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Chapter 1. Introduction to the development of sustainable portable batteries

1.1 Challenges for powering a digital society

Digital technologies are generating a global transformation with economic, social, and

environmental implications. Digitalization has already shown many benefits to society,

it has stimulated disruptive innovation, generated new business models providing

opportunities for value creation, contributed to transparency, and improved access to

information. However, this digital transformation is generating a fierce debate on how

to ensure a positive, sustainable, and just social impact. Furthermore, this growing

trend arises profound concerns about its environmental impact.1;2 Big data analytics,

artificial intelligence, and the Internet-of-Things (IoT) are primary enablers of the

digital transformation. IoT is constituted by multiple energy-autonomous systems that

will be comprehensively capable of sensing, diagnosing, deciding, and actuating in a

communicative and collaborative way. Although IoT is still in the early stages of

growth, current estimations point to more than 9 billion connected devices around the

world. This number is expected to increase exponentially, with estimates ranging from

25 to 50 billion devices in 2025.3 This network of devices will give rise to a new era of

information access, well-being, and productivity in many sectors.4 However, its

manufacture, usage, and waste management will consume a high amount of

resources.

As this global trend of society digitalization speeds up, planned obsolescence and

linear economy models are consequently generating an unprecedented amount of

Waste Electrical and Electronic Equipment (WEEE) or e-waste. WEEE is rapidly

becoming the largest waste stream worldwide.5–7 It has not stopped growing since

2014, leaving behind an annual generation of about 50 million metric tons, which are

expected to increase up to 75 Mt in 2030, according to the latest Global e-Waste

Monitor report.8 On the other hand, the World Economic Forum estimates that the

material value of our used electronic devices globally amounts to $ 62.5 billion, three

times more than the annual output of the world’s silver mines.9 Thus this waste

stream equally contains hazardous and valuable materials. In 2019, the documented

global percentage of collected and properly recycled WEEE was 17.4%, meaning that

the large majority of e-waste generated was not formally collected nor managed in a

systematic manner. Europe, in particular, ranks first in terms of e-waste generation
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1.1. Challenges for powering a digital society

per capita with 16.2 kg (12Mt generated in total in 2019).8 As depicted in Figure 1.1a,

EU member countries show a growing trend since 2014.

Figure 1.1: a. Electrical and Electronic Equipment (EEE) put on the market compared with

Waste Electrical and Electronic Equipment (WEEE) generated and collected by year in EU in

kilotons. Represented by dots, the collection rate b. Units of portable batteries put on the EU

market in comparison with portable batteries collected for recycling by year. Source: Prepared

for this thesis based on the data supplied by Eurostat. Collection rates have been calculated

as set out in the WEEE Directive (% of the average weight of EEE put on the market in the

three preceding years).

Moreover, the gap of data and statistics on WEEE management has already been

exposed, pointing out that the lack of formally documented data implies that e-waste is

mainly managed outside the official collection system. This obsolete equipment is, in

some cases, shipped to developing countries, iwhere there is a complete lack of secure

and sanitized facilities for e-waste recycling and material recovery.10 The problem is

even more critical when this waste is not even collected properly. Despite having a

developed recycling infrastructure in high-income countries, a high number of small-

size electronics are disposed of in general waste bins that usually end up in landfills

where, in many cases, are incinerated. One of the most hazardous components in

iAs a part of the official WEEE management, it is usual to incorrectly categorize WEEE under the

euphemism Used Electrical and Electronic Equipment (UEEE). As it has been reported by Basel Action

Networks in multiple occasions, this illegal practice is used to avoid OECD waste exporting regulations

and generates a non-regulated trade of WEEE to developing countries.10 The interested reader may

consult : ban.org/trash-transparency
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Chapter 1. Introduction to the development of sustainable portable batteries

e-waste are batteries. Due to their chemical composition, encapsulation, and risk of

explosion, batteries need special and dedicated recycling processes.11

Due to their suitability in many areas, batteries have become today ubiquitous power

sources to feed portable EEE, but also contribute intensively to WEEE generation.

Just in 2018, 191 kilotons of portable batteries were sold in the EU (see Figure 1.1

b).ii However, only about 88 kilotons of waste portable batteries and accumulators

were collected for recycling, representing ca. 48% of collection rate.12 Being the

highest collection rate archived since records began. Significant efforts are being

undertaken at EU level to create a sustainable framework for batteries. Most of these

initiatives focus on the recovery of valuable elements, but also include the

incorporation of sustainability into batteries value chain13;14, specifically promoting

environmental impact assessments.15

The European Commission (EC) has identified batteries as a strategic value chain

where the EU must strengthen investment and innovation through an industrial policy

strategy that builds an integrated, sustainable and competitive industrial base.16;17

Despite these valuable actions intended to improve sustainability of large-scale

batteries (mostly for e-mobility and energy storage sectors), particular considerations

should be made to improve portable battery formats as well. Portable batteries have

shown to have a high carbon footprint associated, especially during their

manufacturing and End of Life (EoL).

1.1.1 Portable batteries conventional life cycle

For portable batteries to stop contributing to environmental degradation, and become

an example for sustainable technological development, it is crucial to change the way

the batteries value chain is approached. The conventional life cycle of portable

batteries follows an obsolete linear economy model. Figure 1.2 gives a schematic

view of the main stages of the battery life cycle, pointing out some unsustainable

practices currently performed at each of the stages.

ii75% of them non-rechargeable batteries (primary), 25% portable secondary batteries.
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1.1. Challenges for powering a digital society

Figure 1.2: Linear life cycle of current portable batteries and practices identified by the authors

that contribute to the environmental burden at each of their stages.

Batteries depend on scarce non-renewable materials that are extracted by intrusive

methods, contributing to environmental deterioration. Concurrently, there are

increasing issues related to raw materials extraction and use of EU critical raw

materials (e.g. P, Co, Li), which are not sustainable in the long term.18;19 Their

fabrication stage takes place in centralized facilities (mostly located in Asia),

generating a necessity of a long-distance battery distribution around the world.

Furthermore, portable batteries fabrication is usually based on standardized formats.

Then, product manufacturers usually decide the battery format for their application on

the basis of cost rather than optimal energy requirements. As a result, batteries are

often discarded after their use without being completely depleted (sometimes almost

fully charged). Finally, during their EoL, if they are collected for recycling, their

complex encapsulation together with the hazardous nature of the material they are

made of, make the recycling process really energy-consuming .20 Moreover, due to

the lack of local management and e-waste recycling infrastructure, battery waste

sometimes needs to be exported again.10 In a large number of cases, as it happens

to e-waste, portable batteries are also improperly discarded with general waste

streams, ending up in landfills or incinerated, actions that pose risks to human

health,21 biodiversity, and ecosystems.

Ongoing strategies related to ecodesign, collection, repurposing, and recycling of

batteries for large-scale applications22 cannot be directly applied to portable battery

formats – due to the diverse variety of use case scenarios, their ubiquity, and that the

success of the strategies depends primarily on the end-user self-responsibility and

availability of dedicated collection routes. For these reasons, it is imperative to rethink

5



Chapter 1. Introduction to the development of sustainable portable batteries

the portable battery life cycle in accordance with a holistic sustainable perspective.

This thesis proposes a portable battery development approach that considers social,

economic, and environmental implications. The approach, presented in this work,

aims to change the current paradigm of portable batteries to a new model in which

batteries are designed to follow the life cycle of the device to be powered, as a

strategy to minimize their environmental impact along their value chain. Ecodesign is

used as the tool to perform a detailed analysis of all the stages involved in their

lifecycle, e.g. raw material selection, manufacturing process, demanded energy

capacity, operational time, and disposal considerations. In this sense, batteries’ life

cycle has been entirely reformulated to place sustainability as core priority, by raising

for instance alternative end-of-life scenarios; such as being capable of biodegrading,

composting with other organic waste or even recycled with paper and cardboard. The

following section presents the basics of primary battery working principle, then a

review of the state of the art in portable batteries with disruptive end-of-life is

presented. And at the end of this chapter, the thesis contents are gathered and

summarized.

6



1.2. Primary batteries working principle

1.2 Primary batteries working principle

Batteries are energy storage devices based on the electrochemical galvanic cell

concept. A galvanic cell spontaneously convents chemical energy from the reactants

to electrical energy (i.e. electrons flow) by coupling oxidation-reduction reactions.

Hence, as depicted in Figure 1.3a., batteries are composed by a separator (can be an

ion exchange membrane, a salt bridge, physical separation or a co-laminar flow

interface), the ion conductive media (i.e. electrolyte/s) and two electrodes, an anode

in which the oxidation reaction takes place; and a cathode in which the reduction. In

particular, primary batteries are non-rechargeable galvanic cells, meaning the

electrochemical reactions are irreversible. The electrochemical reaction occurring at

the electrodes surface of a primary battery can be generically written as follows:

Anode half-cell (oxidation): Am+ → A(m+x)+ + xe− (1.1)

Cathode half-cell (reduction): Bn+ + nee− → B(n−x)+ (1.2)

Primary batteries performance is usually assessed through polarization curves, which

provide the cell operational performance as a relation between voltage and current.

They are obtained by coupling the battery with an external variable load that forces

the battery into different working points (i.e. voltage-current conditions). To obtain a

complete assessment, polarization curves are usually run from the voltage value when

there is no current flow (i.e. open circuit voltage) to maximum current flow (0V). Figure

1.3b. depicts a generic polarization curve indicating the ranges of overpotential and

performance losses.

The cell theoretical potential is set by the battery chemistry, however the actual cell

voltage is significantly lower during operation. As it can be seen, there are four

sources of voltage loss variate, and each one accumulative appears in a different

voltage/current operation conditions:

OCV operpotential: appear due to reactants crossover, side-reactions, and

catalyst impurities if catalyst is needed.

Activation losses: are caused because reactions kinetics irreversibility, and

become more significant with slow to moderate electrochemical reactions rates.

7



Chapter 1. Introduction to the development of sustainable portable batteries

They are predominant at low current densities and can be minimized increasing

operation temperature or through an electrocatalyst.

Ohmic losses: are direct ohmic resistance respond to electrons transport

resistance on the electrodes and ions mobility restrictions on the electrolytes. It

also include resistance from external connectors or wires. It is minimized

through electrolyte concentration optimization, high conductive current

collectors and electrodes distance reduction.

Mass transport losses: it occurs when the reaction rate and the reactants

transport rate to the active sites are similar. Thus, there appear mass transport

limitations at electrodes, causing the depletion of reactant at the electrode

surface. They can be minimized by optimization of the cell structure or by

increasing the reactants concentration.

Figure 1.3: a. Schematic representation of a galvanic electrochemical cell, showing its main

components, as well as, electrons and ion flows. b. Generic galvanic cell polarization curve

indicating the sources of performance loss.

8



1.3. State of the art of portable batteries with a disruptive end-of-life

1.3 State of the art of portable batteries with a

disruptive end-of-life

In order to mitigate the associated environmental impact of EEE in general, and

portable batteries in particular, researchers have focused efforts on seeking

alternative end-of-life scenarios that do not require a dedicated collection route with

subsequent recycling for materials recovery. In this regards, transient technology is a

blooming research area that seeks materials and devices to undergo a controlled

degradation process after their operational lifespan. Several recent reviews

summarized the application of transiency to materials,23;24 electronics25 26 27 and

battery components.28

The reported degradation mechanisms for transient materials can be classified by the

external activator that triggers the material disintegration, such as pH,29 light,30 or

temperature31. When the degradation process is activated, a series of physical or

chemical reactions occur and, after a given time, the material components transform

into degradation products. The degradation mechanism depends on the nature of the

material and the degrading medium. Some academic approaches have proposed

degradable batteries to satisfy the growing need for portable power sources while

easing the environmental impact after disposal. In 2014, Rogers and co-workers

reported a battery for medical implants made of biocompatible metal foils and

polyanhydride packaging and showed its dissolution into its primary components after

some hours of operation in physiological conditions (See Figure 1.4a). Later that

year, the concept of transient benign batteries for in-vivo applications was transferred

to ex-vivo environments, inaugurating in this way, a new family of so-called

‘biodegradable’ batteries.32 As the examples in Figure 1.4 b-c show, magnesium has

been used as primary anode material whereas cathode electrodes are implemented

with iron,33;34 silk-fibroin-polypyrrole35, gold36 or molybdenum trioxide37. In the same

way, different biopolymers are used as electrolytes and to confer the batteries with

mechanical stability38;39. Alternatives to metal electrodes, such as melanine40 or

activated carbon4141 have also been presented by Bettinger et al. Both lithium

technology and bio-based batteries - using enzymatic or microbial electrodes - have

9



Chapter 1. Introduction to the development of sustainable portable batteries

also been successfully exported to transient configurations.30,42–4430;42–44A

remarkable microbial battery onto biodegradable paper-polymer substrates, Figure

1.4 d, was reported by Choi group in 2018, showing a considerable weight loss after

70 days of degradation test.4545

Figure 1.4: Batteries with an alternative end of life: a. Dissolvable battery with metal foils and

polyanhydride packaging. Adapted from ref.32. b. Biocompatible and dissolvable battery with

magnesium anode and molybdenum trioxide as cathode. Adapted from ref.37 . c. Dissolvable

battery with Mg as anode and Fe as cathode. Adapted from ref.33 d. Degradable battery with

bacteria-based anode and nickel air-cathode. Adapted from ref.45.

However, the self-appointed ‘biodegradability’ of these approaches relies on their

capability to be disintegrated in tiny parts or even dissolved in ions and molecules. In

these cases, biocompatibility iiiand/or bioabsorbability could be more appropriate

iiiBiocompatibility is define by IUPAC as “ability to be in contact with a living system without producing

an adverse effect”. Both, organic and inorganic materials can be considering biocompatible, however

in vitro culture experiments or in vivo implantation assessments are necessaries to demonstrate

biocompatibility of a material or device.

10



1.3. State of the art of portable batteries with a disruptive end-of-life

properties to claim, since dissolvability tests are reported at physiologic conditions

and, in the case of Huang et al., even demonstrated within a Sprague–Dawley (SD)

rat model.37 In fact, in literature it is usually assumed that dissolution of biocompatible

metals in river waters or soils is a sustainable end-of-life alternative. However, if this

EoL was transferred to a battery production scale of billions, it is clear that it would

suppose the loss of tons of irretrievable material together with the undesired

accumulation of metal in terrestrial and aquatic ecosystems. Therefore, it is important

to point out that only when the degradation trigger is the presence of microorganisms

present in natural environments, the mechanism are enzymatic reactions executed by

bacteria/fungi and the products are CO2, H2O, and simple moleculesiv, the

degradation process can be called biodegradation, according to IUPACv 46 and

regulated standards, in particular for EU, the standard EN 13432 vi. Figure 1.5 shows

a schematic representation of a battery undergoing a biodegradation process. Thus,

according to these regulations, only organic compounds can suffer biodegradability.

In contrast, inorganic compounds can be considered at most bioabsorbable (if they

can be assumed by a living organism), inert (if they do not cause an interaction), or

toxic (if it causes a lethal effect at a certain concentration). Appendix B ’Standards

and regulations’ of this thesis presents more in deeply the specific conditions and

procedures established regarding biodegradability determination assessments.

In 2015, our group reported a metal-free organic redox chemistry-based primary

battery, which biodegradability was successfully tested for the first time under a

standardized protocol. Showing a biotic degradation measured by the conversion of

initial total carbon mass of the material that is transformed into CO2 and CH4 (Figure

1.6a). This battery demonstrates that existing regulations to test biodegradability in

materials could be adapted to assess complete devices.50 Another approach has

ivThe above mentioned products of biodegradation are for aerobic conditions (presence of O2), simple

molecules refer to sulfides. In anaerobic conditions (absence of O2) the products of biodegradation

include CH4.
vIUPAC definition of biodegradation: “Breakdown of a substance catalyzed by enzymes in vitro or in

vivo.”. https://doi.org/10.1351/goldbook.B00656
viDefinition of biodegradation by the European standard EN 13432 “chemical breakdown of at least 90

% material into CO2, water and minerals in six months by biological actions at 58ºC”. In this standard,

the material conversion to CO2 (i.e. biodegradation process) must be evaluated accordingly to ISO

17556 or ISO14855.47–49

11
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Figure 1.5: Schematic representation of the biodegradation process for a battery as

established by regulated standards. Biodegradation assessment parameters, such as

temperature, maximum process time and minimum degradation percentage, are specified on

the standards and will depend on the type of biodegradation process pursued.

been recently published by M. H. Lee et al. in which a custom-made protocol to test a

secondary battery biodegradability and toxicity was used (Figure 1.6b). A cytotoxicity

cell assay was used to assess the toxicity of each battery component on biological

systems, while at a macroscopic level non-toxicity was also demonstrated by burying

the battery and growing a plant in the same soil.51

Figure 1.6: a. Biodegradable battery with redox organic based chemistry. Adapted from ref.50

b. Biodegradable secondary battery based in sodium-ion technology. Adapted from ref.51

Batteries with a disruptive end of life represent a first attempt to minimize batteries’

impact on ecosystems. However, as has been demonstrated, the lack of harmonized

testing and regulations for batteries biodegradability assessment makes it difficult to
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ensure battery safety for terrestrial ecosystems. Furthermore, the above reviewed

works do not consider the carbon footprint on the rest of the life cycle stages, rising

serious doubts on the overall battery sustainability.
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Thesis Summary|

This thesis presents a new rationale for the development of sustainable portable

batteries, the conceptualized ideas are then materialized with three disruptive primary

battery concepts, each one designed on a different framework for an specific

application. The work has been organized in 5 chapters: the current introductory

chapter, a second chapter in which the disruptive rationale for batteries development

is established, and then three experimental chapters each one devoted to a different

battery development. Figure 1.7 depicts the contents and distribution of the thesis

chapters.

Figure 1.7: Schematic summary of the thesis chapters
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1.3. State of the art of portable batteries with a disruptive end-of-life

After the introduction, the second chapter is devoted to the establishment of a

rationale for ecodesign a sustainable battery. The approach is based on the doughnut

economics model of the economist and professor Kate Raworth published in 2012.

The rationale adapts the concepts of planetary and social boundaries to battery

research creating a doughnut shape model for battery development that aims to track,

minimize and eliminate battery environmental impact while meeting the application

requirements. As a strategy, the complete life cycle is analyzed and redefined under

ecodesign principles and advocating for a ’tailor-made’ approach in such a manner

that the battery ends up integrated into the application value chain.

This thesis follows with the materialization of three sustainable battery prototypes

conceived under the rationale presented in Chapter 2. All three prototypes invoke a

change in the current portable batteries model, pursuing -and implementing at

different grades- the proposed battery paradigm, in which power sources are

designed to be paired with the life cycle of the intended application. At the beginning

of each chapter the conceptualized life cycle for each battery is presented, then each

particular work describes the research performed around the battery prototype

development and demonstrates the technological feasibility of the concepts proposed

by this new rationale.

In particular, the third chapter is devoted to a biodegradable flow-battery driven by

evaporation. The battery working principle resembles plant’s nurture mechanisms,

harvesting its nutrients from the soil and pulling them upwards through the stem,

towards the leaves. There, the fluidic system mimics nature by using the transpiration

pull to maintain the reactants flow and generate energy. Intended for precision

agriculture and fabricated from commercial materials, the prototype has successfully

demonstrated to be able of powering a plant monitoring unit. Finally, this chapter

presents a dedicated assessment testing the environmental harmlessness of the

battery at the end of its operational life.

Chapter 4 introduces a battery intended for smart packaging application. Again, the

battery life cycle is aligned with the application value chain, consequently paper and

cardboard recycling is proposed as disruptive end-of-life. In order to fulfill the EoL

requirements, this chapter revolves around the development of the materials that
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Chapter 1. Introduction to the development of sustainable portable batteries

compose the battery. In particular, laser induced graphene over cardboard is

assessed as current collector and an ionic conductive bio-based hydrogel is

presented as battery matrix to contain the active species. Additionally, the selection

of fabrication processes has been performed pursuing compatibility with already

established cardboard box fabrication, thus bypassing the need of a battery

distribution stage. Finally, the electrochemical characterization of prototypes

implementing the best performing materials is presented.

The five, and last experimental chapter, presents the more ambitious battery concept

of this thesis. In it, the possibility of local and decentralized battery development is

explored. The conceptualization of the battery is located in coffee-growing

communities in Chiapas, Mexico. In these regions there is a lack of proper battery

recycling, thus the development of a biodegradable battery becomes especially

appealing. First, the project viability has been assessed through interviewing and

sharing it with the local population. This way, the project framework has been created

by embracing local people’s needs and aspirations, to conceive a sustainable battery

for which fabrication processes can be implemented in the communities. As a proof of

concept, the battery, able to power portable lighting systems, was fabricated and

tested ’in situ’. In parallel, the p ossibility of directly fabricating the battery from coffee

agro-waste has been investigated. Revalorization practices are introduced to recover

biopolymers and phenolic compounds that could act as matrix and active species.

Finally, the project impact through a custom-made social impact factor is assessed

demonstrating from a local perspective the project’s potentiality and relevance.

Lastly, general conclusions of the work are presented, highlighting the thesis most

meaningful contributions to the scientific community.
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Chapter 2. A rationale to ecodesign sustainable batteries based on the doughnut
economics model

In 2012, the economist and professor Kate Raworth published an Oxfam discussion

paper entitled ‘A Safe and Just Space for Humanity’.52 In it, Raworth presented a

framework for humanity sustainable development by combining the concepts of

planetary and social boundaries.

Her theory, known as the doughnut economics model because of its graphical

representation by two concentric circles, balances essential human needs

(represented as an inner boundary called ‘Social Foundation’) and environmental

degradation (depicted as an outer boundary named ‘Environmental Ceiling’).

Between these two boundaries lies an area that, according to Raworth, represents

the environmentally safe and socially just place for humanity to thrive in balance (see

Figure 2.1). The social foundation comprehends those resources needed – such as

food, water, health care, or energy - to protect societies from critical deprivation and

ensure life is lived with dignity, opportunity, and fulfillment. While the environmental

ceiling sets planetary boundaries that sustain the benevolent environmental

conditions achieved during the Earth’s stable state period known as Holocenei. In

order to define the dimensions of the ecological ceiling, Raworth used the planetary

boundaries previously proposed by an international group of Earth-system scientists

led by Johan Rockström and Will Steffen; whereas the social foundation comprises

12 social dimensions derived from the priorities specified in the United Nations

Conference on Sustainable Development, Rio+20 (see Table 2.1).

iHolocene is the current geological epoch, defined as an interglacial period in which planet Earth

enjoys a stable state characterized by proliferation and growth of species worldwide. Researchers

from different areas have alerted that current fossil fuel emissions and nature destruction activities are

pushing Earth’s away from Holocene preservation state. J. Hansen et al. (2013), “Assessing Dangerous

Climate Change: Required Reduction of Carbon Emissions to Protect Young People Future Generations

and Nature”.53
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Table 2.1: Dimensions of human deprivation below the social foundation and dimensions

of environmental degradation beyond the environmental ceiling according to the doughnut

economics model by Kate Raworth.52

SOCIAL FOUNDATION

DIMENSIONS

ECOLOGICAL CEILING

DIMENSIONS

Water Climate change

Food Ocean acidification

Health Chemical Pollution

Education Nitrogen &

Income & work phosphorus loading

Peace & justice Freshwater withdrawals

Political voice Land conversion

Social equity Biodiversity loss

Gender equality Air pollution

Housing Ozone layer

Networks depletion

Energy Climate change

Among others, Raworth condemns the excessive attention given to the Gross

Domestic Product (GDP) as a solo economic indicator to quantify countries’

prosperity. Pointing out how such fixation on an ever-growing GDP as a goal has

failed to reflect other important societal wealth metrics, such as the continuous

degradation of ecosystems or the invaluable but unpaid work of carers. Ultimately,

Raworth’s theory evidences the necessity of providing a global perspective that takes

into account all the dimensions at environmental, social and, economic level when

developing a truly sustainable model.
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Figure 2.1: The Doughnut of social and planetary boundaries. Source: ’A Safe and Just Space

for Humanity’ from Kate Raworth.52
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2.1. Batteries inspired by the doughnut economics model

2.1 Batteries inspired by the doughnut economics

model

As mentioned in the previous chapter, there is a lack of legislation and efficient

methods for portable batteries to be recovered and processed, which is leading to an

irreversible ecosystem degradation. In view of this perspective, tightened

environmental laws and appropriate recycling infrastructure are urgently needed.

However, the development of those mechanisms is complex and sluggish, and it is

very unlikely that their implementation can keep up with the increasing demand for

portable power sources. In this sense, applying the doughnut economy approach to

batteries development appears to be a promising way to meet the technological

needs of society without compromising future generations.

Looking into Raworth’s macroeconomics observations, one can find enormous

similarities with the way battery development has been approached up to date. From

materials screening to structures and geometries exploration, the main objectives of

portable battery research have been to increase battery power, to achieve higher

energy densities, and, in the case of secondary batteries, to gain in cyclability. But

this excessive attention given to battery performance has overshadowed other

relevant indicators. Meaningful metrics such as scarcity of raw materials, energy

consumption, and complexity of manufacturing methods, equipment required,

hazardousness of secondary materials involved (i.e. solvents), or recyclability of the

design, suffer from a pathological lack of attention. In fact, such focus on battery

performance, in terms of power and energy density, has completely ignored the

indicators of the value chain that set the sustainability of the battery across technical,

environmental, economic, and social dimensions. This comprehensive understanding

of sustainability suggests that, rather than traditional goal-based approaches,

sustainability is a system property that requires a process-based systemic approach

to plan and guide it, as defined by F. Ceschin and I. Gaziulusoy.54

This thesis proposes to create a systemic approach inspired by Raworth’s theory to

guide batteries development. Thus, a doughnut shape model applied to battery

research and development has been drafted, setting a social, economic and
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Table 2.2: Sustainable space for batteries development accordingly to the approach proposed

in this thesis. The six dimensions that define the performance foundation are usually used by

researchers and companies to measure commercial viability and competitiveness of a portable

battery. The six dimensions of the social, economic, and environmental ceiling have been

established by the authors to ensure battery sustainability across its three pillars.

PERFORMANCE

FOUNDATION DIMENSIONS

SOCIAL, ECONOMIC AND

ENVIRONMENTAL CEILING DIMENSIONS

Energy density Materials toxicity

Power density Ethical supply chain

Competitive manufacture Low energy and resources consumption

Portability Materials abundance

Operation time Economically affordable

User-friendly Cost-effective end-of-life

environmental ceiling and a performance foundation (See Figure 2.2). The

performance foundation is composed by the six indicators researchers and

companies usually use to measure commercial viability and competitiveness of a

portable battery. While the ceiling has been established by the authors to ensure

batteries sustainability in social, economic, and environmental dimensions (See

Table2.2). As depicted in Figure 2.2, by bringing together the two approaches a safe

and sustainable space for portable batteries naturally emerges.
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2.1. Batteries inspired by the doughnut economics model

Figure 2.2: Defining a sustainable space for batteries development. The six dimensions that

define the performance foundation ensure the power supply for the portable battery application.

The six dimensions of the social, economic and environmental ceiling prevent the battery to

exceed the natural planetary boundaries and ensure a just and accessible technology.
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By ensuring the fulfillment of the six environmental ceiling dimensions, this change of

paradigm aims to track, minimize and, ideally, eliminate the battery environmental

impact through careful device design and development. While at the same time,

meeting the application minimum requirements in terms of power and operation time.

Advocating for a ‘tailor-made’ approach, the development of such batteries should be

coupled with the device value chain, in such a manner that even the power source

end-of-life could follow the device’s one. However, to move into the sustainable space

for batteries development is complex because the performance and the social,

economic and environmental dimensions are interconnected. For instance, a

competitive manufacture might require processes that are energy intense. Hence, the

production and implementation of portable batteries in a responsible way are only

possible if a balance of the whole life cycle is taken into account. This section

proposes a research methodology that takes into account the application’s energy

demand as a cornerstone. This ‘tailor-made’ approach sets a clear performance

foundation from the very beginning of the battery conception. From there, ecodesign

is used as linchpin to ensure the fulfillment of the six celling dimensions. Applying the

doughnut economics model perspective to the batteries’ value chain brings forward

an opportunity to rethink their entire life cycle, as will be demonstrated in subsequent

chapters. Therefore, the framework exposed in this section is the thesis backbone

and sets the approach to battery development within this work.
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2.2 Key tools to ensure portable battery to stay within

the sustainable development space

Ecodesign is a Design for Sustainability (DfS) approach that focuses on lowering the

environmental impact of a product throughout the whole life cycle. From raw materials

extraction to final disposal, it integrates environmental aspects into the product

development process, balancing ecological and economic requirements.54 In this

sense, ecodesign vision is an essential approach to ensure that portable batteries

stay within the social, economic and environmental ceiling and performance

foundation. Since, it ensures that he whole battery life cycle ( i.e. materials,

fabrication, distribution, application and end-of-life) is taken into account from the

early battery conception. It is worth to mention that, the implementation of Life Cycle

Assessment (LCA) could bring essential and specific metrics to quantify the suitability

and effectiveness of the ecodesign process. LCA is a standardized methodology for

assessing the potential environmental impact associated with a product or a service

over its entire life cycle. This assessment technique provides a holistic view of

environmental interactions that will take into account ecological, social, and human

health impacts of material consumption and environmental releases to air, water, and

land associated with specific manufacturing and distribution processes on local,

regional and global scales. The results from LCA would include an estimate of the

carbon footprint of developed batteries to benchmark its impact based on

standardized and comparable metrics.55–57 Ecodesign of batteries would then use

this output to make decisions on materials, manufacturing methods, and form factors

according to the specific requirements of the application to be powered.

The methodology proposed implements three main aspects to consider during the

ecodesign and at each stage of the battery life cycle (conceptualized and adapted

from Raworth’s theory):

1| An integrated vision: Societies need portable energy, and its demand is expected

to significantly increase in the upcoming years. However, while creating wealth,

scarce material dependence and costly production methods could lead to inequitable

access to battery technology. Sustainability awareness at environmental, social, and
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economic dimensions ensures the creation of a fair access to the technology.

2| A refocusing of priorities: Energy demand intensification would increase raw

materials and natural resources exhaustion, if not properly managed. Environmental

stress must not be seen as a collateral damage, but rather as a decisive assessment

to guide battery development.

3| Metrics beyond performance: Batteries should not be ranked exclusively in terms

of technical performance. A criteria to provide a holistic evaluation of a battery

advantage in all dimensions must be developed by researchers and demanded by

consumers. Such criteria should incorporate innovative indicators to assess battery

sustainability, as its adequacy for a particular application, ease to be recycled, or

efficacy in terms of material utilization.

Gathered hereinafter are exposed the proposed rational pillars, a set of good

practices, recommendations, and guidelines to consider at each of the battery life

cycle stages to ensure the battery life cycle to stay within the safe space for

development as shown in Figure 2.3.
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Figure 2.3: Batteries life cycle implementation within a doughnut model of sustainable

development.
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MATERIALS|

Conventional portable batteries have a dependence on materials with supply chain

risk. Materials abundance and geographical origin is rarely prioritized against

material performance, when analyzing their suitability for an application. Focusing on

battery chemistries, current battery technologies rely on toxic and flammable

compounds that involve aggressive and hazardous processing that produce toxic

by-products and demand stringent safety measures, during their extraction,

processing, and end-of-life. Materials selection is the most critical step during a

battery conception and design, since it largely determines the battery performance in

terms of energy density and operational time. It also affects battery sustainability in

terms of toxicity, cost-effectiveness, and affordability. An ethical supply chain is also

largely determined by the material selection stage. There are some key points that

battery materials research must assess to ensure battery performance while staying

within the ceiling:

Screening of chemistries – Selection of suitable chemistries based on

metrics such as non-toxicity, availability, and compatibility with proposed

end-of-life scenario. More eco-friendly and abundant chemistries already

identified for large-scale applications such as Na-ion and Zn-air batteries

would provide the starting point for this approach. But also the exploration of

organic chemistries (e.g. quinones, vitamins, imides) could provide a feasible

alternative that would reduce the current dependence on inorganic

chemistries.

Optimal raw materials utilization – According to the features required by

the application, the amount of electrochemically active material should be

addressed. By adjusting the available energy to avoid material waste while

ensuring a sufficient power supply.

Alternative materials sources – Identify and explore battery materials

beyond critical raw materials or materials with supply risk currently used in

commercial batteries, e.g. Li metal-fluorine (Li/CFx), manganese (Zn/MnO2),

nickel-metal hydride (NiMH). Alternative sources such as bioderived, recycled

or repurposed secondary raw materials would represent great sources.
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Subsequently, the exploration of novel extraction and recovery processes

based on green chemistry and low energy consuming methods must be

implemented.

As mention above, life-cycle assessment could represent a key methodology specially

for material selection. The results of a LCA could be used to prioritize the use of

one material over another that behaves similarly in terms of performance, providing

specifically environmentally conscious metric. The LCA can be used as an iterative tool

to assess different materials, while fixing others that are compulsory due to application

requirements or performance reasons.

All in all, materials selection must be carried out without neglecting the application

power needs but prioritizing sustainability metrics that ensure the optimum selection

for each application.

FABRICATION & DISTRIBUTION|

Current manufacturing processes of batteries are complex, energy intensive, and

usually centralized, mostly in Asia. Transportation of materials to the fabrication sites

and then of batteries to the world contributes to a large carbon footprint. Life cycle

assessment studies of alkaline batteries account the majority of greenhouse gas

emissions to processes related to material extraction and cell manufacturing. Battery

design should be carried out leading towards the implementation of cost and energy

efficient manufacturing methods. Defining sustainable and affordable fabrication

processes will ensure the development of an accessible and inclusive technology,

both at economic and social dimensions. Key points that should be address while

creating/improving the manufacturing process include:

Energy efficient fabrication – implementation of manufacturing methods

based not only on the monetary cost but on the energy efficiency, leading to

minimization of the carbon footprint associated.

Clean battery production – prioritize processes with the lowest amount of

by-products needed and minimize waste production. Active research on

re-use and re-integration methods for produced by-products or reagents is

needed. Cost-effective and clean manufacturing can also be tackled from
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materials selection and implementation; by prioritizing those materials with

lower working temperature or minimizing the use of reagents needed during

material processing.

Decentralized manufacturing – efficient processes from Industry 4.0 can be

implemented and reproduced locally, leading to a decentralized battery

production model. The geographical democratization of battery production

would avoid the creation of monopolies since batteries could be produced

with available raw materials, distributed, consumed, and repurposed locally,

fostering local industrial growth and competitiveness.

Implementation of best practices and policies – foster open innovation to

fit with upcoming sustainable regulatory frameworks, and also promote and

ensure an ethical fair trade supply chain, that avoids social and political

conflicts.

The overall objective of the re-definition of batteries manufacturing routes should be

introducing indicators beyond monetary cost. Energy-efficient, waste production,

resources consumption metrics should be properly quantified to ensure

cost-effectiveness at an environmental, social, and economic level. The

implementation of such indicators should lead, ultimately, to the development of an

accessible, and inclusive technology.

APPLICATION|

Current battery technologies have made progress in their industrialization to reduce

production costs. However, this mass production strategy has ended up causing a

widespread use of standard-size portable batteries in products, which have based

their battery choice on price rather than power requirements. Consequently,

sometimes batteries are oversized in terms of power and energy capacity (as in

medical single-use tests), implying that they are disposed of before their complete

depletion. In other cases, batteries are undersized, provoking excessive need of

replacement and structural materials waste (as in hearing aid devices). Moreover,

conventional batteries have been optimized for continuous operation and include

elements to reduce leakages and overloads over the long periods of time required by
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non-disposable applications. These features are implemented using a wide range of

materials from metallic casings, springs, rubber gaskets, paper/polymer separators,

spacers, sealants, plastic/metal pouches, etc; which are not always necessary, for

instance in short time use applications. Technology integration with a holistic vision is

only possible if, during the battery design, the application is taken into account. A

tailor-made battery model would aim to ensure the following points:

Tailored design – adapting energy and power to the demands of the

application would consume only the required amount of materials, and

therefore efficient material utilization would be ensured. The use of additive

manufacturing techniques from Industry 4.0 would enable a high level of

design customization.

Operating conditions – the faradaic and energy efficiencies quantify the

total amount of chemical energy stored in a battery that has been converted

to useful electrical energy. These metrics strongly depend on the operating

conditions in which a battery is forced to work. Careful examination of

application energy demands would allow maximizing active material

utilization of the battery during the operation stage.

Operating time – batteries research and development invest great efforts to

ensure long and steady operational time. It is often that, while operational,

novel battery technologies are discarded in their development phase due to

short shelf and operational lifetimes. However, many single-use applications

in sectors like portable diagnostics or precision agriculture could benefit from

those short-term battery technologies.

Considering the requirements of the application from the beginning of the battery

conceptualization would allow adapting battery features such as materials,

geometries, operational conditions, and stored energy; which would lead to improving

the overall efficiency.

END-OF-LIFE|

Battery recycling requires costly and complex infrastructure. Furthermore, the

recycling rates through conventional waste streams are hardly met. Finding
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alternative EoL scenarios for batteries could help to ease the load on current

recycling facilities while decreasing the environmental impact of improperly discarded

batteries. When looking for an appropriate EoL the following points may be useful:

Paired EoL – When considering the target application, the whole life cycle of

the product that is being powered can be taken into consideration to match

their EoL. On top of that, if the operational time of the product and the battery

are very different, the usage scenario can be done considering to adequate

the battery EoL to lack or existence of proper recycling facilities.

Reduce, Reuse. . . and Recycle – Reducing waste materials or products

would undeniably reduce their impact. Similarly, reusing them, as long as the

quantity of new material and energy resources needed to restore is

reasonable. However, recycling implies an energy-consuming process and

therefore its benefits depend on the specific product and materials to be

recovered. As demonstrated by Linda Gaines, it is important to analyze

deeply, and case-by-case, the pros and cons of recycling, to fully understand

the involved impact tradeoffs.58

Alternative EoL scenarios - As exposed in Section 1.2, batteries can have

EoLs as disruptive as biodegradability. Developing different paradigms for

battery EoLs, and properly implementing them according to the life cycle of

the application, would provide a diversity of viable waste streams that turn

used batteries into valuable raw materials or a safe return into nature.

Identifying alternative End-of-Life scenarios in which batteries consider the whole life

cycle of the product they are powering can provide a more positive carbon footprint.

Biodegradable batteries could eventually be processed as compost (domestic or

industrial) or even undergo degradation on soil. The feasibility of this approach must

include assessment of biodegradability in laboratory and field conditions, as well as

the ecotoxicological impact of discarded batteries in soils for organisms. These

characterizations would allow the total computation of environmental impact of the

entire battery life cycle.
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2.3 Batteries for a global sustainable development

From a global perspective, this battery development approach is in full alignment with

the Sustainable Development Goals (SDGs) defined by the United Nations. It

specially addresses SDG7 (Affordable and Clean Energy), but also has a relevant

impact on SDG9 (Industry, Innovation and Infrastructure), SDG11 (Sustainable Cities

and Communities), SDG12 (Responsible Consumption and Production), SDG13

(Climate Action) and SDG17 (Partnerships for the goals).59

The technologies created according to this approach would not only produce

sustainable power source alternatives for applications in developed regions in the

world but would represent a paramount solution for low resource settings in the world.

According to the Energy Progress Report, which provides a global dashboard on

progress towards Sustainable Development Goal 7 (SDG7), about two billion people

– around 1 in 4 people in the world – currently live with no or limited access to

electricity. Of those, 860 million people, mostly located in rural areas, live completely

without electricity.60 The relation between a life with limited access to electric power

and the influence that the technology proposed in this thesis could have on living

standards is profoundly analyzed in the Chapter 5.

Due to the tailor-made nature of the prototype batteries develop of this thesis, each

chapter has its specific relation with the SDGs, Figure 2.4 visually shows these

connections.
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Figure 2.4: Sustainable development goals in relation with each chapter of this thesis.
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Conclusions|

This chapter presented a systematic approach to undertake battery development

from a social, economic, and environmental sustainability standpoint. The doughnut

economics model principles proposed by Kate Raworth have been used as

inspiration and applied, for the first time, to battery technology. A new rationale for

battery research and development has been created by setting a social, economic,

and environmental ceiling and a performance foundation. Futhermore, ecodesign has

been identify as the essential tool to ensure the batteries to stay within the

established boundaries, and the key tools, practices and enablers to be applied in

each life cycle step have been exposed.

The work presented hereafter constitutes the first steps for the implementation of a

sustainable battery development. In order to demonstrate the feasibility of the

approach, three novel primary battery concepts have been conceptualized and

materialized, tackling two disruptive end-of-life, biodegradability and recycling with

paper and cardboard. However, it must be noticed that, the rationale exposed above

has been generated from the practices, knowledge and thoughts arisen along the

whole path of this thesis. And for this reason, the materialized batteries might not

gather all the complexity and fulfillment presented in the rationale. However, its

development has been performed under an integrated vision, by refocusing the

priorities and giving the proper attention to metrics beyond the performance.

Futhermore, it is worth mentioning that the given recommendations and guidelines

can be implemented on any battery but it becomes especially relevant in disruptive

technologies that are introducing alternative end-of-life scenarios, such as

biodegradability or recyclability with other waste streams. In those cases, all materials

used as electrodes, electrolytes, or structural components would be non-toxic and

selected to meet the specific end-of-life requirements and safe and scalable

manufacturability. This set of prerequisites would lead to choose materials without

supply chain risk and move towards materials obtained from a sustainable

bioeconomy and recovered from recycling processes. A combination of bioderived

organic species, electrolytes, biopolymers, and carbon-based electrodes comprising
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the batteries would result in a battery waste that can nurture soil or restore natural

systems, radically changing the current battery paradigm. Energy and cost-efficient

manufacturing methods from Industry 4.0 would then allow a decentralized local

production and consumption model, in which batteries would not have to travel long

distances to reach their destination but rather be constructed, distributed, consumed,

and repurposed locally, fostering local industrial growth and competitiveness.

This methodology has been created from the point of life of batteries, a critical element

in electronic devices and consequently in electronic waste. The same exercise can be

carried out in the development of complete devices and systems. The advances in

green electronics have already demonstrated the potential to generate devices that

could also be biodegradable, and in this way, the whole system could then follow the

same waste stream. However, the ambition is that the methodology proposed here

becomes the starting point of an open discussion that defies unsustainable practices

in battery development. Therefore, this methodology is subject to be continuously

improved and updated with contributions from battery developers around the globe

and turn into a beacon for the implementation of a new paradigm of portable batteries

based on a holistic sustainability approach that satisfies the portable power needs of

humanity without compromising our environment.
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Overview

This chapter presents a flow battery profoundly inspired by nature, which mimics fluid

transport in plants to generate electric power. Figure 3.1 schematically depicts the

battery life cycle, within the frame of the doughnut methodology presented in Chapter

2 , i.e. under the sustainability ceiling and over the precision agriculture (PA) required

performance foundation.

The battery, made from commercially available materials, represents the first steps

towards the materialization of the proposed methodology. Ecodesigned for PA

applications, biodegradability has been matched as an alternative end-of-life

scenario. Accordingly, the materials selection has been carried out to enable this

EoL, while prioritizing low environmental cost and energy-efficient fabrication

processes. The prototype practicality has been demonstrated by powering a wireless

plant caring commercial device. Furthermore, standardized biodegradability and

phytotoxicity assessments show that the battery is harmless to the environment at the

end of its operational lifetime. Validating this way its being at the safe space between

the projected inner and outer boundaries.

Figure 3.1: Sustainable battery life cycle envisioned for precision agriculture applications.
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3.1 Introduction

Agriculture needs a new paradigm. With a worldwide population predicted to reach 9

billion inhabitants by 205061 , it is likely that the overall food demand will continue to

grow. To meet this demand, ever-increasing crop yields are required. Nevertheless, it

is today widely recognized that the intensive use of agrochemicals (e.g., fertilizers,

pesticides, etc.) that have been utilised so far to boost food production, is not

sustainable in the long term. Intensive agriculture based on high inputs of chemicals

proves to be one of the major drivers of soil degradation, pollution of natural water

resources, and biodiversity loss. In this regard, wireless sensor networks (WSNs) can

already help growers to adapt their practices and shift towards precision agriculture

(PA). In a nutshell, WSNs for PA are based on a collection of individual nodes

deployed across agricultural lands to monitor a variety of local parameters (e.g., air

temperature, soil moisture, soil PH, salinity, light, etc.). Measurements are then used

to derive microclimate conditions and/or detect variability among different parcels.

This way, instead of treating uniformly (and sometimes unnecessarily) a whole field,

growers can better apply the right amount of inputs, at the right place and at the right

time. To the best of our knowledge, however, WSNs for PA are deployed in a limited

number of agricultural settings; mainly those whose configuration stays relatively

unchanged from season to season (e.g., vineyards,62;63 olive groves64or

orchards65;66). Comparatively, there is a scarcity of works reporting the use of WSNs

in cereal crops (e.g., wheat, millet, quinoa, etc.). From our personal analysis, a

plausible main reason that hampers a wider adoption of WSNs in cereal crops is that

nodes may actually constitute obstacles to be avoided during harvesting.

Recollecting tens or even hundreds of nodes before harvesting, however, is not a

plausible option. In the future, low-cost nodes that could just be left in the soil

indefinitely without negatively impacting the environment could bring innovative

solutions to such limitations. Nevertheless, there are several technological challenges

to be tackled to turn such an ideal case scenario into reality. One of the major

hindrances is that current nodes are far from being eco-friendly. In particular, the

power source turns out to be a major source of potential pollution. At present, most

nodes in PA are battery-powered. Commercially available batteries, however, are
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loaded with heavy metals and/or toxic chemicals (e.g., lithium, cadmium, manganese,

copper, zinc, etc.) which prove to be highly detrimental to the environment.67 The use

of solar panels, wind generators, or hydro-generators connected to irrigation pipes

was reported for supplying power to nodes in PA.68 Nonetheless, such energy

harvesting devices cannot be used on their own. Indeed, they solely produce

electrical energy sporadically (i.e., if it is windy, if it is not too cloudy, etc.). As a direct

consequence, they actually serve exclusively as auxiliary recharging units to prolong

the batteries’ lifespan. Since conventional batteries are still needed, the situation is

actually even worsened from the point-of-view of the environmental impact. For

instance, solar panels also include a variety of hazardous materials.69;70 Generally

speaking, the end-of-life of electrical electronic equipment (i.e., their disposal,

dismantling, difficult and limited recycling) has already started to arise alarming

societal concerns. The deployment of new digital technologies in PA should not come

at the price of an additional uncontrollable electronic waste burden. Because

batteries are considered as one of the major sources of e-waste, novel sustainable

power sources are needed to enable a more massive deployment of WSNs in PA.71

In the context of PA, new battery architectures featuring nature-based characteristics

appear especially appealing. This is the case for microfluidic galvanic cells (µGCs).

We here refer to µGCs as miniature fluidic devices that can produce an electric

current by means of a redox reaction, such as membraneless microfluidic fuel cells

(µFCs) or microfluidic redox flow cells. One of the great advantages of µGCs is that

they can generate electrical energy using a variety of reactants, including

biofuels72–76. For instance, µFCs exploiting methanol, ethanol, or glucose as fuels

were reported77–85. The possibility to drive low-consumption electronic systems,

including wireless sensors, was also demonstrated86. µGCs have thereby been

envisioned as promising candidates to replace small conventional primary batteries.

Unfortunately, even after almost two decades of intense research efforts, µGCs have

not succeeded in leaving the lab bench yet. The problem is that syringe pumps or

pressure controllers are required to drive the reactants towards the electrochemical

reactive zones inside the µGCs. Such auxiliary external pieces of equipment are

bulky and expensive. Even worse: they may consume more electrical energy than the

µGCs can actually produce. To get rid of the external pumping systems, the scientific
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community has come up with µGCs made of paper materials (See Appendix A,

Subsection A.2 Paper as capillary structure in microfluidic flow batteries). Paper can

indeed serve as a low-cost passive pumping mechanism because it can absorb and

drive liquids through capillary action87;88. Paper-based materials are even more

appealing for PA because they are nature friendly (e.g., cellulose can be made of

fibers coming from corn straw, bamboo, bagasse, grass-plants like reeds, etc.).

Nonetheless, if paper offers a very simple and elegant solution to bypass the use of

external pumps, many paper-based µGCs still make use of critical raw materials to

produce electricity (e.g., platinum, palladium, platinum-ruthenium alloy, etc.)75;89. The

use of such noble metal catalysts does not align well with an ideal circular sustainable

approach. Although a paper-based µGC using enzymes as biocatalysts was reported

to be capable of driving a digital clock90, the well-recognized restricted stability of

enzymes over time appears as a strong limiting factor for targeting real PA

applications. Moreover, enzymes are often most active solely for a precise range of

temperature91;92. However, unlike in indoor environments, strong variations in

ambient conditions over days/nights (e.g., temperature, humidity, etc.) must be

expected in an open field. In 2017, our group reported the PowerPAD50. Different

from the paper µGCs previously reported, the completely all-organic PowerPAD

architecture did not involve the use of any metals or enzymes. As has been

discussed in Chapter 1, the authors assessed and validated that the battery could be

biotically degraded by microorganisms. This represented a significant step forward,

since it means that the battery could be discarded in a field with a minimal

environmental impact. A limitation of the PowerPAD, however, was that electricity was

produced mainly through a diffusion process which limited the overall battery

efficiency. More recently, the same group reported an enhanced design where the

battery performance was increased by exploiting quasi-steady capillary flows93.

Despite the gain of performance obtained, the operational lifetime remained limited:

in both designs, the batteries could generate electric energy only for a few hours.

Unfortunately, this is too restrictive for targeting PA applications.

This chapter introduces the FlowER: an Evaporation Flow Redox battery intended to

bring new solutions to some of the challenging requirements imposed by PA

applications. Environmental sustainability has been placed as the core priority to
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create a disruptive technology that can evolve within the environmental boundaries of

the planet. In this process, ecodesign was used as a fundamental tool, from materials

selection to disposability considerations – including manufacturing processes,

operational time, and energy capacity – to create a prototype that meets PA-lifecycle

requirements, namely: affordability, extended operational lifespan, and

biodegradability. The overall architecture of this new battery is profoundly inspired by

nature: both its appearance and the way it operates make it a true “flower-like” battery

(see Figure 3.2). The “roots, stem as well as petals/leaves” are all made of low-cost

paper-based materials. An absorbent pad, placed of the top of the FlowER, exploits

evaporation combined with cohesion and capillary forces in a way analogous to

transpiration pull in plants. Liquid reactants contained in reservoirs can thereby flow

continuously through porous carbon electrodes where electrochemical reactions take

place. Notably, the operation time -which usually ranges from solely tens of minutes

to a few hours maximum in conventional paper-based fuel cells- can be significantly

extended. Further, the harmless green chemicals selected prove to be powerful

enough for real-world applications. As a proof-of-concept, it has been demonstrate

that the FlowER can supply power to a commercial wireless monitoring unit dedicated

to precision horticulture. Finally, the possibility for the new plant-inspired battery to

end its life cycle by returning to nature is assessed by standardized ecotoxicity and

biodegradation tests.
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Figure 3.2: FlowER battery concept inspired in the liquid transport in plants.
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3.2 Battery design and operation principle

The evaporation-driven flow battery has been designed with a plant-inspired operation

principle, meaning it has two inlet channels acting as roots, from which the device

nurtures with already dissolved redox species, just like plants take water and nutrients

from their surroundings. The main laminated paper core, analogue to a plant steam,

includes two porous carbon electrodes connected by a U-shape paper that acts as

salt bridge, indispensable components to create a membraneless microfluidic galvanic

cell. The core ends with two outlet channels that transport the fluid towards the top of

the device. Finally, a rounded leaf-like absorbent pad exposed to atmosphere keeps

wicking the solution by transpiration pull through the core (See Figure 3.3).

The prototype has been designed to be able to be planted in the bare ground. In a

nutshell, a 110 x 12 mm U-shaped piece of paper, creates the inlet channels for the

solutions and it also forms the salt-bridge. Two porous carbon electrodes of 5 x 10

mm create a flow-through electrode configuration and connect to two separate outlet-

channels of 40.5 x 12 mm (defining a geometrical electrode area of 0.25 cm2). The

fluidic system ends up in the center of a flower-shaped absorbent pad that absorbs

liquids omnidirectionally around its 360o, maximizing the evaporation exposed area

while keeping a co-laminar flow. Fan-shaped absorbent pads were first proposed by

Mendez et al. in 2010, proving that the gradual increase of the unwetted area induces

a quasi-steady flow rate in the preceding channel sections.94 More recently, our group

incorporated this fluid control mechanism in a paper-based redox flow battery.93The

quasi-steady flow translated in a stable power delivery over time. When working in

evaporation conditions the absorbent pad will be called evaporation pad. The paper

assembly is fed with redox species solutions already dissolved in a 15 ml volumetric

capacity reservoir. In order to create the final prototype, the battery paper structure is

coupled with a 3D printed compostable casing, which provides verticality, mechanical

robustness and compensates the different paper layers.

Using the evaporation action to drive the battery’s main flow is, for paper

microfluidics, the next natural step towards autonomy and competitiveness. Making

use of a transpiration mechanism instead of capillary forces allows the system to
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Figure 3.3: The technological adaptation of the FlowER battery concept has been performed

through the selection of environmentally harmless materials to produce: two inlet channels

acting as roots, from which the device nurtures with dissolved redox species, just like plants

take water and nutrients from their surroundings. The main laminated paper core, analogue to

a plant steam, includes two porous carbon current collectors and a salt bridge, indispensable

components to create a membraneless galvanic cell. The core ends with two outlet channels

that transport the fluid towards the top. A rounded leaf-like absorbent pad exposed to the

atmosphere keeps wicking the solution by transpiration pull through the battery. Finally, a 3D

printed compostable green casing (i.e., reservoirs + lid + base + paper supports) was used to

provide mechanical robustness and verticality.

become independent of the absorbent volumetric capacity. Hence, the operation time

is also decoupled from the paper’s total volumetric capacity (0.137 ml for this system

particular shape), but instead depends on the volume of the reactants reservoirs (15

ml in this case). On the other hand, the fluid flow rate changes its dependence from

absorbent pad material wicking properties to the evaporation-exposed area,

becoming constant (at certain atmospheric conditions) and easily tunable. Combining

these two characteristics, the result is a miniaturized low-cost and paper-based

autonomous mid-term operational battery (from hours to days), which can start to

compete in operational time terms with traditionally commercial ones, thus bringing

paper-based microfluidics power suppliers up to the next level.
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3.3 Evaporation flow in porous media

Flow rate (Q) is one of the key parameters that determine a flow battery performance,

as it defines the reactants’ availability for the electrochemical conversion. In the

particular case of the device herein presented, evaporation-driving forces govern the

flow rate. Even though, the paper structure fills up by capillary forces, once

completely full, the FlowER battery takes advantage of the transpiration mechanism

naturally occurring on the evaporation pad area to pull fresh redox species through

the electrodes and clean the reaction products; keeping an active flow towards the

top. Therefore, this section is devoted to the study of the evaporation flow in porous

media, in particular, the influence of the total area exposed and the environmental

conditions on the evaporation flow rate are presented.

3.3.1 Influence of the evaporation pad area on the evaporation

flow rate

Evaporation phenomena has been widely studied in paper microfluidics due to the

direct influence it may have on precision and reproducibility of the devices.95–98 Here,

a study was carried out to investigate how to control and adapt transpiration pull to

the battery requirements. The evaporation pad area (Apad) is an easily tunable

parameter that determines the total liquid-air interface where evaporation phenomena

takes place, and hence the evaporation flow rate (Qevap) generated through the fluidic

system. Four different APad configurations were tested (2x APad , 1x APad , 0.5x APad ,

0x APad), by covering different percentages of the evaporation pad area, being 1x Apad

the area of one side of the absorbent pad (19.6 cm2). A blue dye was used to

visualize the total volume of liquid evaporated from the reservoirs through the fluidic

system over time. As shown in Figure 3.4, evaporation phenomena at the absorbent

pad creates a quasi-steady flow (i.e. constant slope over time) during 8 consecutive

hours. Furthermore, the volume of liquid evaporated at a given time, increases

proportionally while increasing the APad.

Thus, for the same environmental conditions, the ratios between the evaporation flow

rates (467 µL/h, 231 µL/h, 98 µL/h, 8 µL/h) and the corresponding evaporation exposed
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Figure 3.4: Evaporation flow rate control related to the evaporation area exposed to the air: 2x,

1x, 0.5x and 0x times the area of one side of the evaporation pad (APad= 19.6 cm2). Linear fit

adjustment coefficients: R22xA= 0.9997, R21xA=0.9996, R20.5xA=0.9924 and R20xA=0.9427.

Environmental conditions: HR% ∈[51,56]%, T ∈ [28,30] oC and P = 1atm.

areas 2x APad , 1x APad , 0.5x APad , 0x APad are equal. The flow rates, reported

previously by our group, obtained with a capillary-driven fluidic system, were 900 µL/h,

540 µL/h and 288 µL/h depending on the outlet channel length.93 With operational

times of 7, 13 and 25 minutes, respectively. Comparing both fluidic systems, it can

be concluded that using evaporation as a driving force, the flow rates generated are

within the same order of magnitude than those generated by capillarity. Finally, it has

to be noticed that, by completely covering the absorbed pad area, 0x APad, a negligible

evaporation flow was obtained, meaning that no other evaporation sites are created

than the ones desired on the evaporation pad.

3.3.2 Influence of the environmental conditions and evaporation

flow modeling

As above mentioned, the power delivered by the battery depends on the flow rate.

Hence, for the purpose of this work it was necessary to fully understand the influence

of environmental conditions on the evaporation flow rate. For this reason, a simplified
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evaporation flow rate modeling was derived as follows:

The evaporation rate equation for a liquid in evaporation was derived using the continuity equation at the

interface of the two phases, where the process is occurring. For a control volume within the evaporation

interface is given by:

Q =

∮
S

ρv v⃗ · n̂ dS (3.1)

where Q is the evaporation rate [g · s−1], S is the surface of the control volume [m2], ρv is the gaseous

phase density [g · m−3], v⃗ is the particles velocity at S [m · s−1], and n̂ is the normal vector of the surface

S [adim].

While evaporating, there’s only flow on the top face of the cylinder, of area A, leaving the integral as

follows:

Q = ρvv

∮
S

dS = ρvvA (3.2)

Since mass transport from the interface surface until bulk region is not driven neither by migration nor

convection (assuming forced convection from an external air-flow is null, given laboratory conditions),

only diffusion is left as the main cause. Thus, diffusion flow J from a substance in dissolution is given

by:

J = −D
∆ϕ

∆x
(3.3)

where D is the diffusion coefficient of the solute [m2 · s], and ∆ϕ is the concentration gradient of the

solute between two points in space (( ϕf−ϕ0)
(xf−x0)

[mol· m−4]. Applying the diffusion flow equation to this

situation, the concentration gradient between two opposite spots of the control volume will be

determined by the humidity of the air at each point: liquid-gas interface is saturated at 100% of

humidity (hsat), while at bulk region there will be the room humidity (hr). This way, the following

expression is obtained:

J = −D
hr − hsat

∆x
(3.4)

Since the room humidity can be expressed in terms of the relative humidity (in percentage) times the

saturation humidity, the previous expression rewrites as follows:

J = −D
hsat ·HR%− hsat

∆x
= D · hsat

(1−HR%)

∆x
(3.5)

where D is the diffusion coefficient of the water vapour [m2 · s] (dependent on T at P=cnst.), Hsat is

the saturation humidity [g · m−3] (dependent on T at P=cnst.), HR% is the relative humidity [adim] (in

percentage), and ∆x is the distance between the two studied points.

Since J is a flow of mass over area and time [mol · m−2 · s−1], when it’s multiplied by a certain area

(scalar product J · n̂ · A ) the result is the amount of matter going through that area per unit of time,

being equivalent to the situation given at the top part of the control cylinder (in which case the vectors are

simplified to a one-dimensional expression, since both the diffusion flow and the surface are parallel).

By the continuity equation, it’s known that this amount of matter is the same that is being evaporated.

Thus, the following relation is obtained:

Q = ρvvA = J ·A (3.6)
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Meaning so that the evaporation flow rate [g · s−1] will be determined by:

Q = ADHsat
1−HR%)

∆x
(3.7)

Eq. 3.7 shows the dependencies and parameters that influence the generated evaporation flow [g ·

s−1]. Where D [m2·s−1] is the diffusion coefficient of the liquid, ∆x [m] represents the distance between

2 points in space, A [m2] is the exposed area (i.e. total surface of liquid-air interface); Hsat [g·m−3]

is the saturation humidity (i.e., total amount of water that can be dissolved in the dry air at a given

temperature); and HR% is the relative humidity, (i.e., amount of water dissolved in the air in percentage

respect to the saturation humidity). Here, D is approximated to 25.6·10−6 m2·s−1 (T=20°C) and ∆x is

set as 10−6 m to normalize the orders of magnitude of experimental and theoretical flow rates.

In order to validate the proposed Qevap modeling, the experimental evaporation flow

rates presented in the previous section were compared with the theoretical flow rates

estimated using Eq. 3.7 The validation was done with 2x APad configuration, where A

= 35.5 cm2. Ambient temperature and relative humidity values were recorded with a

sensor during the set-up course. Figure 3.5a shows the comparison between the

experimental and theoretical flow rates for nine repeats. As it can be observed, both

values significantly differ, however, when computing the percentage difference

between theoretical and experimental, a constant k = 44.3 ± 2.7 % is obtained.

Figure 3.5: Theoretical vs. experimental evaporation flow rates and the corresponding ratio, k

(%), between each of them. N=9 repeats.

The disagreement between the experimental and theoretical flows, expressed in the k

parameter, could be explained due to a discrepancy in the exposed evaporation area.
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The parameter A in Eq. 3.7 stands for the total liquid-gas interface; taking into

account that in this case a paper-based evaporation pad is being used, the

geometrical area does not correspond with the evaporation exposed area (See Figure

3.5b). Due to the physical space occupied by the paper fibers, the actual liquid-gas

interface area is lower than the geometric one. The k ratio compensates this

disagreement and other collateral effects of using a specific porous material as an

evaporation pad (i.e. adhesion forces generated between the liquid and the paper

walls). This ratio also allows to calculate the actual flow rate of the paper-based

fluidic system directly from the pre-recorded environmental conditions (T, HR%, P).

The theoretical modeling of the evaporation flow rate eliminates the need for

photographic analysis, deepens the environmental conditions’ influence

comprehension, and makes it possible to predict the device performance in different

climates and environments. Henceforth, all the prototype characterization

experiments were conducted while simultaneously measuring ambient parameters

with a commercial sensor. The recorded environmental data provides information

about the battery working conditions and allows to compute the actual working Qevap,

strengthening the prototype control during characterization. Furthermore, as it is

further demostrated in Section 4.6, it allows the prediction of the battery behavior in

terms of Qevap, for a wide range of ambient conditions.
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3.4 Battery operation and optimization

Once the paper structure was fluidically validated, the configuration creating the

highest flow rate (Qevap = 467 µL for 2xAPad) was selected to further characterize the

evaporation flow battery. This section reports the battery electrochemical

characterization and the studies regarding the durability of the device’s critical

components: redox species reactants, paper core (i.e. paper channels and

electrodes), and evaporation pad. Isolating and studying each component allows to

tightly portray the battery performance and set-up strategies to further expand the

operational lifetime.

In this chapter, the battery was characterized using a well-known couple of

quinone-based organic species, which have been already used as redox couples in

power sources.93;99This particular chemistry has already shown to successfully

undergo anaerobic degradation and non-toxicity in previous works reported from our

group.50 As shown in Figure 3.3, both half-cell redox reactions present a

proton-dependence (see Appendix RedoxSpecies), therefore mixed-media conditions

are used as a strategy to increase the electrochemical cell voltage.100;101 The half-cell

reactions characterization in a conventional three-electrodes electrochemical cell are

depicted in Figure 3.6.
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Figure 3.6: Linear sweep voltammograms of the redox chemistry selected to power the

FlowER battery. Oxidation of 10mM H2BQS in 1M KOH as alkaline electrolyte and reduction

of 10mM pBQ in 1M C2H2O4 as acidic electrolyte.

3.4.1 Battery performance characterization

In order to set up the prototype, 5 ml of the electroactive species previously dissolved

in water-based solutions are placed in the reservoirs. Then, the inlet channels are

immersed into the solutions. The paper strips absorb the liquid creating a convective

flow driven by capillary forces and filling up the system. Once completely full, the

evaporation forces occurring in the liquid-air interface of the absorbent pad become

predominant over the capillary effect. This is when the flow battery is mainly

evaporation-driven and the prototype is ready to be used. Ultimately, a solution of

0.1M p-BQ in 0.5M of oxalic acid is used as acid catholyte, while a 0.1M H2BQS in

1M of KOH solution composes the alkaline anolyte.

Discrete characterization of the battery was performed during 8h by consecutively

recording polarization curves every hour. The OCV was in all cases between 0.8 and

0.9V. As depicted in Figure 3.7a, the battery yields a maximum power density of 1.42

mW·cm−2 at time 0h; and then decreases linearly over time until 0.69 mW·cm−2 at

time 8h. It is important to notice that this power density is in the same order of

magnitude that the maximum power density reported in our previous work (1.88
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mW·cm−2 at 540 µL·h−1), using the same fluidic system but driven by capillary forces.

Despite showing a decrease in output power during the first 8h, these results

Figure 3.7: Battery characterization for 8h. a. Discharge polarization curves of the evaporated

driven flow battery, recorded every hour since the start up (black line) until the 8th hour

(palest line); b. Continuously measured discharge curves at four different discharge currents.

Prototype supplied with 0.1M H2BQS in 1M KOH as anolyte and 0.1M p-BQ in 0.5M C2H2O4

as catholyte. Average flow rates calculated from Eq. 1, and environmental conditions recorded

with a commercial sensor: a. Qevap=239 µL/h. HR% [54,57]%, T ∈ [19,21] oC. b. I=100 µA;

Qevap = 276 µL/h, HR% [62,70]%, T [25,27] oC; I=250 µA; Qevap = 333 µL/h, HR% [55,59]%,

T[25,26] oC; I=500 µA; Qevap = 260 µL/h, HR% [58,63]%, T ∈ [23,24] oC; I=1000µA; Qevap =

351 µL/h, HR% [55,63]%, T ∈ [26,28] oC (P = 1 atm).

demonstrate that evaporation-driving forces are able to maintain the co-laminarity of

the two reactants streams, expanding the operational time of the paper-based battery

from minutes to hours. The power density loss causes are further studied in the

section below when assessing redox species’ stability.

Next, continuous operation was characterized by measuring battery voltage evolution

over time under four discharge currents. Figure 3.7b shows the discharge curves

obtained in terms of battery voltage and power density. This characterization under

continuous operation was used to assess the device efficiency. The faradaic efficiency

(ηF ) allows evaluation of the electroactive species utilization, quantifying the theoretical

charge capacity that is actually being converted into current (see Eq. 2 in Faradaic and
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energy efficiencies subsection of Materials & Methods ). The energy efficiency (ηE)

was also evaluated by comparing the power delivered to the energy that ideally would

be delivered (see Eq. 3 Faradaic and energy efficiencies subsection of Materials &

Methods).

The fluidic battery is able to deliver 100 µA during 8h without voltage nor power

decrease, delivering a total of 0.8 mAh of capacity and 13.5% ηF and 9% ηE

conversion rates. These values are within the average range for reported

paper-based microfluidics electrochemical power sources (1-10% ηF and 1-5% ηE).93

As expected, for higher discharging currents the voltage decreases while efficiencies

increases, leading to a 15% decrease for 250 µA (with 2 mAh of capacity, 28% ηF and

16% ηE) and a 50% for 500 µA (4 mAh of total capacity, 71% ηF and 24% ηE). The

device operating at 500 µA delivered the highest power values (0.2 mW to 0.1 mW)

during the whole measurement. In all three cases, the battery was able to maintain a

continuous power supply during 8h. However, when the battery was subjected to

1000 µA working current (i.e. 4 mA cm-2), the operational working time decays to 30

minutes, yielding a 0.5 mAh capacity, an increase in faradaic efficiency up to 99% ηF

but a decrease in energy efficiency to 12% ηE. Higher current densities provoke a

faster depletion of the reactants at the electrodes, thus the galvanic cell evolves from

working in ohmic to mass transport losses region in which the performance decays

nonlinearly with current density.76;102 Hence, a working condition limitation was found

above 500 µA, or 2 mA·cm−2 current density.93

3.4.2 Durability of the devices core

To study the durability of the device paper core (paper channels and electrodes), the

battery was set up for four days and subjected to continuous current demand of 100

µA. Every 24h the anolyte and catholyte reservoirs were refilled with fresh solutions

and the evaporation pad was replaced with a new dry one. Moreover, the battery

polarization curve was recorded before and after this daily conditioning. Depicted in

Figure 3.8 are the obtained discharge curves together with the polarization curves of

the battery over the days. The battery shows a continuous power delivery of around

200 µW·cm2 for four days. A transition regime appears when changing the species

54



3.4. Battery operation and optimization

and the evaporation pad, in which the capillary flow caused by the new evaporation

pad replenishment perturbs the battery performance. When analysing the polarization

curves, however, it can be observed that the battery performance improves after the

daily conditioning during the first three days. This result agrees with the current density

peak loss caused by the anodic species degradation, which was obtained from the

analysis of the solution in the reservoir every day before replenishment. However, on

the fourth day of continuous operation, the battery performance dropped to 0 V. No

further improvement was seen from changing the solutions or the evaporation pad,

meaning the device’s core operational lifetime was reached.

Figure 3.8: Continuous discharge curve of the evaporation-driven flow battery working at 100

µA for 4 days with daily renewal of redox species solutions and evaporation pad. Insets:battery

open circuit voltages (OCVs) vs time, battery polarization curves before and after evaporation

pad and redox species replacement, and anolyte and catholyte degradation study in one day.

Average flow rates calculated from Eq. 3.7, and environmental conditions recorded with a

commercial sensor: Day 1; Qevap = 103 µL/h, HR% ∈ [60,81]%, T ∈ [19,22] oC; Day 2; Qevap

= 184 µL/h, HR% ∈ [59,64]%, T ∈ [19,22] oC; Day 3; Qevap = 215 µL/h, HR% ∈ [57,66]%, T ∈

[17,20] oC; Day 4; Qevap = 157 µL/h, HR% ∈ [65,73]%, T ∈ [18,21] oC (P = 1 atm).

3.4.3 Redox species stability

The anolyte and catholyte degradation and its relation with the total loss of

performance of the battery were investigated. The redox species were analyzed via

cyclic voltammetry (CV) for 9 days. Three different volumes (5, 10, and 15 ml) were
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assessed, in order to study the influence of exposed area to oxygen vs. total solution

volume stored. Figure 3.9 shows the correlation between the current density peak

and storage time for each volume. In the case of the anodic reactant, H2BQS, the

slope decay was palliated when increasing the total solution volume, the signal loss

was 100% for 5 ml solution, 47% for 10 ml, and 20% for 15 ml. Showing a direct

dependence between oxygen exposure and H2BQS spontaneous degradation. Since

all samples were stored in the same kind of reservoirs, the contact surface area

between the reactive and the air was the same, meaning that the amount of H2BQS

oxidized by the air was equal for all three samples. Therefore, the different volumes of

reagents led to different concentration changes and thus maximum current peaks.

With respect to the cathodic specie, p-BQ, the decay of the current density peak is

independent of the storage volume, 94% of the signal loss was measured in all cases.

Figure 3.9: Battery reactants degradation through time for different solution volumes.

This result agrees with the naturally occurring reduction of p-BQ in aqueous media.

The reduction product, hydroquinone (HQ), spontaneously polymerizes into large poly-

hydroquinone chains, losing its electrochemical activity.103As a consequence of these

results, the prototype operating volume was increased to 15 ml.

With the aim of preventing the redox species degradation, deoxygenation with N2(g)

and storage of the solutions were assessed with CV during 14 days. Figure 3.10a.

shows the current density peaks obtained. This approach demonstrates to
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successfully prevents the degradation of the H2BQS anodic reactant, whereas the

p-BQ degradation continues regardless of the deoxygenation. Consequently, as a

simple and low-cost method to avoid oxygen molecules from reaching the redox

species, we added a 2 mm thick layer of vegetal oil on the top of the reactant

solutions. The result of species electrochemical response over 56 days (8 weeks) is

depicted in Figure 3.10b., all stored in the same volume (10 ml) and concentration.

As it can be seen, H2BQS current peaks decay less with time when it has the

Figure 3.10: Battery reactants degradation through time. a. Effect of time storage for different

solution volumes b. Effect of time storage for 10 ml volume with or without a top protective

layer of sunflower oil.

protective oil layer. Quantitatively, only 37% of signal loss was recorded for H2BQS

with the oil protection, while the bare solution presented a 84% decrease. Regarding

p-BQ, no stabilization of the redox species was possible, 50% of degradation is

reached in 3 days and 100% of degradation in 28 days for both solutions. Confirming

that, as previously stated, its degradation comes from the fact of being diluted in a

water media and not from being in contact with oxygen from air. The chemical

stability of organic redox compounds in aqueous media has been widely studied, due

to their interest for redox flow batteries. The quinones containing ketone groups, such

as p-BQ, generally show instability because their carbon-oxygen double bonds are

susceptible to reacting with nucleophiles, such as water, via Michael addition.104;105
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3.4.4 Optimized prototype continuous operation

Finally, an optimized FlowER battery prototype was assembled and tested under a

continuous discharge current of 100 µA. In this case, the 2x APad configuration was

selected and a 2 mm of oil protective layer was added on top of the 15 ml solutions

at the battery reservoirs. The battery yielded a power density between 0.25 and 0.2

mW· cm−1 with an average of 13.3% ηF and 7.7% ηE, over 3 days and a half (See

Figure 3.11). Perturbations on the power delivered can be attributed to changes in

the evaporation conditions (i.e. Tamb, P, and HR%) that are reflected in the flow rate.

The performance drastically drops during the fourth working day. As stated above,

the oil protection layer does not prevent p-BQ species from degradation, the catholyte

and anolyte solutions were tested and a 56% signal decrease was obtained for p-BQ.

Overall, the flow battery operational time was expanded from hours to days. Achieving

an operation time that considerably exceeds those demonstrated in the literature for

paper-based energy conversion devices (usually in the range of minutes).93
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Figure 3.11: Continuous power density delivered by the evaporation-driven flow battery

discharged at 100 µA for 4 days. Also depicted is the flow rate evolution. Inset: 4 days

degradation of the anolyte and catholyte solutions. Average flow rates calculated from Eq. 1,

and environmental conditions recorded with a commercial sensor : Day 1; Qevap = 237µL/h,

HR% ∈ [68,72]%, T ∈ [26,27] oC; Day 2; Qevap = 260µL/h, HR% ∈ [61,73]%, T ∈ [27,27] oC;

Day 3; Qevap = 308µL/h, HR% ∈ [55,67]%, T ∈ [23,27] oC; Day 4; Qevap = 358µL/h, HR% ∈

[54,58]%, T ∈ [25,27] oC (P = 1atm for all days).
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3.5 Performance estimation under different

environmental conditions

Since the FlowER battery is driven by evaporation, its performance is directly

dependent on the surrounding ambient conditions. For this reason, a hygrometric

chart has been constructed as a tool to predict the battery performance under

different conditions. The chart, shown in Figure 3.12, represents the effect of the two

most influential physical parameters (the temperature and the relative humidity) on

our variables of interest (the theoretical flow rate and the output power). The

temperature range considered for this study was 5-35 oC, while the relative humidity

included the full range from 0% to 100%. Temperatures below 5 oC were discarded

since they would compromise the flow of the active solution, due to water solvent

freezing. The theoretical flow rate was computed by the model developed in Section

3.4. and the theoretical power density peak can be calculated by adapting Faraday’s

law as follows:

Ppeak,theo = nc0QFE (3.8)

Where n is the number of electrons per mole of reactive species, c0 stands for the bulk

species concentration, Q is the theoretical flow rate, F is the Faraday constant and E

is the theoretical Nernst cell voltage. Finally, a correction factor of 0.251 was applied

to take into account all the losses affecting the cell performance. The correction factor

is computed as the ratio between the power density peak delivered by the battery at

time 0h (shown in Figure 3.7a) and the theoretical power density peak calculated with

equation 3.8 for the corresponding working flow rate (Qevap= 239 µL/h ).

As depicted in Figure 3.12, the FlowER behaviour can be predicted in a wide range of

temperature and relative humidity conditions. The highlighted areas stand for

laboratory conditions recorded over the course of this work (orange) and greenhouse

optimal conditions (green).106 Recalling that the FlowER battery has been conceived

to power precision agriculture applications it is interesting to analyse the battery

performance within a greenhouse environment. For instance, the theoretical power

output for the worst-case scenario (HR% = 80% and T = 18 oC) would be 2.2

mW·cm−2, which translates to 0.6 mW·cm−2 after applying the efficiency factor.
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Conversely, in the warmest (T = 25oC) and less humid (HR% = 70%) greenhouse

environment, the battery would yield a corrected power density of 1.25 mW ·cm−2.

Figure 3.12: Hygrometric chart to predict the FlowER battery performance under different

ambient conditions. A correction factor has been applied to take into account battery efficiency.

Highlighted areas represent the windows of different ambient conditions: orange area stands

for laboratory conditions recorded over the course of this work; green area covers optimal

greenhouses conditions.
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3.6 Powering a wireless smart monitoring unit for

precision horticulture

With the aim to test a realistic PA application scenario, a Flower Care™ smart

monitoring unit was purchased. Flower Care™ is a low-cost device commercialized

for horticulture or indoor gardening. The unit encompasses four sensors for

measuring essential PA parameters. In particular, the unit can concurrently monitor

the soil conductivity, soil humidity, air temperature, and light exposure of a nearby

plant. Flower Care™ runs the Bluetooth Low Power (BLE) protocol for transferring the

data measured on a smartphone. Normally, a primary 3V cell coin battery (i.e., lithium

battery model CR2032) powers the device. As a first prerequisite to drive the sensor’s

internal circuitry using the FlowER battery, we need to amplify the voltage generated

(initially inferior to 1 V, see for instance Figure 3.7). A common strategy used in the

literature to increase the output voltage of paper power sources is cell stacking,

different works have reported stacking designs and their effects on the cell

output.102;107–110 In this work, however, a voltage boost converter (VBC) integrated

circuit was used to amplify the operating voltage up to 3.1V. We favoured this option

because the commercial Flower Care™ sensing unit is not an eco-friendly sensing

unit; namely it is made of conventional electronic components (e.g., printed circuit

board, integrated circuits, etc.). Consequently, the additional use of the VBC did not

appear critical for demonstration purposes at this stage of development. In addition, it

turns out that the communication modes of the BLE protocol frequently imposed

current peaks up to 5-6 mA (e.g., see Figure 3.13 insets). This means net power

consumption peaks up to 18 mW. Comparatively, the maximum net power generated

by the FlowER battery did not exceed 0.4 mW (see maximum power points in

Figure3.7 ). To overcome this difficulty, a 6.8 mF super-capacitor was selected as a

refillable energy reservoir capable of absorbing any punctual current/power peaks

that could not come directly from our evaporation-driven battery.

First, it was verified the capability of the FlowER battery to fully charge the

super-capacitor fully discharged. As soon as the FlowER battery with the VBC were

connected, the voltage generated abruptly dropped from its initial OCV value to 0.5 V
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(see 1 in Figure 3.13). The battery output dropped further down to ≈ 0.3 V when

the VBC started to charge the super-capacitor (see 2 ). The full charging process

took about 15 min, with two distinct phases. Indeed, the VBC needed to overcome a

cold-start phase before it could normally charge the capacitor. During the first slower

charging rate phase (see 2 - 3 ), the current demand was higher. Comparatively,

the charging rate became much higher during the last 3 minutes of the process (see

3 - 4 ). In the course of this second phase, the VBC’s internal circuitry could exploit

its advanced non-linear switch-based technique to optimize the voltage across the

storage element. As a direct consequence, the current demand decreased and the

battery voltage re-increased to 0.5 V. At the end of the charging process (i.e., when

the super-capacitor voltage reached 3.1 V), the current consumption dropped to the

nano-microamps range and the FlowER battery voltage returned swiftly to 0.7 V (see

4 ). After the full charge of the super-capacitor, the Flower CareTM sensor was

turned on. At this moment, the capacitor voltage suddenly dropped from 3.1 to 2.3 V

(see 5 ). This was due to the start-up sequence Flower CareTM . Once activated, the

sensor entered in sleep mode and ran advertising events every 1 s (see Figure 3.13

inset). These events also include three current peaks reaching 6 mA, but their

duration was very short (< 1ms). Despite their presence, the battery proved to be

powerful enough to recharge the capacitor back to the 3.1 V in less than 2 min. The

sensor can thereby stay activated and run the advertising mode as long as needed.

To transfer data, the Flower Care™ was connected to the smartphone. A second

sudden drop in the capacitor voltage occurred (see 6 ). Using this scenario, Figure

3.13 shows that the FlowER feasibility battery could successfully recharge the

capacitor and maintain wireless data transmission to a smartphone. Despite the fact

that this first proof-of-concept is based on the use of additional external electronic

components (i.e., the VBC and a super capacitor), it clearly demonstrates that the

FlowER battery is already capable of generating enough electrical power to drive

off-the-shelf electronic components useful for PA applications.
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Figure 3.13: Proof of concept of the evaporation driven flow battery demonstrating the

capability of powering the start-up, sensing and Bluetooth data transmission stages of a

horticulture caring device.
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3.7 End-of-life assessment through aerobic

biodegradability and phytotoxicity tests

The FlowER battery is intended as a sustainable power supply for PA applications. For

this reason, it is compelling to demonstrate that the prototype end-of-life is completely

aligned with this purpose. Thus, emulating the way a plant comes back to nature,

the biodegradation capability of the battery was assessed. This EoL also enables the

possibility of battery composting with agroindustrial waste streams. The harmlessness

of the prototype during its EoL was studied through a collaboration established with the

Composting Research Group (GICOM) from the Autonomous University of Barcelona

(UAB).

The FlowER battery green casing structure is made of COMPOST3D, a commercially

available material certified as biodegradable under OK Compost standard (OK

Compost HOME, TUV Austria). Hence, the tests reported in this section analyse the

evaporation pad as a representative portion of the paper structure which,

furthermore, ends up having the highest accumulation of redox species and

electrolyte salts. Biodegradation pathways for standard organic molecules as

cellulose or simple aromatic compounds, like the battery components, are well

stablished in general literature related to composting and bioremediation.111–115Both

natural environment soil and composting matrices are complex ecosystems with a

rich microbiome (including meso and thermophilic bacteria and fungi). Therein,

molecules are first hydrolyzed by extracellular enzymes to simpler molecules and

later fully mineralized to CO2 and H2O by the involved microorganisms.

First, biodegradability was assessed under controlled aerobic conditions and

following a procedure adapted from the standard EN 13432.47 Three different types of

samples were analysed: i) compost alone (used as control); ii) compost with un-used

evaporation pads (i.e., cellulose without reactants); iii) compost with used evaporation

pads (i.e., cellulose with reaction products accumulated during 3 days).The dynamic

respiration index (DRI) was computed as an indicator of the microbial activity

evolution through the degradation process using Eq. 4.116;117The high initial DRI

values (Figure 3.14a) indicate a rapid microbial growth derived from the presence of
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easily biodegradable carbon. This behaviour is even sharper in the case of the

evaporation pad with reaction products. Moreover, the dynamics up to the 12th day

support this trend, confirming that the samples are acting as a substrate, and being

consumed by the consortium of microorganisms present at the compost. From day

15th onwards, the DRI curves flatten and there are no remarkable differences in the

microorganisms’ activity for the different samples.

Figure 3.14b depicts the accumulated oxygen uptake (see Eq. 3.12 in Materials &

Methods section) by the three samples over 18 consecutive days. The total oxygen

consumed was 2.75 ± 0.54 g by the compost, 3.30 ± 0.38 g by the evaporation pads

without products, and 4.02 ± 0.60 g for the evaporation pads with accumulated

products. Total oxygen consumed by the microorganisms during the biodegradation

process allows for the calculation of the percentage of biodegradation as compared to

the theoretical oxygen demand (see Eq. 3.13 in Materials & Methods section).

Standard EN 13432 requires 90% of biodegradation in less than 6 months to consider

a material is biodegradable. The levels of biodegradation reached in only 18 days

were 66 ± 16 % and 90 ± 6% for the evaporation pads without and with reactants,

respectively. It is noteworthy that the oxygen uptake rate of the used evaporation

pads was considerably higher than the unused. This may be due to physico-chemical

changes in the cellulose structure during the battery lifespan or to the presence of the

reaction products, both factors favouring microbial degradation of the evaporation

pads. This effect was confirmed when the reactors were opened at day 18 and

non-recognizable parts of the sorbents were found in evaporation pads with reactants

while small fragments from un-used pads were observed in the final compost.
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Figure 3.14: Aerobic biodegradability assessment of the FlowER battery, (N=3). a. Dynamic

respiration index (DRI) of evaporation pads with and without reaction products accumulated

over 3 days and compost used as a blank; b. Total oxygen consumed by the three samples

and level of biodegradation achieved at day 18.
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After the aerobic biodegradation assay, seed germination tests were carried out in

order to assess the toxicity of the three generated composts. Germination Index (GI),

Relative Root Elongation (RRE), and germination percentage of all composts are

shown in Table 3.1. GI values over 100% are considered to have a positive effect on

germination and root elongation whereas compost with GI values higher than 80%

assure the absence of phytotoxic substances.118 As observed, compost control has a

positive effect both in IG and RRE. Regarding compost from aerobic biodegradation

of evaporation pads with reaction products, RRE does not show significant

differences with reference to compost control whereas, the percentage of germination

is slightly lower. In any case, the GI is higher than 100% ensuring its beneficial use.

However, when the same chemical species used in the battery were added directly to

a compost control but not subjected to a biodegradation process, a significant

negative effect is observed. This effect is especially harmful in RRE, inhibiting radicle

growth, which is a more sensitive indicator of toxicity than the percentage of

germination119. The evaporation pad without species (cellulose) used as a control

affected more than expected the germination indices. We assume this may be due to

the uncompleted degradation of cellulose during the test. Instead, as above

mentioned, the alterations of the cellulose structure during the battery operation and

the presence of the reaction products seem to speed up evaporation pads

degradation and lead to a more stable, harmless final material.

Altogether, the results above reported confirm the FlowER battery capability of being

aerobically biodegraded according to standardized tests. Furthermore, a nutritious

non-toxic compost was obtained from the biodegradation test, ensuring the

harmlessness of the biotic degradation products.
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Table 3.1: Germination test for compost generated from biodegradation assessments of

evaporation pads of the FlowER battery: with and without products in comparison with a

compost control and compost with pure reactants added directly. The results have been

statistically analysed using Holm-Sidack pairwise multiple comparison procedure, hence the

compost samples have been paired under different letters. Those samples paired under the

same letter showed non-significant differences (p < 0.05) (Holm-Sidack Test, Sigmaplot 11).

COMPOST GENERATED FROM THE

BIODEGRADABILLITY ASSESSMENT OF:

GERMINATION

INDEX (%)

PERCENTAGE OF

GERMITATION (%)

RELATIVE ROOT

ELONGATION (%)

Control compost 195±75 a 100±20 a 195±83 a

Evaporation pads without products 77±44 c 81±12 b 95±61 b

Evaporation pads with reaction products 147±46 b 86±15b b 171±65 a

Control compost with pure reactants 7±5 d 52±4 c 13±6 c

Figure 3.15: Pictures on day 0 and day 7 of experiment showing the evolution of the

representative samples analyzed trough germination tests.
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3.8 Discussion

This chapter presented a flow battery based on transpiration pull to maintain an

reactants flow through the electrodes. The implementation of this creative strategy

has allowed extending the operational time of portable capillary-based power sources

from hours to days. Decoupling the battery operational lifespan from the absorbent

pad capacity remarkably widens paper-based batteries’ technological application

plausible niches. However, after the conducted studies, a few situations that could

produce a decrease in the device performance were identified.

Depending on the cause, these failure modes can be categorized as effects related to

the intrinsic assembly of the battery or to external events due to the environmental

conditions. For example, the evaporation process results in an accumulation of solid

compounds in two regions, the evaporation pad and the electrodes edges. This effect

of saturation of the evaporation area could be mitigated by introducing a washing

buffer, whereas the electrode zone sealing could be improved to avoid parasitic

evaporation. Regarding working conditions, the prototype has demonstrated good

performance in typical greenhouse conditions, however, high working temperatures

and/or low relative humidity would increase the flow rate, thus causing early

exhaustion of the active materials. In this case, the design should be appropriately

scaled to the targeted ambient conditions. Thus providing an adequate volume of

active solutions according to the estimated flow rate in the hydrometric chart (Figure

3.12). Furthermore, extreme ambient conditions, such as heavy rain or flooding,

would cause a malfunction. To mitigate the detrimental effect that excess water would

have in the paper-based prototype, a breathable impermeable and biodegradable

coating (such as natural wax) could be applied onto the paper structure. It is foreseen

that these failure modes could be tackled with design optimization and through a

tailoring process addressing specific working conditions or requirements.

Furthermore, thanks to the modular design, the FlowER battery could be easily

modified to enable evaporation pad and/or electrode replacement or accessible

refilling of the active solutions, which would also result in an extension of its

operational lifespan.
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Conclusions|

The FlowER battery presented in this chapter has been conceived and ecodesigned

to follow the lifecycle of agriculture procedures, the FlowER battery mimics plant

mechanisms of fluid transport to passively move reactants through a paper-based

fluidic structure. This plant-inspired operation principle enables the creation of a

flow-through configuration cell for energy harvesting. Due to transpiration

phenomena, co-laminar flow is maintained and reactants are refreshed on the

electrode surface. Thus, the need for external pumps is bypassed, while overcoming

the operation time limitations of capillary-based flow cells. Parameters affecting the

evaporation flow rate and battery performance have been studied, leading to an

energy autonomy of up to four days with the present configuration. Operational time

was found to be constrained to the particular selected quinone redox couple

degradation, thus it could be expanded by using more stable redox chemistries. The

prototype practicality has been tested by powering a wireless plant monitoring

system; providing enough energy for the start-up, passive monitoring, and Bluetooth

communication sequences. Ultimately, the results obtained in aerobic biodegradation

and germination tests show that the depleted FlowER battery could be safely

disposed of or composted as agricultural waste, resembling the way a plant comes

back to nature at the end of its lifecycle.

71



Chapter 3. A flow-battery driven by evaporation for precision agriculture devices

Materials & Methods

Chemicals

The redox species used for setting up the battery were pBenzoquinone (pBQ) and

hydroquinone sulfonic acid potassium salt (H2BQS), with oxalic acid and potassium

hydroxide (KOH) as electrolytes. All of them were purchased from Sigma Aldrich

(Sigma Aldrich, St Louis, Missouri, USA) and used as received, as well as the blue

colorant used for the evaporation flow rate characterization, erioglaucine disodium

salt. All solutions were prepared in deionized water; 0.1M pBQ in 0.5M C2H2O4 and

0.1M H2BQS in 1M KOH were used as catholyte and anolyte, respectively.

Device fabrication

The device’s paper-based fluidic system was designed using a CAD program

(CorelDRAW, Corel, Ottawa, ON, Canada). The paper structure was fabricated as

follows: due to its low fluidic resistance glass fiber (Standard 14, 355 µm thick) is

chosen as inlet channels; whereas cellulose (Whatman 1, 180 µm thick) is used to

fabricate the outlet channels, fluidic connector and absorbent/evaporation pad.

Whatman 1 material is a well-known cellulosic filter paper, typically used in

microfluidics as an absorbent pad, since it creates a homogeneous capillary

pressure. This material seemed also adequate as evaporation pad because it is one

of the thinnest commercially available cellulosic filters, a property that allows the

reduction of the absorbent volume versus its superficial area, resulting in an

enhancement of the total liquid-air interface. Both materials were purchased from GE

Healthcare, Pittsburgh, PA, USA. These paper-like materials were cut using a CO2

laser cutter (Mini 24, Epilog Laser, Golden, CO, USA). Porous carbon electrodes

were cut to size (10x5 mm) from sheets of Toray carbon paper (TGPH-090 E-TEK,

280 µm). For the purpose of this work, the porous carbon electrodes were thermally

pre-treated to confer them hydrophilic behaviour. A compostable and 3D printable

filament, COMPOST3D, was used for building the mechanical structure (B4Plastics,

IQ Parklaan 2A, 3650 Dilsen-Stokkem, Belgium), by 3D-printing a custom-made

model, designed using an open-source software, Blender (Blender Foundation,
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Stichting Blender Foundation, Buikslotermeerplein 161, 1025 ET Amsterdam, the

Netherlands). The different parts of the prototype were manually assembled with a

waterbased bioadhesive, BioTAK S100, a double-sided PSA formulated to include a

high content of renewable materials (BioTAK, Sustainable Adhesive Products B.V.,

Venkelbaan 82, NL-2908 KE Capelle aan den IJssel, The Netherlands).

A compostable and 3D printable filament, COMPOST3D, was used for building the

mechanical structure (B4Plastics, IQ Parklaan 2A, 3650 Dilsen-Stokkem, Belgium),

by 3D-printing a custom-made model, designed using an open-source software,

Blender (Blender Foundation, Stichting Blender Foundation, Buikslotermeerplein 161,

1025 ET Amsterdam, the Netherlands). The different parts of the prototype were

manually assembled with a waterbased bioadhesive, BioTAK S100, a double-sided

PSA formulated to include a high content of renewable materials (BioTAK,

Sustainable Adhesive Products B.V., Venkelbaan 82, NL-2908 KE Capelle aan den

IJssel, The Netherlands).

Flow rate characterization

The experimental evaporation flow rate over time was characterized by measuring the

decrease of the liquid height in the device trays. To enhance image contrast, in these

experiments, 100 mM solution of euroglaucine disodium salt dye was used to simulate

and visualize anolyte and catholyte flow. The images were recorded with a camera

(C920, Logitech, Fremont, CA, USA) controlled by time-lapse software (Sky Studio

Pro, free licensed), which saved images at a rate of 1 frame every 20 min. The flow

rates were calculated from the captured images by measuring the height decrease in

the trays over time. The images were analysed by using ImageJ software (US National

Institutes of Health, Bethesda, Maryland, USA).

The theoretical evaporation flow rate over time was characterized through the

environmental conditions of humidity and temperature, recorded with a sensor (ALPS

Sensor IoT Network Smart Module, Alps Electric Co., Ltd., Osaki, 04, JP).
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Electrochemical studies

The effect of the storage time in redox species degradation was characterized via

cyclic voltammetry. In the case of different storage volumes and deoxygenation

studies, the measurements were performed in a three-electrode electrochemical cell.

Glassy carbon electrode (0.071 cm2), platinum electrode, and Ag/AgCl electrode (CH

Instruments Inc., TX, USA) were used as working, counter and reference electrodes,

respectively. The effect of the sunflower oil protection layer was assessed on carbon

SPEs (Screen-Printed Electrodes), which use Ag/AgCl as reference electrode

(fabricated by the authors).

The polarization and power curves for battery characterization were generated using

linear sweep voltammetry technique, from premeasured OCV to 0V at a scan rate of

20 mV·s−1. The discharging curves were generated with chronopotentiometry

technique by holding the battery at different discharging currents. All electrochemical

measurements were recorded with a DropSens µStat400 bipotentiostat/galvanostat

and DropView 8400 Software (DropSens S.L., Asturias, Spain), at a scan rate of 20

mV·s−1.

Faradaic and energy efficiencies

The faradaic efficiency allows evaluation of the redox species utilization, by comparing

the total theoretical charge capacity with the one experimentally harvested. It can be

computed with the following expression:

ηF =

∫ t

0
I(t)dt

nc0V F
(3.9)

where I(t) is the current recorded or demanded during the measure, t is the

measurement time [s], n is the number of electrons per mole of reactive specie, c0

stands for the bulk species concentration, V is the total volume that has gone through

the electrodes and F is the Faraday constant.

On the other hand, the energy efficiency compares the energy that the battery could

theoretically deliver with the power actually delivered under a continuous operation. It
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can be expressed as follows:

ηE =

∫ t

0
I(t) · E(t)dt
nc0V FE

(3.10)

where E(t) is the operating voltage and E is the theoretical Nernst cell voltage [V].

Flower Care™ sensor and voltage boost converter

A Flower Care™ (HHCC-Xiaomi, Beijing, China) wireless plant monitoring unit was

purchased from an ecommerce platform. The accompanying app was installed on a

smartphone running Android 11. The sensor was preliminary linked to the app before

running experiments.

To monitor the voltage variations of the FlowER battery under load, a portable

potentiostat/galvanostat was used (Dropsens µStat400, DropSens S.L., Oviedo,

Spain) coupled to the Dropview 8400 software installed on a laptop.

To amplify the initial voltage generated by the FlowER battery, the evaluation module

of an ultra-low-power DC-DC boost converter (BQ25504-EVM, Texas Instruments,

Dallas, USA) was used in association with a 6.8 mF super-capacitor

(BZ05FB682ZSB, AVX). The BQ25504-EVM is equipped with three terminal blocks:

the input source (J1), the charger output (J5), and the battery connection (J2). The

FlowER battery was connected to J1 after the establishment and stabilization of the

evaporation phase (i.e., the evaporation effect became dominant over the capillary

effect so that the battery was predominantly evaporation-driven). The Flower Care™

sensor and the super-capacitor were connected to J5 and J2, respectively. The

functions available on the evaluation board (e.g., maximum power tracking point,

under-voltage settings, etc.) were used as provided by the manufacturer.

Electrical signals with a duration ranging from a few milliseconds to several tens of

seconds were measured using digital oscilloscopes (DSOX2002A, Agilent

Technologies, Santa Clara, USA and Waverunner 44Xi, LeCroy, Chestnut Ridge,

USA) coupled to a standard probes (P2200, Tektronix). Built-in high–resolution

and/or fine modes were used to filter background noise and facilitate the visualization

of the overall signal shapes.

Other electrical signals lasting longer than a few tens of seconds were recorded using
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a digital multimeter 6.5 digit resolution (34401A, Hewlett Packard, Palo Alto, USA).

The multimeter was connected to a computer using a GPIB-USB-HS Card (National

Instruments, Austin, USA). A block diagram-based interface in LabVIEW (National

Instruments) was developed to automate the acquisition of the data.

Aerobic biodegradability and phytotoxicity assessment

Aerobic biodegradability tests were performed in 0.5 L self-made PVC cylindrical

reactors (13 cm high x 7 cm diameter) with forced air inlet (at 20.9% O2) and outlet.

Constant flow rate was controlled with a mass flow meter (Mass-Stream D-6311,

Bronkhorst, NL) at 15 ml/min.74 Incubator (Memmert IF 160, Schwabach, Germany)

temperature was set at 58.9 oC to favour the growth of thermophilic microorganisms.

Compost moisture content was initially adjusted to 54% and maintained by constant

water vapour-saturation of inlet air. Three samples were analysed: 60 g of compost

from industrial plant (Consorci per a la Gestió dels Residus del Vallès Oriental,

Barcelona, Spain) were used as a control, 60 g of compost plus three un-used

evaporation pads (0.49 g of cellulose) and 60 g of compost plus three used

evaporation pads (1.30 ± 0.05 g of cellulose and reaction products accumulated for 3

days). The quantities were set based on proportions proposed by Ruggero et al.

(2019), slightly reduced due to sample quantity limitations.120 Oxygen content at the

outlet air flow was monitored using electrochemical O2-A2 oxygen sensors

(Alphasense, UK). The Dynamic Respiration Index (DRI) was determined following

UNI 11184:2016,

DRI =
F (O2,in −O2,out)

M100
· P · 32 · 60
T ·R ·%DM

(3.11)

where DRI [mg O2 · h−1 · g−1 DM]; F, air flow rate into the reactor [L·min−1]; O2, in,

percentage of oxygen at inlet air flow [%, mol O2· mol−1 · O2], in this experiment was

set at 20.9; O2,out, oxygen concentration at outlet air flow [%, mol O2 · mol−1 O2]; M,

total mass inside the reactor [g]; P, atmospheric pressure [atm]; 32 oxygen molecular

weight [%, mol O2 · mol−1 O2]; 60, conversion factor from minutes to hours; T, ambient

temperature [K]; R, ideal gas constant (i.e. 0.08206 L· atm·mol−1·K−1); %DM, fraction

of dry matter [g DM · g−1].121

The accumulated oxygen consumed [g·O2] depicted in Figure 3.14b is obtained by
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integration of DRI and then multiplying by the sample dry mass [g];∫ t

0

DRIdt = gO2 · g−1DM (3.12)

Finally, the biodegradation level [%] was obtained as follows;

%Biodegradabillity =
TotalOxigenConsumend

ThOD
(3.13)

The total oxygen consumed [g O2] was calculated by the accumulated oxygen uptake

of the sample in 18 days while ThOD is the theoretical oxygen demand [g O2].48 The

calculated samples’ ThOD are: 0.576 g for the evaporation pads without reaction

products and 1.408 g for the used evaporation pads. A germination test using radish

seeds (Raphanus sativus) was performed to evaluate compost phytotoxicity122. A

compost extract (10 ml) in a ratio of 10:1 (water volume, in ml, to dry weight, in g) was

used to evaluate the germination of 10 radish seeds plated in a Petri dish in triplicate.

Germinated seeds and root length were measured after five days in a lighted area at

room temperature. Seed germination percentage and relative root elongation (RRE)

were calculated and expressed as a percentage about the results of the control using

distilled water. Germination Index (GI) was calculated considering both germination

percentage and RRE as described by Komilis and Tziouvaras (2009).118
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Overview

The this chapter explores the viabillity of a battery ecodesign for smart packaging

applications and with paper and cardboard recycling process as inherent end-of-life.

Figure 4.1 depicts the circular battery life-cycle convinced within sustainable planetary

boundaries and over the projected performance foundation.

In order to enable the devised EoL the research presented in this chapter goes one

step further by developing the materials that conform the battery. Furthermore, the

fabrication processes have been selected and implemented taking into account their

compatibility with a cardboard box established fabrication process. In a way that the

complete suppression of the battery distribution EoL step could be achievable. In this

sense, this chapter constitutes the first attempt of a comprehensive redefinition of a

battery life cycle by completely paring it with the application value chain.

Figure 4.1: Sustainable battery life cycle envisioned for smart packaging sector.
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4.1 Introduction

Digitalization has also permeated until the packagingsector, in which to ensure

efficient logistics, and an improved client experience, different electronic systems

such as trackers, sensors, displays, or communication modules are progressively

being incorporated into supply chains. These IoT systems are englobed under the

so-called smart packaging solutions, and they are intended to add many advantages

to the packaging industry, both at an economic and a sustainability level.123;124

However, currently innovative smart-packagingtechnologies, are being designed

around traditional existing primary batteries. Due to their exceptional performance,

compactness and significant operational time, systems such as coin cell or alkaline

cells have monopolized the market over years. These cells, however, suffer from a

lack of format-adaptability and, despite being recyclable, need dedicated collection

routes, as they are metal-based cells containing hazardous chemicals. These

drawbacks become a limitation to the spread of an efficient and environmentally

conscious smart packaging industry.

During the past years some alternative battery technologies have emerge, mostly

focused on the enhancement of battery versatility formats and implementing new

functionalities such lightness and flexibility. However, despite the efforts this

alternatives still do not represent a truly sustainable solution thus, they rely on a metal

based chemistry and synthetic polymers derived from petroleum hydrocarbons.125;126

The use of these conventional materials is especially unsuitable for the packaging

sector, thus it might critically affect the cardboard and paper recycling process.

Cardboard and paper waste steam has the highest recycling rate among all materials,

reaching almost 74% recycling rate in 2020 for EU.127;128Furthermore, cardboard

packaging materials have a highly circular life cycle, as their fibers may be recycled

up to 25 times.129 Therefore, the proliferation of battery-powered devices in smart

packaging applications could lead to a significant disturbance in the recycling system

(due to the compelled rejection of cardboard boxes including conventional batteries)

causing a reduction of cardboard circularity and recycling rates.

This chapter is devoted to the development of a primary battery particularly
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ecodesigned targeting smart packaging applications. As in Chapter 3 , the main

objective has been to combine the battery EoL with cardboard and paper recycling

route to ensure the power source correct management, while overcoming the need

for separate collection and treatment routes. However, in this chapter, the battery

conception process has been more ambitious, and besides paring the end-of-life with

the application, the redefinition of other steps of the battery life cycle have been

tackled. The selection of materials has been done with under the guidelines of EN

643:2001 Paper and board - European list of standard grades of paper and board for

recycling. This standard clearly defines the tolerances for unwanted, and prohibited,

materials during recycling. On the other hand, fabrication techniques have been

carried out to make the battery fabrication implementable to the packaging system;

for instance, paired with a cardboard boxes fabrication process. As presented in

Chapter 2, the deconstruction and redefinition of batteries materials and fabrication

processes allow to avoid the distribution step and simplify the battery life cycle,

resulting in a direct reduction of the environmental impact associated. Figure 4.2

conceptually shows process that has been implemented for the battery development.

After the currently introductory chapter, Section 4.2 presents the prototype design.

Then, Section 4.3 gathers the materials development. Identification, optimization, and

application of new materials have represented a pivotal step in this work, to ensure

that the battery can be directly coupled to the established packaging cardboard value

chain, specially its EoL. In consequence, the primary materials selection,

development and implementation has been carried out under an integrated

sustainability vision. As mentioned in Chapter 2, energy demand intensification is

hugely contributing to raw materials and natural resources exhaustion. For this

reason, while developing this battery, conventional metal-based energy storage

materials have been deliberately avoided. Naturally abundant, plastic-free, non-toxic

materials have been selected from the substrate to the active redox species for all

battery parts. In particular, two main contributions are described hereafter,

Subsection 4.3.1 explains in detail how carbon-based current collectors have been

generated via Laser-Induced Graphene (LIG) over pre-treated cardboard surfaces.

While, in Subsection 4.3.2 bio-polymer matrices, synthesized from naturally occurring

polymers, such as cellulose and alginate, are presented as hydrogels to retain the
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electrochemically active species acting as electrolytes and as ion exchange

membrane. Finally, to validate the viability of the theorized concepts the developed

materials are implemented on the previously designed battery testing units in

Subsection 5.3.3, creating the first demonstrators of an ecodesign battery for

smart-packaging applications. The chapter ends up gathering in the discussion

section an insight on the future improvements for the battery; and finally some

conclusions are presented.

Figure 4.2: Cardboard battery tailored smart packaging application. Fabricated from bio-

based materials with low impact techniques.
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4.2 Battery design and operation principle

In this chapter a battery has been designed with a sticker like structure, meaning it is

a planar prototype composed by a set of layers with different purposes. As depicted

in Figure 4.3, Two layers of cardboard act both as structural material, and substrate

over which the carbon-based current collectors are defined by laser-induced

graphene technique. The electroactive compounds are contain in a hydrogel matrix,

which is synthesized from naturally occurring polymer and directly dropcasted on top

of the current collectors. Finally, a biopolymeric membrane is sandwiched between

anode and cathode, to perform the ionic exchange. The preparation of each layer if

done separately and then the battery is assembled though a lamination process. This

approach facilitates the battery fabrication implementation in a cardboard box

production line.

Figure 4.3: The battery is based on a layered design. A cardboard substrate is selected to

engrave the current collectors using laser induced graphene technique (LIG). Then, a hydrogel

matrix is used to create the ion exchange membrane and to retain the active species. Scale

bar: 0.6cm

The battery fabrication process starts by generating LIG current collectors on top of the

substrate of interest, then the electrode area is defined by an adhesive rounded pool

of 1.6 cm diameter. The anode and cathode are created by incorporating the redox

species (and its respective salts to tune the pH) to the hydrogel matrix and stirring at

room temperature. Then, 260µL of anodic and cathodic hydrogels matrix are drop-

cast on the top of the LIG current collectors and incubated at 25oC for 48h. The ion-
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exchanged membrane is synthesized separately by dropcasting 15ml of the selected

matrix ratio (see Section 4.3.2 ) in a petri dish (ø: 8.6 cm) and incubating it at 25oC

for 72h to obtain a hydrogel film. Finally, the individual cells are manually laminated.

The membranes are cut with a 1.6cm diameter punch and sandwiched between the

negative and positive electrodes; three layers of pressure sensitive adhesive are used

to compensate the membrane width and keep the battery glued. Figure 4.3 depicts

an exploded view of the testing cell design and its working principle. The materials

development, testing and selection is discussed in detail on next section.

The simple testing battery design described in this section integrates all the essential

elements to build a functional hydrogel based galvanic cell. It is worth to mention that

the use of a hydrogel to contain the redox species creates a ionic conductive medium,

that allows the battery to work without the need of an external liquid addition. For some

application, this represent a clear advantage in front of microfluidic galvanic cells.
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4.3 Materials development and battery operation

This section is devoted to battery materials exploration, selection and implementation

in a testing cell, which was a key step while ecodesigning the battery.

To ensure the battery to meet the projected end-of-life it was compulsory to use

non-metallic current collectors. Thus, as deeply explain above, laser-induced

graphene technique was use to engrave the current collectors over a cardboard

substrate. LIG technique was selected for its versatility which allows an easy

implementation on cardboard boxes fabrication processes. Futhermore, in order to

potentiate a maximum cellulose content within the battery, a nanocellulose and

alginate hydrogel matrix was developed to contain the active species and to act as

ion-exchange membrane.

4.3.1 Laser-induced graphene current collectors

Current collectors have a crucial influence on the performance of batteries.

Characteristics such as electrical conductivity, contact resistance, density, or

corrosion resistance, directly affect the battery capacity and efficacy. More commonly

used current collectors in batteries are metals (Al, Cu, Ni, Ti, or stainless steel) due to

their high electrical conductivity, electrochemical stability, and mechanical strength.

However, metallic current collectors’ suitability arises concerns due to their

non-renewable nature, increasing costs, and sustainability implications.

In this sense, carbonaceous current collectors (e.g. carbon papers, carbon felts, CNF

or graphene) overcome metal-based drawbacks while maintaining the essential

properties. It is well-known that of all carbon-based material with energy storage

applications, graphene has demonstrated outstanding properties, thus attracting

intensive research interest.130 However, despite its extraordinary properties,

graphene wide application in commercial products has been sluggish, mainly

because its limiting traditional preparation methods. Based in either chemical vapor

deposition or hydrothermal processing, graphene preparation usually implies

high-temperature steps, complex synthesis routes and expensive economic

costs.131Regarding conventional graphene patterning, despite it is possible using
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hydrated graphene oxide, it usually involves acidic and oxidizing waste. In this

scenario, laser-induced graphene (LIG) appeared as an easy to synthesize 3D

porous graphene-like material, that furthermore exhibits many of graphene excellent

properties.132

LIG methodology is based on photochemical and photothermal processes occurring

when lasing a selected substrate at specific conditions. The laser energy is absorbed

by the precursor substrate material, breaking carbon bonds (i.e. C-C, C-O, C=O and

N-C) and allowing the carbon atoms rearrangement to 3D porous graphene.131;133–135

In 2014, LIG technique was reported for the first time over a commercial polyamide

tape (Kapton polyamide, PI) by J. Lin et al; and it meant a huge breakthrough

promoting graphene implementation.136 In essence, LIG technique arises as a

simpler, low-energy, zero waste and accessible technique to create 3D graphene,

that, additionally, merges graphene generation and patterning in 1 step. The resulting

graphene qualityi will depend on the material selected as substrate. Despite the most

commonly used substrate is PI, later investigations have demonstrated the possibility

of using organic substrates as LIG precursors. Some of the successfully tested

bio-based precursors include wood137, cellulose nanofiber138 , lignin137;139–141, potato

skin, bread, cotton, cardboard and cloth133. However, it is usually implemented over

plastic-based substrates.134 Regardless the selected substrate, LIG material has

been reported to preserve graphene upstanding attributes, such as a high surface

area, stable chemical and physical properties and remarkable electrical conductivity.

For these reasons, many LIG applications have been reported so far:

supercapacitors136;142, sensors141, photodetector143, heaters144 or flexible

electrodes145. It has also been use as current collector in batteries, always combined

with a metallic catalyzer and with polyamide as precursor substrate.146–150

In this subsection, the possibility of using laser-induced graphene (LIG) as a current

collector when an electrochemical reaction is involved is explore to determine its

suitability to be implemented in a biopolymer based battery. It is worth to emphasize

that, the successful incorporation of this technique into battery development

iGraphene is commonly characterized with Raman Spectrum. Raman spectroscopy is a technique

usually used to determine the material chemical structute. Hence, it provides information of the

structural defect, allowing to determine the material ’quality’ or ’perfection’.
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generates great outcomes. Specially, it needs to be notice the remarkable substrate

versatility that the technique has demonstrated. Which, in the particular scenario of

this thesis, has allowed to develop electrically conductive material on top of a

cardboard substrate, representing a key step towards the reinvention of the battery

end-of-life. Furthermore, LIG technique allows to easily redesign and fabricate 2D

current collectors geometries, thus allowing the exploration of further batteries

configurations and enabling easy energy capacity tailoring.

LIG generation on pre-treatread cardboard surfaces

First, the conditions to generate LIG over different substrates of interest were sought.

As it has been widely reported, polyimide (PI, DuPont™ Kapton®) was chosen as

reference precursor material. On the other hand, taking into account that the battery

is conceived for smart packaging application, cardboard was selected as organic

substrate as it is the most used and recycled packaging material in EU. Several

cardboard samples were considered for this study, and their suitability was analyzed

in terms of structural stability, mechanical properties and surface roughness.

Corrugated type was discarded as its surface is heterogeneous because of slight

ripples. In contrast, Manilla type typically employeed in file folder, present flat

homogeneous surfaces. Mechanically, Manilla cardboard is a relatively rigid and

resilient solid paper, with 2650 m breaking length and 140 kPa bursting strength. It

presents high dimensional stability allowing surface treatments without compromising

the substrate integrity. As for structure, it is 370 µm thick and weights 250 g·m−2, with

high fiber density.151

Cardboard has already been reported as a substrate for LIG generation.133 by using a

flame retardant surface treatment before the definition of LIG structures. In this

section, three pretreatments are evaluated for LIG generation on the selected

carboard surface. Two fire retardants already used for LIG generation in published

reports where tested as commercial available options: phosphate ammonium based

ForceField® FireGuard (FG) and boric acid based FireChief® Flame Retardant Spray

(FRS). Then, a lignin-based biopolymer coating was also synthesized with two main

purposes. First, to act as a flame retardant with a more sustainable chemical
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Figure 4.4: Properties of the to most used cardboard types in the packaging sector together

with some photographically examples of application.

composition. And second, as a strategy to increase the lignin content on the

substrate. This second reason is based on previous results by Ye et al. where

concluded that in lignocellulosic biomaterials a higher lignin content over cellulose

and hemicellulose generates a higher quality graphene (details about this self-made

lignin coating can be found in Materials & Methods Section Coatings preparation and

application).131

As mentioned before, LIG technique requires specific and optimized laser conditions.

The quality of the graphene generated using LIG technique is subjected to the

precursor substrates, the laser features (i.e. light wavelength and atmosphere

composition) and the lasing process characteristic (i.e. power and speed, number of

lasing steps and defocusing).133;152;153 The influence of these parameters has already

been studied in the literature. Power and speed will determine exposition time and,

consequently the energy radiated over the substrate atoms. Then, higher powers and

lower speeds will result in a larger photon flow rate, which translates in more energy

absorbed per area. Y. Chyan et al. demonstrated that higher powers generate LIG

structures with higher porosity and pore size, with an upper limit beyond which

structural failure is reached. Simultaneous lasing steps has also been explored as

strategy to generate LIG using milder speed and power conditions (i.e. less irradience

per step). The first raster creates amorphous carbon that turns into graphene after

consecutive scans. Finally, defocusing the laser beam can be achieved by

systematically varying the relative laser-substrate z-axis relation. The effect is similar

89



Chapter 4. A carboard battery for smart packaging applications

to consecutive lasing steps strategy but reducing the LIG generation process to one

step. Figure 4.5 shows the CO2 Epilog Laser Mini used during this study.

Figure 4.5: Image of the CO2 laser used for laser induced graphene generation (Epilog Legend

Mini 24) and its main parts.

To export the technique onto the substrates of interest an study involving adjustment

of lasing power (P) and speed (S), number of lasing steps and defocusing was

performed (See Figure 4.6b.). It is important to emphasize that a small percentile

units of laser speed and power make the difference between obtain LIG and

perforating the substrate or not modifying it at all. Thus, to agile the process of

seeking for the adequate LIG generating conditions a matrix based procedure was

used. Using CorelDRAW software, 7x7 squares matrices where defined. Each row

was assigned to a P value, while each column was designed to a S value. The

pre-stablished condition matrix can be then sent to the laser for engraving. The P-S

conditions range and unit steps of the matrices were iteratively adapted and narrowed

until LIG yielding conditions were find. An example of a matrix used in this work is

shown in Figure 4.6 b., as it can be appreciated the matrix contains a total of 49

squares, with 4x4mm size and covers S and P from 14 to 2 % conditions explored

with a 2x step.
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Figure 4.6: a. Diagram of a laser beam impacting on a LIG precursor and the effect of the

generated pattern accordingly to the defocus applied (i.e. z= 0, -1 or -2 mm). b. Example of a

matrix used for LIG generation conditions screening. The matrix covers from 2 to 14 % speed

and power conditions combinations, with 2 unit steps. c. and d. respectively show LIG squares

successfully and unsuccessfully generated.

After lasing, a visual inspection is enough to determine which range of conditions is

closer to generate LIG, thus the substrate turn deeply black if success. Figure 4.6

shows two examples of a successful LIG generated square with vell-define

boundaries and a continuous deep-black surface; and d. an unseccessful LIG square.

To recap and summarise, Kapton substrate easily yields to LIG in a single lasing step

with out any need of defocusing. Regarding pretreated cardboard further applying

either multiple lasing steps or a single step with defocusing (1, 1.5 or 3mm), was

required.

LIG characterization | Electrical

The Van der Pauw method154 was used to determine sheet resistance (RS), and

applied as screening methodology. The conditions generating the most conductive

LIG where then characterized electrochically and morphologically. Figure 4.7

schematically describes the basis of this technique. Briefly, the fourth vertices of a

sample were electrically contacted with four metallic needles, then a current scan was

forced between two vertices while the voltage drop between the opposite two was
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recorded (Figure 4.7b.). Current values from 0 to 2mA with 4 µA steps were

employed. An average of the resistivity of the sample was calculated applying eq.

4.1. Due to the orientated raster nature of LIG methodology, LIG material has intrinsic

anisotropy. To cover this LIG property, the resistivity analysis was performed forcing

the current parallel to the raster direction and perpendicular to it, thus obtaining two

Rs values, Rs,∥ and Rs,⊥ (Figure 4.7c.).

I = V
π

ln2
Rs (4.1)

Figure 4.7: a.Schematic representation of Van der Pauw technique in a fouth vertices station

used to determine sheet resistance. b.Resistivity analysis configuration to obtain LIG sheet

resistance in both directions, i.e. paralel and perpendicular to the raster direction. c.I-V

diagram obtained from applying a current screening from 0 to 2mA with 4 µA steps onto LIG

square.

A different matrix was optimized, engraved and tested for each cardboard treatment. It

is worthily to notice that the conditions were optimized to produce LIG in just one lasing

step. By using 3mm defocusing as alternative, time and energy are greatly optimized

specially if scaling the process. The Rs values for the selected conditions are depicted

in Figure 4.8.
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Figure 4.8: Sheet resistance for the three tested carboard pre-treatments. a. Rs,∥ and b.

Rs,⊥ values for FRS pre-treatment with 3mm defocus substrate; c. Rs,∥ and d. Rs,⊥ values

for FG pre-treatment with 3mm defocus substrate; and, e. Rs,∥ and f. Rs,⊥ values for lignin

pre-treatment, focused. Selected powers from 10 to 12 %, selected speeds from 7 to 13 % for

FRS and lignin pre-treatments, and from 3 to 9 % for FG.
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First, it can be observed that effectively LIG shows conductivity anisotropy, meaning

that for the same lasing conditions Rs,⊥ is one order of magnitude bigger than Rs,∥.

In addition, it can be concluded that LIG sheet resistance does not follows a clear

tendency with P and S values; which evidences there is a critical correlation between

P-S LIG generating conditions. However, in general terms, lower resistance values

were obtained for the lignin based-coating than for the commercial fire retardants.

Power vvalues at 11% result the most optimum for the three substrate pre-treatments.

Ultimately, the best conditions found via matrix condition method were reproduced in

triplets to perform a repeatability study. Figure 4.9 depicts the final LIG generating

conditions and their respective Rs values, the results are also numerically gathered in

Table 4.1.

Figure 4.9: Sheet resistance values for laser induced graphene over cardboard precursor with

FRS and FG fire retardants (3mm defocus) or lignin-based as pre-treatments. Polyamide (PI)

as reference value.(N=3) a. Rs values obtained parallel to the laser raster direction. b. Rs

values obtained perpendicular to the laser raster direction.
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Table 4.1: LIG generating conditions leading to the lowest sheet resistances. Cardboard

selected as precursor with different pre-treatment, polyamide substrate as reference control.

Precursor Pre-treatment Generation Rs,∥ (Ω · sq−1) Rs,⊥ (Ω · sq−1)

substrate conditions (%)

Polyamide - S9 P9 29.5 ± 0.4 251.2 ± 8.8

Cardboard FRS S9 P11_3mm 44.6 ± 6.2 148.9 ± 25.1

FRS S10P11_3mm 48.4 ± 3.4 231.3 ± 8.3

FG S8 P11_3mm 38.0 ± 9.0 334.3 ± 73.9

FG S9 P11_3mm 29.1 ± 2.6 287.0 ± 20.7

LIGNIN S8 P11 8.11 ± 0.37 106.7 ± 22.0

The lowest Rs,∥ was 8.11 ± 0.37Ω · sq −1, for the lignin-based coating with P 11% S

8% conditions. This value outranks reported Rs, being in the same order of magnitude

than the lowest value found in literature for a bio-based substrate derived LIG, 3.8 Ω ·

sq −1.

LIG characterization | Morphological

The produced LIG was morphologically characterized via SEM. The obtained images

are shown in Figure 4.10. Low magnification pictures visually demonstrate LIG

anisotropy, as there can be seen patterned lines in the direction of laser rastering,

which confirm the difference measured in Rs,∥ and Rs,⊥ (see Figure 4.10a,c) This

pattern was recently reported by Mikheev et al..155 However, resistivity anisotropy has

not been reported before, nor related with the observed morphological anisotropy.

In high magnification images, LIG morphology varies depending on the substrate and

its pre-treatment. Cardboard with fire retardant treatments present a highly porous

structure, which has also been reported for other LIG precursors. While LIG on PI

surface is completely rough. On the other hand, as can be observed in Figure 4.10

c and d, lignin pre-treatment leads to the presence of long filaments nanostructures,

which may be responsible for the low Rs values found.
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Figure 4.10: SEM images of sample surfaces: a. and b. FG_S9P11_3mm.c.

LIGNIN_S10P12.d. LIGNIN_S8P11. e. PI_S9P9. Cross section: f. FG_S8P11_3mm.

Finally, the thickness of produced LIG from different precursors ans lasing conditions

can be estimated from the cross-section of the SEM images, as in Figure 4.10f. The

values are gathered in Table 4.2. As expected, porous LIG thickness (cardboard

derived) is larger compared with non-porous LIG (obtained from PI) with around 170

µm and 38 µm thickness, respectively. The generated LIG architectures and its

thickness will be directly correlated with the electrochemical active area ratio reported

in next section.
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Table 4.2: Laser induced graphene thickness values for cardboard as organic precursor

material with FRS or FG fire retardants or lignin pre-treatments. Polyamide precursor as

reference control.

Precursor Pre-treatment LIG Thickness (µm)

Polyamide - 38 ± 1

Cardboad FRS 182 ± 11

FG 164 ± 9

LIGNIN 171 ± 3

LIG characterization | Electrochemical

LIG suitability as electrodic surface when an electrochemical reaction is involved was

assessed studding its cyclic voltammogram (CV) response. Electrodes, with an area

of πcm2, where engraved over the pre-treated cardboard surfaces and appropriately

sealed as shown in Figure 4.11. A pre-activated carbon screen printed electrode (SPE)

was employed as control. An electrochemical cell was assembled inside a beaker

with LIG-electrodes as working electrode, a commercial Ag/AgCl (3M KCl) reference

electrode and a Pt counter electrode. 10mM ferricyanide was used as well-known

redox specie, with 1M KCl electrolyte to prevent migration effects. CVs comparation at

Figure 4.11: Schematic representation of LIG electrodes over cardboard preparation steps:

sealing and working area definition process via pressure sensitive adhesive. Scale bars: 3mm·

20mV·s−1 for LIG electrodes response as working electrode is depicted in Figure4.12.

As first reamark, LIG surfaces show good capability for electrons exchange in a redox

reaction. By analysing each CV more in deeply, it can be seen as LIG over PI has

similar electrochemical behavior as the SPE, with slightly higher reduction peak, at

0.2V. Carboard electrodes, on the other hand, deliver between two and fouth times
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the SPE’ density current and have bigger capacitive currents; as expected from the

tridimentional-porous nature they shown in the SEM images.

Figure 4.12: Comparation of LIG suitabillity as electrodic surface via cyclic voltamperometries.

Experiment performed in beaker with 10mM ferricyanide, 1M KCl, at 20mV·

To further study LIG behavior, CV experiments were performed at increasing scan

rates (5, 10, 20, 50, 75 and 100 mV·s−1). For LIG electrodes over PI and cardboard

with FR treatments, active electrode surface area (ECSA) was calculated from current

peaks using Randles–Ševčík equation (eq. 4.2) for reversible systems, and (4.3) for

quasi-reversibles.156;157

ip = 0.446nFAc0(
nFνD

RT
)
1
2 (4.2)

iqrp = ±(2.65105)n
3
2ACD

1
2ν

1
2 (4.3)

where, n is the number of electrons transferred, F is the Faraday constant, A is the

area of the electrode, c0 is the analyte bulk concentration, ν is the scan rate, D is the

diffusion coefficient, R the gas constant and T the temperature. Futhermore, using eq.

4.4, electron transfer rate constant (ko) was calculated via Nicholson method158, i.e.

obtaining the kinetic parameter ψ from eq. 4.5

ψ = k0[
πDnνF

RT
]−

1
2 (4.4)

ψ =
−0.6288 + 0.0021∆Ep

1− 0.017∆Ep

(4.5)
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where ∆Ep is the oxidation and reduction peaks potential difference. In those cases in

which the system showed a quasi-reversible behavior, above equations were replace

by:

k0 = 2.18[
DαnνF

RT
]
1
2 exp[−αnF∆Ep

RT
] (4.6)

where α is the transfer coefficient.

Values obtained are shown in Table 4.3. Concerning lignin coating, problems of

mechanical instability in water where found, so it was discarded for further

electrochemical studies.

Table 4.3: Active electrode surface area vs. geometrical area and electron transfer rate

constant for LIG electrodes in comparison with an screen printed electrode.

Electrode type Precursor ECSA/GS ratio k o (cm · s−1)

Screen Printed - 0.90 ± 0.02 (1.8 ± 0.1 ) · 10 −3

Laser-Induced-Graphene PI 1.29 ± 0.08 (2.3± 0.3 ) · 10 −3

Cardboard |FRS 2.11 ± 0.06 (4.6 ± 0.8 ) · 10 −4

Cardboard |FG 2.20 ± 0.70 (1.6 ± 0.7 ) · 10 −4

ECSA has been compared with the geometrical area (GA) obtaining a ratio that reflects

the surface structure of the electrode. Looking at these ratios it can be deduced that

LIG_FRS and LIG_FG electrodes present a 3D surface structure (since, ECSA/GA

> 1 ). This property is maintained for the LIG_PI, albeit lessened. It is worth to be

highlighted that three dimentionallity is a really advantageous property when using

a material as electrode. 3D architecture increments the total available surface for

the redox reaction to take place and improve the transport of redox species to the

electrode surface. So when assembling the electrodes in a galvanic cell, these two

effects result in an increase in the energy density and a reduction of the system’s

internal resistance, providing a more efficient electrochemical system. Regarding the

ko, all results are between 10−3 and 10−4 which is within the same order of magnitude

of the literature gold standard glassy carbon.

The values obtained in this section cannot be compared with figures from the

literature as no electrochemical characterization of LIG has been reported so far. For

this reason, this study is expected to serve as means for comparison in future

99



Chapter 4. A carboard battery for smart packaging applications

research on this aspect. All in all, these results validate the successful creation of a

useful electrode over cardboard substrate with a 3D surface able to oxidate and

reduce redox species in solution.

4.3.2 Bio-based hydrogel as a battery matrix

In this subsection, a hydrogel matrix is presented to be implemented as a ion exchange

membrane and solid polymer electrolyte in the battery.

As part of the battery ecodesign process, natural abundant bio-polymers sodium

alginate and micro-nanocelulose were choose to fabricate this hydrogel network.

Sodium alginate (AL) is a well-known edible polysacaride used as gelling agent in

food industry. It is present in brown algae cell walls, from which it can be refined. Its

gelation property is based on the substitution of sodium ions by cations present in

aqueous media.159–161 On the other hand, micro-nanocelulose (nCel) is a relatively

novel material. Cellulose attacked researches attention years ago, because of being

most abundant and renewable polymer on earth. However, its application on

electronics and/or energy sector was partially held due some intrinsic cellulose

properties, such high surface roughness or structural porousness. To overcome this

drawbacks, researches have synthesized micro and nanocellulose papers by

applying a pre-treatment step to cellulose fibers. Processes such as mechanical

grinding or chemical oxidation are used to remove the defects and fibrillate cellulose

fibers into micro-nano fibers. From there micro-nano cellulose paste and paper has

arise as an ’green’ raw material candidate with excellent mechanical and chemical

properties.162–164

In the particular context of this work, commercial microfibrillated cellulose was

selected to create the hydrogel matrix with two purposes, we aim to increment the

total cellulose content of the battery to enhance its compatibility with paper and

cardboard recycling processes; while exploring its suitability to act as solid polymer

electrolyte. The syntetized hydrogel matrix should meet certain properties to be

suitable as polymeric electrolyte, such as, high ionic conductivity (preferably higher

than 105) , good chemical and mechanical stability and high range pH tolerance.

To create the polymer electrolyte matrix, the selected biopolymers affinity was tested
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by combining different ratios and testing its ionic conductivity. Because of the

bio-polymers selected, hydrogel membrane synthesis could be performed with

non-toxic reactants using mild gelation conditions by a simple solvent casting (SC)

method. The synthesis protocol developed is schematically described in Figure 4.13.

Five X nCel:Y AL ratios were synthetized (0:100, 25:75, 50:50, 75:25 and 100:0) as

follows: 2% wv AL solution is prepared with deionized water and steered between 2

and 3 hours applying mild heat. While 1% wv nCel solution is dispersated with an

dispersing instrument by 5 minutes at 10000rpm (specifications from the

manufacturer). Then the mixtures are combined following the ratios of interest, doped

with 5% wv of glycerol and stirred again at room temperature over 2h. Finally, 40ml of

each polymeric mixture is cast into a Petri dish (8.6 cm diameter) and dry at 25 oZC

in an incubator for 5 days. After the drying process flexible self-standing membranes

were achieved for all ratios except for 100:0, in which case it was not possible to

unmold it (see Figure 4.14).

Figure 4.13: Schematic representation of hydrogel membranes synthesis protocol·

The matrices suitability as ion conductive media was assessed by characterizing its

ionic conductivity via electrochemical impedance spectroscopy (EIS) method. From

each synthetized membrane three circular section were cut with a circular punch to

perform the EIS analysis. The average conductivity for each ratio depicted in Figure

4.14 a. was calculated by eq. A.2 after analyzing the Nyquist plot (Figure 4.14 inset)

and obtaining the resistance solution (Rs) as explained in Appendix B. All the

obtained values are in the range of 10−4 which based on literature is adequate for

their use as polymeric electrolyte.165 The conductivity study also reveals that a

synergistic effect is created when combining the two biopolymers, resulting in an

enhancement of ion transport through the membrane. The highest ionic conductivity

of 7.83 · 10 −4± 2.49 · 10 −5 S cm−1 was obtained for 25nCel:75AL ratio, which
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moreover presents a adequate mechanical characteristic for the purpose of this work.

Thus, this membrane was established as ionic conductive membrane for the battery

development in next section.

Figure 4.14: a. Ionic conductivity variation as a function of nanocellulose and alginate

biopolymers ratios.(N=3) Inset: Nyquist plot obtained from impedance spectroscopy analysis.

b. Example of the synthesized biopolymeric membranes appearance. c. Punch cut for the

electrochemical analysis. Scale bars: 1cm·
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4.3.3 Prototype operation test

Once the polymeric matrix was synthesized, the next step was to combine it with the

LIG generated current collectors to evaluate the different materials performance within

an electrochemical galvanic cell.

Ascorbic acid (AA) and iron nitrate (Fe(NO3)3) were selected as anodic and cathodic

redox species respectively. From the redox species screening performed (see

Appendix C) AA and Fe(NO3)3 show an open-circuit voltage difference of 1.15V. As

shown in Figure 4.15, to achieve this voltage output mixed media conditions are

require.

Figure 4.15: Linear sweep voltammograms of the redox chemistry selected to power the

battery. Oxidation of 10mM AA in 1M KOH as alkaline electrolyte and reduction of 10mM

Fe(NO3)3 in 1M C2H2O4·

To adapt this chemistry to the hydrogel based battery, the polymeric matrix tolerance

to pH was tested. Alkaline media was created by simply adding KOH (0.1M) to the

hydrogel matrix during the doping with glycerol step. After the 2 hours of stir process

an homogenized matrix with pH 14 has been created. The same process was follow

to generate an acidic medium, by the addition of oxalic acid (0.25M). However, in this

case, the change in pH produced a drastic change in viscosity, creating unbreakable

clumps. This behavior has been already reported in the literature, concluding that for
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pH lower than 3-3.5 the carboxylate groups in the alginate chain become protonated,

forming hydrogen bonds that increase exponentially the alginate solution viscosity. As

the selected matrix is 75% composed by an alginate solution this behavior heavily

affected the acidic hydrogel stability. For these reason, we substituted the 25:75 ratio

matrix by the 75:25 as cathode electrolyte.Finally, the anode and cathode are created

by incorporating 0.1 M AA or 0.2 M Fe(NO3)3 to the respective hydrogel matrix and

stirring at room temperature, with light protection in the case of AA-hydrogel.ii. Figure

4.16 recaps the final prototype materials.

Figure 4.16: Schematic representation of a LIG testing unit battery core materials·

The cell performance was first tested with Kapton substrate as LIG current collectors

precursor. The electrochemical characterization was assessed through polarization

curves, sweeping from pre-mesured open circuit voltage to 0V at 20mV/s scan rate;

and continuous discharge recorded under a external load, R=3.3kΩ. The plots are

depicted in Figure 4.17. The battery showed an 1V OCV and a maximum power

output of 0.4-0.5 mW. Moreover, stable discharge was recorded over 10 minutes. This

demonstrates a good synergy between the selected materials and the feasibility of

using LIG as current collector in a hydrogel based battery.

iiThis particular concentration of actives species is selected to perform the prototype test. They

are mild concentrated values that do not compromise the hydrogel stability, allowing a rapid materials

testing. In particular, the Fe(NO3)3 concentration doubles the AA , to compensate charge transfer, i.e.

one electron transfer from Fe+3 ion reduction reaction over the two electron AA oxidation reaction.
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Figure 4.17: Bio-polymer based battery electrochemical characterization with LIG current

collectors over polyamide substrate. Scale bar: 1cm·

Once the unit testing battery was proved to be functional, the polyamide LIG electrodes

were substituted by cardboad electrodes, FRS fire retardant and lignin coating pre-

treatments were chosen as precursors substrates. The results are depicted in Figure

4.18 and 4.19 respectively. In the two cases functional batteries were recorded, with

an OCP around 0.9-1V. However, a dramatic decrease of one order of magnitude in the

current output was found for the FRS battery, directly related with the higher RS value

found (see Table 4.1). Regarding the lignin coating cardboard battery, a maximum

power output of 0.3mW was achieved, but the continuous discharge showed instability.

When using cardboard as a LIG precursor, certain incompatibility was observed during

the process of casting the water-based hydrogels on top of the electrodes. Due to

the cardboard’s hydrophilic nature, the substrate integrity was partially compromised,

which can explain the difference in performance between the plastic-based polyamide

battery and the cardboard batteries.
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Figure 4.18: Bio-polymer based battery electrochemical characterization with LIG current

collectors over cardboard substrate with fire-retardant FRS pre-treatment. LIG generating

conditions: S9P11_3mm defocusing. Scale bar: 1cm·

Figure 4.19: Bio-polymer based battery electrochemical characterization with LIG current

collectors over cardboard substrate with lignin coating pre-treatment. LIG generating

conditions: S8P11. Scale bar: 1cm·
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4.4 Discussion

The work herein presented sets the guidelines, and first steps, towards the

development of a primary battery tailor-made for the smart packaging sector; and is

expected to be a cornerstone on the definition of batteries paradigm in this sector.

Nevertheless, further work is needed to achieve a completely functional prototype. In

this sense, future work will tackle three main objectives: the enhancement of the

power output, increasing the battery fabrication compatibility with cardboard boxes

production and standardized tests of battery recyclability.

In order to meet the power requirements of small sensing devices, a straightforward

strategy to be implemented is increasing the concentration of redox species. The

prototypes presented herein where fabricated with test concentrations of 100mM AA

and 200mM Fe(NO3)3, however this concentrations could be raised up to the maximum

solubility values (i.e. 1.85M AA and 3.70M Fe(NO3)3). The hydrogel matrix conductivity

could also be enhanced, for instance, by incrementing the glycerol content, so that the

overall battery internal resistance is decreased. On the other side, due to the versatility

of LIG fabrication technique, all conceivable electrodes design, area sizes, and stacks

can be easily implemented thus allowing to adapt the power output to each specific

energy intake.

Futhermore, some design improvements could be implemented to enhance battery

fabrication compatibility with cardboard box production lines. Two strategies can be

tackled in this sense, one posibillity is to fabricate the battery with a sticker like

concept, thus the battery could be easily glued to the package. On the other hand,

the battery can be directly fabricated during the box fabrication, implementing LIG

technique together with lamination processes directly to the package manufacture

process.

The prototype presented in this chapter has been developed by performing a

conscious selection of materials. In this sense, it does not contain any unwanted or

prohibited material that could compromise the paper recycling process (accordingly

to EN 643:2001). It is worth mentioning that, PSA and PET compensation layers,

used because of it practicality, must be substituted by waterproofed cardboard layers
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and a compatible glue. Futhermore, in order to ensure that the final implementation of

the battery in the smart packaging system does not compromises cardboard’s high

recyclability rates, the battery unit test should be evaluated under European standard

EN 134030-Packaging – Requirements for packaging recoverable by material

recycling. This standard assesses a product’s suitability for recycling by validating two

criteria: 50% of the product must consist of paper-cardboard weight and a study of

the pulp quality after product defibering (see Appendix B Standards and regulations).

Currently, the battery testing unit approximately contains 47.5 % w/w of cellulose

based materials, almost fulfilling EN 134030 first requirement to be consider recycling

as a solo element. However, the battery final prototype should be adapted to a

particular package in terms of dimensions and materials weight content. In this

sense, the battery final dimension would be tailored for instance to a box or an

envelope; and its recyclability tested accordingly as a joint design.
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Conclusions|
This chapter has introduced a primary battery specially design for smart-packaging

applications. The implementation of a holistic vision since the beginning of the battery

development has enabled an entire redefinition of the battery concept.

Four interrelated aspects of the battery life cycle have been integrally tackled to lower

the battery environmental impact. The battery application has been placed as the

linchpin to guide the materials selection, the fabrication process implementation, and

the targeted end-of-life. First, the material selection has been carried out advocating

for a functional battery but without ignoring the environmental impact along its life

cycle. Cardboard has been selected as substrate precursor to generate graphene

electrodes via a low energy consuming lasing method. LIG technique has been

sucesfully implemented over Manilla cardboard, by using two pre-treatments:

commercially available fire retardants and, a self-synthesized lignin coating. The

electrical characterization showed an intrinsic anisotropy property of LIG material,

never reported before. Moreover, LIG generation conditions have been optimized

reaching Rs values in the same order of magnitude of those reported in the literature

(8.1 ± 0.4 Ω·sq−1). More significantly, LIG suitability as electrode in a redox reaction

processes has been proven founding appropriate electron transfer constants. And, its

conductive properties have been strongly correlated with the electro-active area

measured and the morphology found via SEM images.

Once the LIG technique was implemented, the next step was to develop a

bio-polymeric matrix that could act both, as a ion-exchange membrane and solid

polymer electrolyte. The hydrogel created by combining commercial alginate and

micro-fibrillated cellulose showed adequate mechanical properties and an optimum

ionic conductivity to be implemented in a battery. Synergetic effect appears when

combining the two bio-polymers, favoring the ion conductivity. Specially a

25nCel:75Al ratio presented the higher conductivity of 7.38 · 10−4±2.49·10−5 S cm−1.

Finally, the development of LIG over a cardboard substrate in conjunction with the bio-

polymer hydrogel has allow to create a battery testing unit. Selecting acid ascorbic and

iron nitrate as anodic and cathodic active species respectively. Three different batteries

haven been successfully characterized demonstrating the approach feasibility.

109



Chapter 4. A carboard battery for smart packaging applications

Materials & Methods

This section details the processes and methodologies followed during the research

presented in this chapter. Despite some of the protocols that have been briefly

described in the main text, this section aims to bring together all the followed

procedures in order to consistently presented them to the interested reader.

Coatings preparation and application

Phophate ammonium based ForcedField FireGuard for Fabrics (Shield Industries, Inc.,

Woodstock, Georgia, USA) and boric acis based Flame Retardant Spray (FireChief)

were purchase online and use as received from they spray bottles. Each product

is separately apply to a 10x10cm2 cardboard square by spraying 6 time and dried

overnight.

On the other hand, for the preparation of the lignin coating a nanocelluse 1% w/v

dispersion is use as supporting matrix. As during the hydrogel matrix preparation, 5g

of 10% w/v nCel (nCel, Exilva P 01-V from Borregaard) are dispersed in 45 ml of DI

water by using an T 25 digital ULTRA-TURRAX (IKA-Werke) dispersion instrument, at

10000 rpm for 5 minutes. Then, 1.5g of pure lignin alkali (Lignin alkali 471003 from

Sigma-Aldrich). Finally, to create the coating, 20 ml of dispersion are poured over the

cardboard using a 8.6cm diameter petri dish and dry during 72 hours in an incubator

at 25 ºC (Hach Lange S.L.U. L2-01).

Prototype materials

Manilla cardboard from recycled office folders is used as substrate and modified by

the coating methods described above for LIG generation.

The hydrogel matrix is synthetized as follows, 1 g of sodium alginate (Al, W201502

from Sigma-Aldrich) is stirred in 50 ml (2w/v % concentration) deionized (DI) water at

80ºC until dissolution is complete. 1 w/v % nanocellulose (nCel, Exilva P 01-V from

Borregaard) dispersion is prepare accordingly to the manufacturer recommendations.

Meaning, 5g of 10% w/v nCell are dispersed in 45 ml DI water at 10000 for 5 minutes
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with T 25 digital ULTRA-TURRAX (IKA-Werke). Then, the ionic conductive membrane

hydrogel is created by mixing both dispersions in 75Al:25nCel proportion and doped

with 5%w/v glycerol. The mixture is homogenized during 2h using a magnetic stirrer.

Finally, as described above 15mL of the obtained hydrogel is poured in a 8.6 cm

diameter petri dish and dried at 25ºC over 48h in an incubator (Hach Lange S.L.U.

L2-01).

Similarly, the anodic and cathodic matrices are synthesized by mixing 75Al:25nCel and

25Al:75nCel bio-polymer proportions respectively. Then, incorporating 0.1 M ascorbic

acid (AA) with (KOH) to create the anodic hydrogel and 0.2 M iron nitrate (Fe(NO3)3)

with oxalic acid (H2C2O4) for the cathodic. This addition takes place during the glycerol

addition. After, 2h of magnetically All chemicals purchased from Sigma Aldrich (Sigma

Aldrich, St Louis, Missouri, USA) and use has received.

The different prototype structural layers are designed using CorelDRAW CAD

program (Corel, Ottawa, ON, Canada) and cut using the same CO2 laser cutter. To

fabricate the testing prototype, hydrogel cathodic and anodic pools are composed by

a combination of 125 µm polyethylene terephthalate (PET) plastic (Melinex ST504

PET, DuPont Teijin Films,USA) and 48 µm 92712 pressure sensitive adhesives (PSA)

from Adhesive Research. While the membrane is compensate using 3 layer of 92712

adhesives.

Lasing process

The laser induced material study presented in this chapter has been performend with

an Epilog Legend Mini 24 instrument. A flat glass panel is used to label the lased

materials and ensure an uniform surface platform. The laser has two modes, engrave

or cut. In this work engrave mode is used to scribe on samples and generate LIG

samples. Different parameters can be custom set to control the laser beam. 1200

DPI resolution and autofocus modes are selected for all the generated samples. While

speed of the moving lens (S) and power are chosen from 1% to 100% to the designed

value accordingly to the designed condition matrix. Being 30W the maximum power

density (i.e. 100%) in the case of this particular laser. Additionally, Air Assist is used

to blow compressed air on the material surface helping to reduce heat and removing
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combustible gases, while a gas extractor (BOFA AD Base2) takes away the expelled

gases.

Membranes ionic conductivity studies

The hydrogels were prepare as described above, then mix at the different ratios (100:0,

75:25, 50:50, 25:75 and 0:100) and doped with 5% w/v of glycerol as plasticizer. For

the ionic conductivity study presented, 40mL volume of hydrogel is used to created the

membranes, and the incubation process is extended to 4 days. The increment in the

volume yields to thicker membranes facilitating the ionic conductivity measures.

After the drying process the membranes are manually cut with a 1.55 cm2 diameter

punch and its thickness is measured with a dial indicator (RS PRO, Amidata S.A.U.,

Alcobendas, Madrid, Spain).

LIG electrical characterization

The LIG material was electrically characterized in a four-point station (EP6, Suss

MicroTec)

Electrochemical studies

All electrochemical measurements were performend using a PalmSens4 potentiostat

/ galvanostat / impedance analyzer (Palmsens BV, Houten,The Netherlands). All test

where performed at room temperature.

LIG electrodes electrochemical characterization is performed by cyclic voltammetry

analysis adapting the voltage window and with a constant 20 mV·s−1 scan rate for

all the samples. A conventional electrochemical cell is assembled using commercial

Ag/AgCl (KCl 3M) reference and platinum counter electrodes. 100mM ferricyanide is

selected as well-known electroactive specie and phosphate-buffered saline (1M KCl)

is used has aqueous electrolyte.

Hydrogel membranes’ ionic conductivinity is done by performing an Electrochemical

Impedance Spectroscopy (EIS) analysis from 1kHz to 1MHz. The value of the matrix

conductivity is obtained, as explained in Appendix A subsection ’Impedance

112



4.4. Discussion

spectroscopy to asses hydrogels with ionic conductivity’, from the resistance value

extracted from the total impedance when the imaginary component is zero.

Battery polarization and power curves are generated using linear sweep voltammetry

technique, sweeping from pre-recorded OCV to 0 V at a scan rate of 20mV·s−1. While

the discharge curves are recorded under different external loads to force the battery

to work at 0.5V aprox.

LIG morphological assessment

1 kV electron acceleration is selected for sample surface and cross-section imaging.

The sample, connected via
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Overview

This chapter has been created on the basis of the ’thinking globally, acting locally’

concept. The battery development process for this chapter is located at a conceptual

level in coffee growing communities of southern Chiapas, Mexico. The communities

energetic needs and resources have been deeply analyzed in order to develop a

battery grounded on the local reality. In this sense, the battery presented herein

represents the most ambitious goal of this thesis. The hollistic vision claimed in

Chapter 2 has been integrally applied in this chapter to developed a battery for which:

coffee waste is proposed as a source of battery materials, the fabrication processes

have been restricted to a feasible decentralized production, the application tackles

coffee communities real necessities, such as lighting systems and UV water

disinfection devices, and finally, biodegradability has been chosen as the most

appropriate end-of-life (see in Figure 5.1 the proposed battery life cycle).

Furthermore, the project impact has been assessed through the adaptation of the

Social Progress Impact.

Figure 5.1: Sustainable battery life cycle envisioned for powering lighting systems and UV

water disinfection devices in coffee growing communities.
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5.1 Introduction

As exposed in the rationale at the beginning of this thesis, the whole battery life cycle

must be taken into account from early battery conception; in order to ensure the

batteries to stay within the safe space for a sustainable development. In this sense,

when conceptualizing the battery one must think what it is going to power, but also

where. The answers to these two questions will contribute to define the battery

design and purpose. Thus, this chapter explores the creation of a decentralized and

sustainable power source. In a way that, batteries are ecodesigned and materialized

under the local framework, through the revalorization of the available resources and

tackling specific needs. Therefore, in order to fully understand the research purpose

of current chapter our thinking process needs to be placed in Chiapas, Mexico. More

precisely in the coffee growing communities of the nature reserve of ’El Triunfo’.

Chiapas, or Chyapas, is one of the thirty two federal entities that conform Mexico. It is

located at the south of the country and it is the entity with the highest social gap

according to CONEVAL (’Consejo Nacional de Evaluación de la Política de Desarrollo

Social’ or National Council for the Evaluation of Social Development Policies).166;167 In

2015 a multidimensional social well-being indicator at a national level was launched

by the Mexico, ¿Cómo vamos? researchers association, based on the international

Social Progress Index (SPI) proposed by nonprofit Social Progress Imperatives. The

SPI arises from the need of transcending and measure societies’ wellness in terms

beyond economics. It is not the only attempt to address these alternative metrics of

social progress towards happiness and well-being. Governments and institutions

worldwide have proposed alternative metrics to measure societies’ progress beyond

economic performance, such the European Union ’Beyond GDP’ program or the

Human Development Index (HDI) and the Gross National Happiness Index (NHI)

proposed by the Work Bank. These indicators aim to create metrics that complement

Gross National Product (GNP). In this sense, they represent the quantification of

holistic development philosophies such as the doughnut economic model presented

in Chapter 2. Displacing GNP as a solo indicator of a country’s well-being allows to

evaluate prosperity through a holistic vision.168 In this context, the SPI was selected

by Mexican researchers to be adapted and computed for each one of the 32 federal
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entities that compose Mexico state. Their objective by implementing this metric was

to create a benchmark to better assessed the needs of each particular country entity;

and to enable social, environmental, and economic policies creation to become

grounded on living realities.169;170

The indicator is constituted by three dimensions, named Basic Human Needs,

Foundations of Wellbeing and Opportunity. As shown in Figure 5.2 each dimension is

defined by four main components encompassing from good Nutrition & Basic Medical

Care access to Environmental Quality or Society Inclusiveness.168

Figure 5.2: Social Progress Index (SPI) takes into account three dimensions, i.e. Basic Human

Needs, Foundations of Wellbeing and Opportunity, and their related four components, each

one composed by a set of indicators. Source: Social Progress Imperatives168·

Mexico, ¿Como vamos? has been computing this indicator for each country entity

since 2015. According to those results, Chiapas is one of the three entities presenting

lowest SPI. In 2020 Chiapas ranked 49.9, far from the average national value of 63.2.

In contrast to this social reality, Chiapas owns an enormous environmental richness

and a huge agricultural capability. Mexico is the 9th coffee producer country in the

world and producers in Chiapas are responsible of most of the coffee generation in the

country, creating richness and employing more than 180 thousand producers among

the territory.171 Specifically, 41% of national coffee production is grown in chiapan
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territory, followed by Veracruz and Puebla entities, with a 24 and 15 % respectively.

Futhermore, with an anual production around 370kT of coffee cherries, Chiapas is

believed to be one of world leading producers of organic coffee, meaning that the use

of agrochemicals is very restricted to protect the land quality and respect the natural

environment.172

Coffee production has associated a considerable organic waste throughput.

Investigations estimate that for each kilogram of hasvested coffee, 452 grams of

associated by-products are obtained. In this context, agro-industrial waste

revalorization seems to be specially appealing. Biomass residues associated to

agricultural practices have been identified as rich source of valuable biocompounds.

Adding value to those wastes by reformulating them as raw materials do not only

generates an additional income, buy also fosters their correct management, reducing

their environmental impact. In particular, coffee production by-products have been

already identified in the literature as valuable feedstock to recover.173;174 Some of the

proposed applications are biodiesel production, bioethanol production,37;175 recovery

of sugars, or source of phenolic compounds.176–178 However, currently the main

application of coffee residues is compost production.179;180

The research presented in this chapter was carried out within the framework of the

iLINK project "Biodegradable batteries for underprivileged coffee-growing

communities" financed by CSIC and Tecnológico de Monterrey. The project main goal

is to use revalorized materials from local resources, coffee residues in particular, to

fabricate biodegradable batteries. The batteries are intended to power lighting

systems and water UV-disinfection devices in coffee growing communities in Mexico.

The work was performed in collaboration with Sustainable and Applied Biotechnology

research group from Tecnológico de Monterrey university. Figure 5.3 schematically

represents a conceptualization of the battery and the first steps towards the goal of

the chapter.

First, the project framework is presented, to validate the project viability coffee local

producers were interviewed about their day-life experiences. The interviews provided

a unique and realistic approach to the development process of the batteries,

enhancing its implementation viability to those locations since the beginning of the
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battery conception. Their daily-life realities, together with an ’in situ’ study of coffee

production processes and main by-products analysis are presented in Section 5.2.

Then, the battery prototype is designed to power a portable lighting system is

presented in Section 5.3. The battery is fabricated from commercial materials but

aligned with the project vision, and the viability to be fabricated in Chiapas mountains

is assessed (Sections 5.4 and 5.5). Finally, the viability of using revalorized materials

from coffee waste, and integrate them as battery components was explored as

explained in Section 5.6, ending up with a proof of concept test, fabricated with

bio-polymers extracted from residues. Finally, in the Discussion section the project

social impact is presented through an adaptation of the Social Progress Index.

Figure 5.3: Schematic conceptualization of a potentially biodegradable battery fabricated from

coffee residues to power lighting systems in coffee growing communities·
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5.2 Project framework and viability

Think global, act local is one of the most claimed sustainability chants over the years.

It has been repetitively proposed as strategy to address transboundary environmental

problems from a well-defined actions at a local level. However, despite being a basal

idea among sustainability defenders, examples of its implementation at a

technological or research levels are rare. In this sense, sustainable solutions must

generated from a holistic vision, taking into account local needs and resources, to be

grounded in the socio-economical context of the communities they are addressed for.

In this particular case, with the objective of validating the research and nurture it with

the local agronomic knowledge, we traveled to Chiapas, to a small village called

Jaltenango de la Paz. In Jaltenango, a collaboration was established with the small

and organic coffee producers cooperative Triunfo Verde. The association is

constituted by 497 organic coffee producers living in different municipalities around

Jaltenango.

This sections aims to humbly summarize the knowledge from the local coffee growing

communities gathered during our stay in Chiapas, and implemented it to battery

research to generate viable solutions.

5.2.1 Life without electricity

Societies living in so called developed economies usually take for granted privileges

associated with electrification. However, that reality can not be globalized. As

reflected by last Energy Progress Report tracking SDG 7, global rates of access to

electricity show an increasing, although slow, trend. Since 2010 to 2020, access rose

from 96 percent to 97 percent in urban areas, while it only reached at 83 percent for

rural communities. Despite this, today, about 733 million people live with limited or no

access to electricity, mostly of those located in rural areas. Furthermore, invisible to

the statistics, those who live with electricity on developing economiesi often suffer

iThe terminology ’developed economies’ and ’developing economies’ used in this chapter has been

adopted as conventionality to enhance clarity. It goes beyond the scope of this work evaluate the

appropriateness of those terms. However, the author would like to express her no-intentionality of
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from an unreliable or inadequate grid connection.60

Socioeconomic electrification indicators show a direct relation between electrification

and straight improvement of sanitation, access to clean water, nutrition, and security.

However, albeit electrification impact transcends primary life-changers, such access

to light, the importance of first kWh must not be underestimate. Those areas deprived

of electrical light, usually rely in candles, kerosene lamps or diesel generators, which

emit toxic volatile pollutants and increase fire risk at households. Futhermore,

acording to G. Desarnaud analysis, reported on Sustainable Electrification for Asia

and Africa, a direct correlation has been found between electricity consumption and

the improvement in Human Development Index (HDI). Above 2500kWh per year and

person, the electrical lighting initial impact diminished its effect on HDI. Therefore,

first kWh have the most significant impact on living standards, which supports the

need for decentralized energy systems.181

According to SPACE 10 report182 barriers to universal electrification vary upon

territories, but two main constrains can be globally identify: communities isolation and

systems unaffordabillity. Sparse population located on difficult terrain access is not

cost-effective to reach, meaning that even when the grid reaches the communities,

families are not able to afford the high costs associated with installation,

complimentary equipment, and maintenance.

Mexican coffee growing communities| A particular insight

In order to understand coffee producers’ day-to-day life, local needs and resources,

we visited three different municipalities. A selection of photographs taken during the

visit is shown in Figure 5.4 to provide context about the region.

Location|

The coffee-growing communities were located in the mountains of natural

reserve El Triunfo, 980-1600 meters altitude, where conditions are perfect for

growing high-quality coffee. Coffee fields extend vertically on mountainsides,

and coffee is manually harvested, pulped, and sundried by producers and

their co-workers. Access to those locations takes between 3 and 5 hours

establishing a hierarchy or ranking of countries/regions when using those terms.
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Figure 5.4: Mexican coffee growing communities contextualization. Photographs taken in a

typical household during the interview of a organic coffee female producer.

through unpaved roads. Househould clusters create communities on the

mountains. However, isolated edifications placed in the middle of coffee

crops are also a common reality.

Daily life|

Activity is frenetic during the harvesting period, preparations start in

December to be ready for a continuous working period from January to April.

During harvest, the producers, their families, and workers cohabit at

cultivation plots. Trips to Jaltenango are costly and time consuming. Thus,

they are not frequent, and are mainly focused on transporting parchment

coffee for its sale.

Dwellings|

Households usually are composed by different isolated structures at different

grades of development. The main structure functionality is at the same time

producers home and coffee storage, complemented with a semi-open fire

based kitchen. A secondary structure is devoted for workers hosting.

Electrification status and energy needs|

Electrical grid has penetrated only to lowest altitude communities. However,
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in some cases, power transformers have to be bought by users (with a cost

around 1500 euros), and can be shared among 10-15 houses to get access

to the grid. Thus, some houses are equipped with a few bulbs for light and a

fridge. Still, this is very costly for most isolated producers. Furthermore, the

main concern among the locals is the unreliability of grid. For instance, months

without power are usual when floods causes damages on the electrical cable

structures, and transformers get usually damaged and need to be replaced.

Decentralized solutions have gained popularity over past years, examples of

small solar panels, mainly dedicated to powering light bulbs, can be found in

the communities. However, in some of these cases the coupled energy

storage systems are not enough. For instance, the particular experience

shared by the female coffee producer showed on Figure 5.4, battery capacity

was 10000 mAh battery capacity, to power 3 bulbs (3W each), meaning light

last no longer than 5 hours. Thus, she had to choose between having three

bulbs turned on all night for security or cooking in the morning with light.

Furthermore, the system has no portability, restricting light location to 3 fixed

spots.

All in all, above mentioned reasons lead to a high dependence on kerosene

lamps, candles and firewoods.

Residues management|

In the communities, generated waste is usually incinerated as a common

practice, whereas organic daily waste is mostly composted or directly thrown

on the ground. When it becomes about hazardous waste (such as batteries

used for radios), unsafe accumulation on households is produced, as a

consequence of the above mentioned scarce trips to Jaltenango prevents.

Regarding coffee pulp residue, it is usually piled at the same ground where

cooffee is grown. Composting process naturally occurs on the pile, leading

to acid leaks in the surrounding land. Which in the long term can lead to an

unwanted soil acidification.
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Figure 5.5: Pulp residue pile and wasted batteries. Photographs taken in a typical household

during the interview of a organic coffee female producer.

The importance of affordable and clean energy|

Conducted interviews in Chiapas validated and supported the realities,

aspirations and barriers reported previously by SPACE10 and SDG studies in

other regions of the world. Access to light does not just brings comfort, but

opportunities.

5.2.2 Analysing the coffee production process and its residues

Coffee plant is a small sized perinnial woody plant arround 2 and 3 meters tall that

generates small fleshy fruits. Native from Etiopia or Yemen, now a days coffee

plantations can be found in many other countries, being Brasil Vietnam and Colombia

the three main producers worldwide. There are a total of 124 species of coffee plants,

however Coffea arabica and Coffea canephora (know as ’Robusta’) are the more

common ones. Coffee growing conditions and seasons vary from place to place,

being cultivated in altitudes that range from 0 to 2100 meters above sea level.

Despite this, coffee crops are commonly shade plantations situated at tropical climate

regions on high altitude remote locations.

Figure 5.6 summarizes the states and processes that a coffee bean goes trough from

harvesting to roasting, together with the main residues generated at the producers

locationsii. Coffee cherries are a red or yellow fruits manually harvested. They
iiAs a clarification, coffee by-products obtained at the consumers locations are out of the scope

of thesis. Hence the diagram above presented do not take into account silver-skin residue which is

produced during roasting in the roasters facilities. Neither the most known coffee residue, spent coffee

grounds, produced after beverage preparation.
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comprise different ’layers’ or skins, that are gradually removed during

post-processing. First, the outer layer, the pulp, is removed during the pulping

process, then the pulped cherries are sun dried becoming parchment coffee. After,

coffee is usually transported from the growing locations to cooperatives at the village,

where the husk covering the ’green’ coffee beans is removed and, finally, the coffee is

roasted. Coffee is exported by growers countries both in ’oro verde’ and roasted

coffee states. To be accurate, the process described herein is know as wet coffee

processing and is was the predominately used by Triunfo Verde producers iii.

Figure 5.6: Timeline describing coffee evolution from coffee cherry state to roasted coffee

and the associated processes and residues. Described the wet processing methodology. All

photographs were taken during the visits to coffee growing communities in Chiapas, Mexico.

iiiThere is an alternative way to process coffee beans known as dry processing. The interested reader

may consult M. Echevarria et al. from 2017180
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As clearly reflected on the diagram, there are two main by-products produced at

coffee growers locations. The wet residue or coffee pulp and the dry residue or coffee

parchment husk iv. Another important parameter to take into account during this

studio was the location where the by-products are produced. The pulping process

often takes place at the grower cultivation plots, meaning that it is a delocalized

by-product, while parchment husk removal takes place in centralized facilities in

Jaltenango village.

An analysis on the Triunfo Verde production showed that in 2019 aproximatly 1 052

307.5kg ≈ 1T of parchment coffee was produced by a total of 497 producers. For

each 1kg harvested berries approximately 0.210 kg of parchment coffee is obtained

accordingly to the cooperative. Hence, ≈ 4T of wet residue is produced during pulping

process (see calculation 5.1).

1 052 307.5 kg of parchment coffee · 0.790 kg wet residue
0.210 kg parchment coffee

= 3 958 680.6 kg

(5.1)

On the other hand, every 1 kg of parchment coffee transforms to 820 gr of ’oro verde’

after husk removal. Meaning that same year 189 415.4 kg of dry residue were

generated (see calculation 5.2)

1 052 307.5 kg of parchment coffee · 0.180 kg dry residue
1 kg parchement coffee

= 189 415.4 kg (5.2)

Coffee pulp and parchment husk composition has been widely studied in the literature.

Both coffee skins have reported to contain a wide variety of components such as lipids,

ashes, proteins and carbohydrates. In particular, all studies have found a high content

of polysacharides, which are specially interesting for the research herein presented.

Polysacharides are the main constituent of bioplastics or biofilms, and as reported in

Chapter 4 they could be used to form the battery hydrogel matrix. Futhermore, they

are intrinsically biodegradable. Parchment coffee husk has reported a polysacharides

content of: 15-46 % cellulose, hemicellulose 10-30% hemicellulose, 10-34% lignin

ivIt is worth mentioning that there are two more by-products associated to coffee value chain. The

silver skin, is a paper-like thin husk that usually felts off during coffee roasting; and coffee grounds

produce during the beverage preparation. Despite this by-products are also interesting as raw materials

revalorization their are usually produced at the consumer’s countries not the producers, thus their

analysis is out of the scope of this thesis.
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and 4-7% pectins. While coffee pulp has reported a content of: 26-26% of cellulose,

4-20% of hemicellulose, 9-20% of lignin and 4-7% of pectins.175 Table 5.1 gathers the

potential quantities for biopolymers recovery taking into account worst case scenario

(i.e. lowest reported % contents).

Table 5.1: Potential quantities for biopolymers recovery from the annual organic coffee

production of Triunfo Verde cooperative.

Bio-Polymer
Potential quantity

from coffee-husk (kg)

Potential quantity

from coffee-pulp (kg)

Cellulose 27 844 633 389

Hemicellulose 18 942 142 513

Lignin 18 942 356 281

Pectin 7 577 174 182

Regarding bioactive compounds content, polyphenols group has arisen special

interest. Due to their intrinsic antioxidant properties, their retrieval has been

recurrently proposed, to be used as food industry additive. In particular, coffee pulp

has reported to contain higher contents of phenolic compounds than coffee

parchment husk, and they could serve as battery anodic redox species.

As it can be seen, the reported results on the physicochemical characteristics of

coffee by-products can vary depending on the extraction method and coffee

geographical origin. For the particular scenario of this project and taking into account

the methodologies employed by SAB group with the residues of Triunfo Verde

producers, 5% of pectins content was recovered from coffee pulp. Thus, ≈ 0.2 T of

pectins could be potentially recovered from one year production.

After the analysis perform on the coffee residues, there was not found any potentially

retrievable compound that could be used as electrochemically active species for the

battery cathode. Thus, iron nitrate was selected to act as cathodic redox species.

The quantities herein reported greatly validate the project viability, ensuring enough

raw material is available during the harvesting period to carry on the project.

129



Chapter 5. Exploring local and decentralized biodegradable battery development

5.3 Battery design and operation principle

The battery presented in this chapter has been conceived with an easy-stack design.

Intended to power lighting systems and UV-disinfection devices, power and energy

enhancement becomes a must. Thus, the prototype is easily scalable to relatively

high power demands. Meaning that electrical contact areas have been favored to

facilitate unit connections while maintaining compactness. As can be observed in

Figure 5.7, each individual cell has a sandwich like structure, composed by two current

collectors, two hydrogel matrices containing cathodic and anodic redox species and

an ionically conductive separator to charge-close the circuit. The different battery cells

are separately fabricated and then assembled in a stack as shown in Figure 5.7. Each

stack is composed by eight unitary battery cells: two semi-stacks in parallel composed

by four unitary cells connected in series, theoretically yielding to 2 x IUnitaryCell and 4

x VUnitaryCell. For simplicity, this first prototype is designed to power lighting systems

has shown in deep in next sections.

Figure 5.7: The first battery prototype to power portable lighting systems in coffee growing

communities in Mexico has been designed with an easily stackable configuration. The

battery stack contains eight unitary battery cells, two stacks in parallel of four unitary cells

connected in series. Each unitary cell has a coin cell design of 5.5 cm diameter, a hydrogel

matrix synthesized from biopolymers is used as ion exchange membrane and solid polymer

electrolyte, and two carbon-based materials are used as current collectors.

Battery fabrication process begins with the preparation of the ion exchange

membrane. 10 mL of the selected matrix ratio (see Subsection 5.4.2) are dropcasted
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in a petri dish (8.6 cm diameter) and incubated at 25 ºC, for 4 days to obtain a

completelly dry hydrogel film. Finally the individual membranes are cut with a 5.5 cm

diameter punch and stored. Anode and cathode are synthesized by incorporating the

redox species (and its respective salt to extreme pH conditions) to the hydrogel

matrix. The mix is magnetically stirred until complete homogenization. Meanwhile,

carbon felt current collectors are manually cut and thermally treated to enhance

cathodic and anodic hydrogel matrices penetration, and hence, increment the total

electroactive area. 3.5mL of the hydrogel are dropcasted on top of the current

collectors and spread with a plastic scraper. Finally, the individual cells are manually

laminated and the stack is assembled, electrical connection between individual cells

take place electrode-electrode, avoiding the need of external metallic connectors or

cables between cells.

The detail about, materials selection, synthesis and testing are provided in the next

section.

5.4 Materials development and battery operation

This section is devoted to the battery materials exploration and presents the battery

first prototypes development workflow. The commercial materials selection was

carried out according to the literature by prioritizing those materials that have been

reported to be present in coffee residues. In this sense, phenolic compounds with

high antioxidant capacities were explored as anode active species. While potentially

extractable bio-polymers were assessed as hydrogel matrices, in terms of ionic

conductivity, chemical suitability, and mechanical stability. Furthermore, different

commercial carbonaceous materials were tested as current collectors. Finally, a

battery stack was successfully fabricated to power a commercial LED.

5.4.1 Commercial phenolic compounds as anode materials

Extensive bibliographic research revealed that terpenoids, alkaloids, and phenolic

compounds are present in the different parts of the coffee plant (beans, leaves, pulp,

etc.). From that variety, phenolic compounds were selected because of their water
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solubility and accessibility, despite no exhaustive electrochemical study that could be

found. Commercial chlorogenic acid (CloA), epigallocatechin gallate (EP), and gallic

acid (GA) were then assessed in terms of water solubility and extreme pH stability.

Further, 1mM species oxidation behavior was studied at alkaline (1M KOH) and

neutral (Phosphate Buffered Saline, 1M KCl) pHs via cyclic voltammetry technique on

SPE (see Figure 5.8)). Caffeic acid was discarted because its maximum solubillity

was low, ≈ 3mM. Ascorbic acid (AA) is incorporated to this study as a reference

phenolic compound already used in the battery presented in Chapter 4.

Figure 5.8: Characterization of commercial phenolic compounds electrochemical respond via

cyclic voltammetry. 1mM concentration of ascorbic acid (AA), gallic acid (GA), epigallocatechin

gallate (EP) and chlorogenic acid (CloA), tested in neutral 7 pH (1M KCl as electrolyte) and

alkaline 14 pH (1M KOH as electrolyte). Experiments performed in a 50µL drop over a screen

printed carbon electrode at a 20mV/s scan rate.

As expected, alkaline pHs displace open circuit cell potentials towards more negative

values. Mesured OCP for pH14 was -0.4 V vs. Ag/AgCl (SPE) for AA, GA and EP,

while in the case of CloA was -0.32 V vs. Ag/AgCl (SPE). All organic compounds

demonstrated similar oxidative behavior, meaning their electron transfer is irreversible,

delivering between 100 µA and 150 µA peak currents in alkaline medium, being the

lowest value 108 µA for EP. Thus, from the electrochemical study it was concluded that

all species could potentially be implemented as anodic compound in the battery.

Solubility was assess based on the literature and visual inspection of solid precipitation

absence. GA, EP and CloA maximum concentration were found to be ≈ 80 mM, ≈

70 mM and ≈ 100 mM respectively. EP was therefore discarded. Finally, because

economical cost v reasons GA in alkaline medium was selected over CloA as anodic
vGA commercial cost is around 172 C for 250 g (≈ 688C/kg), while CloA commercial cost is around

74.5 C for 250 mg (≈ 2 980 C/kg)
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battery redox species.

Over the course of this investigation no plausible cathodic redox species extracted form

coffee plant were found in the literature, thus GA 80mM was combined with iron nitrate

160mM in acidic medium to complement the battery chemistry. Figure 5.9 shows that

combination of this chemistry results in a open-cell voltage of 1.04V.

Figure 5.9: Linear sweep voltammograms of the redox chemistry selected to power the battery.

Oxidation of 10mM GA in 1M KOH as alkaline electrolyte and reduction of 10mM Fe(NO3)3 in

1M C2H2O 4.

5.4.2 Hydrogel biopolymer as a battery matrix

Carboxylmethyl cellulose derivative (CMC) and pectins (PEC) were chosen as

preferred biopolymers to fabricate the battery hydrogel network, due to the fact that

they can be potentially recovered from coffee residues. CMC is a cellulose derivate

with carboxymethyl groups (-CH2COOH) added to the polymer chain. CMC has been

widely applied in the literature to synthesized bio-based ion-exchange membranes or

electrolyte. When dissolved in water it becomes negative ionized, being able to create

physical crosslinking and enhancing the mechanical properties of the hydrogel.165;183

On the other hand, pectins (PEC) are usually recovered from citrus peels and used
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as additive in food industry and pharmaceutics due to its gelation capacity. However,

it has not been yet widely explored in the polymer electrolyte field.184;185 As in the

chapter before, sodium alginate (AL) was incorporated to the blend with the aim of

creating a synergistic effect and enhance membranes’ mechanical properties and

ionic conductivity. Furthermore, SAB research group had experience on the recovery

of this polysaccharide from Mexico beaches brown algae, thus it became an

appealing biopolymer for the project.

In this context, AL was combined with CMC or PEC, to synthesize two different

blends. Both matrices were created following the protocol depicted in Figure 5.10).

Briefly, 2% w/v SA, 1.5% w/v CMC and 2% PEC solution is prepared in DI water and

magnetically stirred between 2 and 3 hours applying mild heat until complete solid

solution. Then, the biopolymers are combined in different ratios, and doped with 5%

of glycerol, the blends are stirred again at room temperature over 2h. Finally, 40 mL

of each mixture is poured into a Petri dish (8.6 cm diameter) using a syringe and

dried in an incubator for 4 days at (T=25ºC). Five X CMC: Y AL and five X PEC : Y AL

membrane ratios where synthesized (100:0, 75:25, 50:50, 25:75 and 0:100) and in all

cases flexible self-standing membranes were obtained. It worth mentioning, that the

selected bio polymers allow to developed an easily exportable synthesis protocol,

meaning it is based in drop casting method and uses non-toxic reactants with mild

gelation conditions.

Figure 5.10: Schematic representation of hydrogel membranes synthesis protocol.

As mentioned in Chapter 4, in order to be suitable as polymeric electrolyte, the

synthesized hydrogel matrix should meet certain requirements, meaning high ionic

conductivity, good mechanical stability and high pH range tolerance. Thus, once

synthetized, matrices’ ionic conductivity was characterized via electrochemical

impedance spectroscopy (EIS) method. Three circular sections were cut with a
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Figure 5.11: a. Ionic conductivity as a function of pectins and alginate biopolymers ratios.

(N=3) Inset: Representative Nyquist plots obtained from impedance spectroscopy analysis

in a 106 to 1000 Hz range. b. Ionic conductivity as a function of carboxymethyl-cellulose

and alginate biopolymers ratios. (N=3) Inset: Representative Nyquist plots obtained from

impedance spectroscopy analysis in a 106 to 1000 Hz range.

circular punch to perform the analysis. The average conductivities gathered in Figure

5.11, were calculated with eq. A.2 after obtaining the resistance solution from the

Nyquist plot (Figure 5.11 inset), consult Appendix B.

All obtained conductivities are in the range of 10−4 S· cm−1. All CMC:AL values are

above PEC:AL values, partially because of a small difference in the batches

preparation as it is observed in 0:100 values (i.e. 3.0 ± 0.5 · 10−4 for PEC:AL, and

3.9 ± 0.42 · 10−4 for CMC:AL batch). In the case of PEC:AL blend, despite 50:50,

25:75 and 0:100 present similar conductivities values, the ion mobillity decreases

when incrementing the PEC concentration. In the context of this project, higher PEC

concentration is preferable, 50:50 ratio was selected as the best option to incorporate

it as battery separator. Regarding CMC, highest conductivity is reached with 75:25

ratio, revealing a synergetic effect when combining both biopolymers. This translated

in a noticeable improvement of the 100% CMC membrane mechanical

properties.Thus, this membrane was established as the most appealing option for

CMC:AL combination.
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When testing the selected matrices to extreme pH conditions, the addition of KOH

and oxalic acid salt did not change 75CMC:25Al blend viscosity, meaning they have a

suitable pH stability. However, in the case of 50PEC:50Al the addition of oxalic acid

produced a drastic change in viscosity, creating unbreakable clumps (as explained in

Chapter 4, this behavior can be associated to the carboxylate groups in the alginate

chain). Thus, 75PEC:25AL blend was selected to contain the redox species acting as

solid polymer electrolyte. In next sections, the implementation of both bio polymeric

hydrogels as ionic conductivity membrane and battery electrolyte is presented.

5.4.3 Current collectors selection

In order to select the most suitable current collectors, three different commercially

available carbonaceous materials were tested. These materials are typically used as

Gas Diffusion Layers in fuel cells. Specifically, one carbon paper, two carbon cloths,

and two carbon felts where tested. Table 5.2 gathers the main materials properties,

together with their electrical conductivity and sheet resistance characterized by our

group at CNM facilities. Carbon papers are rigid and fibrous materials, while carbon

felts are usually thicker materials with sponge-like structure; and carbon cloths are

thread-based flexible films with high porosity.

Table 5.2: Commercially available carbonaceous materials electrical properties and

description.

Material

reference

Material

type

Thickness

(um)

Electrical

conductivity (S/cm)

Sheet resistance

(Ω/□)

MGL 370 Carbon paper 440 279 ±9 0.081

C100 Carbon felt 3240 4.82±0.02 0.640

GF020 Carbon felt 1890 10.46±0.08 0.506

B1B Carbon cloth 600 14.8 ± 0.3 1.128

B1A Carbon cloth 390 33.1 ± 1 0.777

Collectors material selection was performed with a coin cell like battery unit test

containing all essential elements (two current collectors, anodic and cathodic

matrices and a separator). Figure 5.12 summarizes the materials used.
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Figure 5.12: Batteries composition summary for the carbon-based material selection as

current collector assessment.

Gallic acid and iron nitrate were selected as redox anodic and cathodic species

respectively; in mixed media condition. 75CMC:25Al + 5% glycerol hydrogel was

used as matrix to synthesize the membrane and contain the redox species. The

methodology to fabricated the battery unit test is similar to above described

processes. Briefly, first the membrane is separately synthesized by dropcasting 15

mL of the hydrogel matrix in a 8.6 cm diameter petri dish and dried at 25 oC in an

incubator over 2 days. Subsequently commercial carbonaceous materials are

manually cut with a 2 cm diameter punch and, in the case of carbon paper and

carbon felt, terminally treated. Carbon cloths were used as received.

The material performance as a current collector was assessed through polarization

curves, sweeping from pre-mesured open circuit voltage (OCV) to 0V at 20mV/s scan

rate. The coin cells characterization and its repeats are shown in Figure 5.13. In all

cases, recorded OCV was ≈ 0.9V, except for some carbon cloths repeats. However, a

drop in voltage rapidly occurs during the first moments of current deliver, related with

slow reaction kinetics between current collectors and redox species. Carbon paper

batteries delivered the highest power output, 2.2mW. This could be related with

higher electrical conductivity, hence lower Ohmic loses; or a greater affinity between

carbon paper and redox species. Carbon cloth was found to have low reproducibillity

and difficult workability, as a consequence it was discarded as current collector for
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future experimentation. Finally, carbon felt C020, presented a mild 0.97 ± 0.03 mW

maximum power output and good reproducibillity. Furthermore, flexibility property of

felt material facilitates battery stacking and direct electrical connection between cells,

thus carbon felt C020 was selected as current collector for the battery stack prototype

presented in this chapter.

Figure 5.13: Polarization curves of a 2 cm diameter hydrogel coincells with three different

carbon-based materials: carbon paper, carbon cloth (B1A and B1B types) and carbon felt

(C100 and G020 types). Characterization performed at 20mV/s scan rate.

5.4.4 Prototype optimization and operation test

In order to run the final battery optimization, the two synthesized hydrogel matrices,

75CMC:25Al and 50PEC:50AL + 5% w/v glycerol in Subsection 6.4.2., were tested as

battery ion conductive membrane and solid electrolyte to contain the redox species.

Figure 5.14 shows electrochemical characterization of the battery unitary cells

fabricated with the matrices of interest. These experiments took place in parallel with

the current collectors selection, thus the batteries were fabricated using the same

protocol and carbon paper was used as current collector.

As it can be seen in Figure 5.14a., CMC:AL matrix showed a higher power output and

reproducibillity than PEC:AL. On the other hand, when continuous working under a 96

Ω load, PEC:AL matrix delivered a more stable output, reaching 0.4C of accumulated

charge in ten minutes. In comparison, CMC:AL matrix discharge delivered 0.72C.

In conjunction with the results presented above, when selecting the final matrix for

the battery cell prototype, other factors must be taken into account in order to be
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Figure 5.14: Comparison between coin cell 2cm diameter performance in relation with the

bio polymer matrix used. 2cm diameter carbon paper MGL 370 used as current collectors.

Batteries fabricated from carboxy methyl cellulose (CMC), alginate (AL) and/or pectins (PEC)

commercial polymers with 75CMC:25AL or 50PEC:50AL ratios. a. Polarization curves at

20mv/s scan rate (N=2). b. Discharge curves under 96 Ω external load. Inset: Accumulated

charge during 10 minutes.

consistent to the ecodesign process. CMC is not a directly refinable material, so to

obtain revalued CMC from coffee residues, pure cellulose must first be used, and then

add a second step required to add the carboxyl and methyl groups to the cellulose

chain. In this sense, PEC:AL biopolymer hydrogel was prioritized against CMC:AL

combination, as final battery matrix, thus, PEC can be directly refined from coffee pulp

residue, as further explained in Section 6.6 From commercial to extracted: Exploring

local material sources for batteries.

Figure 5.15 recaps the final battery materials composition, together with an

electrochemical characterization of a unitary battery cell with 5.5 cm diameter. As a

strategy to enhance the battery power output, the anodic and cathodic hydrogels

were spread on top of the current collectors and used without drying process. The

high humidity content, improved ionic conductivity facilitating ions transport within the

electrolyte. As it can be seen in Figure 5.15 b., the final unitary battery cell presented

OCV ≈ 0.8 V and delivered 12.5 mW maximum power output, being able to deliver

12.5C after 5 hours of continuous operation.

Finally, the battery stack was built and a commercial LED bulb was powered as a proof

of concept. A voltage boost converter (VBC) integrated circuit was used to increase the

operating voltage up to 3.1V. The VBC was coupled with a 0.1F supercapacitor, that
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Figure 5.15: a. Schematic representation of a testing unit battery final selected materials.

b. Battery 5.5 cm diameter discharge polarization curve sweeping potential from prerecorded

OCV to 0V at 20mV/s scan rate.c. Continuous discharge voltage curve under a 96 Ω external

load and accumulated charge over 5 hours.

served as an energy reservoir, that also smooths the punctual current/power peaks

demand. As it can be seen in Figure 5.16, the battery prototype stack delivers 3.25V

OCV, thus validating the connections design (i.e. two stacks in parallel of four cells

in series). After 1 minute, the integrated circuit together with the supercapacitor and

the bulb are connected, and the battery potential suffers a drastic drop. The LED

light was successfully powered during 10 minutes and the supercapacitor potential

was maintained at 2.5V. After 10 minutes the LED was disconnected, and the battery

voltage was rapidly recovered up to 1V.
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Figure 5.16: Battery stack proof of concept demonstrating the capability of powering a visible

light LED.
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5.5 Powering a portable lighting system in coffee

growing communities in Chiapas

With the aim to test the battery in a realistic scenario a portable lighting system was

brought to coffee growing communities in Chiapas. Figure 5.17 shows a photographic

collage of the lantern prototype main components during the first validation performed

at Triunfo Verde facilities in Jaltenengo village.The lantern prototype is a 3D printed

cylinder (6.85 cm diameter x 22.2 cm length) composed by three main parts, each one

devoted to contain the bulb, the electronics or the battery. The battery compartment,

that also acts as battery casing, can be easily detached to facilitate the power source

substitution. Three 5 cm diameter copper plates are used as connectors to couple the

battery to the VBC integrated circuit, the capacitor and the bulb. The battery fabrication

Figure 5.17: Photographic composition depicting the battery prototype implementation in a

portable lighting system. Proof of concept conducted at the facillities of coffee producers

Triunfo Verde cooperative in Chiapas, México. Scale bar: 2cm.

process was slightly modified due to the fact that no incubator was available. Hence,

the used membranes were previously synthesized at CNM research center and stored

over a week. Anodic and cathodic hydrogels were synthesized ’in situ’ manually stirring

until complete dissolution of chemical species.
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Finally, to prove that the battery fabrication process is easily exportable not only to a

non-scientific environment but directly to coffee growing emplacements, the portable

lighting system was tested in a local household on a coffee plantation. Figure 5.18

portraits the successful implementation of the first lantern prototype in an isolated

coffee producer home in Chiapas, powered by a battery made from materials

potentially recoverable from coffee residues.

Figure 5.18: Photographic composition depicting the battery prototype fabrication and

implementation in a portable lighting system at a coffee producer household in high altitude

cultivation plots, chiapan natural reserve of El Triunfo, Mexico.
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5.6 From commercial to extracted: Exploring local

material sources for batteries

Finally, the possibility of using revalorised materials to implement them as battery

components was explored. In this sense, two investigations were carried out. First,

phenolic compounds were extracted from coffee pulp residue just after coffee

harvesting. The effect of storage conditions was studied over the first days. With the

main objective of finding the best storing technique to keep the highest phenolic

compounds’ concentration before extraction. On the other hand, ionic conductive

membranes where synthesized from revalorized pectins and alginate bio-polymers.

5.6.1 Phenolic compounds extraction at the residue production

location

After coffee harvesting and pulping, coffee wet residue rapidly starts to rot, due to the

oxidation reaction naturally occurring. Due to the high water content, sugars and

temperature, this process takes places really fast, and its effect directly affect coffee

pulp compounds and causing a noticeable change in coloration and smell. In

particular, phenolic compound are highly antioxidant chemicals, which means they

can be easily oxidated by ambient condition exposition, such as light and oxygen. For

this reason, in order to study phenolic compounds recovery capability for its

implementation as battery anode active species, it was compelling to perform an

assessment of how time and storage conditions affect phenolic compounds recovery

from coffee pulp.

The proposed study presented various challenges. It was a very time sensitive study,

meaning that it had to be taken place at the residue production location (cultivation

plots), which is a non-scientific environment. Therefore, extraction and measurement

protocols, including characterization techniques, needed to meet certain requirements,

such as easy portability, short analysis time and low residues production.

The study took place at Triunfo Verde coffee cooperative facilities, where a

field-laboratory was prepared. The final protocol, shown in Figure 5.19, was prepared
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in collaboration which SAB research group. Phenolic compound extraction was

performed by infusionating 50g of pulp in 150mL of preheated (T=90ºC) mineral water

during 30 minutes, followed by 10 minutes of precipitation and cool down process. 1

mL of infusion was then recovered with a syringe and 1M KCl was added as

electrolyte. A drop of solution was then analyzed via differential pulse voltametry

(DPV), a well-known electrochemical technique used for compound detection due to

its high sensitive capacity (see Appendix A). It must not be disregarded that

electrochemical techniques are non-selective techniques. Meaning that, two different

compounds could have the same electrochemical signal when displaying similar

conditions, in contrast with HPLC compound detection gold-standard. Therefore, the

current recorded in DPVs portrays the oxidation process of the wide variety of

electroactive compounds that may be present in the infusioned pulp broth. However,

electrochemical techniques evolution over the years have led to very compact

analytical systems, which endow the field with practicality, portabillity and

effectiveness, essential attributes in these specific study.

Figure 5.19: Methodology for phenolic compounds extraction from coffee pulp and

characterization of the oxidation signal effects of storage time and conditions.

After manually harvesting the coffee and pulping it in situ two coffee types (i.e. red

and yellow varieties), three storage methods were considered for the study. Coffee
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pulp storage in the fridge was selected as ’ideal storage condition’, but with low

implementation success potential. Sun drying the pulp was proposed as a more

viable alternative, because it is an already established practice for coffee parchment.

Finally, piling the pulp on the ground was also considered, as it is the current residue

treatment practice (uncontrolled soil conditions). The effect of these three storage

conditions on the oxidation signal of the pulp infusion was assessed during five days.

Figure 5.20 shows the different responses obtained by DPV measurement for all the

extractions, each one regarding a storage technique for each type of pulp. In all cases

the pH was measured and values between 4-5 were found.

The results show how each storage condition affects the pulp degradation differently.

Under uncontrolled soil conditions, the oxidation current peak disappears after the

first day of storage, for both types of coffee pulp, meaning the complete degradation

of electrochemically active species. Regarding fridge storage condition, the signal

experienced a decay the first day, but later the signal stabilized over the course of the

experiment. This effect was more significant on red pulp. Finally, sun drying conditions,

showed a slow progressive degradation of the compounds over the days.
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Figure 5.20: Analysis of the oxidation currents of red and yellow coffee pulp infusions.

Assessing the effect of storage conditions and time via differencial pulse voltammetry

technique. 147
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In order to further estimate the concentration of the active redox species present in

the coffee pulp infusion and to quantify the antioxidant capacity loss, the surface area

(Q) under the first oxidation peak was analyzed. Q measures the total quantity of

exchange charged in coulombs. Higher Q are directly related with higher

concentration of antioxidant compounds on the samples, i.e. larger antioxidant

natures. The estimation of active redox species the concentration was assessed in

terms of equivalent gallic and caffeic acid concentration. These two representative

commercial phenolic compounds were found to have comparable electrochemical

behavior in terms of oxidation potentials and currents when analyzed at 50 µM to 1

mM concentration, pH ajusted to 5 and 1M KCl as electrolyte (see Figure 5.21). DPV

responses show similar starting oxidation potentials for all three samples (≈ 0.2-0.25

V vs. Ag/AgCl SPE). Red pulp infusion presented two oxidation peaks 0.4 V and 0.75

V; agreeing with GA response, first one around 0.25-0.35V and second one between

0.65-0.7 V. CA only shows the first peak, around 0.3 V. Finally, it can be seen that CA

delivers higher current levels than GA at each same concentration value. This could

be due to greater affinity between CA molecules and electrode’s surface.

To calculate the equivalent concentration, two calibration curves were compute using

the integrated charge values for GA and CA DPV curves. The resulting regression

lines are depicted in Figure 5.21 b.vi

viLimit of detection (LOD) and limit of quantification (LOQ) have been calculated at levels of

confidence k=3 and k=10, respectively, for both calibration curves. Obtained values for Gallic acid are

LOD=1.4µM and LOQ=4.6µM; while for Caffeic acid are LOD=2.9µM and LOQ 9.7µM. Thus, validating

the precision of the calibration curves.
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Figure 5.21: The differential pulse voltammetry (DPV) responses obtained from commercial

phenolic acids (Gallic and Caffeic) at 50 to 1000 µM concentration range in KCl 1M at pH=5

(Oxalic acid 10µM). In comparison with infused red coffee pulp oxidation signal. b. Calibration

curves computed with the integrated charged from graphic a.
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Finally, Figure 5.22 shows the experimental integrated charges obtained for all

infused samples under DPV measurements from Figure 5.20 and their corresponding

concentration equivalence through Gallic acid model.

Figure 5.22: Integrated charges and equivalent gallic acid concentration for the different coffee

pulp samples comparing the storing techniques over 5 days.

First measurement (Day 0), which is equal for all the samples, is set as reference.

After 24h (Day 1 after pulping process), soil conditions’ samples deliver the highest

amount of charge, for red and yellow pulp, in this order; followed by sun-red pulp

sample. Those three samples exchange higher amounts of charge than the day 0

reference. Increasing percentages of charge’s values: Soil-red pulp 71.4%,

Soil-yellow pulp 44.1%, and Sun-red pulp 17.5%. Below those values are fridge

conditions’ samples, for red and yellow pulp, respectively. Sun–yellow pulp is the one

with least charge exchange, decreasing a 39.1% at day 1. The relation between the

drying process and the infusion method can explain this distribution: the samples

dried from day 0 to day 1, decreasing the berries’ density, so the 50g of weighted pulp

resulted in a higher number of coffee berries. Thus, the end infusions were more

concentrated than the day before.

However, after day 3 phenolic compounds suffered from a severe degradation,

reflected in a loose on transferred charged and mitigating concentration boost caused

by drying effect. Fridge conditions’ samples actuate as control for visualizing this
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phenomenon, since coffee berries’ drying process is estimated to be negligible in that

storage condition. In this sense, it can be seen how integrated charge’s values

decrease regularly the first 3 days, remaining quite stable for the last 2 days. This

way, a certain proportion of the decay can be assigned to lightless degradation for

each time gap. For red pulp is 12.6% for day 1, 56.8% for day 3 and 61.5% for day 5;

all with respect to day 0 reference value.

Despite soil storage conditions’ showed the highest charge’s values for day 1, it also

delivered the lowest values for days 3 and 5, for both types of pulp. This could be due to

the bio-chemical processes occurring to coffee berries while heaped on the soil, which

contains living matter in the form of bacteria, fungi and little forms of life (both micro

and macro), which accelerate the pulp degradation. Finally, regarding sun conditions

batch, it can be seen that red pulp samples kept the higher eq. concentrations on day

5.

Overall, the best storing technique will depend on the intended time of storage (which

in turn depends on the desired application of the extracted compounds), however from

the study it can be concluded that phenol compounds extraction should be ideally

performed immediately after pulping process, to enhance the maximum electroactive

compounds recovery. Furthermore, it is worth mentioning that from the three studied

storage methods, sun dried was concluded to be the mos appealing one.

Beyond quantifiable results, this study evidences the strength and potential of

delocalized scientific research. Residues revalorization research usually focuses on

the last residues of the main product value chain (i.e. coffee grounds in this particular

case). Thus, dismissing the great potentiality of other by-products, especially those

which transportation becomes difficult as a cause of their rapid degradation. This is a

by-side effect of excessively centralized research facilities. Due to the intrinsic nature

of the residues, the analysis of potential refinable compounds becomes inaccessible.

This subsection evidences that the use of electrochemical simple and low-cost

analytical techniques endows the extrapolation of the research methodologies to the

residue production location, bypassing the need for complex characterization systems

and enabling the assessment of the most produced coffee residue, usually dismissed

because of the aforementioned reasons.
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5.6.2 Development of an ionic conductive membrane from

revalorized biopolymers

Through the collaboration established with SAB reserach group, alginate, pectins and

cellulose were refined from, brown algae, coffee pulp and coffee husk, respectively. In

order to incorporate the extracted biopolymers as hydrogel battery matrix the

necessary degree of purification was tested. In this sense, cyclic voltammetry were

perform, to the three matrices. As it can be seen in Figure 5.23, none of them

presented representative peaks on the potentials working window, indicating that no

additional refining processes was necessary to test the biopolymers as ionic

conductive membranes. Cellulose was discarded because SAB research group

extraction protocols were better optimized in the case of pectins recovery.

Figure 5.23: Cyclic voltammetry of valorized 2% w/v biopolymers. Analysis performed in

screen printed electrodes, at 20mV/s with 1M KCl as electrolyte. Arrows show the scan

direction towards oxidative or reduction potentials.

Subsequently, hydrogel membranes were synthesized with the recovered biopolymers,
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in five different ratios of XPEC:YAL combination. To synthesized the matrices, the

same protocol as the one explain for commercial biopolymers was followed (consult

Subsection 6.4.2.), with the difference that, instead of 4 drying days, 6 days were

necessary to obtain self-standing manageable membranes. Figure 5.24 gathers the

measured ionic conductivity for each membrane ratio in comparison with the ones

obtained for commercial biopolymers. Also depicted are the synthesized biofilms.

Figure 5.24: Ionic conductive self-standing membranes synthesized from valorized pectins

from coffee pulp and alginate from browm algae. Ionic conductivitity variation as a function

of pectins and alginate biopolymers ratios.(N=3) Inset: Nyquist plot obtained from impedance

spectroscopy analysis. Scale bar: 1cm.

Conductivities computed from EIS analysis of the ion exchange membranes from

extracted biopolymers were higher than the ones obtained for commercial

biopolymers, in all cases. This could be explained due to the lower purity of the

biopoyimers, which possibly translates in a higher concentration of free ions, that

facilitate charge movement. Futhermore, XPEC:YAL ratios show an increasing
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conductivity pattern when increasing alginate concentration, reaching a maximum of

1.18 ± 0.14 · 10 −4 S · cm−2 for 0PEC:100AL concentration.

Overall, these results validate the feasibility of using pectins directly extracted from

coffee residues in conjuntion with alginate, refined from brown algae recovered in

mexican beaches, as hydrogel matrix in a battery.
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5.6.3 Battery fabricated from revalorized biopolymers

Finally, a coin cell battery (1.4 cm diameter) was fabricated with a hydrogel matrix

synthesized with extracted biopolymers as a proof of concept. The battery composition

emulates the described in one Figure 5.15a. for commercially available biopolymers. In

order to adapt the previously described protocol to the battery fabrication with extracted

materials, it was necessary to increase the total hydrogel volume poured in the Petri

dish from 10 mL to 40 mL, thus membranes from extracted biopolymers prepared with

volumes under 40 mL can not be unmold.

Figure 5.25 shows the battery performance in comparison with a coincell fabricated

with commercial materials. As it can be seen, both batteries are comparable in terms

of power, reaching values of 4.5 and 5.4 mW/cm2 power peak for extracted and

commercial matrices respectively.

Figure 5.25: Polarization curves comparing the performance in terms of current and power

density of hydrogel based primary batteries, fabricated from commercial and extracted pectins

and alginate biopolymers. Real photographs of the extracted biopolymers coin cell battery.

Scale bars: 1cm
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5.7 Discussion

The work presented in this chapter lays the foundations for the development of a

locally fabricated primary battery, specially conceived to power portable lighting

systems in coffee growing communities in Mexico. The feasibillity of the concept has

been proven by developing a battery stack with commercially available materials to

power a portable lantern system. A first battery cell prototype has been presented

using materials revalorized from coffee waste was presented. However, there are

some challenges to be assessed in order to achieve the ambitious goal of building a

battery completely fabricated from materials recovered from agrowaste.

First, as presented in subsection 6.6.1 the phenolic compounds concentration

recovered from coffee pulp infusion is in the range of µM. Thus, a methodology to

further concentrate the redox species present in the coffee pulp is needed.

Furthermore, it has been shown that the residue generation occurs at coffee growing

plots; and the antioxidant compounds recovered are rapidly degraded in ambient

conditions. Thus, a delocalized protocol needs to be developed and implemented to

facilitate the pulp residue management for phenolic compound recovery and

preservation.

Regarding current collector material, non-toxic carbon felt has been selected thanks

to its versatility and appropriate electrochemical performance. This material could be

substituted by pyrolyzed coffee ground or husk, a novel material recently reported by

Kang et al.186

Moreover, the second proposed application in this project is still ongoing. A UV-water

disinfection self-made device is currently been developed. The efficient integration

with the battery would represent a great challenge due to the high amount of power

demanded by UVC range LEDs.

Finally, the final battery prototype projected end-of-life needs to be assessed under EN

13432 standard. This assessment in conjunction with a fitotoxicity test are compulsory

to test the compostability of the battery materials, and ensure the harmfulness of the

battery prototype when returning to the nature after its operational lifespan.
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5.7.1 Evaluation of project impact through the adaptation of the

Social Progress Index (SPI)

When applied, the project is expected to have real and positive impact in the progress

coffee growing communities. In order to quantify the project impact, a first adaptation

of the SPI was proposed and computed.

As explained in the introduction, the Social Progress Index (SPI) is a holistic indicator

of social wellness and progress. Every year the association México, ¿cómo vamos?,

in collaboration with the initiative Social Progress Imperative, computes the SPI at a

country level, i.e. they calculate one index for each federal entity and compere it which

the national one. These assessment allows to portray the particularities of the different

territory realities. Figure 5.26 gathers the Social Progress Index different layers and

components.

Figure 5.26: Social progress index dimentions, components and indicators. Source: Social

Progress Imperative
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The index, usually reported at a country level, takes into account three dimensions

named Basic Human Needs, Foundations of Wellbeing and Opportunity; and is

mathematically expressed as:

IPS =
1

3

∑
d

Dimentiond (5.3)

As depicted in Figure 5.26, each dimension is composed by four components, meaning

it is compute as follows:

Dimentiond =
1

4

∑
d

Componentc (5.4)

and each component gathers from three to five indicators that equally compute to the

metric.

Componentc =
∑
i

(wi · Indicatori) (5.5)

where wi stands for the indicator weight and will depend on the total quantity of

indicators in each component.

Figure 5.27 gathers the metrics by year computed by México, ¿cómo vamos? for each

one of the 32 federal entities of Mexico state.
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Figure 5.27: Social progres index evolution at national level and by state from 2015 to

2020. Elaborated by: México, ¿cómo vamos? from public information. AGS: Aguas

Calientes, BC: Baja California, BCS: Baja California Sur, CAMP: Campeche, COAH: Coahuila

de Zaragoza, COL: Colima, CHPS: Chiapas, CHIH: Chihuahua, CDMX: Ciudad de México,

DGO: Durango, GTO:Guanajuato, GRO: Guerrero, HGO: Hidalgo, JAL: Jalisco, MEX:

México, MCH: Michoacán, MOR: Morelos, NAY:Nayarit, NL:Nueva Leon , OAX:Oaxaca,

PUE:Puebla, QRO:Querétaro, QROO:Quintana Roo, SLP:San Luis Potosí, SIN:Sinaloa,

SON:Sonora, TAB:Tabasco, TAM:Tamaulipas, TLAX:Tlaxcala, VER:Veracruz, YUC:Yucatán

and ZAC:Zacatecas.
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According to the Social Progress Index México 2015-2020 report, Chiapas (CHPS)

population severest deprivations (i.e. SPI < 40) are related to Water and Sanitation

(SPI: 27.4), Access to Knowledge (SPI: 36.8), Personal Freedom & Choice (SPI: 26.8)

and Access to Advance Education (SPI: 39.3). Shelter dimension it is also specially

appealing for this project thus it takes into account access to electricity, ranked in 66.1

Chiapas value is the lowest along the country.

In order to compute the potential impact of the battery conceptualized in this chapter,

two different levels of project implementations were projected: Chiapas entity level

and coffee growing communities, called local level. To construct the second scenario

there were taken into account the locations of the producers from Triunfo Verde

cooperative, which are 3 specific municipalities, named Ángel Albino Corzo, La

Concordia and Siltepec.

Hence, a data collection was performed from the public databases from mexican

government, each one of the 53 indicators was gathered from the different available

databases vii. It has to be noticed that some of the indicators for the calculation of SPI

at mexican national level vary with the ones showed in Figure 5.2. The adaptation

was performed by performed by México, ¿Cómo vamos? to mach the available

statistical data, and in this thesis it was also applied in order to compute the project

impact.

Once all the indicators values were gathered, we identified the four indicators that will

be affected by the implementation of the technology in the coffee growing communities

at Chiapas and Municipalities:

Water availability in households: this metric is a component of Water and

Sanitation indicator. Currently 88.75% of the Chiapas population has water

availability in households, while the value is 75% for municipalities population.

viiThe data basis used to compute the project impact were: Medición de la pobreza from CONEVAL,

INEGI, Encuesta Nacional de los Hogares, Mexico Peace Index, Sistema Nacional de la Información

de Escuelas publicas, Encuesta Nacional sobre Disponibilidad y Uso de Tecnologías de la Informacion

en los Hogares, Sistema de Indicadores para Monitorear los Avances de la Estrategia Nacional para

la Prevención y el control del Sobrepeso, la Obesidad y la Diabetes, World Resources Institute, Global

Forest Watch, Doing Business en Mexico, Censo Nacional de Gobierno, Seguridad Pública y Sistema

Penitenciario Estatales and CONACYT.

160



5.7. Discussion

Lot of households obtain their water from a nearby river stream. However, they

do not have a proper water treatment system. In this sense, it was considered

that when implemented the UV- water sanitation device powered by the

developed batteries will provide safe water suitable for drinking.

Continuous water service: this metric is a component of Water and Sanitation

indicator and at present its value for Chiapas population is 79.03%, this value

was not available at municipalities level. Similarly to the above component, it

was considered that the UV- disinfection device will provide a continuous safe

water service.

Access to electricity: this metric is a component of Shelter indicator and its

value at a Chiapas level is 99.28 %, while its reduced to 82% when computed at

local level. The implementation of biodegradable batteries will give access to a

lighting system and thus a first access to electricity.

Energy saving light bulbs: this metric is a component of Environmental Quality.

The lighting system will completely rely on LED technology, thus this metric value

would be maximized. At present, 77% of the population uses energy saving light

bulbs at Chiapas level, while the indicator decreases to 56.46% at local level.

To calculate the project impact, these four indicators values were transformed to 100%,

and the IPS was recomputed at Chiapas and local levels. Figure 5.28 shows the

percentage improvement for each dimension and in the IPS that the project would

cause. As it can be seen, the project impact is noticeable in Basic Human Needs and

Foundations of Well Being dimensions, while no impact at Opportunities dimension

can be expected. In particular, the project could be expected to increment the Chiapas

SPI in a 1.2%, while the local SPI would benefit from a 6.34% of improvement. Of

course, the computation of the project impact assuming that all the affected indicators

will rank 100% is rough and simplistic. However, the approach herein presented to

assess the project impact based on the adaptation of the SPI is a first attempt to create

a metric that evaluates the social impact of scientific research. Beyond the metrics, it

can be clearly concluded that the project implementation in the municipalities it was

conceived for, generates a greater impact than at Chiapas level. Thus validating the

project basis of thinking globally, acting locally.
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Chapter 5. Exploring local and decentralized biodegradable battery development

Figure 5.28: Potential impact on the Social Progress Index of the implementation of locally

fabricated biodegradable batteries for powering portable lighting systems and UV water

disinfection devices.

162
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Conclusions|

The battery presented in this chapter was ecodesigned to address coffee growing

communities life and needs. The global application of a holistic vision has enabled

the project to assesses lighting needs from a local perspective; while tackling

environmental concerns. In this sense, an incisive analysis of coffee producers daily

life has been performed to better understand socioeconomic impacts of electrification.

By placing the project foundations in the local context of the communities it is devoted

to, we ensured the generation of truly sustainable and tailor-made solutions.

The development of the first battery prototype was carried out through a conscious

material selection, that will allow to partially substitute them for compounds directly

recovered from residues. After battery optimization and as a proof of concept, the

battery stack was tested in a realistic scenario. A portable lighting system was powered

in coffee growing communities in Chiapas, Mexico and the battery fabrication process

was satisfactory exported to a non-scientific environment in a local household at a

coffee plantation.

Furthermore, this chapter has laid the first steps towards the revalorization of pulp

coffee residue, a remotely localized abundant waste, for its implementation as a

battery compound. In this respect, phenolic compounds extraction was carried out at

the production location, and the effect of storage conditions and time was studied.

Moreover, ion conductive membranes were synthesized and analyzed via impedance

spectroscopy. The ionic conductivity obtained values greatly overcome the ones

found for commercial bio-polymers membranes, thus it can be concluded that

revalorized polymers are suitable for its implementation as hydrogel battery matrix.

Despite there is plenty of room for improvement, this chapter has proven the feasible

and huge potentiality of developing decentralized and sustainable technology, which

could locally address societal deprivations without compromising the environment.

163



Chapter 5. Exploring local and decentralized biodegradable battery development

Materials & Methods

This section brings together and further elaborates the methodologies and processes

used along Chapter 5. Some of the protocols have already been described in the

main text; however, here the reader can find more details about the procedures and

materials used.

Chemicals

All following chemicals were purchased from Sigma Aldrich (Sigma Aldrich, St Louis,

Missouri, USA) and used as received: sodium alginate (W201502), pectins (P9135),

glycerol (G7757), gallic acid (G7384), caffeic acid (C0625), iron (III) nitrate

nonhydrate (254223), potassium chloride (P3911), oxalic acid (O0376) and

potassium hydroxide (221473). Carboxymethylcellulose sodium salt was purchased

from Glentham Life Sciences (GC7698, Glentham Life Sciences Ltd, Corsham,

United Kingdom). All solutions have been prepared in deionized water.

Bio-polymer membranes synthesis

The hydrogels synthesis proceeds as follows: 1 g of sodium alginate is stirred in 50

mL deionized water (2% w/v concentration) at 80 ºC until its complete dissolution.

Similarly, 1.5% w/v concentration carboxy-methyl cellulose (CMC) and 2% w/v pectins

solutions are prepared. Then, the hydrogel is created by mixing both gels in the desired

ratios (100:0, 75:25, 50:50, 25:75, 0:100) and doping the blend with 5% w/v of glycerol

as plasticizer. Finally, 40 mL of blend are poured into an 8.6 cm petri dish and dried at

T 25 oC in an incubator (Hach Lange S.L.U. L2-01).

After the drying process the membranes are manually cut with a punch into three

circles of 1.55 cm diameter. The bio-films thickness is measured with a dial indicator

(RS PRO, Amidata S.A.U., Alcobendas, Madrid, Spain).

In the case of extracted bio-polymers the same protocol was followed, but extending

the drying process to 5 days.
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Battery materials and fabrication methods

Two proportions of the hydrogel matrix were selected for its implementation on the

batteries, 50PEC:50AL and 75CMC:25AL. Its synthesis is performed as described

above; then, 15 mL of the hydrogel is dried over 2 days in a 8.6 cm diameter petri dish

and manually cut with a punch to obtain the battery membrane.

On the other hand, the anodic and cathodic matrices are synthetized by simply adding

gallic acid 80 mM with potassium hydroxide 1 M, and iron nitrate 160 mM with oxalic

acid 0.25 M; respectively. The anodic hydrogel must be protected from light to prevent

gallic acid degradation.

The anodic and cathodic solutions are poured on top of the current collectors with the

use of a syringe. The volume was adapted to the current collector area, being 3.5 mL

in the case of the 5.5 cm diameter final unitary battery cell, and 400 µL in the case of

the 2 cm diameter testing batteries. For the test batteries, the electrodes go through a

drying process of 24 hours at 25 oC. While, for the case of the final battery, a plastic

spatula is used to evenly distribute the hydrogel on the current collector’s surface, and

the system is used without removing the humidity.

All carbonaceous materials tested as current collectors were purchased from Fuel Cell

Store (Fuel Cell Store, Texas, USA), being their name the provider’s reference.

Electrochemical studies

All electrochemical measurements were performed using a PalmSens4

potentiostat/galvanostat/impedance analyzer (Palmsens BCm Houten, the

Netherlands) at room temperature, except for the final characterization of a single cell

battery (depicted in Figure 5.15) where a EmStat4S USB powered

potentiostat/galvanostat was used to avoid current limitations. In the case of the

studies performed in Chiapas, the EmStat4S potentiostat was also prioritized for

portabillity reasons.

Redox species characterization

The commercial phenolic compound were characterized by cyclic voltammetry in self-

fabricated screen printed carbon electrodes (SPE), SPEs fabrication was performed as
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described in187. The redox species analysis was performed from pre-recorded OCP to

0.6V in the case of neutral pH or 0.5V in the case of alkaline pH, 20mV/s in all cases.

Regarding coffee pulp infusion characterization, differential pulse voltammetry was

used. The voltammograms were performed at the following conditions: srate = 50mV/s,

Estep = 0.01V, Epulse = 0.1V, tpulse = 0.035V, Ebegin = -0.2V, Eend = 0.8V.

In both cases, the SPEs were pre-activated with a 1M KCl aqueous medium at 1.5V

over 5 minutes, to eliminate any surface pollutants or remaining solvents from the

screen-printing process.

Membranes ionic conductivity studies

Hydrogel membranes’s ionic conductivity assesment was performed by

Electrochemical Impedance Spectroscopy (EIS) analysis, ranging from 1kHz to

1MHz. The conductivity value is obtained from the total impedance value when the

imaginary component is zero (See Appendix B).

Batteries characterization

Batteries polarization and power curves are generated by sweeping the potential

value from OCV pre-recorded value to 0V, using linear sweep voltammetry (LSV)

electrochemical technique at a controlled scan rate of 20 mV/s. Discharge curves

were recorded using open circuit potentiometry (OCP) technique and connecting an

external load in series to the battery.

Portable lighting system prototype materials

The lighting system was 3D-printed with a compostable filament, COMPOST3D

(B4Plastics, IQ Parklaan 2A, 3650 Dilsen-Stokkem, Belgium). The design was

custom-made by using an open-source software, Blender (Blender Foundation,

Stichting Blender Foundation, Buikslotermeerplein 161, 1025 ET Amsterdam, the

Netherlands). Then, steel screws were use to manually assemble the different parts.

A generic LED bulb was purchased from Farnell (2536217, Farnell, Leeds, UK) and

connected to the DC-DC boost converter (BQ25504-EVM, Texas Instruments, Dallas,

USA) in association with a 0.1 µF supercapacitor (RS PRO, Amidata S.A.U.,

Alcobendas, Madrid, Spain) through a lamp holder (3376478, Farnell, Leeds, UK).
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5.7. Discussion

The battery stack was connected to the J1 input source of the voltage boost

converter. Three cooper circles (5.5 cm diameter) were used as battery terminals.

The LED bulb and the supercapacitor were connected to J5 charger output of the

converter.
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Conclusions|
This thesis presents a new rationale for sustainable portable batteries development in

which the complete life cycle is analyzed and redefined under ecodesign principles

and advocates for a ’tailor-made’ approach, where the battery ends up integrated into

the application value chain. The rationale sets an environmental ceiling and a

performance foundation for portable batteries, defining a safe space for sustainable

and environmentally conscious battery development. The approach is then

materialized with three novel primary battery concepts, tackling two disruptive

end-of-life, biodegradability and recycling with paper and cardboard.

The boundaries for portable batteries development have

been established, defining a safe and sustainable

space for batteries conceptualization and creation.

Inspired in the doughnut economics model created

by Kate Raworth, this thesis defines six dimensions

comprising the social, economic and environmental

ceiling, i.e. materials toxicity, ethical supply chain, low

energy and resources consumption, materials abundance,

economically affordable and cost-effective end-of-life. Concurrently, energy density,

power density, competitive manufacture, portability, operation time and user-

friendliness define the performance foundation dimensions. Then, ecodesign has

been identified as a key enabler to keep batteries within the safe-space and a set

of recommendations, tools and good practices have been gathered to be considered

at each stage of the battery life cycle. Thus, a systematic methodology has been

created for portable batteries development, which is specially appealing for batteries

with a disruptive end of life.
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A flow battery profoundly inspired by nature, which

mimics fluid transport in plants to generate electric power

has been made from commercially available materials.

The FlowER battery represents the first steps in the

materialization of the proposed methodology. Specifically

ecodesigned for precision agriculture applications,

biodegradability has been matched as an alternative

end-of-life scenario. Accordingly, the materials selection

was carried out to enable the selected EoL. The prototype practicality was

demonstrated by powering a wireless plant caring commercial device during sensing

and Bluetooth connection stages. Furthermore, standardized biodegradability and

phytotoxicity assessments were carried out, showing that similarly to a plant the

battery is harmless to the environment at the end of its operational lifetime.

A novel battery ecodesign for smart packaging

applications and with paper and cardboard recycling

process as inherent end-of-life was demonstrated. In

order to enable the devised EoL the research presented

in this chapter has gone one step further by developing

the materials that conform the battery. Furthermore, the

fabrication processes were selected and implemented by

prioritizing compatibility with a cardboard box established

fabrication process. In this sense, this battery constitutes the first attempt of a

comprehensive redefinition of a battery life cycle by completely paring it with the

application value chain.

The battery development process for this chapter has

been located in coffee growing communities at southern

Chiapas, Mexico. An analysis of the communities

energetic needs and ambitions has been carried out.

Coffee waste was proposed as a source of battery

materials, the fabrication processes were restricted to

a feasible decentralized production, and the proposed

application tackles coffee communities real necessities,
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i.e. lighting systems and UV water disinfection devices. Finally, the possibility of

implementing valorized biopolymers to synthesize the battery hydrogel matrix was

demonstrated.

As an ultimate conclusion, this thesis’ final goal is to raise awareness and

understanding on how our individual choices and actions, even at a research-level,

collectively affect our natural resources. It demonstrates that feasible and efficient

solutions can be created by placing sustainability as a core priority. In essence, the

batteries presented in this thesis are the evidence that it is imperative but also

possible to redefine society’s technological priorities to consciously reduce humanity’s

environmental impact.
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A Materials selection and

related experimental

methodology

This appendix is devoted to explain the theoretical principles and experimental basics

particularly applied to the electrochemically active species and battery matrices

selection. The content of this appendix regarding the applied electrochemical

analytical techniques has been gathered from the well-known literature,188–190 with

the aim that the unfamilized reader can easily follow the development of batteries

conducted in this thesis.

The evaluation methodology of potentially anodic and cathodic redox species though

electroanalytical techniques is elaborate on Redox species selection subsection. On

the other hand, two types of containing matrices were used on the batteries taking

place in this thesis. A paper-based capillary structure was implemented for the battery

development in Chapter 4, while ion conductive hydrogels are synthesized and utilized

in Chapters 5 and 6. Thus, the practices related to the assessment of these matrices

are introduced in Paper as capillary structure and Hydrogels with ionic conductivity

subsections.
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A.1 Electrochemical techniques for redox species

selection

In order to identify the most suitable candidates to be implemented as anodes and

cathodes in the batteries developed during this thesis, the electrochemical (EQ)

behavior of several organic and inorganic species was evaluated via cyclic

voltammetry (CV) and linear sweep voltammetry (LSV). The evaluations were

performed in a three electrodes electrochemical cell, composed by a working

electrode (WE), a counter or auxiliary electrode (CE) and a reference electrode (RE) .

Within this thesis two types of three electrodes electrochemical cells have been used,

the chose was made based on the redox specie quantity available. Screen printed

cells with carbon based WE and CE have been used to characterize redox species in

small volumes of samples (≈50µL). To clean the WE surface and remove any

pollutant left from the screen printing process, 1.5V over five minutes pre-treatment in

a ion conductive neutral media was applied to all screen printed cells. When bigger

volumes of samples were available, a conventional cell composed by a glassy carbon

WE (0.07 cm7) and a platinum wire CE in a biker was utilize. In this case, WE was

prepared by manual polish with a water-alumina slurry. In both cases silver-silver

chloride electrode (Ag/AgCl) is used as reference electrode.

Figure A.1 summarizes the main features of CV and LSV electroanalytical methods.

CV is a potentiodinamic measurement by which a potential (E) sweep (from E1 to E2

and back) is applied to the WE as a function of the RE potential (input signal), forcing

the reaction of interest to take place at the WE interface. The electrons flow between

the WE and CE is recorded (output signal). The relation between voltage variation and

time is called scan rate (V/s). If the sweep only goes from E1 to E2 the measurement

is called LSV. As a IUPAC convention, when the potential scan is applied from lower

to higher potentials oxidation reaction is force, given as a result positive currents, in

contrast if the sweep takes place from higher to lower potential a reduction reaction is

force, given as a result negative currents.

The voltammogram’ pattern indicate many attributes about the EQ system and the

specie nature. For the particular interest of this thesis, the redox species oxidation or
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Figure A.1: Schematic representation of cyclic voltammetry and linear sweep voltammetry

electroanalytical methods to study the oxidation and reduction behavior of a redox species

in a three electrode electrochemical system, represented as a screen printed cell (working

electrode: WE, counter electrode: CE and reference electrode: RE)

reduction kinetics was studied by comparing current and potential peak values (Ip, Ep),

which is related with the battery maximum power output. And potential value at zero

current conditions, which will determine the battery voltage at open circuit.

Furthermore, the redox species maximum solubility was also taken into account when

selecting the final redox couples, since the concentration of the active materials

greatly determines the battery performance in terms of power. The final redox couple

selected for each battery can be found in the related chapter. While, Appendix C

gathers the complete catalogue of the evaluated redox species in alkaline, neutral

and acidic medias. Although some inorganic species were also considered, the

screening of electroactive species was focused on organic compound, due to its

potentially capabillity of biodegradation.

In the particular case of electroactive compound characterization of coffee pulp

infusion carried out in Chapter 5, differential pulse voltametry (DPV) was used. DPV

is also an electroanalytical technique, analogue to CV, that instead of applied the

voltage scan as a linear ramps, applies short voltage pulses. The output signal

(current) is measured before and at the end of the application of each pulse. This

procedure enables the drastic reduction of capacitive currents, which leads to a high

sensitivity technique. Futhermore, the short voltage steps lead to narrower current
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peaks than CV. All in all, contributing to a better discrimination of analytes with similar

electroactive potentials. Figure A.2 schematizes the fundamentals of this technique.

Figure A.2: Schematic representation of differential pulse voltametry electroanalytical method

to study the oxidation behavior of an electroactive species in a three electrode electrochemical

system, represented as a screen printed cell (working electrode: WE, counter electrode: CE

and reference electrode: RE)

A.2 Paper as capillary structure in microfluidic flow

batteries

Microfluidics has been employed for electrochemical conversion since 2002 when the

first microfluidic galvanic cells (µGC) were invented. µFG use flow at low Reynolds

numbers to keep the two reactants streams flowing in colaminar equilibrium without

mixing, enabling the removal of the physical separator (i.e. ion-exchange

membrane).µFG field is a wide research field that has provided a great variety of

energy conversion devices designs and functions.

One of the most acclaimed breakthrough in µFG design was the use of paper-based

materials as capillary structure that passively pumps the reactants, erasing the need

of external pumps. Figure A.3 depicts a generic structure for a paper-based µGC and

the phenomenas related to its working principle.

Paper-based microfluidic flow cells are µFG that use the capillary forces to drive the

catholyte and anolyte through the paper microporous. Capillary forces result from the
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Figure A.3: Schematic representation of a paper-based microfluidics galvanic cell and its

working principle.

pressure difference at an immiscible fluids interface, in this particular case, cell

reactants -air inside the porous; wicking the liquids through the capillary system.

Furthermore, as the paper porous are on the order of µm Reynolds numbers values

are maintained lower than 1, allowing the creation of a colaminar flow within the

electrochemical system. The absence of a physical separator to separate the anolyte

and catholyte streams, results in a fluid-fluid interface, in which ions flow through the

electrolytes to compensate charge and the slowing mixing is governed by diffusion.

Chapter 4 brings paper-based µFG to the next level, investigating the use of

evaporation pull to drive the reactants flow through the paper structure.

A.2.1 Impedance spectroscopy to asses hydrogels with ionic

conductivity

The second battery structural material proposed in this thesis are ion conductive

hydrogels, chemically or physically bonded polymer networks able to retain water. In

this work, hydrogels have been deliberately synthesized from naturally occurring

polymers such as cellulose derivatives, alginates or pectins, which are abundant,

low-cost and environmentally conscious materials.165;191These bio-based hydrogels

have been implemented as battery separator and solid polymer electrolytes. As it will

be further discussed in Chapter 5 and 6, in order to act as battery separator the
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hydrogels must be able to form thin (100-250µm) self-standing membranes to ensure

the separation of the two half-cells reactants and avoid undesired crossover. While, to

be implemented as solid polymer electrolyte chemical stability at extreme pH was

imperative. But overall, to ensure the hydrogels are appropriate to be battery matrices

it is an essential requirement they have high ionic conductivityi.

Electrochemical Impedance Spectroscopy (EIS) analytical method was used to

assess the suitabillity of the hydrogels as ion conducting material. As shown in Figure

A.4 in EIS technique a sinusoidal signal of potential (E(t)) -or current (I(t))- is applied

to the electrochemical system. As every sinusoid, the imput signal is characterized by

a wave amplitude (E0) and a phase i.e. angular frequency per time (wt). The w also

determines the wave frequency (f), both related by the expression w = 2πf . As a

consequence of going through the EQ system the sinusoidal signal is slightly

perturbated, and the phase shifts, that difference amount is called phase angle , Φ.

Figure A.4: Schematic representation of the basics regarding Electrochemical Impedance

Spectroscopy (EIS) method applied to the study of hydrogel membranes conductivity.

iThe properties aforementioned may not cover all the desirable features established in the literature

for proton-exchange membranes technologies. It this sense, it is worth to kindly remember that the

technology herein proposed aims to reinvent the battery paradigm, thus properties such as long lifetimes

or mechanical stability at high temperatures were relegated to a secondary level, as a consequence of

prioritizing battery sustainability in front of performance.
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A complete EIS analysis consist in the sequentially application of sinusoidal signals

to the EQ system, maintaining constant the signal amplitude but varying the signal

frequencies. Each f perturbs a different phenomena on the EQ system, obtaining a

complete set of ϕ values. Thus, the EQ system portrait is obtained as a collection of E

(t) and I(t) values. The impedance of the system at each perturbation can be therefore

obtained though Eq. A.1, and Bode and Nyquist plots can be plotted.

|Z| = E0

I0

ZReal = |Z|cosΦ

ZImaginary = |Z|sinΦ

(A.1)

EIS is a complex and powerful electroanalytical tool, tha in this tesis have been

particularly applied to the study of membranes conductivity. The hydrogel membranes

were placed between two ion-blocking electrodes and subjected to EIS analysis with

a potential sinusoidal input signal, at typical frequencies between 1kHz to 1MHz. Its

ionic conductivity (σ) has been determined according to the following equation:

σ =
d

RsA
(A.2)

where, d is the distance between electrodes (membrane thickness in this case), A is

the electrode contact area and Rs is the ion mobility resistance of the sample. Rs is

obtained from |Z| values when the imaginary part contribution equals 0, as it can be

visualized in Nyquist plot.
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B Standards and regulations

Two battery disruptive end-of-life are suggested in this thesis, biodegradability is

proposed in Chapter 4 and 6, for batteries respectively devoted to power precision

agriculture devices, and lightning systems in remote locations. Whereas recyclability

with paper and cardboard waste stream is proposed for batteries created for smart

packaging applications in Chapter 5. Therefore, in order to ensure that the batteries

do not pose a risk to the value chain they have been designed for, the end-of-life must

be taken into account from the early beginning of the battery conception. In addition

to that, the proposed battery EoL must be assessed under standardized regulations

to ensure a safe battery disposability after its operational life span.

In this context, an introduction to the European Standards (EN) from the European

Committee for Standardization (CEN) regarding biodegradability and cardboard

recyclability is presented in this section. Given that there does not exist a

standardized regulation about batteries requisites to be considered biodegradability

or recyclable, in this thesis those standards and assays proposed for packaging

products have been embraced for batteries.

B.1 Biodegradability and phytotoxicity standards

According to ISO 13432 in order to certify a product as biodegradable there are four

requisites that must be assessed: physical-chemical characteristics, inherent

biodegradabillity, desintegration capabillity, and generated compost quality. If the

product is composed by diverse materials each one must be separately assessed.
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· Physical-chemical characterization: tests the volatile solids percentage

present in the product (which must be higher than 50%) and establishes a

harmful materials that can not be present in the product or that can not

overcome a weight percentage limit.

· Inherent biodegradabillity: asses the biodegradable nature of the product in

a controle conditions assay known as dinamic respirometry, by which the

product introduced in a composting reactor. This analytical method determines

the biodegradation level of a sample (%) as the relation between the total

oxygen consumed, as a consequence of the microbial degradation activity, and

the theoretical oxygen demand.

· Desintegration capabillity: ensures that over 90% of the sample fragments are

smaller than 2mm after the compostabillity test.

· Compost quality: test the final compost quality after the biodegradation test.

This step is based on OEDC Guideline for testing of chemical 208 ”Terrestrial

plants. Growth test”, and in basically consist in a germination test of seeds by

which the compost toxicity is checked.

Furthermore, in Europe the company TUV Austria has established specialized

product certifications. The certifications, called OK Compost, are even more specific

differentiating between Industrial, Home and Soil compost, among others. Pioneer on

this field, these certifications have become the basis to the developed of some of the

latest European standards (as for example prEN 17427 (2020) - Packaging -

Requirements and test scheme for carrier bags suitable for treatment in well

managed household composting plants). Figure B.1 summarized the main

characteristics of the OK Compost Industrial, Home and Soil assessments.

During the research in Chapter 4, the battery biodegradability is assessed through a

dynamic respirometry compostabillity test and a compost quality test, under the

conditions established in EN 13432.
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Figure B.1: TUV Austria criteria and methodologies summary regarding OK Compost

certifications in Industrial, Home and Soil conditions.

B.2 Paper and cardboard recyclability standards

Paper and cardboard is the main packaging material in the EU, and thus the main

materials produced in packaging waste. The Directive 825 in packaging and

packaging waste was launched by the European Parliament on 2018. It was

established that no later than 2030, a minimum 85% of paper and cardboard weight

present in packaging should be recycled. Being the highest target above contemplate

materials (overcoming for instance, glass (75%), o aluminum (60%) targets). This

evidences the importance of not corrupting paper and cardboard waste stream, which

moreover is already the most efficient recycled material regarding current reclining

rates (73.9 % in 2020 according to the Paper recycling European council). In this

sense, Directive 2018/825 sets a framework to determine if packaging residues can

be recovered through recycling. While, the tolerances for the unwanted materials
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during the recycling processes are define in EN643-European list of standard grades

of paper and board for recycling, and the assessment to verify a product recyclabillity

are specify in EN 13430:2005- Packaging-Requirements for packaging recoverable

by material recycling european standard.

During the research gathered in Chapter 5 the European list of standard grades of

paper and board for recycling, was used as a guideline. In this sense the material

selection for the battery fabrication was carried out avoiding forbidden and unwanted

materials specify on sections 5.2 and 5.3 of this standard.

On the other hand, EN 13430 standard sets two criteria to validate a product

recyclabillity with paper and cardboard stream. First, it dictates that al least 50% of

the mass composition of the product should be a paper-cardboard based material.

Second, it established a procedure to assess the product suitability for recycling. The

procedure includes debriefing the product and verify it disintegrates and disperses in

fibers. Then a filtered out step is applied followed by the determination of the

percentage of recyclable fraction of the extraction. Finally, the quality of the pulps and

manufactured papers produced from the recovered material. As a conclusion of this

procedure it can be established if the product is recyclable or not.
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C Screening of redox species

In this appendix a catalog of different redox species is presented, evaluating each one

in three different media (attaining pH: acid, neutral and alkaline).

All species concentrations were 10mM, while electrolyte concentrations were 1M

potassium hydroxide (KOH) for the alkaline media of pH 14, 1M potassium chloride

(KCl) in a phosphate-buffed saline (PBS) to create a neutral media of pH7 and 0.25M

sulfuric acid (H2SO4)to create a acidic media of pH 1.

The assessment was performed by Open Circuit Potentiometry (OCP) and Cyclic

Voltammetry (CV) techniques, using a conventional three-electrode electrochemical

cell in beaker: a glassy carbon electrode (A=0.07cm2) as working electrode, a

platinum wire electrode as counter electrode and a Ag/AgCl (3M KCl) electrode as

reference electrode all purchase from CH Instruments (CH Instruments Inc., TX,

USA).

All voltammetries were performed at a scan rate of srate=20mV/s, starting from the

pre-recorded OCP value. Each specie was evaluated N=3 repeats.

Figure C.1 presents four plausible cathode redox species: given the amount of current

delivered by each one, it can be stated that p-BQ is the most suitable to be chosen as

cathode for a battery, at least in terms of electrochemical performance.

Figure C.2 presents four plausible anode redox species: regarding the

electrochemical behavior tryptophan whould be discarded as anode for a battery due

to the high potentials at which oxidation starts.
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Appendix C. Screening of redox species

Figure C.1: Screening of four plausible cathode redox species in three different media (acid,

neutral and alkaline). a. p-Benzoquinone (p-BQ). b. Vitamin B12 (B12). c. Iron Nitrate (III)

(Fe(NO3)3). d. Ferricyanide. srate = 20mV/s.
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Figure C.2: Screening of four plausible anode redox species in three different media (acid,

neutral and alkaline). a. Hydroquinone (HQ). b. Hydroquinonesulfonic acid (H2BQS). c.

Ascorbic acid (AA). d. Tryptophan (Trp). srate = 20mV/s.
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Appendix C. Screening of redox species

The species current density peak and open circuit potential summarized in Figure

C.3. As it can be seen alakine pH is selected for the anodic species and at acidic

pHs for the cathodic species. This mixt-media conditions is used along the thesis

as strategy to enhance the batteries performance. The final redox species selection

contemplates different factors, like solubility, stability, availability, matrix compatibility,

etc. The particular selection of each battery chemistry is presented at each chapter.

While the acid phenolic compounds assessment as anode materials can be found in

Chapter 5.

Figure C.3: Catalog of plausible redox species to be implemented on primary batteries.

Summary in terms of open circuit potential (OCP) and oxidation (Ipo) and reduction Ipr currents

peaks for anodic and cathodic redox species, respectively. Current peak are compared at

srate = 20mV/s.
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Table C.1: Summary of all different reactions occurring on each assessment.

Cathodic reactions Structure Reduction

p-benzoquinone(p-BQ) p BQ + 2 e– + 2 H+ HQ

Oxygen O2 + 2 H2O + 4 e– 4 OH–

Potassium ferricyanide Fe3+ + e– Fe2+

Vitamin B12 (B12)
Co3+ + e– Co2+

Co2+ + e Co+

Iron nitrate (III) (Fe(NO3)3) Fe3+ + e– Fe2+

Anodic reactions Structure Oxidation

Potassium ferrocyanide Fe2+ Fe3+ + e–

Ascorbic acid (AA) AA AHA + 2 e– + 2 H+

Hydroquinone (HQ) HQ p BQ + 2 e– + 2 H+

Tryptophan (TrpH) TrpH Trp + e– + H+

Hydroquinonesulfonic acic (H2BQS) H2BQS BQS + 2 e– + 2 H+
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Resumen en español

La digitalización está generando una transformación a nivel global con implicaciones

tanto económicas, como sociales y ambientales. A pesar de haber demostrado

numerosos beneficios para la sociedad, la digitalización y el consumo de tecnología

está generando un inmenso debate sobre cómo asegurar que su impacto sea

positivo, sostenible y socialmente justo. A la vez que ocurre esta digitalización

masiva, la obsolescencia programada y el modelo de economía basado en la

linealidad están generando una cantidad de residuos de aparatos eléctricos y

electrónicos (RAEE) sin precedentes. En particular, las baterías, que debido a su

idoneidad en muchas áreas se han convertido en las fuentes de energía

omnipresentes de hoy en día para alimentar dispositivos electrónicos portátiles,

representan un componente crítico dentro del RAEE generado. Para que las baterías

portátiles dejen de contribuir a la degradación ambiental y se conviertan en un

ejemplo de desarrollo tecnológico sostenible, es crucial cambiar la forma en que se

aborda la cadena de valor de las baterías. Esta tesis presenta una nueva

metodología para el desarrollo de baterías portátiles sostenibles, mediante la cual se

analiza y redefine el ciclo de vida completo bajo los principios del ecodiseño y se

aboga por un enfoque ’a medida’ de tal manera que la batería acaba integrándose en

la cadena de valor de la aplicación que va a alimentar. La metodología, inspirada en

el modelo de economía del donut, establece un techo ambiental y un suelo de

prestaciones para las baterías portátiles, definiendo de esta manera un espacio

seguro para el desarrollo de baterías sostenibles y respetuosas con el medio

ambiente. El trabajo se ha organizado en cinco capítulos: un capítulo introductorio,

un segundo capítulo en el que se establece la lógica disruptiva para el desarrollo de

baterías y luego tres capítulos experimentales, cada uno dedicado a un desarrollo de

batería diferente. Cada uno de los tres conceptos disruptivos de baterías primaria

presentados ha sido diseñado para un sector y campo de aplicación específico. La

primera es una batería de flujo profundamente inspirada en la naturaleza, que imita

el transporte de fluidos en las plantas para generar energía eléctrica. Concebida

para la agricultura de precisión, la biodegradabilidad se ha demostrado como
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escenario alternativo para 3 final de su vida útil. La segunda batería ha sido

ecodiseñada para aplicaciones de paquetería inteligente, en este caso, se propone

reciclar la batería con el papel y el cartón una vez usada y descargada. Para cumplir

con los requisitos de fin de vida, este capítulo gira en torno al desarrollo de los

materiales que componen la batería. En particular, el grafeno inducido por láser

sobre cartón se evalúa como material de colector de corriente, y un hidrogel basado

en polímeros naturales se ha sintetizado como conductor iónico para contener las

especies electroactivas. El último capítulo explora la posibilidad de desarrollar

baterías de forma local y descentralizada. La conceptualización de la batería se

ubica en comunidades cafetaleras de Chiapas, México. En estas regiones hay una

falta de infraestructura de reciclaje adecuada para este tipo de dispositivos, por lo

que el desarrollo de una batería biodegradable se vuelve especialmente atractivo. La

viabilidad del proyecto ha sido evaluada a través de entrevistas y compartiéndolo con

la población local. De esta manera, el marco del proyecto se ha creado a partir de las

necesidades y aspiraciones de la población local, para concebir una batería

sostenible cuyos procesos de fabricación se pueden implementar en dichas

comunidades. El objetivo final de la tesis es concienciar de cómo nuestras

elecciones y acciones individuales, incluso en la investigación, afectan

colectivamente a nuestros recursos naturales. La tesis demuestra que se pueden

crear soluciones viables y eficientes colocando la sostenibilidad como prioridad

absoluta. En esencia, las baterías presentadas en esta tesis son la evidencia de que

es imperativo pero también posible redefinir las prioridades tecnológicas de la

sociedad para reducir conscientemente el impacto ambiental de la humanidad.
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