixture accumulation
doesn’t happen even when the production of H, exceeds the con-
sumption, air purging was implemented to the bioreactor.

The H; concentration in the exhaust gas was analyzed using
BCP-H, (BlueSens) thermal conductivity detector (TCD) equipped
with a two-stage drying solution based on a condensing dryer (E-3)
followed by silica gel tank (E-4) to prevent moisture ingress from
the gas flow into TCD. Electrolyzer stack current had been shifting
in accordance with the collected data of H, concentration in the
exhaust. The Hy concentration was maintained under the lower
explosion limit of 4% during the whole pilot operation. The ambient
hydrogen level is monitored with Honeywell Sensepoint XCL gas
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Fig. 1. Schematic diagram of the HBI system with in situ water electrolysis and direct air capture of CO,.

detector to trigger an alarm and stop operation automatically in
case of hydrogen leaks.

The pressure (Tragaf FTP 6.0 A) and temperature (Pt100
RTD + IPAQ C201) transmitters apply 20 mA signal. The pressure
and temperature input signals are logged with the EL3058 Beckhoff
automation Ethercat module connected to Beckhoff EK9000 Mod-
bus TCP/UDP Bus Coupler. The pH balancing pumps (P-2 and P-3)
are controlled over RS-485 (EL6022) and mass flow controllers
(MFC-1 and MFC-2) over RS-232 (EL6002) with Beckhoff CX8190
embedded PC communicating with the main automation system
over Modbus TCP.

The measurement system control automation of the pilot setup
is implemented in a LabVIEW environment. All data is stored online
with a 100 ms interval to the LUT measurement database, which
can be accessed with the Grafana data observation platform. All the
analyses are performed and illustrations plotted with MATLAB
software.

2.3. In situ water electrolysis stack

The electrolyzer device was designed as a stack of 2 mm thick
electrode plates with zig-zag flow arrangement, shown in Fig. 2(c).
The active area of a single electrode is 380 cm?, and there are ten
cells connected in series. So far the electrodes are plain AISI 316L
stainless steel, although it has been shown that energy efficiency
could be further improved by suitable catalyst coating (Givirovskiy
etal., 2019b, 2020). The slit orifices in electrode plates pass the fluid
flow between the electrolyzer stages. The orifice locations were
chosen based on computational fluid dynamics (CFD) calculations
with OpenFOAM software of a few varied cases, so that sufficiently
uniform flow velocity distribution over the electrode plates was
achieved. The fluid flow velocity distribution is shown in Fig. 3.

Compared with the initial in situ electrolysis stack prototype,
described in (Givirovskiy et al., 2019a), the distance between
electrodes is decreased to 2.8 mm to minimize conduction losses.
The distance is set by using machined spacer rings between the
electrode plates. The spacer rings machined of polyacetal (POM)
plastic provide also the electrical insulation, carry the preload of the
stack assembly, locate the elements in the stack, and electrically

isolate the bolts from the electrodes. The electrodes are sealed by
planar elastomer seal rings.

Attachment points for electrical connections were laser cut to
the electrode plates for electrical connections and monitoring of
the individual electrolyzer cell voltages during the test runs. The
stainless steel AISI 316L endplates of 10 mm thickness carry the
pressure. The design pressure is 8 bar. Welded hose connections are
used for the inlet and outlet. The stack is assembled using eight M8
bolts, and the bolt preload is distributed evenly to the stack by the
thick washer rings.

The stack arrangement of the electrolyzer device enables
reconfigurable arrangement for testing and development of the
process, and scalability of the process to industrial scale. In addi-
tion, the well-defined alignment of electrode plates allows minimal
variation of distance between the electrodes, and thus even elec-
trical current density to the electrolysis process. The measured flow
rate in the electrolyzer device was in the range of 0.8 m>/h-1.3 m?|
h. The flow between the electrode plates is turbulent but close to
the laminar condition. Slight turbulence was intended as a design
objective to keep the electrode surfaces clean from accumulating
biomass and to provide local mixing and slight agitation to the
microbes.

2.4. Direct air capture of CO,

The CO; is the carbon source and the main building material for
HOB growth. In the present study, CO, was captured from air using
a DAC unit based on temperature—vacuum swing adsorption. The
solid adsorbent in the DAC is a proprietary aminoresin adsorbent.
The operation of the DAC unit and the physicochemical character-
istics of the adsorbent have been reported earlier in Bajamundi
et al. (2019) and Elfving et al., 2017a, 2017b, respectively.

The unit was operated by adsorbing at night taking advantage of
lower night temperatures enhancing the adsorption and producing
CO; during the daytime, such as in the SOLETAIR-project (Vidal
et al,, 2018). The desorption phase was carried out by using the
automated sequence reported earlier (Bajamundi et al., 2019).
Typically a 60 min CO; desorption time was used for each bed pair,
which means the time when the bed pair is subjected to both
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Fig. 2. Neo-Carbon Food setup: (a) Pilot-scale setup for MP production with in situ water electrolysis; (b) Direct air capture unit of CO; (c) In situ water electrolysis stack with ten

cells in series.

heating at a maximum of 80°C and vacuum. The produced CO, gas
was stored into an initially empty buffer with volume of 650 L,
consisting of one 50 L buffer tank and a 600 L bundle. CO; from the
buffer was continuously supplied to the bioreactor at a flow rate of
250 mLy/min and sparged at the bottom of the bioreactor mixed
with an airflow of 1 Ly/min.

3. Results and discussion
3.1. Hydrogen production with in situ water electrolysis

The performance of the in situ electrolysis is verified without
hydrogen-consuming biomass by measuring the exhaust gas
hydrogen content with thermal conductivity detector (TCD) under
air flush controlled by a mass flow controller. The test was per-
formed with both serial and parallel connection of the electrolyzer
stack cells to compare the performance and especially to detect the
amount of stray currents. Measured stack voltages as a function of
current are shown in Fig. 4.

Cell voltages are typicaly well above the thermoneutral voltage
1.48 V. Voltage efficiency can be defined by the stack voltage and
thermoneutral voltage

= O Neen, ()

where Uy, is the thermoneutral voltage, N, is the number of cells
in series, and U is the stack voltage. The lack of catalyst and the low
conductivity of the cultivation medium cause that cell voltages
even reach the level of 3 V indicating voltage efficiency to be below
50%. In case of parallel connection all the cells have same voltage,
but in case of serial connection the outermost cells have signifi-
cantly higher voltage than the other cells. This indicates high
leakage currents in the serial connected stack. The hydrogen pro-
duction rate (mol/s) of an electrolyzer stack is linearly proportional
to the stack current
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Fig. 3. Fluid flow distribution of the in situ electrolyzer stack analyzed by computational fluid dynamics.

Cell voltage (V)

0.5 1 1.5 2 25 3 35
Stack current (A)

(a)

. i
Tig, = ENeen ZF (2)

where z is the number of moles of electrons transferred in the re-
action (for hydrogen, z = 2), F is the Faraday constant (9.6485 x

104C/mol), i is the stack current (A), and 7 is the Faraday efficiency,
also known as the current efficiency, and N is the number of
electrolytic cells in series. Faraday efficiency calculated by
measured hydrogen flow rate at the exhaust air and stack current is
presented in Fig. 5.

In the case of serial connection, the Faraday efficiency is low
throughout the current range supporting the assumption of high
leakage currents through the flow channels. With a parallel
connection, the Faraday efficiency gets values above 80% at currents
higher than 15 A. However, the low efficiency at the lowest current
levels remains unexplained, but the hydrogen and oxygen gas
recombination, other possible side reactions, and measurement
inaccuracy are the most probable explanations. As no catalyst is
present recombination should be moderate and is not considered
as a safety issue in the water solution.

The specific energy consumption Es of an electrolysis process
can be obtained based on the stack voltage, current, and hydrogen

35

Cell voltage (V)

5 10 15 20 25 30
Stack current (A)

(b)

Fig. 4. Individual cell voltages of the in situ water electrolyzer stack as a function of stack current without microbes: (a) Serial connection; (b) Parallel connection.

production rate

T
J i(t) u(t) dr
E=0 3)
J ritg, dt
0

where T is the time interval under study. The higher heating value
(HHV) is the minimum energy required to produce hydrogen gas
with a thermoneutral process. The per mass unit HHV of hydrogen
gas is 39.4 kWh/kg, which can be assumed to represent the energy
consumption of the process with a 100% efficiency. The specific
energy consumption of the in situ electrolyzer is given in Fig. 6.

The SEC of the in situ electrolyzer is significantly higher
compared with traditional alkaline or PEM electrolyzers, which
typically reach values around 50 kWh/kgH;. The main factors
leading to high specific energy consumption even under Faraday
efficiencies exceeding 80% are low conductivity of the cultivation
medium and the lack of catalyst coating of the electrodes. However,
the efficiency of the in situ electrolyzer can be significantly
improved by redesigning the stack to avoid stray currents and
applying catalytic coatings. On the other hand, even the studied
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prototype of in situ electrolysis with relatively simple structure and
low-cost materials offers a high hydrogen utilization ratio as shown
later on. For biomass cultivation campaigns the parallel connection
is selected based on the higher efficiency. As scaled up to industrial-
scale the parallel connection would require high current with a very
low voltage level that is unfavorable for the power supply elec-
tronics. Therefore, the stack should be redesigned to minimize the
stray currents in case of serial connection.

3.2. Carbon dioxide production

Direct air capture (DAC) is a carbon-negative technology that
was first introduced as a process utilizing hydroxide-solutions for
chemisorption of CO, from air (Jonge et al., 2019; Sanz-Perez et al.,
2016). DAC has been reported to be an option for CO, enrichment in
greenhouses (Rodriguez-Mosqueda et al., 2018), however to the
best of authors’ knowledge its use in microbial cultivation has not
been reported yet. In the present study solid-adsorbent, DAC is used
for the HBI cultivation of protein-rich biomass because this type of
DAC offers advantages such as small unit size, scalability, and low-
temperature demand, often less than 100°C (Sanz-Perez et al,,
2016; Bajamundi et al., 2019). The CO, production of the direct air
capture unit of 2 kg—3 kg per day (Bajamundi et al., 2019) is well
over the approximately 0.49 kg per day (using gas correction factor
of 0.74 for CO;) that was supplied to the bioreactor. Therefore, after
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Fig. 6. Specific energy consumption as a function of current without microbes: (a) Serial connection; (b) Parallel connection.

the initial filing of the CO, buffer, the DAC unit was not operated
every day. The specific energy requirements of the DAC were
calculated in six typical days of operation and the results are shown
in Fig. 7. As it can be clearly seen from Fig. 7 higher produced CO,
amounts usually also resulted in lower specific energy
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Fig. 7. The specific energy consumption of the DAC unit of six experiments. The pro-
duced daily CO, amounts are also shown on top of each bar.
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consumption (SEC). It is also evident that the contribution of the
desorption phase is much higher than the adsorption phase,
ranging from 62% up to 73% of the total SEC. The lower amounts of
produced CO; and higher SEC than reported earlier in (Bajamundi
et al,, 2019) are partly the result of a shorter desorption phase
(60 min vs. 75 min). However, most of the variation can probably be
explained with changes in atmospheric conditions.

3.3. Biomass production

The biomass cultivation was tested with several test campaigns.
The pilot setup was operated in a semi-continuous mode with
periodic extraction of the biomass-rich medium and simultaneous
addition of the same amount of approximately 4 L of fresh culti-
vation medium to the system. The CO; captured from the air was
continuously sparged from the bottom of the bioreactor through
the mineral medium with the experimentally defined flow of 250
mLy/min while mixed with airflow of 1L, /min. In order to saturate
the culture with H, and O,, the medium with biomass was pumped
through the in situ electrolyzer stack with a constant flow rate of
approximately 1 m>/h over the first test campaign.

The visual comparison of the electrolyzer device opened after
several weeks of test runs and the CFD velocity distributions are
presented in Fig. 8. The comparison shows a good correlation be-
tween the amount of accumulated biomass on the surfaces and the
flow velocity distribution determined by CFD.

Further, the electrodeposition of metals from the medium so-
lution onto the surfaces of electrodes and corrosion of the electrode
plates at the regions near the edges of the slit orifices was found.
The indications of corrosion may be due to the high local flow ve-
locity and abrupt geometry at the slit orifices together with gas
mixed or diluted into the fluid, that would favor cavitation. The
cavitation induced erosion together with oxygen present in the
process may then have been caused the corrosion. A Hitachi S-
3400N field-emission scanning electron microscope (SEM) equip-
ped with an energy-dispersive X-ray spectroscopy (EDX) mea-
surements was used to examine the surface of the electrolyzer
stack electrodes. It can be clearly seen from Fig. 9 that the surfaces
of stainless steel (SS) electrodes after the first run were fully coated.
The EDS analysis revealed that most of the attached compounds
were metals from the medium solution, such as Mg, Zn, Ni, Fe, Co,

Biomass on electrode plate after first test runs

Slit orifice

D
Outlet

and carbon referring to the bacterial biomass. In addition to more
powerful pumping with flow rate approximately 1.5 m’/h, the
problem was tackled by switching the polarity every 15 min in the
electrolyzer stack with a pair of relays. Electrode material with
higher resistance against pitting corrosion should be selected.

The biomass analysis showed heavy contamination proposing
most of the biomass to be contaminants instead of the desired HOB.
However, most of the hydrogen produced is consumed in the
process as the exhaust hydrogen content is much smaller than in
the test without microbes with the same current proposing that at
least some hydrogen consuming organism is produced. The actual
CO, fixation cannot be estimated as the CO, content of the exhaust
gas was not monitored. The most probable reason for contamina-
tion is the unsuccessful sterilization of the system despite the
sanitation with 2% NaOH and flushing with 70% ethanol at a tem-
perature of 55°C before the autoclaved cultivation medium was
added through a sterile filter.

Because of contamination, it is impossible to conduct any
analysis of the specific energy consumption of the MP production.
In the previous laboratory tests, the hydrogen utilization rate was
with in situ electrolysis close to 100%, which is considerably higher
than the gaseous hydrogen utilization rate of 80% reported for
external hydrogen production (Matassa et al., 2016).

The in situ electrolysis increases the system complexity
compared with traditional fermentors making system sterilization
more challenging. Furthermore, with in situ electrolysis the pro-
portion of produced hydrogen and oxygen cannot be controlled,
which may lead to unfavorable growth conditions. Therefore, the
key challenge in the future, in addition to maximizing the hydrogen
production energy efficiency, is to avoid contamination.

The production of edible microbial biomass using the HBI pro-
cess with integrated water electrolysis and biological catalysis is
still in the early and developing stage (Nangle et al., 2017). Despite
outlined technical challenges and optimization prerequisites, when
scaling up a panoptic economical evaluation and life-cycle analysis
is required to give a final decision on the viability of the investi-
gating process. Various aspects must be taken into consideration
among which are the costs required for renewable electricity for
water electrolysis, CO, capture costs, expenditures for nutrients
and chemicals used for cultivation medium, capital investments,
and others. Applied marketing research is of crucial importance to

Flow speed by CFD [m/s]

Fig. 8. The amount of accumulated biomass on the electrode plate of the end chamber after first test runs is shown on the left. The visual comparison to the flow velocity dis-
tribution by CFD shows thick layer of biomass at areas at low flow velocity (locations A and D), thin layer of biomass at intermediate flow velocity (location B), and clean surface at

higher velocity (location C).
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Fig. 9. Stack coating during the first test campaign: (a) Electrode plate coating and corrosion; (b) SEM image of electrode surface (SS) in the beginning of the campaign; (c) SEM

image of the coated electrode surface in the end of the campaign.

understand the overall acceptability from regulators and con-
sumers. Regardless, it is already ponderable that the process has
significant potential in terms of competing with the purely chem-
ical approaches from CO, and provides a viable source of sustain-
able manufacturing.

4. Conclusions

In the present study, a pilot-scale hybrid biological-inorganic
(HBI) process has been introduced to enable sustainable produc-
tion of microbial protein. The specific energy consumption of in situ
water electrolysis and direct air capture of CO, have been reported.
The major advantage of in situ electrolysis is high hydrogen utili-
zation and no need to handle hydrogen gas in concentrations above
lower explosion limit. On the other hand, the efficiency of the
hydrogen production is limited and in situ electrolysis also in-
creases the system complexity making the sterilization more
challenging compared with external electrolysis.

The key directions of future research will be focused on the: (i)
development of microbial culture capable to increase the rate of
CO, conversion into bacterial biomass; (ii) optimization of elec-
trolyzer stack design in order to mitigate the effect of leakage
currents and increase the energy efficiency of in situ water elec-
trolysis; (iii) application of biocompatible earth-abundant elec-
trode coatings and high-surface materials to improve the
electrocatalytic efficiency of water splitting and avoid leaching of
compounds toxic for bacterial growth; (iv) an extensive economic
analysis is essential to evaluate the industrial viability of the HBI
production of the protein; (v) assessing whether tailoring the direct

air capture process for microbial cultivation can lower the specific
energy requirement of produced CO,, and to support this objective;
(vi) studying which is the optimal CO, concentration level for
maximum growth of the microbial biomass; (vii) studying the
optimal current density to maximize the growth. As the test cul-
tivations showed high contamination, the next goal is to achieve a
sterile environment for microbial protein growth to further report
biomass yield and specific energy consumption of microbial protein
production with pilot-scale HBI system. Nevertheless, even now it
is possible to conclude that the developed process represents the
potential to revolutionize the food and feed production industries,
drastically changing their effect on the planet’s environment.
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Appendix. Piping and instrument diagram with list of
equipment
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Fig. 10. Piping and instrument diagram of the Neo-Carbon Food setup. Labeled as follows: valves (V), equipment (E), pumps (P) and mass flow controllers (MFC). Gas piping is

indicated by dashed lines.

Table 2

List of main equipment with their key specifications. For most equipment the accuracy is given related to reading (RD) and full scale (FS).
Device Type Range Accuracy
Pump P-1 EBARA EVMSUL 0-3 m3/h -
Pump P-3 Watson Marlow 400/A 0—30 mL/min -
Pump P-4 Watson Marlow 400/A 0-30 mL/min -
Pump P-5 Flowrox LPP-M2-S 0-2.1 L/min -
Current supply Aim-TTi QPX1200SP 0-50 A +0.3% RD 20 mA
Voltage meas. Keithley 2701 0-1000 V +4ppm FS +10ppm RD
MFC-1 (CO3) Bronkhorst MCL-016F 6-300 mL,/min +0.1% FS +0.5% RD
MFC-2 (Air) Bronkhorst F-201CI 0—-5 L/min +0.1% FS +0.5% RD
H, TCD BCP-H, 010%yor. +0.2% FS +3% RD
T-1...4 Pt100 RTD + IPAQ C201 0100°C +0.1°C
PI-1..2 Tragaf FTP 6.0 0—6 bar(g) +0.4% FS
Analog input Beckhoff EL3058 4-20 mA +0.3% FS
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ARTICLE INFO ABSTRACT

Handling editor: Cecilia Maria Villas Boas de Anthropogenic emissions of CO, and other greenhouse gases have increased since the pre-industrial era, driven

Almeida largely by economic and population growth, and are now higher than ever. In this scope, hybrid bio-
logical-inorganic systems represent a sustainable and versatile chemical synthesis platform using CO, as a
Keywords: feedstock which realizes the idea of ’Cleaner Production’. Practical implementation of hybrid bio-

In situ water electrolysis
Electrolyzer stack design

Hybrid biological-inorganic system
Electrocatalyst

pH-neutral conditions
Environmental sustainability

logical-inorganic systems for the production of value-added chemical products requires development of scalable
and robust electrobioreactors with a high energy efficiency and an adequate size. This work reports an in situ
water electrolyzer stack design as part of an electrobioreactor system required for the pilot-scale operation of the
hybrid biological-inorganic process approaching the aforementioned requirements. The electrolyzer is designed
by applying fluid dynamics simulation tools to model the electrolyte flow. The design takes into consideration the
problem of leakage currents, reported in the previous works, which is tackled by applying an electrically insu-
lating coating. Different electrode surface modification approaches, such as coating with electrocatalysts and
etching, are used to further enhance the performance and energy efficiency of the electrolyzer. The performance
of the electrolyzer stack was evaluated in a pH-neutral solution required for the hybrid biological-inorganic
processes. The in situ water electrolyzer developed in this study showed a high Faraday efficiency close to 90%
and acceptable specific energy consumption below 90 kWh kgg3. The obtained energy-efficiency values are the
highest reported for similar applications with a similar scale which emphasizes the successful design of the in situ
water electrolyzer stack. All data collected during experimental work might be applied to further investigation,
simulation, and optimization of electrobioreactors operating at neutral pH. Overall, the results achieved in this
study are promising and represent a crucial step toward the industrial implementation of hybrid bio-
logical-inorganic systems.

1. Introduction

Technologies capable of combining sustainable energy generation
and production of valuable products are needed to adjust the focus from
a fossil-based economy to a renewable and circular economy and to
tackle environmental pollution (Nocera and Nash, 2006; Geissdoerfer
et al., 2017). In this context, hybrid biological-inorganic (HBI) systems
coupling the advantages of biological components and electrochemical
techniques provide a sustainable and efficient chemical synthesis plat-
form. A variety of high-value products, such as biomass, polymers, and
alcohols, can be synthesized by using hybrid technology. The operating
principle of HBI systems is based on the utilization of specific

* Corresponding author.

autotrophic microorganisms interfaced to biocompatible electrodes in
systems with integrated water electrolysis. These biocompatible elec-
trodes or catalysts are, in turn, used for the conversion of electrical
energy into Hy or energetic reducing equivalents, subsequently used by
microbes as an energy source for assimilation of COz and building of new
carbonaceous compounds. In this regard, HBI systems might potentially
play a significant role in storing energy from intermittent energy sources
and also provide a reliable mechanism for fixing COy — the annual
anthropogenic emissions reaching 32 billion metric tons (Nangle et al.,
2017).

The HBI processes circumvent many of the challenges inherent to
purely chemical conversion of COy (Szczygiel and Kutazynski, 2020;
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Nieminen et al., 2018), among which are selectivity problems between
organic products of a similar thermodynamic potential, difficulties of
performing multielectron reductions for C-C bond formation, slow COy
reduction rates, and gas transfer limitations caused by the low solubility
of the main reactant gases. After the phenomenological and
proof-of-concept discovery of the HBI process, the scientific focus has
shifted toward the objectives of enhanced energy efficiency, product
selectivity, process robustness, and upscaling (Nangle et al., 2017).
Practical implementation and upscaling of the HBI technology is, to a
great extent, dependent on the successful solution of the challenges
identified in the initial phase. Important scientific tasks, revealed in the
first stage, include promotion of the intimate association of electro-
trophs and high surface area electrodes, study of mechanism of electron
transfer from electrode to bacterium and avoidance of toxic byproducts
synthesis (Nangle et al., 2017). The attempts to solve the later problem
included the development of selective electrocatalysts that kinetically
favor Hy production instead of reactive oxygen species (ROS) generation
(Liu et al., 2016). In this regard, the key research directions cover, but
are not limited to, the following aspects: development of stable micro-
bial cultures or microbiomes enabling fast CO, conversion rates under
aerobic growth conditions, successful implementation of advances in
bioreactor and process designs, as well as integration of innovative
material structures (Osadolor et al., 2014; Alattar and Bazhin, 2020).
The upscaling of an HBI system is closely associated with the
development of a robust, efficient, and ergonomic reactor design with

in-situ electrolysis of the cultivation medium (De Francesco and Cos-
tamagna, 2004; Wrana et al., 2010). For this purpose, stackable reactor
structures, widely used in industrial electrolysis (Bhandari et al., 2014)
and dialysis applications, represent a viable technological option
capable of achieving targeted volumes by simply increasing the number
of stacked units (Krieg et al., 2014). Furthermore, using a stacked
reactor for in situ electrolysis has multiple advantages, among which
are, for instance, the improved power output and current generation,
avoidance of ohmic losses and edge effects, homogeneous current dis-
tribution over the reaction volume, and ease of characterization of the
overall performance by analyzing the performance of individual cells
(Givirovskiy et al., 2019).

There are a few applications of stacks for HBI processes available in
the literature, with most of the research concentrating on single elec-
trolytic cells immersed in the cultivation medium (Torella et al., 2015;
Liu et al., 2018). Nevertheless, this technology could presumably miti-
gate many of the existing problems attributed to HBI systems, such as the
low conductivity of the cultivation medium, an increase in the ohmic
losses, current density limitations set by the microorganisms (Zhang
et al.,, 2020), and the requirements for a design with an acceptable
electrode surface-to-volume ratio. Moreover, a substantial improvement
in performance can be reached by using coatings of electrode surfaces
(Givirovskiy et al., 2020), which, at the same time, tackle biocompati-
bility issues (Liu et al., 2016).

In this paper, our research group proposes a novel stack structure
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Fig. 2. Process flow diagram of the experimental setup.

design for in situ water electrolysis in HBI systems. The stack is antici-
pated to increase the hydrogen production rate and the energy efficiency
in comparison with the previous versions (Givirovskiy et al., 2019;
Ruuskanen et al., 2021). The performance of the stack is experimentally
studied, and fluid dynamics simulations are used to design and evaluate
the fluid flow.

2. Materials and methods

The following section provides insight into the materials and
methods used in this study. First, the in situ water electrolyzer stack
design is described in detail followed by the description of the experi-
mental setup used for water electrolysis tests. Thereafter, details related
to the preparation of electrocatalysts are presented complemented with
the surface characterization techniques used in this study. Eventually,
electrochemical methods and fundamental equations describing water
electrolysis are given for the readers.

2.1. Materials

Commercially available analytical grade chemicals were used as
received without further purification. The stack plates were manufac-
tured from duplex stainless steel 1.4462, purchased from Karose Oy. The
following compositional summary of the selected steel material can be
found from the material data sheet: Fe 64-72% / Cr 21-23% / Ni
4.5-6.5% / Mo 2.5-3.5% / N 0.08-0.2% (impurities: Mn < 2%, Si < 1%,
C < 0.03%, P < 0.03%, S < 0.02%). The insulating Teflon coating for the
stack plates was acquired from ATV-Pintakasittely Oy.

2.2. Description of the in situ water electrolyzer stack design

An improved stacked electrolyzer device was designed based on
experiences gained from the test runs with the electrolyzer devices
presented in (Givirovskiy et al., 2019; Ruuskanen et al., 2021). Different
sources of uncertainty related to the functionality of the electrolyzer
device were identified, and countermeasures were devised in the

electrolyzer design. The main uncertainties were (i) signs of local
erosion or corrosion; (ii) occurrence of leakage currents; (iii) variation in
the contact conditions between the spacers and the electrode plates; and
(iv) variation in the distance between the electrode plates, which may
cause concentration of the electrical current density. The main design
changes compared with the previous electrolyzer devices (Givirovskiy
et al., 2019; Ruuskanen et al., 2021) were (i) arrangement of the fluid
flow through electrically insulated flow channels to decrease the stray
currents; (ii) the use of a parallel flow arrangement for even flow ve-
locity distribution; and (iii) a decrease in the pressure drop. The elec-
trolyzer device, shown in Fig. 1, comprises a stack of electrode plates
separated by spacer frames and sealed by o-rings. The spacer frames also
act as flow guides. The stainless steel end plates carry the pressure load.
The stack is assembled with 12 M8 bolts. The ring plate under the bolts
provides even distribution of the bolt preload to the spacer frames and
seals to avoid leaking. The electrical connections were laser cut to the
electrode plates to monitor the electrical current and potential sepa-
rately at each electrode.

The corrosion resistance of the electrode plates was improved by
using duplex stainless steel 1.4462 with the pitting resistance equivalent
(PRE) number of 35.1 in comparison with the stainless steel AISI 316L
with the PRE number of 24.4 used in the previous electrolyzer (Ruus-
kanen et al., 2021). In addition, the risk of cavitation was decreased by
avoiding abrupt changes in the flow direction by using a parallel flow
arrangement. The conditions favoring cavitation were considered to
increase the risk of corrosion by local erosion and oxygen present in the
process. The rolled surfaces of the duplex steel electrode plates were
ground at grit 600 by a roll grinder to provide a roughened surface for
the basis of the coating.

To minimize the leakage currents that reduce the Faraday efficiency
of the electrolyzer stack, 100 pm Teflon coating was applied. The
resistance of the leakage current path through the electrolyte flow
channels was maximized by completely coating the electrode plate, only
excluding the active areas indicated by orange color in Fig. 1. Special
attention was paid to the coating quality in the axial inlet and outlet flow
channel areas. Further, the length of the insulated flow channels
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between the electrode plates was maximized despite the increased need
for electrode plate material.

In the improved electrolyzer device, the fluid is fed by a centrifugal
pump to the inlet manifold, from which the fluid flows parallel between
the electrodes, and further to the outlet manifold. The distance between
the electrode plates is set to 2 mm, compared with the previous 3 mm, to
increase the efficiency of the electrochemical process by decreasing the
ohmic losses caused by the resistivity of the pH-neutral electrolyte. The
active cell area is 239 cm? The distance is defined by the thickness of the
spacer frame. The relatively small distance between the electrodes tends
to keep the flow laminar, and therefore, mixing by turbulence was not
applicable in the current design. The electrolyzer device was designed
for lab-scale test runs, but the scalability to the industrial scale was
considered in the choices throughout the design process. The stack
arrangement enables linear scaling of the process by varying the number
of electrode pairs. The laminar flow condition and the low-pressure drop
at the parallel flow arrangement allow a rather linear scalability also by
variation of the diameter, as the small distance between the electrodes
tends to keep the flow laminar despite the change in the electrode plate
diameter. To ensure the flatness of the electrode plates on the industrial
scale, intermediate spacers can be used to support the electrode plates
from bending. Further, intermediate spacers can also be used as flow
guides.

2.3. Experimental setup

Fig. 2 illustrates the flow diagram of the experimental setup used for
the electrolysis tests, consisting of (i) an electrolyzer stack (E-1); (ii) a
constant-flow water circulation pump (P-1); (iii) a plastic vessel for the
electrolyte input and output (E-2); (iv) an exhaust gas analysis equip-
ment (E-5); and (v) control automation.

A Grundfos Alpha2 25-60 household hot water circulation pump (P-
1) with an integrated frequency converter was used for pumping of the
electrolyte. In order to avoid Hy accumulation in the headspace of the
plastic vessel (E-2), flushing with air was applied. The flush air flow was
controlled with a manual pressure regulator (E-7) and a needle valve
and measured with a MASS-VIEW MV-104 mass flow meter (E-6). The
Hj concentration in the exhaust gas was analyzed using an SRS BGA244
binary gas analyzer (E-5) equipped with a two-stage drying solution
based on a water-condensing plate heat exchanger (H-1) followed by a
silica gel tank (E-4) to prevent moisture ingress from the gas flow into
the gas analyzer. Water for the plate heat exchanger was cooled down to
1 °C by a Lauda circulation thermostat (E-3). The electrolyzer stack
current was supplied and measured by a GAMRY reference 3000
potentiostat and a Reference 30k booster. A Hioki PW6001 power
analyzer with a Hioki CT6862-05 current probe was used for the veri-
fication of the measurements. The measurement system control auto-
mation of the pilot setup was implemented in a LabVIEW environment.
All the data were stored online with a 100 ms interval to the LUT
measurement database, which can be accessed with the Grafana data
observation platform.

2.4. Modification of the electrolyzer stack plates

The procedure for catalyst fabrication was adopted from previous
reports (Kanan and Nocera, 2008; Xing et al., 2016). Electrodeposition
was the main method used for the coating preparation of the catalysts.
Prior to deposition, the active area of each electrolyzer stack plate was
polished with sandpaper, cleaned in 2M HCL to remove the oxide layer,
and rinsed with acetone and distilled deionized water to remove possible
surface contaminants. Then, the plates were dried in ambient air before
further use.

To obtain the solution for the electrodeposition of Co-Pi, 0.5 mM of
Co(NO3),6H20 was added to the phosphate buffer solution (PBS),
which was prepared by mixing 0.1 M KH,PO4 and 0.1 M KoHPO4. The
solution for CoFe-P was prepared by dissolving 0.0375 M CoSO4 - 7H20,

Journal of Cleaner Production 314 (2021) 128001

0.0125 M FeSO4 - 7H20, 0.5 M NaH2PO, - H30, and 0.1 M NaOAc -
3H0.

The Co-Pi catalyst coating was prepared in situ by cyclic voltam-
metry using the anodic electrodeposition strategy at a scan rate of 5 mV/
sin a potential range from 1.7 V to 2.2 V for 4 h. For the deposition of the
CoFe-P coating, the cathodic electrodeposition strategy using the
chronoamperometry mode was applied at a constant voltage of —2.6 V
for 45 min.

The etching solution contained approximately two portions of 30%
H,0; solution and one portion of 35% HCI solution. The etchant was
poured onto the active surface of each electrolyzer plate with a syringe
and left for 30 min. Subsequently, the etchant was gently removed by
using a paper towel, and the surfaces were rinsed with deionized water.
Teflon was protected by applying adhesive tape.

All solutions were prepared in ultrapure doubly distilled water ob-
tained from a PURELAB flex system. After deposition, all plates were
again gently rinsed with distilled deionized water and dried in ambient
air before the electrochemical measurement tests.

2.5. SEM and XRD characterization

A Hitachi S-3400N field-emission scanning electron microscope
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDX)
measurement was used to examine the surface morphologies and the
compositional distribution of the elements of the fabricated catalysts.
SEM images were obtained by operating the microscope at 10 kV and 20
mA using a UDV (secondary electron detector) and a BSE (backscatter
electron detector). X-ray diffraction (XRD) analysis performed with a
Bruker D8 Advance X-ray diffractometer was used to analyze the crystal
structure of the studied electrocatalysts. XRD patterns were obtained at
40 kV, 30 mA with Cu Ka-type radiation.

2.6. Electrochemical measurements

All the electrochemical measurements were conducted with a
potentiostat and booster by Gamry Instruments, the USA. The electro-
lyzer was connected by using a two-electrode configuration to measure
the voltage drop across the whole device. A PBS solution, which was
prepared by mixing 0.1 M KH2PO4 and 0.1 M K;HPO4, was used as an
electrolyte for all the electrochemical measurements. Polarization
curves were obtained by linear sweep voltammetry (LSV) at a scan rate
of 20mv st

2.7. Performance evaluation

There are several crucial parameters describing the water electrolysis
process. The minimum thermodynamic potential required for water
electrolysis, called reversible voltage, is 1.23 V in standard ambient
conditions. Without auxiliary heat, the required minimum voltage is
higher and dependent on the electrolysis conditions (e.g., 1.48 V in
standard ambient conditions). From the perspective of energy efficiency,
the voltage driving the electrolysis should thus be kept as low as
possible. The actual voltage required to drive the electrolysis is higher
because of overvoltages (i.e. voltage losses) caused by the impedance
between the electrodes and the activation reactions. Hence, the overall
cell voltage is the sum of different overvoltages (overpotentials) pre-
sented in the following equation

Ucent = Urey + Uohm + Uset + Ucon: m

where U is the cell voltage, Uy,y is the reversible open circuit voltage,
Uohm is the overvoltage caused by ohmic losses in the cell elements, Uyt
is the activation overvoltage caused by electrode kinetics, and Ucop, is the
concentration overvoltage caused by the mass transport processes
(Urstia et al., 2012).

Cell voltages are typically well above the thermoneutral voltage
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Fig. 3. CFD-based design of the flow guide.

1.48 V. Voltage efficiency can be defined by the stack voltage and the
thermoneutral voltage
Uun Neen

= el 2
My U 2)
where Uy, is the thermoneutral voltage, Neej is the number of cells in
series, and U is the stack voltage.

The hydrogen production rate (mol s™') of an electrolyzer stack is
linearly proportional to the stack current

3)

ing = WFNceu ZLF-,
where z is the number of moles of electrons transferred in the reaction
(for hydrogen, z = 2), F is the Faraday constant (9.6485 x 10*C mol’l), i
is the stack current (A), and 7 is the Faraday efficiency, also known as
the current efficiency, and N is the number of electrolytic cells in
series.

The specific energy consumption E; of an electrolysis process can be
obtained based on the stack voltage, current, and hydrogen production
rate

_ Jy i) u(n) di

. 4
i ti, de @

where T is the time interval under study. The higher heating value
(HHV) is the minimum energy required to produce hydrogen gas with a
thermoneutral process. The per mass unit HHV of hydrogen gas is 39.4
kWh kg ™!, which can be assumed to represent the energy consumption
of the process with a 100% energy efficiency.

3. Results and discussion

The following section presents the main results of in situ water
electrolyzer stack performance. First, an improvement of the electrolyte
flow with computational fluid dynamics tools is mentioned. Subse-
quently, values of Faraday efficiency and specific energy consumption
are calculated based on hydrogen production rates. Finally, substantial
performance enhancement by electrode surface modification is
described in detail.

3.1. Improvement of the electrolyte flow

The geometry of the electrolyzer stack was designed by using
computational fluid dynamics (CFD) to avoid a stagnated flow and to
achieve a revolving flow in laminar flow conditions. A widely used and
extensively validated OpenFOAM (openfoam.org) library was used as
the CFD software. Even though the desired flow situation was a laminar
flow, a detached eddy simulation (DES) turbulence modeling procedure
was applied. The k- SSTDES (Menter et al., 2003) model (Shear Stress
Transport DES) was used as a turbulence model for the simulation. In the
DES procedure, the core region of the flow is simulated using large eddy
simulation (LES), and in the vicinity of the wall, the traditional RANS
(Reynolds Averaged Navier Stokes) turbulence model is used. By this
method, excessive computational resources are not needed unlike in the
case of a real LES simulation because of the dense grid resolution
requirement in the boundary layer region. When the flow velocity is
slow enough and the flow approaches the laminar case, excessive
dissipation produced by the subgrid model of the DES ceases, and the
simulation is a laminar simulation in effect. The computational grids
used in the simulation consist of about 1 million cells. Because of the
large number of geometries tested and the time-dependent nature of the
DES simulation, relatively coarse meshes were used.

Design exploration was used to find a suitable geometry; some of the
designs investigated are presented in Fig. 3. The preliminary geometry
produced stagnation flow, and therefore, several geometry variations
were tested and simulated further. The final geometry was visualized by
CFD simulation to produce uniform flow velocity distribution. The
resulting flow geometry is asymmetric and enables uniform flow in
laminar flow conditions. It should be noted that a mathematical opti-
mization algorithm was not used, and it was left for a future study.

3.2. In situ hydrogen production

First, the performance of the electrolyzer stack was verified by
measuring the exhaust gas hydrogen content with a binary gas analyzer
under air flush with a constant flow of 5 L min~'. The performance was
compared for both a serial and a parallel connection of 5 electrolyzer
stack cells. In case of serial connection the stack voltage is the sum of cell
voltages as in parallel connection the stack current is the sum of cell
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currents. The specific energy consumption (SEC) and Faraday efficiency
of the stack were calculated based on the collected current-voltage re-
lationships and the measured hydrogen production and presented in
Fig. 4.

The previous stack prototype (Ruuskanen et al., 2021) suffered from
high leakage currents as maximum Faraday efficiency with serial
connection was around 50%. In the newer version leakage currents were
decreased by applying an insulating Teflon coating throughout the
surface of the electrolyzer stack plates except the active electrode area
located in the middle. The performance of the solution was verified by
the evenly distributed cell voltages in the stack for both the parallel and
serial connections as it is depicted in Fig. 4c and in Fig. 4d. In both cases,
the Faraday efficiency was close to 90% at cell currents of 1.5 A-2.5 A
indicating that leakage currents are relatively small. The hydrogen
production rate was almost similar for both serial and parallel connec-
tion of the stack cells. For instance, at stack current of 2 A and stack
voltage of 15.17 V the hydrogen production rate was 3.66 NL h~! and at
10 A and 2.89 V it was 3.68 NL h™!, correspondingly for serial and
parallel connection.

Furthermore, the specific energy consumption was significantly
reduced in contrast with the earlier study despite the use of the PBS with
a lower conductivity (Ruuskanen et al., 2021). As the cell voltages are at
the same range compared with the previous stack prototype the

performance improvement is mainly because of the reduced leakage
currents. For the current range of 1.5 A-2.5 A per cell, the specific en-
ergy consumption did not exceed 90 kWh kgﬁ%, which, once again, in-
dicates successful redesign of the electrolyzer stack with the application
of proper insulation. The obtained values of SEC are almost 1.8 times as
high as that of the traditional alkaline and PEM electrolyzers, which are
typically around 50 kWh kggs at 47% — 82% efficiency (Urstia et al.,
2012). One of the factors leading to higher SEC even under Faraday
efficiencies of 90% is lower conductivity of PBS solution in comparison
to, for instance, KOH used in alkaline water electrolysis. However, it is
evident that despite certain similarities between pH-neutral in situ water
electrolysis and conventional water electrolysis, the application of these
technologies varies significantly. Thus, it is not fair to give any negative
conclusions regarding the viability of the studied process based only on
efficiency and SEC differences (Rieth and Nocera, 2020).

3.3. Modification of the electrolyzer stack surface and performance
evaluation

In order to further enhance the performance of the electrolyzer stack,
different surface modification options were examined. First, coating
with the benchmark Co-Pi catalysts deposited onto a polished stainless
steel electrode plate was tested. Amid deposition of Co-Pi, a gradual
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Fig. 6. SEM images of (a) bare SS, (b) Co-Pi on SS, (c) etched SS, and (d) CoFe-P on the etched SS at the same magnification.

increase in the voltammetric current was observed, indicating a higher
coverage of the substrate surface and an increasing thickness of the
coating. After deposition of Co-Pi, the active area of all the anode plates
was evenly coated with a dark coating as shown in Fig. 5. As expected,
all the cathode plates remained uncoated.

After deposition and visual inspection, the selected anode plate was
analyzed with SEM equipped with EDS. According to Fig. 6b, the flat SS
surface (Fig. 6a) was coated with numerous 3D-porous micrometer-size

particles. Based on the EDXA diagram depicted in Fig. 7b, the presence
of the desired Co and P was evident. The cracks observed on the surface
of Co-Pi are a result of the moisture loss during the drying process.
The performance of the electrolyzer stack was analyzed with LSV
before and after coating with Co-Pi in a neutral PBS. For all the LSV
measurements, the electrolyzer stack was connected in parallel. As it can
be seen in Fig. 7d, before coating there was absolutely no current flow in
the electrolyzer stack until the potential reached 2.15 V. After 2.15 V,
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the gradual increase in current started to reach the reference current
densities of 1 mA cm™2 and 5 mA cm™2 per electrolyzer cell at the
overpotentials of 1.14 V and 1.6 V, respectively. The reference current
density of 10 mA cm~2 was not reached at 3 V. After coating of the anode
plates with Co-Pi, a considerable increase in the electrolyzer stack
performance was observed. The current started to rise steeply already
after 1.85 V. The same reference current densities of 1 mA cm 2 and 5
mA cm ™2 were reached at significantly lower overpotentials of 0.9 V and
1.28 V in comparison with the bare SS anodes.

In the present study, etching with a mixture of H,O, and HCl was
used to roughen the substrate surface and to bare the grains of stainless
steel. One can see in Fig. 6¢ that by that means, the active surface area of
the electrolyzer stack plates has been significantly increased. The effect
of etching on the electrolyzer stack performance was studied with the
LSV, and it is illustrated in Fig. 7d. After 2 V, the current in the etched
electrolyzer stack started to rise steeply, reaching a current density of 5
mA cm 2 per electrolyzer cell at a similar overpotential of 1.28 V as in
the case of the anodes coated with Co-Pi. Although before 2.5 V the
performance of the stack was slightly worse compared with the previous
test with the Co-Pi coating, after 2.5 V the current rise in the etched
stack was faster. The maximum current achieved at 3 V in the etched
stack was close to 18 A, which is approximately 3 A higher than that of
the electrolyzer stack coated with Co-Pi.

After experiments with etched SS surfaces, another CoFe-P-based
coating was tested for the electrolyzer stack because of the high catalytic
activity reported in the previous studies (Li et al., 2019; Yoon et al.,
2018). During deposition of the CoFe-P catalyst, a gradual decrease in
the potential region of the HER was observed. At the end of the depo-
sition procedure, the selected plate was checked once again with SEM
equipped with EDS, which revealed a clear change in the surface
morphology (Fig. 6d) and the presence of the desired Co, Fe, and P peaks
in the diagram (Fig. 7c). The CoFe-P morphology is presented with
nodular grains covered with nanoparticles, which explains the large
specific surface area and the high catalytic activity of this coating.
Similar to the previous reports (Kanan and Nocera, 2008; Yoon et al.,
2018), the XRD diffraction peaks of both the tested Co-based coatings
revealed the amorphous nature of the synthesized catalysts.

It appeared that with the CoFe-P coating deposited onto the etched
SS anodes, the onset overpotential was the lowest, and all the reference
current densities were reached at lower overpotentials among all the
previously tested options. The current started to increase rapidly before
the potential in the stack reached 1.75 V, indicating the start of water
splitting. Subsequently, the reference current densities of 1 mA cm ™2, 5
mA cm 2 and 10 mA cm ™2 per electrolyzer cell were reached at the
overpotentials of 0.8 V, 1.07 V, and 1.34 V, respectively. At 3 V, the
current in the electrolyzer etched and coated with CoFe-P was 2.7 times
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as high as in the configuration with flat and uncoated SS electrodes. The
superior performance is due to both the increased active surface area
achieved by etching and the high intrinsic catalytic effect of the CoFe—P
coating in neutral pH.

4. Conclusions

In the present study, a novel pilot-scale in situ water electrolyzer
stack for HBI systems was designed and tested. The specific energy
consumption and Faraday efficiency of the developed electrolyzer were
reported. Compared with the previous research, the performance of the
in situ water electrolyzer was considerably enhanced. Above all, leakage
currents were prevented by the successful implementation of the insu-
lating Teflon coating. Secondly, the use of modern fluid dynamics tools
enabled the improvement of the electrolyte flow. Finally, modification
of the active electrode surface area by applying a combination of etching
and deposition of in situ Co-Fe-P-based electrocatalysts allowed to
reach enhanced current densities at similar voltages in the stack. The
results achieved in the study could be considered another crucial step in
the development and upscaling of the HBI process.
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