Papkeased Micr

El ectrochemi c

Dissertation
Liuliu Shen
Department of Chemistry

TECHNISCHE
UNIVERSITAT
DARMSTADT

Q_QC F7/0
§f§“§j§¢ﬂ
}(@ 2,

b
(L
\







Papkeased MIicrof

E |

ectrochemi

vom Fachbereich Chemie
der Technischen Universitat Darmstadt
zur Erlangung des Grades

Doctor rerum naturalium

(Dr. rer. nat.)

Dissertation

von Liuliu Shen

aus Shijiazhuang, Hebei, China

Erstgutachter: Prof. Ding. Bastian J. M. Etzold

Zweitgutachter: Prof. Dr. Markus Biesalski

Darmstadt 2020

c al




Tag der Einreichung: 28. November 2019

Tag der mundlichen Prifuna: 03. Februar 2020

Liuliu Shen Paperbased Microfluidics for Electrochemical Applications
Darmstadt;TechnischdJniversiét Darmstadt

Yearthesispublishedn TUprints2020

URN: urn:nbn:de:tudduprints117737

Date of the viva voc83.02.2020

Publishedunder CGBY 4.0International
https://creativecommons.org/licenses/




Decl arati on

M.Sc. Liuliu Shen
Alarich-WeissStralRe 8
64287 Darmstadt

This work described in this thesis was carried out at the Department of Chemistry, Technische
Universitdt Darmstadt from December 2015 to August 2019. This thesis represents the
authoros original work, except eehsbmitedddar her v
a degree at any other university. Prior to the submission of this thesis, some work has been

published as described in the relevant chapters herein.

Eidesstattliche Erklarung

Hiermit erklare ich an Eides statt, dass ich die vorliegdddsertation selbststandig und nur
mit den angegebenen Hilfsmitteln angefertigt habe. Von mir wurde weder an der Technischen

Universitat Darmstadt noch einer anderen Hochschule ein Promotionsversuch unternommen.

Darmstadt, deB1. August2019

%

Liuliu Shen




The presented cumulative dissertation summarizes the essential scientific findings,
which were reported to the scientific community in the following -pmeewed
journals. Chapters 2, 4, 5 and 6 are based on the following folicgiidns:

[1] Liu-Liu Shen, GuiRong Zhang, Bastian J. M. Etzold. Papesed microfluidics for
electrochemical application€ChemElectroCher®Ol: 10.1002/celc.201901495.

[2] Liu-Liu Shen, GuiRong Zhang, Wei Li, Markus. Biesalski, Bastidn M. Etzold.
Modifier-free microfluidic electrochemical sensor for heamgtal detectionACS Omega&
(2017) 45934603.

[3] Liu-Liu Shen, GuiRong Zhang, Tizian Venter, Markus. Biesalski, BastlaM. Etzold.
Towards best practices for improving papesed microfluigt fuel cells. Electrochimica
Acta298 (2019) 38%8B99.

[4] Liu-Liu Shen, GuiRong Zhang, Markus. Biesalski, BastidnM. Etzold. Papebased
microfluidic aluminumair batteries: toward nexgeneration miniaturized power supplbab
on a Chipl9(2019)343-3447.




Abstract

Paperbased microfluidic platforms enable miniaturization and integration of various reaction
processes and technologies inteabip devices, aiming at fabricating a broad range of low
cost custom products of our daily life. This disagon focuses on applying the pajased
microfluidic concept to construct portable and disposable electrochemical devices with simple
structure and affordable price. For three exampihesr structural features, working principles

and electrochemicaerformance are systematically investigated and discussed. The examples

are:

1 a papeibased microfluidic electrochemical sensor for detection of heavy metal ions,
1 a papeibased microfluidic formate fuel cell,

1 a papetbased microfluidic higiperforming alumiumair battey.

The microfluidic electrochemical sensor is based on a microfluidic paper channel combined
with a threedimensional (3D) configuration, and the three electrodes are all pristine graphite
foil without any modifier or catalyst. This lowost,simple and portable sensor exhibits a high
sensitivity toward trace detection of heavy metal ions in aqueous solution with detection
limits down to 1.2 pg/L for C# and 1.8 pg/L for P¥. Detectiors of Cd?* and PB* in more
sophisticated environments (e.g., mineral water or solution containing interfering ions) are
also carried. The 3D configuration is found to be the key factor for achieving high detection
performance. The papéased microfluidic sensor is highlglrust and the measurements on a

single device result to be highly reproducible.

The papebased microfluidic formate fuel cell is designed as a singée and
environmentally friendly power source for portable and disposable elecirauchk as
sensing deices The key structural parameters that impact the overall performance of the fuel
cell were systematically studied, including the fuel crossover, cell resistance, concentration of
the redox reactants, catalyst loading, and the microfluidic paper chproprties. After
optimization, an open circuit voltage of 0.86 V and a maximum power density of 7.1 W/cm
can be achieved on a single cell. By correlating the cell performance with the electrolyte flow
rate within different paper channels, for the ftiste it is unraveled that the textual properties

of the paper largely influence the cell performance through mass transfer and depletion effect.




To achieve a higher energy and power density on miniaturized power devicebpapér
microfluidic concept isfurther introduced to fabricate higierforming aluminurrir
batteries. The unique microfluidic configuration reduces or even eliminates the major
drawbacks of conventional aluminuair batteries including battery salfscharge, produet
induced electrodpassivation, expensive air electrode and auxiliary fluid control system. The
paperbased microfluidic Adair battery exhibits impressive electrochemical performance in
specific capacity (2750 Ah/kg) and energy density (2900 Wh/kg), both of which arésuper
among the reported miniaturized power sources. The figsed microfluidic Aair battery

can be assembled into a useendly pouch cell configuration by simple lamination process,
showing great potential toward real application.

This dissertatiorshows that papelpased microfluidics is an attractive concept to build-low
cost, green, portable and ugeendly electrochemical devices with various functionalities.
Aside from designing and fabricating higlerforming papebased microfluidic
electrochenical devices, systematical investigations are also made to understand how the
device structure (e.g., electrode modification and arrangement) and microfluidic flow
behavior (e.g., flow rate and diffusion rate) influence the overall performance, which migh
have implications for the construction of other papased microfluidic electrochemical
devices.




Zusammenfassung

Auf Papier basierende Mikrofluidikplattformen erméglichen die Miniaturisierung und
Integration verschiedener Reaktionsprozesse-tewhnologien in OiChip-Gerate, um eine

breite Palette kostengunstiger kundenspezifischer Produkte unseres taglichen Lebens
herzustellen. Diese Dissertation konzentriert sich auf die Anwendung des
Mikrofluidikkonzepts auf Papierbasis, um tragbare und wefivare elektrochemische Gerate

mit einfacher Struktur und erschwinglichem Preis zu konstruieren. An drei Beispielen werden
ihre strukturellen Merkmale, Arbeitsprinzipien und elektrochemischen Eigenschaften
systematisch untersucht und diskutiert. Die Bielgpsind:

1 ein mikrofluidischer elektrochemischer Sensor auf Papierbasis zum Nachweis von
Schwermetallionen,
1 eine mikrofluidische FormiaBrennstoffzelle auf Papierbasis,

1 eine mikrofluidischéHochleistungsAluminium-Luft-Batterie auf Papierbasis.

Der mikrdluidische elektrochemische Sensor basiert auf einem mikrofluidischen Papierkanal
in Kombination mit einer dreidimensionalen (3D) Konfiguration. Alle drei Elektroden
bestehen aus makelloser Graphitfolie ohne Modifikator oder Katalysator. Dieser
kostengiinstie, einfache und tragbare Sensor zeigt eine hohe Empfindlichkeit gegeniiber dem
Nachweis von Schwermetallionen in wassriger Lésung mit Nachweisgrenzen von bis zu 1,2
ug / L fir C* und 1,8 pg / L fiir PB. Der Nachweis von CGdund PB* in anspruchsvoll@n
Umgebungen (z. B. Mineralwasser oder Losungen, die stérende lonen enthalten) ist ebenfalls
moglich. Die 3DKonfiguration ist der Schlisselfaktor fur eine hohe Sensitivitat. Der
Mikrofluidsensor auf Papierbasis ist aul3erst robust und die Messungenean edinzelnen

Gerat sind sehr gut reproduzierbar.

Die mikrofluidische FormiaBrennstoffzelle auf Papierbasis wurde als umweltfreundliche
EinwegStromquelle fir tragbare und wegwerfbare Elektronikgerate wie Sensorgeréte
entwickelt. Die wichtigsten Struktugpameter, die sich auf die Gesamtleistung der
Brennstoffzelle auswirken, wurden systematisch untersucht, einschlie3lich des Brennstoff
Crossovers, des Zellwiderstands, der Konzentration der Redaktanten, der
Katalysatorbeladung und der Eigenschaftes dekrofluidischen Papierkanals. Nach der
Optimierung kann auf einer einzelnen Zelle eine Leerlaufspannung von 0,86 V und eine

maximale Leistungsdichte von 7,1 mWfrarreicht werden. Durch die Korrelation der

\%



Zellleistung mit der Elektrolytflussrate in rsehiedenen Papierkanalen wird erstmals
deutlich, dass die textuellen Eigenschaften des Papiers die Zellleistung durch Stoffubergang

und Verarmungseffekt stark beeinflussen.

Um eine héhere Energieind Leistungsdichte bei miniaturisierten Leistungsbauei¢enezu
erzielen, wird ein Mikrofluidikkonzept auf Papierbasis eingefuhrt, um leistungsstarke
Aluminium-Luft-Batterien herzustellen. Die einzigartige mikrofluidische Konfiguration
verringert oder beseitigt die Hauptnachteile herkdmmlicher AluminiuftyBatterien,
einschlieBlich Batteri&Selbstentladung, produktinduzierter Elektrodenpassivierung, teurer
Luftelektrode und Hilfsflissigkeitskontrollsystem. Die mikrofluidische LAft-Batterie auf
Papierbasis weist eine beeindruckende elektrochemische Leibtinginer spezifischen
Kapazitat (2750 Ah/kg) und einer Energiedichte (2900 Wh/kg) auf, die beide unter den
angegebenen miniaturisierten Energiequellen Uberlegen sind. Die mikrofluidisahgt-Al
Batterie auf Papierbasis kann durch einen einfachen Lannmgsprozess zu einer
benutzerfreundlichen Taschenzellenkonfiguration zusammengebaut werden, die ein grol3es

Potenzial fur die reale Anwendung aufweist.

Diese Arbeit zeigt, dass Mikrofluidik auf Papierbasis ein attraktives Konzept fir den Bau

kostengunstigerumweltfreundlicher, tragbarer und benutzerfreundlicher elektrochemischer

Gerate mit verschiedenen Funktionen ist. Neben der Entwicklung und Herstellung

leistungsfahiger mikrofluidischer elektrochemischer Systeme auf Papierbasis werden
systematische Untenchungen durchgefuhrt, um zu verstehen, wie die Systemkomponenten
(z. B. Elektrodenmodifikation unehnordnung) und das mikrofluidische Strémungsverhalten

(z. B. Stromungsrate und Diffusionsrate) die Anwendungseigenschaften beeinflussen. Die
Erkenntnissehaben generelle Aussagekraft auch fur das Design weiterer mikrofluidischer

elektrochemischer Systeme auf Papierbasis.
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1 Il ntroduction and motivati on

Microfluidics can be regarded both as a science of the flow behavior at-lewetcand as a
technology of design microfluidic devices with patterned micro channels/chambers/networks.
The concept omicrofluidics was firstly invented by the semiconductor industry and later
expanded in the microelectromechanical system field, which enabled the miniaturization and
integration of electronic circuits on a chjf]. This integrated microfluidic approach, or
known as labon-chip technology, provides a platform for maagplications, especially for

some chemical or biochemical processes in the field of analysis and energy conversion and
storage[1-6]. For example,he first integrated microfluidic devicéor analysis was reported

in 1979, when a miniature gas chromatograph consist of a capillary column, a sample
injection system and a thermal conductivity detector was realized enmedtameter silicon

wafer [7]. Compared with conventional sized reaction systems, integratecbfimidic

devices offer several benefits. First, the reaction processes on integrated microfluidic devices
are less complex due to the absence of turbulent mixing. Second, microfluidics allows lower
sample and chemical consumption with shorter reactiparagon time. Thus the device is
capable to provide a rapid response that can be used to make an informed decision when a
small amount of sample is introduced to the def8¢e Third, multiplexed and parallel assays

can be realized with careful design of the microfluidic channels. Last but not least, the devices
are small in size and light weighted, making it applicable for some portable uses, such as

point-of-care diagosis and iffield environmental analysis.

However, integrated microfluidic sensing devices can face limitations in real application.
Traditional microfluidic devices are designed and constructed by molding, cutting,
photolithography or etching glass, edn or polymer substrate to produce microfluidic
channels[7, 9-13]. These substrates are still considered to be expensive in the market,
especially for the singtase devicesAuxiliary equipment, e.gmicropump, is usually needed

to control the flow in the microfluidic channels, which increases the total cost of tieensys
and at the same time makes it difficult to miniaturize the whole d¢t®d6]. Therefore,

with a rapid growth of the market for disposableahip diagnostic and sensing devices, there

is an increasing demand to replace the current substrates wittoswlichtweight and green
materials. Moreover, the auxiliary pressure control equipment should be eliminated to further

reduce the total cost as well as the size of the devices.




Paper, made from natural cellulose, is the most widely used, cheapest and envatiyment
friendly substrate in everyday life. The microstructure of paper is randomly interconnected
cellulose fiber, providing abundant pores and channels in micro/nan¢$zal&8] Fluids

within paper substrate are driven by capillarity force and no external equipment, e.g., pump, is
needed to control the microfluidics, making it possible to reduce the size andf ¢bst o
device to meet the real applicatiomoreover, various fabrication techniques have been
developed to construct microfluidic paper channel, mainly including-pviating (e.qg.,
screenprinting, waxdipping/impregnation), 2D shaping/cutting (e.g., knilotter, CQ laser
cutting), and 3D packaging/stacking (e.g., origami). These 2D or 3D methods are supposed to
enable efficient transport of fluidics in both horizontal and/or vertical dimengit®is
Whiteside and coworkers reported the first microfluidic pdysesed analytical device
(LPAD) for simultaneous deteoti of glucose and protein in 5 pL artificial urifié0]. This
inexpensive, lowolume, portable microfluidic bioassays is fabricated on a patterned paper,
wher e hydrophilic channel s ar e created b
photolithography of photoresist. When the liquid sample is added to the device, it will be
directed by the microfluidic channels to respective reaction zones for glucose and protein test,
where colour changes can be clearly observed as an indicator.ifioeetren, uPADs have
gained significant attention in the field of pewitcare diagnosis and-ield environmental

analysis, due to their low price, flexibility, biocompatibility and renewability.

Early reported pPADs are based on colorimetric detectiethod, some of which are coupled

with a camera phone or handheld optical colorimeter to quantify the concentration of the
analytes[21-26]. Later on, electrochemical analysis is introduced to the microfluidic paper
based devices, which is supposed to be a more sensitive and quantitative detection method
[27, 28] Microfluidic paperbased electrochemical device (UWPED) can be fabricated by
design and arrangement of electrodes on the paper substrate. The analysis process is carried
out by attaching the device to a handheld potentiostat together wathdangdevice (e.qg.,

laptop or smart phone)29-32]. The first yPED was demonstrated by Dungchai and
coworkers in 2009dr simultaneous detection of glucose, lactate and uric acid in biological
sampled8]. Over the past decade, these pPEDs for analysis have been widely developed in
variousfield, e.g., medical diagnostic, environmental sensing and food safety assurance with
low detection limits, showing great potential in-gite analysis, especially in some remote or

developing areas.




Here in this thesis, the papeased microfluidic corept is introduced to construct
electrochemical sensing device for detection of heavy metal ions, which shows great potential

in the field of fast and loveost environmental analysis.

External power sources are usually required in the sensing systemslay @disd transmit

data, or to carry out the sensing process. The most widely used power supplies for the
miniaturized diagnostic and sensing devices are button cells, especially the -bisech
batterieq33]. However, for some singlese devices, such as a pregnancy test, the battery is
thrown away together with the whole device after short time use, which often causes energy
waste as well as environment pollutigd#-36]. Therefore, there is an increasing demand for
the miniaturized power sources, which can not only be integrated into-ttfepdevices, but

also have minimum impact on environment and human health. Microfluidics enables
fabricaton of miniaturized batteries/cells in a simpler way than their macro counterparts. For
example, in a polymer electrolyte membrane fuel cell, proton exchange membrane is needed
to separate the anode and cathode reaction. While in a microfluidic fuel stelinsglesigned

by Whitesides and coworkers, membrane can be omitted based on the parallel bilaminar flow
of the anolyte and catholy{87]. Moreover, microfluidic batteries/cells are compatible with
microfluidic systems uskfor other purpose, such as the above discussed diagnostic and
sensing devices, showing great potential in fabricating theeeléred microfluidic systems.

Like microfluidic sensing systems, limitations of the conventional microfluidic power sources
come from the expensive microfluidic substrates and the pressure control systems. With the
development of papdyased microfluidics, the microfluidic power sources are able to meet
the demand for the real applications. These pbpeed microfluidic energy aoces feature
low-cost, lightweight and environmental benign nature, making them ideal substitution of

button cells.

Here in this thesis, two typical electrical energy sources, formate fuel cell and aluaimum
battery, are designed and fabricated comiginvith papetbased microfluidics. Investigations
are carried to optimize their performance, and to understand the key factors that influence the

cell/battery performance.




2 Fundament al s

In this chapter, the fundamentals and principles underlying tharok®ss in this thesis are
introduced, along with the latest development in the field of pbased microfluidic
electrochemical devices. Part of the fundamentals were also published with in the review
articleChemElectroChem DOI: 10.1002/celc.201901495
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211 Paper chemistry

Paper is one of the mostly widely used substrate for information display and storage through
history. Nowadays, paper materials have penetrated into many aspects in daily life, such as
cleaning and packagy, due to their low price, biocompatibility, renewability and
environmental benign nature. Paper is made from natural cellulose, an important component
of the plant cell wall, which is considered as the most abundant biopolymer ofB&arifhe

modern paper manufacturing process evolves dewatering, pressing and heating of wood
cellulose pulp suspension, and the speed of paper production through ioerabl(R2R)
manufacture sometimes exceeds 100 Krh7h 39]

Paper presents a hierarchic structure, as shovgire 2.1 From the molecular scale, the
basic component of cellulose éibis polysaccharide, which consists of a linear chain of
gl ucose uni t e slA4ghjcasidlie kbndd38].r Thes gpllysacéharide chains are
bonded together via van der Wa&tsce and hydrogen bond to form basic units known as
elementary fibrils, with both crystalline and amorphous regj@8s 40] Elementary fibrils

grow together to form microfibrils, and thousands of the microfibrils are bonded together to
form the cellulose fiber. The cellulose fibers are randomly cotamected by hydrogen
bonding between the hydroxyl groups during the paper manufacturing process, resulting in
the hierarchical porous structure of paf#9]. The longer cellulosébers provide strength,

while the shorter ones reduce pore size and provide oda8ty The properties of paper,
such as weight, thickness, porosity and surface chemistry can be varied to a large extend
during the paper manufacture or through pdpectionalization.
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Figure 2.1 Schematic to show the hierarchical structure of cellulose fibers from cellulose

source to cellulose moleculd®eprinted with permissiof1]. Copyright 2012 Elsevier.
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Microfluidics is a science and tewblogy that fluid flow is manipulated in submillimeter level

(11000 Om). The fluid flow in

number i.e. laminar flow, which means turbulent mixing is

mechanism for mixing is tfusion [42]. Conventional microfluidics maploys channels with

dimensions of tens and hundreds micrometers, and the prelssumme of flow in the

microfluidic channels is usually operated by a syringe pump. |

made of cellulose fiber with abundant channels at micrd,lpvevide a lowcost and pumyp

|l ess alternative, as the f1l ui
fluid within paper matrix is at the order of 143, 44]

The singlephase flow of a Newtonian liquid in an isotropic an

governed by Darcyobs | aw:
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where’ is the flow velocity (m/s), Qis the permeability (), —is the viscosity (Pa-s),
Y0j Yorepresents the pressure change per unit length (Pa/m). In the case of imbibiton

flow in paper, the pressure is the capillarity suction given by the equation:
Yoo —— (2.2)

where,, is the liquidair surface tension (N/m}-s the liquidfiber contact angle, is the
average pore radius of the paper (m). With the increase of distance moved by the fluid on
paper, the/0j Yoreduces as a function of time. Therefore, the flow cdténhe fluid front
within paper is usually in an unsteady pattern. Substitutindethetion 2.1 into Equation

2.2gives:
wo ¢ —— (2.3

wherewis the distance moved by the fluid ftgim) under capillary pressurg,is the liquid

air surface tension (N/mg,is the time (s)i is the average pore radius of the paper 3,

the liquidfiber contact angle, andis the viscosity (Pa-s). This result is the weilbwn
LucasWashbun equation. Considering that permeability can be defined in terms of the
product of the square of the effective pore diameter and a dimensionless constant which
represents the shape and structure of the flow jd8jsthe LucasWashburn equation are

generally expressed p6]:
wo —_— (2.9

The key assumption for the Lued¢gashburn equation is that a homogenous perfectly wetting
liquid flows in a homogenous isotropic porous medium in one dimensind the cross
sectional area of the porous media should stay conftd@ht According to the Lucas
Washburn equation, in a rectangular paper strip the flow velocity of the liquid front

diminishes with the increase of time.

The imbibition behavior of fluid on porous substrate deviates from the classic -Lucas

Washburn lawg® O ! | Figure 2.29 when the geometry of the substrate deviates from a

rectangular shap@?7, 48] Mendez et al. investiged the imbibition behavior of lateral flow




on rectangular membrane appended to circular sectors, andstatasiary flow ¢ O,

Figure 2.2b) was found in the rectangular element, which is caused by the continuous
increase of unwetted pore volume in thecular part[47]. A constant flow rate can also be
observed in the hemispherical imbibition process from a point source into a homogenous
semtinfinite porous mediumKigure 2.29 [48]. A stationary flow is usually more preferable

in the construction of microfluidic electrochemical devices, since electrochemical responses

might be sensitive toward the flow rate of #realyte or electrolyte.

a b c Unwetted area
Wetted area

il
it il ey

111 111 it

Figure 2.2 The imbibition behavior of fluid on porous substrate with different geonfééy
48].

The unique properties of laminar flow enable researchers to build up multiplexing on paper
toward various applications. Yager et al. comprehensively studied theitvemsional paper
networks (2DPNs) with multi inlets, vene multi fluidic flow can be precisely controlled on
paperbased microfluidic channe[43, 4351]. As shown inFigure 2.33 dye solutions flow

in parallel on a multinlet paper channel by capillarity force, and a clear boundary can be
observed between the adjacent laminar flows. The outlet width radio of the fluidic flows can
be controlled by adjusting the inlet length ratio. More complex 3D pageed microfluidic
system can be achieved by stacking or folding (origami technique) paper substrates, which
enable the paper device to realize more functions, such as sample mixing or diigoa (
2.3b-c) [43, 52] Besides flow rate control and multi flow construction, programming and
timing of microfluidics can also be achieved on paper withesing any external equipment

or power[53]. For example, reagents can be deliverelsee nt i al |y t o t he




on 2DPNs consisting of three staggered inlets connected to the main ctiagaed @.3d)
[50]. Tunabledelay shunts for paper microfluidic devices can be created by placing a
dissolvable barrier or a adsorbent pad on the chaRimglre 2.3ef) [50, 54]

Mylar Spacer

Figure 2.3 (a) Demonstration of flow control by varying inlet arm lengths in a three channel
paper Y device. (b) Image of a papdutbr. The top inlet stream contains erioglaucine, while
the right inlet acts as the diluents®). Two different diluent arm lengths (left image: 2.0 cm,
right image: 3.4 cm) result in different final concentration of the dye solution in the outlets.
(c) Image of mixing process in a 3D flat-Mixer. Inlets contain erioglaucine (left) and
tartrazine (right). The interdiffusion of the two dyes results in the green &adprinted with
permission[43]. Copyright 2010 Royal Society of Chemistrfd) Demonstration of the
programmed fluid delivery usingsaample 2D paper network. (e) A dissolvable barrier on the
right folk can be used to create a delay in the transport time of fRegrinted with
permission[50]. Copyright 2010Royal Society of Chemistryf) Time-lapse images of the
flow through nitrocellulose strips in the absence of and in contact with 7.6, 15.2, 22.9 and
30.5 mm shunts of cellulose placed on the nitrocellulose strip. Latges produce longer

delays.Reprinted with permissiofb4]. Copyright 2013 American Chemistry Society.




To sum up, precise control of microfluidic flow on paper, including flow rate, flow mixing,
flow concentration, and flow time, can be realized on paper through careful design of paper
geomdry and construction of mutthannel 2D/3D configuration without expensive external
control system and power supply. Thus, the p#jased microfluidics provides a feasible

platform to fabricate lowcost, portable and disposable electrochemical devices.

22 Paplased microfluidic electrochemic

221 Environmental sensing

Environmental pollution is one of the major problems that effects ecosystem and human
heal th worl dwi de. The wuse of natur al resou
restoreitself can result in pollution in air, water and laj&b]. Among various pollutants,

heavy metal ions pose severe threat to ecosystem and human[5@&#h Unlike organic
contaminants that would undergo microbial degradation process, heavy metal ions-are non
biodegradable. Once migrate to human body, heavy metal ions could accumulate to hazardous
levels and result in various diseases. For example, highdblead levels can cause
neurological damage, high blood pressure, kidney injury and ang&)ié0-62]. Increase of
cadmium level in human body may cause lung cancer, osteomalacia and profeB sz

65]. Conventional laboratory techniques for elemental @mglysuch as atomic absorption
spectroscopy, ay fluorescence spectroscopy and inductively coupled plasma mass
spectroscopy have been broadly used in heavy metal detection, presenting low detection limit
and high sensitivity. However, the abementionedtechniques are fixedite laboratory
analysis which relay on expensive equipment sets, tedious sample preparation and high
skilled technicians, limiting their application in fast-field analysis, especially in some

developing areas with insufficient nastructure$40, 6668].

In comparison, electrochemical analysis is characterized as a low cost and flexible method for
heavy metal detection with high sensitivity and selectiy@9]. Typical electrochemical
detection of kbavy metal detection includes two steps: 1) Deposition of heavy metal at a
negative potential; 2) Oxidation of heavy metal through anodic stripping voltammetry (e.qg.,
differential pulse voltammetry, square wave voltammetry) to generate an oxidation[signal

72]. The position and the intensity of the oxidation peaks represent the type and concentration

of the heavy metal ions, respectively. Thus, sufficient accationl of heavy metals on the




working electrode during deposition is of significant importance. Conventional
electrochemical detection of heavy metal ions is carried in an electrochemical cell, where
working, counter and reference electrodes are immersbe isample solution, and stirring is
usually involved to increase the mass transfer during ion depofit®en6]. This approach

has several drawbacks. First, it is difficult to minimize the whole sangking it not
practical for infield measurement7]. Second, the electrodes, e.g., glass carbon electrode
as working electrode, Pt wire as counter electrode, Ag/AgCl as reference electrode, are
expensive. Repeated use of these electrodes needisl cdeaning before each measurement

to avoid contaminatiorj68]. To eliminate the use of electrochemical cell and expensive
electrodes, a threelectrode system was fabricated by screen printing electrodes onto a
substrate, and the measurement was carriedyytiacing a drop of sample on the three
electrode strip[78-80]. However, this approach shows limited sensitivity, because the

deposition of the heavy metal is limited by the diffusion in the stagnant samplg8rajr]

To overcome this drawback, Nie et al. proposed a pags&ed microfluidic electrochemical
device, which comprised microildic channels patterned by photolithography, and sereen
printed electrodes (carbon as both working and counter electrodes, Ag/AgCl as-pseudo
reference electrode), as shown kigure 2.4a [77]. The papebased microfluidic
electrochemical device wassed to selectively detect Pdn the mixture solution of Pdand

Zr?*. Compared with stagnant sample, sample solution continuously flowing through the
paper channel across the electrodes enhances the efficiency of the deposition of metal, and
improves the detection limit (1.0 ppb), as showrrigure 2.4b. MedinaSanchez edl. also
proposed a disposable electrochemical lateral flow pagsed sensing device for heavy
metal detectionRigure 2.49 [59]. The quantification of Fd and Cd* in aqueous solution is
demonstrated in a range from 10 to 100 ppb with a limit of detection of 7 and 11 ppb,
respectively. The device is also able to deteét Bdd Cd* in mud-spiked sample, since the
paper channel is able to efficiently filter the samplgyre 2.40).
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Figure 2.4 (a) A photograph of a hydrodynamic pajparsed electrochemical sensing device

for the measurement of heavy metal ions. (b) Calibration plots daarthlysis of trace Pb a

100 pL solution of analytes placed in the electrodes (circle), and a solution of analytes
continuously wicking along the paper channel in the YWPEDs (square). Reprinted with
permission[77]. Copyright 2010 Royal Society @hemistry. (c) Picture of the lateral flow
paperbased sensing device for heavy metal detection. (d) Photographs during the sampling
(up) and measuring steps (bottom) of the mud sample by using the sensor. Reprinted with

permission{59]. Copyright 2015 Springer.

For the detection of the trace amount of heavy metals, modification of the workitigpede

with electrocatalysts is usually needed to enhance the ebipasition efficiency of the
heavy metal ions. This electrode modification is supposed be especially important for heavy
metal detection on miniaturized devices, because of the smallrdrab analyte evolved in

the analysis process. In the early stage of electrochemical detection of heavy metal ions,
mercury drop electrodes and mercury film modified electrodes are used to enhance the metal
deposition by forming amalgafii0, 71, 81] However, the notable toxicity of mercury limits

the development of mercury sensor. Later on,-fes& bismuth is introduced as an
alternative electrode modifier for the eleetteposition of heavy metal ions, since it is able to
promote the deposition efficiency by for mi
analogous to the amalgam mercury foi8%-84]. There are general three methods to modify

the electrode surface with bismuth. First method includelating orex situplating through
electrodepositing bismuth film onto the working eledeobefore transferring the electrode

into heavy metal ions solution for analy§rel, 85] Second is directly using a bulk bismuth
electrode, or a bismuth modified electrd@8, 86:88]. Third is the most widely used situ

plating method by simultaneous deposition of bismuth ions and heavy metal ions in the same

solution, in which carboihased materials, such as glass earlzarbon nanofibers/nanotubes,
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graphite, graphene and carbon paste are commonly used as electrode $5Bs#ate35, 89

94]. However, the preparation of bismuth film electrode or bismuth modified electrode
evolves tedious procedures, and thesitu method is not applicable for some online trance
metal detection in natural or benvironment. Besides, bismuth ions are easy to hydrolyze to
form insoluble compound, thus pH of the sample solution should be controlled under 5, which
makes it unpracticah biological and clinical analysi®8, 82] Therefore, how to achieve a
high detection sensitivity and low detection limit without use of modifier stillaiam

challenging.

222 Fuel cell s

A fuel cell is an environmentally friendly energy conversion system with high energy density,
high efficiency and good reliability, which shows great prospects in construction of
miniaturized power sourcd83]. In a conventional polymer electrolyte membrane fuel cell
(PEMEC), the energy source (fuel and oxidant) has to be transferred to the energy converter
(catalyst and electrodes) continuously to sustain theniciaé reaction. The two half cells are
separated by a physical membrane, afid®H') is transferred from the anode (cathode) to

the cathode (anode) part. The slow kinetics of oxygen reduction reaction (ORR) at the cathode
is considered as one of the liatibns in PEMEC[95-98]. Even though ORR has a faster
kinetics in alkaline than in acidic electradytthe main challenge for alkaline fuel cells is the
development of anion exchange membrgf86-101]. Nevertheless, membranes can be
omitted in fuel cell system by employing microfluidic techniques with astmngly mixing
laminar flow. Whitesides et al. proposed the first membemsemicrofluidic fuel cell concept

in 2002. In their work, the anolyte and catholyte flow parallel to one other in one microfluidic
without membrane separation, and only diffusive exchange occurs across the interface
between the two streams. An open cir@dil.52 V is obtained at a flow rate of 25 pL/s based

on vanadium redox coupl@7]. Since then, the membraneless microfluidic fuel cells have
been demonstrated by using different electrode catalysts, as well as difiggtn and
oxidants in both acid and alkaline solutigh62-113]. However, the main issue that limits the

real application of mmbraneless microfluidic fuel cell lies in the use of external fluid control
equipment, e.g., pump, which makes it challenging to miniaturize the device for portable

applications.
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A solution was proposed by Esquivel et al. in 2014 by presenting th@dpstbased self
pumping microfluidic fuel cel[34]. Papeibased fuel cells benefit from the capillatgiven
parallel laminar flows on paper, which enable the separation of anolyte and catholyte without
using exchange membrane, and efficient mass transfer of fidebddant without using
pumps. As shown ifrigure 2.53 the anode (1 mg/chiPtRu/C on Au/COP) is placed under

the paper strip, while the cathode (1 mg/dM/C on carbon paper) is attached on top to
facilitate oxygen access from the atmosphere. The fekkloperates on the simultaneous
addition of anolyte (methanol and KOH) and catholyte (KOH) in each inlet sample pads. An
open circuit potential of 0.55 V and a maximum power density of 4.4 m¥éam be
achieved on the papbased microfluidic fuel cellHigure 2.5h).

a Absorbent pad —m8 ——

- -~

o™
§
Paper strip ———> =
P P %045 =
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2
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Anode MeOH o
Pt-Ru on Au/COP 2 (e
KOH. Air-Breathing
Cathode
Pt on GDE
Anolyte Catholyte
Fuel Oxidant I(mAIcm2)

Figure 2.5 (a) Schematic of a papeased microfluidic fuel cell design. (b) Polarization
curves obtained at different KOH concentration using 4.0 M methanol. Reprinted with
permissior{34]. Creaive Commons license 3.0.

Ever since then, many investigations have been carried out by varying electrocatalysts,
electrolyte, electrochemical redox pair and cell configuration, in order to improve the
performance, reduce the device cost, as well as simiblé operation proceqd414-120].

Arun et al. reported a sgbiumping paperbased membraneless formic acid fuel cell by
incorporating Hepencil stroked graphite as both anode and cathode electrodes on Y shaped
paper channgll14]. This simple fuel cell with a penein-paper configuration generates a
constant open circuit voltage of 0.27 V for up to 1000 min, and a maximum power density of
32 mW/cni. Papeibased microfluidic direct formate fuel cells are reported by using formate
and hydrogen peroxide as the anode fuel and cathode oxidant, respeldtielyl16]

Compared with methanol fuel cell and formic acid fuel cell, a much higher open circuit
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voltage of 1.1 V can be achieved on the formate fuel cell operated in alkaline electrolyte with
palladium as catalys{d16]. The papebased microfluidic concept is also introduced to the
field of biofuel cell, which is designed to produce electrical energy from physiological fluids.
GonzalezGuerrero et al. presented anzymatic papebased glucosexygen microfluidic

fuel cell with an open circuit voltage of 0.6 V and a maximum power density of 45 [ AV/cm
[117]. In order to meet the requirement of easy oparasome papebased microfluidic fuel

cells are designed on arsthaped paper channel, and thus the cell is able to operate with a
singlestream[34, 117, 118] For example, Yan et al. developed a sirgileam papebased
microfluidic fuel cell by using hydrogen peroxidex(®t) as both fuel and oxidafit18]. The

fuel cell is simply fabricated by placing the two electrodes symmetrically on a rectangular
paper strip. The dual role of28- is realized by selecting sliver nanowires and carbon
nanotubesupporte Prussian Blue as oxidation and reduction catalysts, respectively. The cell
performance is recorded by using 2.0 MGdin 1.5 M H:SQy solution as both fuel and
oxidant, and the open circuit voltage and peak power density reach 0.58 V and 0.882mW/cm

regectively.

In a papetbased microfluidic fuel cell, the electrolyte flow behavior is also supposed to play a
key role in determining the cell performance. The microfluidic behavior is effected by various
factors, such as the intrinsic properties of thaiitig(e.g., surface tension, density and
viscosity), properties of the paper channel (e.g., fiber origin, pore size, porosity and
geometry), as well as surrounding conditions (e.g., temperature and hufdidijtgP1123].

For a papebased microfluidic fuel cell operated with fixed redox pair and electrolyte under
room temperature, the paper properties play an important rghe ielectrolyte flow control.
However, the systematical study of the influence of paper properties on the electrolyte flow

behavior and microfluidic fuel cell performance is still lacking.

223 Batteries

In the early design of papbased batteries, paper takiesmiction as electrode separator,
electrolyte/redox species reservoir, or electrodes (e.g., electric conductive paper). For
example, Lee developed a series biofluid/waigtivated batteries using magnesium foil as
anode, copper chloride loaded filter paps cathode and paper tissue as electrolyte carrier
[124, 125] The battery can be activate by wetting the paper tissue with biofluid or tap water,
and deliver a maximum voltage of 1.56 V a maximum power of 15.6[t®&]. However,
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the power output of the papbased batteries decays fast probably duthéa nonfluidic

configuration.

Based on the wax printing and origami techniques, microfluidic channels can be precisely
created on paper in a 2D or 3D configuration, proving a wide platform for design and
fabrication of papebased battery (stackl26-131]. Thom et al. devejmed fluidic batteries

which could be integrated in a pag®sed analytical devidé26]. As shown inFigure 2.63

the fluidic batteries present a stacked 3D configuration, with the electrodes (Ag, Al),
electrolyte (AgNQ, AICI3) and salt bridge (NaN£p preloaded into the spéic paper layers

in dry state. The batteries can be directly activated by adding analyte to the sample input,
powering a LED for fluorescence detection. Zhang et al. reported a 3D origami microfluidic
paperbased battery based on a noble mitsd galvarc cell (C|FeG)|NaCI|AICk|Al). The

battery can provide a stable power output for 1228]. Esquivel et al. developed a metal

free singleuse primary battery PowerPAD (Power: Portable and Disposg@8g)A pair of
commercial available quinone compounds)gmzoquinone and hydroquinone sulfonic acid
potassium salt, were chosen as redoecges[132]. As shown inFigure 2.6b, the battery is
designed as a vertical capillary flow cell, composed of several patterned cellulose layers
stacked together. The battery can be activated by addatey wo the top inlet pad. When
water flows through each half cell, the redox species are released and flow through the carbon
electrodes toward the absorbent pad. Once the anolyte and catholyte contact with each other
in the absorbent pad, the batteryrtstdo generate power. The-taminar flow in the paper
matrix avoids turbulent mixing of the reactants, and only diffusion takes place at the flow
interface, which enables the battery operate for up to 100 min. An open circuit voltage of 0.75
V and maximm power density of 6.8 mW/chtan be achieved on a single battery. The
output voltage of the battery can be scaled to3105V to meet the demand of various
electronics. The increasing disposal of siagged batteries such as lithition batteries and
metal-containing primary batteries, as well as insufficient battery cycling infrastructure cause
severe environmental issues. Thus there is an increasing demand for environmentally friendly
and disposable power sources. Choi group developed a series afiqgageerbased bacteria
batteries toward loveost and biocompatible applicatioj$30, 131] The papebased
bacteria batteries are able to be activate by bactiahining liquid derived from renewable

and sustainable water and wastewaterses. The papdrased bacteria batteries are able to

connect in series by simply folding, in order to meet various power needs. As shown in
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Figure 2.6¢ upon adding one drop of bacteoantaining liquid derived from renewable and
sustainable water and atawater sources, the liquid flows through the microfluidic pathways
and reaches each battery and generates power. An open circuit voltage of 0.93 V and a
maximum output power of 48 nW (9.3 pWAmcan be obtained on four battery stack.
However, the powerudput of these bacteria batteries is at nanowatt/micrdesat, which is

several magnitudes lower power density than the conventional galvanic cell batteries.
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Figure 2.6 (a) The design of papérased fluidic Dbattery based on
(Ag|AgNOs|NaNGs|AICIs|Al) galvanic cells. The number of galvanic cells can be varied, and
can be connected in-@ series or (&) parallel. Reprinted with permissi¢f26]. Copyright
2012 Royal Society of Chemistry. (b) Schematic diagram and working principle of the
PowerPAD. Reprinted with permissif35]. Creative Commons license 4.0 (CC BNC 4.0).

(c) Schematic diagramof the cross section of the bacteria battery st&printedwith
permissior{130] Copyright 2015 Elsevier.

Compared with ubiquitous primary batteries (e.g;MNimO> battery), rechargeable batteries

(e.q., leadacid, nickelmetal hyride and lithiumion battery), metahir batteries have a

notably higher theoretical energy densiggure 2.7) [133, 134] Metalair batteries generate
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electricity through redox reaction between the metal and oxygen from air. This feature makes
them akin to a fuel c e I[133]. Camipared with fuel cefisf thee | 0
battery configuration, especially the anode design is less complicated inaindiatteries

[133]. The metakir batteries hold great promise in the field of portable power devices. A
good example is the commercialized zaic battery used in hearing aid. Among various
metal andes, aluminum has attracted increasing attentions due to its abundance, low price,
nonttoxicity and environmentally friendly natur@l35-140] Al-air bdtery own high
theoretical energy density (8.1 kWh/kg) and high theoretical voltage (2.7 V). Therefeore, Al
air battery is an attractive candidate to construct portable and disposable power sources,

especially the ones require high energy density and poutput as well as long running

time.
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Figure 2.7Ragone plot of different power sources.

However, several scientific and technical issues need to be tackled before their commercial
scale implementation. From anode side, the apewit corrosion reactio causes self
discharge and shortens the battery shifelf[134, 136, 141]During discharge, the formation

of getlike aluminum hydroide and/or hydrated alumina results in anode surface passivation
and prevents further dischargiri@39, 142] From cathode side, high efficient oxygen
reduction reaction (ORR) catalyst has to be developed to accelerate the slow kinetics of ORR,
and a gas diffusion layer () has to be designed to facilitate the mass transfer of oxygen

from ambient air to the catalyst layer reduction kinetics of oxy488-137, 143] Since the
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Al-air batteries are open systems using GDL, the alkaline electrolyte can react with
atmospheric Coto for carbonate precipitation, v reduces electrolyte conductivity, clogs

the electrode pores, blocks the electrolyte channels and results in battery[1@Rjré44,

145]. Therefore, the air electrode with i@et catalyst, gas diffusion layer, a selective
membrane to block COand current collector appears to the most expensive and complex
component of an Ahir battery. A lot of researelshavebeen done to solve these problems.

For example, modification of @minum with other metals to form alloy and using fon
aqueous electrolyte are both found to be effective to reduce the corrosion and passivation
[146-154]. Besides, a lot of efforts have been made to explore novel electrocatalysts and
develop sophisticated air electrodes to enhance ORR activity and increase the oxygen mass
transfer ratg155-169]. However, these advancements inevitably lead to increased system
costs, complicated battergonstruction and costly procedures for battery component
recycling. Therefore, an affordable and easy method is high desired to solve the above
mentioned issues to make portableaft battery applicable in the market.
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3 Aim and scope of the thesis

The stateof-the-art shows that microfluidics utilizing capillary driven force within paper
matrix is a highly attractive substitute to liquid guides, valves, and pumps, in terms of
autonomously transporting small amount of liquid. Pdg@esed microfluidis provides a wide
platform to fabricate lowcost, highly flexible and environmentally friendly electronics,
especially in the field of portable electrochemical analysis and miniaturized power sources.
Despite that many studies demonstrate the possibdityse papebased microfluidics to
develop electrochemical devices, quite few of them discusses how the device configuration
(e.g., electrode arrangement, catalyst/modifier type and amount, electrolyte concentrations,
flow rates etc.) influence the deviperformance. Microfluidics within paper largely depends

on the paper properties and configuration. However, the selection criteria of paper substrate
are not always clearly discussed in the design of pagsed microfluidic devices, especially

the influerte of paper properties on the fluidic properties as well as the electrochemical

performance. Thus, the real potential of these new devices is studied only to a limited extend.

This thesis aims to show the benefit of holistic studies in the field of ruiaf
electrochemical devices, which covers the fields of electrochemistry, chemical engineering
and paper chemistry. With this approach three exemplary applications of-hzeseer
electrochemical devices the field of environmental sensing and powenegation will be

studied. The applications are pajpased microfluidic:

1 electrochemical sensor of heavy metal ions,
1 formate fuel cell,

1 high-performing aluminurair battery.

Overarching research questions for all applications are: 1) How the configuodtitwe
paperbased microfluidic electrochemical device influences its overall performance; 2) How
paperbased microfluidics facilitates the reaction process in the miniaturized electronic
devices; 3) How to precisely control the microfluidic behavior wi®D/3D paper matrix; 4)

How to take advantage of the quagationary microfluidic flow on paper to transfer
reactant/product continuously and steadily; 5) How does the mass transfer of reactant/product

within the microfluidic paper channel effects therfprmance of the electronic devices.
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The results for the three applications were published in threemdhined research articles.

This cumulative thesis refers to these three articles, which are presented in chapter 4, chapter
5 and chapter 6 wherbd motivation, objectives, experimental procedure and summary of the
major results are given individually. Chapter 7 deduces some general guidelines and
overarching conclusions, which can be drawn from the sum of research of all three paper
based electro@mical devices.
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Abstract

Heavy metal pollution poses severe threat to ecological systems and presents a great challenge
for global sustainability. Portable poiaf-care sensing platform for detection/mioning of

heavy metal pollution in the environment is urgently demanded. Herein, a highly sensitive,
robust and lowcost microfluidic electrochemical carbtwased sensor (UCS) for detection of
trace heavy metals is presented. The miniaturized uCS deviedsased on a microfluidic
paper channel combined with a novel 3D layout with working and counter electrodes facing
each other and analyte flowing along the microfluidic channel between these two electrodes.
Pristine graphite foil free of any surface maglifis not only used as the electronically
conductive pad but also directly employed as the working electrode for fabricating the pCS.
The resulting simple and portable device was applied # @ad PB* detection by using
square wave anodic stripping taohmetry. Detection limits down to 1.2 pg/L for €dnd

1.8 ug/L for PB* can be achieved over the uCS, respectively. The uCS devices are also found
to be highly robust and 10 repetitive measurements with a single uCS device resulted to be
highly reproduible.

Keywords: electrochemical sensor, microfluidics, microfluidic paper, graphite foil, heavy

metal detection, square wave voltammetry

41 | ntroduction

Heavy metals are widely used in manufacture of batteries, pigments, alloys, electroplating and
coatinget al. [1, 2]. However, mining, pouring, casting, processing and inappropriate disposal
of heavy metals have made them hazard pollutants to the environ@nfTl3eir toxic and
nonbiodegradable nature impose severe risks to human hed@dihFér examfe, increasing
amounts of lead (Pb) in human body, as indicated by blood Pb levels, can impair
neurobehavioral development in children, increase blood pressure, and cause kidney injury
and anaemia [2, 5, 9, 10]. Cadmium (Cd) has been proved to be a ganimagent and may
cause lung cancer, osteomalacia and proteinuria, even at low doses [1, 9, 11, 12].
Conventional methods for heavy metal detection are mainly based on atomic adsorption
spectroscopy (AAS), Xay fluorescence (XFS), inductively couplecdgina atomic emission
spectroscopy (ICFRAES) and inductively coupled plasma mass spectroscopyNISP[5, 12

14]. Nevertheless, these ponderous, sophisticated and expensive instruments are not suitable
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for fast and poinbf-care analysis [5, 13]. Hence searchers have been striving to develop
simple, coskffective and also portable sensing devices for fast and-pbaare analysis of
heavy metal pollution in the environment, especially in developing countries and areas with

insufficient infrastructures

Numerous detection platforms including colorimetric, fluorescent, and electrochemical
methods have already been adopted to fabricate miniaturized portable devices for heavy metal
detections [15]. Among them, electrochemical method has attracted intatisivicon due to

its capability for achieving better quantitative results, more rapid analysis and higher
sensitivity [13, 15, 16]. While for electrochemical detection of trace amounts of heavy metals,
it is usually considered mandatory to modify the acef of working electrode with active
electrocatalysts (receptors) which are supposed to have high collection capacity of target
metal ions. This surface modification is especially of importance for the miniaturized devices,
because of the small amount afadyte (typically within 100 pL) to be used for the analysis.
Following this line of reasoning, a wide range of organic and inorganic materials have been
used to modify working electrode for electrochemical detection of trace heavy metals. In
early times,hanging mercury drop electrodes and electrode modified with a mercury film
were commonly used for heavy metal detection, because of the capability of mercury for
forming amalgam with heavy metal ions, which results in its high sensitivity and good
reprodwibility [15, 17-19]. However, the welknown toxicity of mercury limits the
development of mercury electrode sensor [20]. Later on, bismuth has been introduced as an
alternative surface modifier due to its unique behaviour to form foatiponent Bi alloy

with numerous heavy metals and less toxicity compared with mercw37[2 Detection by
bismuthhmodified electrodes are usually carried out by simultaneous electuation of Bi

ions and heavy metal ions onto cardmsed solid electrodes (e.g., glassbon [2830],

carbon nanofibers/nanotubes [21, 28;33], graphite [7, 3486], graphene [13, 37, 38],
carbon paste/ink [23, 25, 39, 40]). The-peduced Bi could promote the deposition of heavy
met al ions from anal yt es idanalofoasrtonthe amalgamu s e
mercury forms [21, 26, 27]. However, Bismutiodified electrode usually needs to be
activated using a tedious pretreatment to improve the sensing reproducibility and is not
applicable for some in situ and online trace metal omeasent in natural or bienvironment
because it introduces Bi ions additionally [9, 41]. Besides, Bi ions are easy to hydrolyze to

form insoluble compound in aqueous solution [21, 42]. For this reason, pH of the sample
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media should be controlled below® dvoid hydrolysis of Bi ions, which makes this method
unpractical for biological and clinical analysis [9, 21]. In recent years, a great variety of
innovative nanomaterials such as metal (Au, Ag, Pd) nanoparticles [5, 43, 44], carbonaceous
materials (carbn nanotubes, graphene, carbon spheres) [20, 35, 37], biological materials
(DNA, protein/enzyme) [45, 46] have been tested as surface modifier for electrochemical
detection of heavy metal ions. Considering the tedious synthesis procedure and relatively hig
cost of these materials, using these innovative nanomaterials could be a big burden in mass

production of electrochemical sensors and prohibit cost effectiveness.

Carbonbased materials including bare glassy carbon electrode in principle can also be
directly used for heavy metal detection. Hashemi et al. also demonstrated that surface
modifier free carbon fiber micrelectrode in combination HPLC unit can be employed for
copper ion detection [47, 48]. In the current work, we are intending to directlyhase
inexpensive graphite foil without any surface modifier for electrochemical detection of heavy
metal ions in water, and graphite foils were chosen because of their excellence in both
chemical stability and electrical conductivity. However, the chaldies in two aspects: 1)

How to achieve low limit of detection (e.g., drinking water standards established by WHO or
US-EPA) by directly using graphite foils without any surface modifier; and 2) How to transfer
the sensing performance to a miniaturizedic® Herein, these challenges are overcome by
integrating a microfluidic paper channel into the miniaturized cabdased sensor (UCS),
where the pristine graphite foils were used as working, psefdoence and counter
electrodes. The microfluidic chaeincontinuously and efficiently delivers the aqueous analyte

to the detection sites to enable a shortening of the overall current response time. Moreover,
the uCS possess a novel 3D structure with working and reference electrodes directly facing
each othebut separated by the microfluidic paper channel, as shown schematidailiyie

4.1 This configuration brings the working electrode in close proximity to the counter
electrode, and the resulting more homogeneous and efficient electric field is supposed
facilitate the reductive deposition of metal ion on the graphite foil working electrode [49]. The
sensing performance of the uCS built solely from paper and graphite foil as benign and
inexpensive materials is evaluated by detecting heavy metél &d P which are
common pollutants in the environment. It is found that impressive low detection limits of 1.2
ug/L for Cd* and 1.8 pg/L for PB can be achieved on the uCS. The puCS also exhibits stable

sensing performance up to 10 repetitive measurean&@monstrating the unprecedented
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robustness of a sensing device for heavy metal detections. We also successfully demonstrate
that even for a miniaturized device, a proper design in the device configuration can
completely eliminate the necessity to modifye working electrode by using additional
surface modifier such as mercury, or bismuth. We believe these findings would have
significant implications in developing other fast and egf&ctive detection platforms, such

as clinical diagnosis and securgpection.

Sponge as
analyte
reservoir

WE: Working Electrode
RE: Reference Electrode
CE: Counter Electrode

Figure 4.1 Scheme for the uCS device based on paper (light blue) and graphite foil (black).

42 Experi mental section

Materials and chemicals.Cadmium chloride (Sigmaldrich), lead nitrate (Sigmaldrich),

sodium acetate (Sigmaldrich), acetateacid glacial (VWR) and ethanol (VWR) were all
analytical grades regents and used as received. Graphite foil was purchased from Sigraflex.
Filter paper (pore size: 125 & m; thickness: 305 Om) was

solutions were prepared by ugidoubledistilled water.

Device fabrication. Three electrode configuration was employed to construct the sensing
devices. A piece of graphite foil with thickness of 0.5 mm was first cleaned by ethanol and
deionized water under ultrasonication, followedld®ing cut into certain shapes as working
electrode (WE), counter electrode (CE) and pseefkrence electrode (RE), respectively.
Cleaning protocols for all the other components, i.e., PMMA substrate, sampling sponge were
also critically applied by usingthanol and deionized water under ultrasonication before
fabricating each PCS device in order to prevent any contaminations. The design and
dimensions are detailed iRigure S4.1 A piece of microfluidic paper was sandwiched
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between the CE and WE, whileet RE will be placed adjacent to the RE to reduce the ohmic
resistance. To complete the device, the electrodes was taped onto a PMMA substrate for easy
operation, as shown Figure 4.1 A piece of sponge, placed on one end of the paper channel,
was used @ analyte reservoir, which contains 2 mL (initial volume) of analyte solution and
can constantly feed the analyte solution in 15 min. During the measurement, a glass vial was
used to cover the sampling sponge to prevent the solvent evaporation or ctincectignge

of an analyte. An absorbent pad cut in pieces is located at the other end of the paper channel.
The function of the absorbent pad is to wick the fluid through the paper channel, create a
quasisteady flow of analyte within the paper channel andumulate the amount of analyte
flowing through the detection sites. For preparation of then&lified WE, the catalyst
suspension ink was firstly prepared by dispersing 5 mg #9:8ind 15 mg of carbon black
(Vulcan XG72) together with 0.5 mL of 20t Nafion in 1.5 mL of ethanol solution. The
modified electrode was then prepared by applying 5 puL of above ink solution onto graphite
foils covering an area of 0.5 x 0.5 mm, which is comparable to the effective surface area of
WE in a modifier free uCS dice (as detailed in the Supporting Information). The function of
carbon black is to better disperse the Bi species and also improve the electric conductivity

within the catalyst layer.

Electrochemical measurements. Electrochemical measurements werted caut on
PARSTAT Multichannell0O00 (AMETEK) controlled by the Versastudio software. The
SWASV measurements were conducted at room temperature, and no deaeration was
performed to the supporting electrolyte (0.1 M acetate buffer solution). Heavy metal
corcentrations were evaluated by using square wave anodic stripping voltammetry (SWASV).
The SWASV experiments comprise an electrochemical deposition step and a square wave
anodic stripping voltammetry scan. The SWASV was performed using following conditions:
pulse height 25 mV, step height 10 mV, frequency 25 Hz. The calibration plots were
generated by conducting four independent measurement using four uCS devices. On each
device, the measurements were conducted with one standard solution after the dihgr, sta
from the lowest to highest concentration. In total four sets of data were obtained, which are
later used to generate the error bars (defined as the relative standard deviation) for each

concentration.
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Structural analysis. Raman spectra were recordeih a Bruker Senterra Raman microscope
spectrometer with 532 nm excitation (laser power: 0.5 mW) with a 3 resolution, and

were captured from three different points for each sample. The morphology of graphite foils
was investigated by using Scanninigdron Microscopy (Philips XL30 FEG) operated at an
accelerating voltage of 30 kV.

43 Results and Discussion

431 Opti mi zation of square wave voltammetry

To evaluate the sensing performance of thegrapared PCS devices for heavy metal
detections, sgare wave anodic stripping voltammetry (SWASV) measurements, which is
well-known for its high sensitivity, were carried out for detections of @dd PB*. In order

to realize a sensitive measurement, the experiment parameters including electrodeposition
potential, deposition time and electrolyte pH, which were considered as the most important
influential factors in SWASV were optimized, and the results are showigure 4.2 The

effect of electrodeposition potential was investigated by studying thdcastighping peak
current of 100 pg/L C& and 100 pg/L P¥ in 0.1 M acetate buffer solution (pH = 4.6) while
varying the electrode potentialSigure 4.29. Firstly, it can be observed that €dequires a
more negative pot ent onahke grdphitdfoillelectgde than?Ptbie0 .d% p c
V), which is not surprising considering their difference in standard reduction potentials. In
principle, lower deposition potential could be more efficient to promote the reductive
deposition of metal ions ahe WESs. Interestingly, the peak currents for both metals exhibit a
volcano dependence on the applied potentials with the maximum current obtained at
potentials of 1% an@PBj respecivdly, vihichivere ater cl©sken as the
depositionpotential for SWASV measurements. The decrease of the peak current at relatively
lower deposition potential is caused by the competing hydrogen evolution reactier (P

H2) [50], where hydrogen gas bubbles can be clearly observed on the surfaceabfl®ME
deposition potential. The effect of deposition time was investigated by varying the deposition
time in the range of 1 to 10 min for €dand from 1 to 15 min for Bb (Figure 4.2b).
Although longer deposition time always leads to higher cuirgansity, it could lower the
upper range of heavy metal detection due to the fast surface saturation in higher ion
concentration. Herein, the deposition time was fixed at 1 and 3 min for detecting*ain@d

PP, respectively, as the tradéf between &st analysis and significant current response.
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Shorter deposition time was chosen foPQd simply because a good linear calibration plot
has already been obtained with a shorter time. As showigure 4.2hb, the proportional
increase in the peak curtewith increasing the deposition time from 7 to 10 min indicates
that the electrode surface is still far from being saturated. It is therefore possible to further
improve the detection sensitivity by increasing the deposition time. The effect of electrolyt
pH was studied by varying the pH values of acetate buffer solution from 3.0 tBigude(

4.29. It turns out that the square wave stripping peak current was increasing rapidly with the
increase of the pH values from 3.0 to 4.6, while further incrgagskt to 6.0 has imposed
minor influence on the peak currents for?Cand PB* detection. In contrast, it is well
documented that the stripping current on-nBidified electrode would decrease with
increasing the pH values [50, 51]. These result demonstratt¢he detection performance of

the uCS would be compromised for the sample with low pH valuek), which is also the

case for the modified electrodes {58]. Therefore, for analyte with low pH values (e.g.,
acidified water samples with pH 2), we cannot expect the modifier free uCS to exhibit
superior sensing performance with respect to the conventional modified electrodes. However,
for the samples with relatively high pH values, the uCS does show better tolerance on the pH
values of the water sgfites. As the maximum stripping current can be obtained at pH = 4.6,

the acetate buffer solution with pH at 4.6 was therefore used in subsequent experiments.
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Figure 4.2 Effect of deposition potential (a), deposition time (b) and electrolyte pH (c) on

Cd?* and PB* detection. The concentration of €e@nd PB* is 100 pgl/L.

As the sensing performance of a microfluidic device is also sensitive to the flow rate of an
analyte to the detection sites, herein we also made attempt to evaluate the averegje tow
analytes within the paper channel. A typical capillary flow follows the LMgashburn
equation, which predicts that the flow rate decreases with increasing time. While it has been
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experimentally demonstrated that, the capillary flow behaviour dvsignificantly deviate

from the LucasNashburn equation in presence of an absorbent pad, and in this case the
capillary flow is sustained over time (quasationary flow with time) because the liquid in

the microfluidic channel would encounter a contimsiancrease in unwetted pore volume as it
advanced in the porous absorbent pad. The constantsgossn assumed by the Lueas
Washburn equation does not apply anymore [54]. Similarly, in the current work, due to the
presence of an absorbent pad at thee afrthe paper channel, we found that the stripping peak
current was rather constant over 15 min measurement time. This implies that the flow rate of
analyte within paper channel is not diminishing significantly over time and thus allows us to
estimate avege flow rate of analyte by quantifying the mass (volume) of solution within the
sampling sponge before and after the measurement over 15 min. The average flow rate or
consumption rate of an aqueous analyte is estimated to be 130 pL/min. The samplmg volu
for a single detection are ca. 130 and 390 pL foi"@dd PB*, respectively, which appears to

be sufficient to get well resolved stripping signals.

432 I ndi vi dual danedétPibon of Cd

After optimizing the square wave voltammetry parameters, thew#3Sapplied in individual
detection of C& and PB" in acetate buffer solution. Typical square wave voltammograms in
presence of Cd and PB* with different concentrations are displayedFigure 4.3 Well
defined anodic stri p®iamgd pietda.ks2 c\é nfeferencen g a rak
electrode) were obtained for €dind PB*, respectively. The peak currents of both Cahd

P’ increase linearly with concentration from 5 to 100 pudflggre 4.3b, d. However, peak
broadening occurs at anatytoncentration below 10 pg/L for both €dand PB*, which

might stem from the heterogeneity of surface active sites on the surface of graphite foils and
associated varied interactions with the deposited metal particles. This might also lead to the
loss d linear response of SWASYV signals at lower analyte concentratioBgug/L) by using

the pUCS. For instance, it is difficult for us to discriminate the analytes with" Cd
concentrations between 1 to 2 ppb by comparing their SWASYV signals, though tphpingtr

peaks are still well resolved. Attempt were also made to study the upper limit of the linear
range for both metals. As shownRigure S4.2 the linear range for Gtcan be extended up

to at least 500 pg/L. In contrast, we found that the althoigipéak current response forPb

would still get increased with the concentration, however, deviate from the linear calibration
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plot obtained at concentration range from 5 to 100 ug/L, which would stem from saturation of
surface sites for metal ions withigher concentrations. The calibration plots and correlation
coefficients are shown iRigure 4.3 b, d(x: concentration/pg/L, y: current/nA). The limit of
detection for C& and PB*are 1.2 and 1.8 Og/L based on
Supporting Information), respectively, which are below the allowable limits in drinking water
proposed by UEPA (Cd: 5 pg/L, Pb: 15 pg/L) and WHO (Cd: 3 ug/L, Pb: 10 pg/L) [55,

56]. Specifically, n the case of Cd detection, the uCS device is not only capable for
quantifying Cd* in water samples with ion concentration above theBP3 allowable limits

(5 po/L), but also capable to raise an alert for the water sample that contains ions with
concettration below the allowable limit. Moreover, the impressive low detection limits and
wide linear detection range achieved by using the uCS for both analytes also indicate that the
potential selective absorption of €ar PIF* by the sensor components,.j.paper, graphite

foil or sampling sponge, plays a minor role in the electrochemical sensing on the uCS, at least
for analytes with concentration above the lower limit of linear detection range. This is
consistent with the finding reported by Pickeringttthe presence of competing electrolyte
could significantly reduce the absorption/uptake of heavy metal ions (e%,, &B") by

filter paper [57]. It is proposed that absorption of metal iong*(Rixf* etc.) by filter paper

may be attributed to alem exchange process, while abundant cations in the electrolyte would
suppress this exchange process due to the preferential retention of cations in the electrolyte
[57]. The capability and performance of uCS are also compared with some modified
electrodesscreen printing electrodes and miniaturized sensors in recent literatirailén

4.1 Apart from using miniaturized sensors, electrochemical sensing measurement can also be
conducted by using the bulk electrochemical cell configuration, where a suonfadiéed

glassy carbon electrode, as the WE, is placed in excess amount of electrolyte with analyte
(e.g., 100 mL). The bulk electrochemical cell configuration usually gives lower detection
limit compared with those miniaturized sensors because of timdicagtly much larger
amount of analyte being used during the sensing process. It can be seen that the uCS devices
exhibits almost comparable sensing performance to someo$tidteart surface modified
electrodes in bulk electrochemical cell configuatiand is also among the best miniaturized
onchip sensing devices in terms of detection limit and sensitivity. To be noted, for practical
application, usually an analyte solution with big collection volume (e.g., 100 mL) is provided,

and the small analgtvolume required by using these uUCS devices for a single analysis would
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enable strict replicate analysis and allow to achieve even lower detection limit by
concentrating the analyte solution.
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Figure 4.3Square wave voltammograms forZ@) and PB' (c) in 0.1 M acetate buffer (pH
= 4.6) on UCS. Linear correction from 5 to 100 ug/L foQeh) and PB' (d).

Compared to these sensing platform where relatively expensive (Pd, Ag, CNF) or other heavy
metal (Bi/BrOz3) surface modifiers have to be usedghiarthe current work, only inexpensive

and environmental friendly materials (cellulose paper, graphite foil) was used to fabricate the
UCS devices. The low cost and environmental friendly nature make these PCS devices
entirely disposable without causinddational pollution to the environment, thus holding great

application prospect in future poionf-care analysis of heavy metal ions.
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Table 4.1Performance of various sensing devices for heavy metal detection.

Sensor or electrode Modifier |Method Depositbn |Linear range Detection of |Sensitivity* Ref.

time (s)  |(ug/L) limit (MO/L) (A (ng/L)D)

C* PR Cd* |PR* |CP*  |PR?*

Electrospun CNF modified |CNF SWV |300 46-182 (27-145 |0.17 |0.19 |0.107 |0.25 |[20]
GCE
CNF array modified GCE |CNF array [SWV (120 T 10100 |1 04 |1 0.04 |[[58]
Pd NPs / porous activated |Pd/C DPV |not 56-1440|104-4640 (4.6 (104 |1 T [43]
carbon modified GCE mentioned
Porous bismutitarbon Bi SWV |300 1-100 |1-100 06 |06 |[0.2 0.15 |[59]
nanocomposites electrode
Bismuth bulk electrode Bi SWV |180 10100 |10-100 |(0.54 |0.93 |0.112 |0.125 |[60]
Bismuth citrate modified SP|Bi DPV |120 5-40 10-80 1.1 (0.9 |0.028 |0.04 |[61]
Bismuth coated microband |Bi SWv (120 5-45 T 13 |i 0.01 |1 [62]
SPE
Bi nanoparticle porous carb(Bi SWV 120 5-100 (5-100 21 |3.9 |0.024 |0.025 [[63]
composite SPE
Disposable BiOs SPE Bi2Os SWV [120 10150 |10-150 |5 10 0.013 (0.0085 |[64]
On-chip sensor with silver |Ag SWV |300 T 1-1000 |1 055 |1 0.028 |[65]
electrode
Bismuth Screen printing Bi SWV 120 T 5-100 T 1 T 0.17 |[16]
microfluidic sensor
MWCNT and graphite MWCNTs |[SWV [240 5-150 |[5-150 1 1 0.0066 [0.0068 |[66]
powder modified screen
printing sensor
Bi20s modified screen Bi2Os SWV (300 20-100 (20-100 (1.5 (2.3 |0.065 |0.0022|[67]
printing sensor
Screen printing (Graphite in|Graphite [SWV (120 10100 |10-100 (11 7 0.015 [0.0025 |[8]
microfluidic sensor ink
On-chip microfluidic channelBi SWV |Cd: 90 28280 |25400 (9.3 |8 0.065 (0.0022 ([9]
sensor using Bi electrode Pb: 60
Microfluidic carbon based [None SWV |Cd: 60 5-500 |5-100 1.2 (1.8 |0.101 |0.101 |[this
sensor (UCS) Pb: 180 6y |(6) work

CNF: carbon nanofiber; GCE: glass carbon electrode; SPE: screen printing electrode; MWCNT: multiwall carbon nanotube;
SWV: square wave voltammetry; DPV: differential pulse voltammetry.
aThe sensing sensitivity is expressed as the slope of the calibration plot.

bDetection limit in the simultaneous detection ofCahd PB*.

433 Si mul t aneous 2daentde?c”Rbi on of Cd

The performance of the pCS for simultaneous detection &f &l PB* was also evaluated.

The measurements were carried out in 0.1 M acetate buffer solution (pH = 4.6) contained
Cl*and PB*by firstly holding the deposition pc
anodic stripping. The reductive deposition time is fixe@ ein for simultaneous detection of

both metals, in order to ensure that SWASYV signal for Pb is strong enough for quantification
analysis. As shown ifigure 4.4a stripping peaks for Cd and Pb slightly overlap with each

other and detection limits for Ho ions are worse than their corresponding individual
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detection. Similar peak intensity is obtained for Pb by comparing with the individual Pb
detection. However, the peak intensity of Cd decreased in comparison with the individual
analysis. This phenomenanay arise from the competitive adsorption of Gthd PB* on the

surface of graphite foil, which leads to a reduction in the stripping peak intensity of Cd. Due
to the overlap between these two stripping peaks, peak deconvolution was applied by using a
Gaussian | ine shape, in a hope to obtain t
ion. We found that calibration plots obtained on the basis of apparent or deconvoluted peak
current gave quite comparable slope (0.11 for Pb; and 0.05 for Cd)omg minor
differences in interception (0.1 pA for both metals) can be observed. Therefore, in principle
both apparent or deconvoluted peak current can be used to quantify the heavy metal
concentration, and for simplicity we chose to use the appagaktqurrent later on. The slope
changes in calibration plots, shownHRigure 4.4b, indicate that there are some interactions
between C# and PB* deposition process. Nevertheless, these two ions could still be
simultaneously detected within the lineanga from 20 to 100 pg/L by using pCS devices,

with the detection limit of 6 pg/L for both metals. It should be noted that the uCS device
actually still holds the potential to exhibit further improved sensing sensitivity for
simultaneous detection by simpiycreasing the deposition time, given that recommended
deposition time is as long as 10 min for some commercial available screen printed electrodes

for heavy metal detection [68].
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Figure 4.4 Square wave voltammograms for simultaneous detection ©fadd PB* in 0.1
M acetate buffer on uCS (a). Linear correction from 20 to 100 pg/L fét &l PB* (b).
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434 Det ect i?daan ®dFPCdcommer ci al mi neral water

In order to test the sensing performance of these pCS devices under more complex conditions,
attempts herein were made to use commercial mineral water, which contdi(tlsO8ang/L),

K* (13.3 mg/L), Mg@" (28.6 mg/L), C&" (175 mg/L), C! (128 mg/L), sulfate (31 mg/L) and
bicarbonate (706 mg/L) according to its specification, as a practical saongleefdetection

of Cd?* and PB*. Prior to the measurement, the bottled mineral water was used to prepare
acetate buffer solution (0.1 M, pH = 4.6). It can be seen that no stripping peak for efther Cd
or PI¥* can be detected for the pristine mineral evatample Figure S4.3. However, clear
stripping peaks can be seen on the mineral water samples with intentionally adtied Cd
PI?*. The peak intensities were increased proportionally with the concentration of both metal
ions from 10 to 50 pg/L, and thealculated concentrations by using the calibration plots
(Figure 4.3b, d are consistent with their nominal values (i.e., 10 or 50 pg/L), as listed in
Table 4.2 Based on these results, we can draw two conclusions that: 1) There is no or little
amount (bw the limit of detection) of these heavy metals in this commercial mineral water;
2) The presence of various mineral ions in the commercial mineral water imposes little effect
on the sensing performance of the uCS, again demonstrating the great pobsipeqCS to

be used in practical sample analysis.

Table 4.2Determination of C# and PB* in commercial mineral water by using the uCS

Actual Concentratioh(ug/L)? Calibrated Concentratidr(ug/L)P
Sample [Cd¥] [PL?] [Cc] [P
Mineral water 0 0 Not detected Not detected
Mineral water10 10 10 108+1.1 10614
Mineral watef50 50 50 51.9+29 50.3+2.7

aThe concentration reached by addingGuhd PB* into the mineral water.
bThe concentration calculated based on the calibration plot shown in Figure 4.3b, d. At least three measurements were

conducted to determine the standard deviation.

435 I nfluence of i na*emd%®bthegctiioms on Cd

In order to test the selectivityehaviour of pCS toward Gtland PB* detection, B&, Mn?*,

Zr?t, Fe*t, Ca*, Ni%*, Fe* and C@* were chosen as interfering ions. The standard reduction
potential of these ions is shownTiable 4.3 Acetate buffer (pH = 4.6) containing 100 pg/L
Cd?* or PI?* together with 5 mg/L interfering ions was tested by using the uCS. In principle,

ions with higher reduction potential could affect the detection of ions with lower reduction
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potential. For example, the existence of CiNi%*, Fé* and C&" may have nfluence on the
electrereduction process of €t In order to investigate the influence of interfering ions on
Cd?* detection by using UCS, the 8 interfering ions were divided into 4 groups?™,)\da*,

Zr?*, Fe*, which have lower reduction potentthlain Cd*; 2) Co**, Ni?*, which have similar
reduction potential; 3) F& and 4) Cd". Figure 4.5ashows the influence of interfering ions
on Cd* detection, which clearly shows thatBavin?*, Zr?*, F&*, Co?*, Ni?* and Fé* do not
have much influenceroCc* detection, even their concentration is 50 fold higher thafi.Cd
While CU* has an impact on Gtldetection maybe because of its oxidation property. For real
applications, thus it becomes necessary to choose the appropriate calibration plotg@ézordin
the absence/presence of the stripping peak characteristic of the interfering idti. &ir@itar

results could be obtained on?detection against interfering ions, as showRigure 4.5h

Table 4.3Standard reduction potential of €dPl¥* and interfering ions [69].

Half reaction Sti)”ocigact'i;??\l;)ctlon
#O0 cA°#0 0.337
&A oAo&A :0.04
0OA GA°O0A 013
. E c¢A° . E 0.25
#1  cAO#I -0.28
#A QAo #A :0.40
&A A0 &A 0.44
1 Ao 0.76
-1 cAo-1 118
"A CAS" A 2.91
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Figure 4.5Influence of interfering ions on €t(a) and PB" (b) detection. The concentration
of CcP* and PB* was 100 pg/L. The concentration of each interfering ions was controlled at 5
mg/L.

436 Il nfl uence of 3D cocnhfaingnuerlati on and paper

To study the influence of the newly introduced 3D sandwich configuration, a sensor with a
2D configuration was prepared. Similar to the design of some commercial screen printed
electrochemical sensors, 3 electrodes are parallel to each other and lisam#éa&orizontal
plane, while the microfluidic channel is placed across the three electrodes (as illustrated in
Figure S4.4. However, in contrast to the 3D configuration the 2D one always lead to rather
small current signal and can hardly be used to teteg trace amount of heavy metals
(Figure S4.4. The poor performance of the 2D structured pCS would originate from the
small amount of analyte solution being used for the analysis and relatively long distance
between electrodes, which would cause sigaift resistance between WE and RE (solution
resistance) and the inefficient electric field between WE and CE for metal ion migration and
deposition. This drawback seems to be overcome by the 3D configuration, where WE and CE
facing each other and electrtdygoing along the microfluidic channel between these two

electrodes.

We also made attempts to study the exact role of the paper channel in the uCS device. To
achieve this, a drop of analyte (200 uL) was added to gap between the working electrode and
reference electrode. This droplet stays well between these two electrodes because of the large

surface tension of water on the graphite foil. However, detection of 100 ugfLo@er this
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stagnamanalytedesign sensor gives weak stripping peak intensity (4, mhich is much

lower than the value obtained in microfluidic configuratiéig@re S4.5. After introducing

paper channel into the sensor, which change the stagnant analyte into fluidic one, the SWV
signal increased from 4.0 to 11.5 pA, as showrFigure S4.5 Therefore, besides 3D

structure, the paper channel is another key point in the sensor design.

~

437 Stability and reproducibility of the OCS

The reusability is a highly desirable feature for a sensing device, which might result in
significant cost and wse reduction during the field analysis. For this reason, the
electrochemical stability/reusability of the uCS was studied by subjecting a single uCS device
to 10 repetitive SWASV measurements for detecting'@dd PB* with concentration of 50

and 100 pd-, and the current response is plotted against the cycle number, as shown in
Figure 4.6. Three sensors are studied in each stability test. It can be seen that the anodic
stripping current shows negligible drop after 10 times repetitive measurementdesgarfd

the type/concentration of metal ions, demonstrating the great robustness of these uCS devices
for heavy metal detections. Specifically, the signal drops by 6% and 9% for 50 and 100 ug/L
Cd detection, respectively. The signal drops by 6% and 13%bGoand 100 upg/L Pb
detection, respectively. After 10 repetitive measurements, the stripping current would
gradually decrease with further increasing the cycle numbers, which is stemming from the
depletion of the analyte within the sampling sponge. Consglethat for practical
application, it is less likely to frequently reuse these portable devices due to its low cost and
possible crossontamination from different samples, no further attempt was made to increase
the cycle number by refilling the samgirsponge. In addition to the superior stability of a
single device, the good reproducibility of the uCS has already been reflected by the small
relative standard deviation (5%) over at least four independent measureméigsie 4.3).
Attempt was also ntke to investigate the electrochemical sensing capability ofrad8iified
electrode (denoted as-BVE, WE modified with a mixture ink of BD3z powder and carbon
black). Firstly, we investigated the effect of loading amount ofOBiwithin the
electrocatalgts on the electrochemical sensing performance by varying the loading from 2
wt% to 50 wt%, and found the highest stripping peak current can be obtained at the loading
around 25 wt%, which was later used for further investigation. Surprisingly it was floaind

the current response differs significantly from one electrode to another, and is highly sensitive
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to the exposure time of the-BVE in the air Figure S4.7). Firstly, it can be seen froffigure
4.6cthat the stripping peak current on freshVBE is actually ca. 25% higher than that on the
modifier free uCS, demonstrating that in principlerBodified electrode could exhibit higher
sensitivity for Cd detection. Secondly, the SWASV signal decreases by 43% relative to its
initial value after exposing thi-WE in air for only 5 min, and it is further decreased by over
67% when the air exposure time is expanded to 30 min. Although the deactivation mechanism
of the BFWE is still not fully understood, it can be seen that thdefined initial status of th

Bi-WE would lead to scattered current response in electrochemical sensing measurement. In
contrast, the sensing performance is rather consistent over different graphite foil WEs free
from any surface modifierd={gure 4.69. We believe that these resuéisho the importance

of elimination of surface modifier in developing high performing sensing platform with
superior stability and reproducibility.

—~15 -_a) 16 c) Bi modified WE

< L 100 pg/L Cd** B Bl Vodifier free WE
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S [ 12

5 S

O i L

o

-
(@)}

Current (nA)
(o]
|

[ 100 ug/L Pb*

|

Current (pA)
o O
L] l L]

M B SRR 0
2 4 6 8 10 0 min 5 min 30 min
Cycle number Air exposure time

-
-
—

Figure 4.6 Stability measurement under concentration of 50 and 100 pg/L 8f(@Hand
P (b). Sensingerformance of graphite foil WEs with and without®§ modification for
Cd?* detection after being exposed in air for a certain time (c).

438 Structural analysis of the graphite foil

To probe the possible structural change of the graphite foil, Ramamaspere captured on

the graphite foils before and after the electrochemical measurements. As shogurend.7,

three characteristic peaks at 1350 cm, 1580 cm and 2716 cm can be clearly resolved, which
refer to disordered carbon structure-ifBnd), grapite structure (&and) and secoraorder

doubler esonant s c at t eband)nrgspectimely.grheaigemticat Ramafh §o@ctra
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recorded on these two sample indicate that graphite foil is rather robust during the
electrochemistry measurement. Speclficahe intensity ration of the D band and G band
(ID/IR), which is usually taken as an indicator of the graphitization degree for a carbon
sample, is also comparable (0.04) on the graphite foils with and without experiencing the
electrochemical measurents. These results confirm that the graphite foil has a high
graphitization degree, and is chemically stable during the electrochemistry measurement,
which could rationalize the aforementioned well reproducible performance of the uCS device

in the repetitve heavy metal sensing.

Pristine GF
GF after EC measurement |

Intensity (a.u.)

Gl
|
- D \ -
L A :‘L‘\' LAY fﬂ..~]. ;_,.nhﬁﬂ‘»{u".l' ;‘:1".;"

1500 2000 2500 3000
Raman Shift (cm)

Figure 4.7 Raman spectrum for graphite foil (GF) before and after electrochemical

measurements.

We have demonstrated that the modifiere graphite foil is capable for heavy metal detection
with high sensitivity, low detectiolimit and wide linear calibration region. While as it is still

not well understood why the inherently less active pristine carbon, i.e., graphite foil, could
provide sufficient sites for the pamncentration of metal ions. To explore the nature of active
sites for electrodeposition of metal ions on the graphite foil, we conducted SEM analysis on
the graphite foils before and after electrodeposition &f.G&s shown inFigure 4.83 firstly

it can be seen that the surface of graphite foils consisting efcorinected flakes. After
electrodepositing of Cd, spherdike particles (Cd or CdO) can be clearly seen on the surface
of graphite flakesKigure 4.8b). Interestingly, it can be found that majority of the particles
are selectively located at the edgesipon of the graphite flakes, as illustrated by the marked

squares inFigure 4.8b. These results demonstrate that edge surface positions of graphite
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flakes, where the carbon atoms have lower coordination number, could be more active to
catalyze the eleatdeposition of metal ions, and provide the basis for graphite foils to be
directly used as WE for heavy metal detection. This phenomenon is actually not surprising,
considering that it has been well documented that electrochemical reaction at graphite edge
sites is preferential as the kinetics of bond formation at basal plane sites is much slower than
at edge/defect sites [70]. Nevertheless, as shown previously, the properly designed sensor

configuration is also a necessity for achieving high sensing peafare of these pCS

devices.

Figure 4.8 Representative SEM images of pristine graphite foil (a) and graphite foil after
electroreductive deposition of Cd(b). The square areas which are magnified-in b2, b-3
and b4 indicate that the electrodeposited Cd species are selectively located at the edge

positions of graphite flakes.

44 Concl usi on

A heavy metal electrochemical sensor assembled by using grdphitend paper was
developed, which is capable to detect heavy metal ion® é8d PB") with wide linear range

and low detection limits. The sensor is modifiexe, low cost, reusable and easy to fabricate,
which would benefit from the combined micnafiic configuration and novel 3D electrode
layout. We also disclose that the graphite foil comprising of graphite flakes with abundant of
edge sites could favour the metal deposition, thus providing a simple block material to be
used in electrochemical ssors. This easy handling method could provide some new ideas for
other portable electroanalytical/sensing systems.
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Suppotnfogmati on

1. Assemble of the microfluidic carbonbased sensor

[ 35 mm

a) | b)
5 mmI WE (graphite foil)
2 mm T BTSN

— 15 mm —

10 mm| Ne=

5 mmI

Paper channel WE Paper channel

ped uondiospy

Figure S41 Top view of the sensor. (a) Working electrode (WE), reference electrode (RE),
counter electrode (CE), paper channel and adsorption pa¢d)(®cheme for the sensor

assembling process.

2. Optimization of SWASV parameters and dtection of heavy metal ions
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Figure S4.2The calibration plots for Cd (a) and PB" (b) at concentrations ranging from 5 to

1000 pg/L. It can be seen that the linear range fo" Can be extended up to at least 500
ug/L. However, for PB', the currentwould deviate from the linear plot at concentrations
above 100 pg/L.
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Figure S4.3 Square wave voltammograms for €da) and PB" (b) in the commercial

mineral water with and without intentionally addec?Cahd PB*.
3. Determination of detection limit

Detection limit O {) was calculated by the following equation [1]:

Whered is the concentration of the high sample;is the concentration of the blankDis
the raw intensity of the high sampl@is the raw intensity fothe blank;, is the standard

deviation from 4 measurements of the blank.
4. Optimization of sensor configuration

Inspired by the ideas from the screen printing sensor, the sensor in our work was initially
designed into a 2D configuration, as showrFigure S4.4 CE, WE and RE are parallel to

each other on the same horizontal plane and analyte flows along the paper channel over the 3
electrodes, as shown iRigure S4.4a However, this configuration always leads to weak
signal Figure S4.4h, which may le caused by the high resistance between WE and CE as

well as low current efficiency during deposition process.
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Figure S4.4(a) Microfluidic carbon based sensor assembled in 2D configuration. (b) Square

L
1.0 09

wave voltammograms for 100 pg/L €dby using 2D structured sensor.

Attempts were also made to directly use the graphite foil as working, counter and reference
electrodes in a conventional electrochemical cell containing 20 mL analyte. In this
electrochemical cell test, the SWV signal of 10§/L CcP* reaches 12 pA, as shown in
Figure S4.5 This result is comparable that obtained in the microfluidic carbon based sensor
(11.5 pA).

12 —cell
fluidic analyte
10 stagnant analyte

(=]

Current (pA)

-1.0 -0.9 -0.8 -0.7 -0.6
Potential (V)

Figure S4.5Square wave voltammograms for 100 pg/L?Taly using electrochemical cell
test (black line), fluidi@nalyte in 3D structured sensor (blue line) and stagnant analyte in 3D

structured sensor (red line).
5. Effective surface area of WE in the uCS

To investigate the effective surface area of WE in the uCS, we have made attempts to
change the area ofdHWVE from 0.1 to 0.75 ctlt turns out that little change in the stripping
voltammetry curves can be observed when the area of WE is large than 8.25 cm

53



5x2 mm
5x5 mm
5x10 mm
5x15 mm

Current (pA)

40 09 08 07 06
Potential (V)

Figure S4.6Square wave voltammograms for 100 ug/L>Qay using uCS with different WE
size.

6. Sersing performing of Bi2O3s modified working electrode

Bi-Oz modified working electrode was firstly prepared by dropping the mixture ink-(¥Bi

and carbon black (Vulcan %Z2) onto graphite foil [2]. After drying in air, the as prepared
WE was tested in aooventional 3electrode electrochemical cell, with graphite foil as
counter and pseud®ference electrode. One of the main drawbacks Bnodified carbon
electrode lies in its instability, as shownRigure S4.7 After exposing WE for 5 min in air,

the anodic stripping voltammetry peak current drops by 43%. The detection activity is only

34% of the initial activity after exposing the WE in air for 30 min.

16 |-

— initial
after 5 min
after 30 min

-—
[ V)

Current {(uA)

-1.0 0.9 -0.7 0.6

-0.8
Potential (V)
Figure S4.7Square wave voltammograms by using@imodified carbon electrode for €d
detecton.
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Abstract

Pape-based microfluidic fuel cells emerge as a promising clean energy sources for small
scale electronic devices, while their brdzased applications require a comprehensive
understanding of their structuperformance relationships. Here in this work, wedena
attempt to identify the key structural parameters that impact the overall performance of paper
based microfluidic fuel cells. The influences of fuel crossover, cell resistance, limitations
from both anode and cathode, and in particular microfluidic rpelpannel properties have
been systemically investigated and optimized toward the best practices. Among various
structural parameters, we unravel for the first time that the overall performance of these
paperbased microfluidic fuel cells is largely depemd on the textural properties of
microfluidic paper channels. By correlating the fuel cell performance with the unambiguously
determined flow rate of electrolyte within different paper channels, we found that a greater
flow rate which is achieved by usimgaper with larger mean pore diameter, could result in
higher peak power density and open circuit voltage. This performance enhancement would
benefit from minimized reactant depletion near electrode surfaces and suppressed fuel
crossover. Technically, arpen circuit voltage of 0.86 V and a maximum power density of
7.10 mW/cm can be achieved on a single cell (fuel: 4 M KCOOH; oxidant: air; electrolyte: 1

M KOH; catalyst: 0.2 mg/cmPd/C on 0.15 cigraphite foil), and the maximum power
output can be sustad for at least 1 h. The fuel cell power can also be easily increased
proportionally when connecting two or more cells in series, which makes thesedasper
microfluidic fuel cells capable to power various electronic devices with different power

requrements.

Keywords: Fuel cell; Paper microfluidic; Paper texture; Flow rate; Depletion effect

51 1 ntroducti on

There is a growing demand for smadlale energy sources due to the emergence of portable
and disposable electronics, especially single devices diagnostic and sensing fields, e.g.,
blood glucose analysis, ahip disposable sensor, iontophoresis therapy, pregnancy {est [1

4], where button cells are commonly used as energy sources. However, the disposal of these
button cells after shottime u® often causes energy waste and environment pollution [1, 3,

5]. Recently, Liion and Zn/MnQ based thirfilm batteries have also been developed for low
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power disposable electronics, but the production and disposal of these batteries have raised
serious cacerns about their adverse effects on human health and environment [6, 7].
Therefore, it is highly desirable to develop some miniaturized power supply platforms which
can not only be integrated into small electronic devices but also have minimum implaet on
ecosystem. To cope with this demand, microfluidic fuel cells emerge as a promising energy
platform due to their features of being environmieieindly, lightweight, fully disposable and
costeffective [4, 8]. Moreover, the high energy density of fuelscmakes them prospective

in commercial application to meet the great demands in clean energy sources for disposable

electronics [4, A1].

In a microfluidic fuel cell, anode and cathode streams converge in the same main channel and
flow in parallel to @ch other at low Reynolds numbers (i.e. laminar flow) with no significant
turbulent mixing [1221]. Due to the laminar flow, reactions can take place independently at
anode and cathode in a microfluidic fuel cell without a physical membrang@rDH ) are
transferred by diffusion from anode (cathode) to cathode (anode) through the interface of both
streams, as shown Figure 5.1 This membraneless microfluidic fuel cell concept was first
proposed by Whitesides et al. in 2002 [18]. In their work, two regpatreams, the anolyte

and catholyte flow parallel to each other controlled by using syringe pumps. An open circuit
of 1.52 V was obtained at a flow rate of 25 uL/s based on vanadium redox couple. Later on,
the membraneless microfluidic fuel cells hdneen demonstrated by using different electrode
catalysts, e.gnoble metal catalysts (Pt, Pd, PtRu alloy, Au), catbased catalysts (graphite,
porous carbon, muHialled carbon nanotubes), as well as various fuels and oxidants, e.g.,
vanadium compoundsnethanol, formic acid, hydrogen, potassium permanganate, peroxide,
oxygen, air in both acid and alkaline solutions-P&. Among all the design of microfluidic

fuel cells, one of the key points lies in the control of fluid behavior, typically in a
submllimeter scale. Conventional microfluidic devices require highly precise pumps and
pressure control units to drive small amount of fluids [2, 30]. However, uses of pumps cause
extra electric energy consumption [21], and at the same time make it challaéonging
miniaturize the whole device for portable applications [31]. A solution toward these
drawbacks was proposed by Esquivel et al. by demonstrating the firsthzeeel self
pumping microfluidic fuel cell in 2014 [8]. Their work shows that when implenakirie
paper, microfluidic fuel cells benefit from the capillarity as reactants flow laterally within the

paper channel without any external assistance. A maximum power density of 4.4 frafvcm
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an OCV of 0.55 V were obtained using methanol as fuel on #psrpased microfluidic fuel
cell. The intrinsic porosity of paper enables the spontaneous capillary flows within the paper
channels, making paper an ideal platform for microfluidic devices without the need for the

expensive auxiliary equipment [8,-33].

Figure 5.1 Scheme of the microfluidic fuel cell.

nlet (oxidant)

Many efforts have been made to improve the performance of microfluidic fuel cells by
varying electrode catalysts, electrolyte, redox chemistry, and cell configurations [25, 27, 28,
39-44], while systematic structuqmerformance relationship of the pajesed microfluidic

fuel cell is still lacking. For a conventional microfluidic fuel cell, there is a lack of
engineering solutions for important functions such as integration of fuel and oxidant storage,
waste handling, and lowower mi edracseuwi ddliveny dusing integrated

mi cropumps and microvalves [45]. Thus the
system, including auxiliary equi pmevrbasedand |
microfluidic fuel cell, the electrolyte microfluidibehavior is supposed to play a key role in
determining the device performance. The microfluidic behavior within the paper channels is
affected not only by the intrinsic properties of the solutions (e.g., surface tension and
viscosity), but also by paperqgperties (e.g., fiber origin and pore size) as well as geometry
and surrounding conditions (e.g., temperature, humidity) [39, 42, 46, 47]. Among these
parameters, the paper properties are supposed to play an essential role in the flow control,
which deternmes the final performance of a pajxrsed microfluidic fuel cell. However, the
influence of paper properties on the electrolyte flow behavior and microfluidic fuel cell

performance remains unelucidated.

59



To this end, in the current work, pagssed miasfluidic fuel cells featuring lightweight,
thinness, and cogiffectiveness were fabricated. Fuel cell tests were carried out using formate
as fuel, O2 from air as oxidant, and KOH solution was used as the supporting electrolyte. The
electrochemical reacths taking place in this fuel cell are described by the following
equations{.2) 1 (5.3):

Anode: O0 00 000060 ™0 ¢Q 0 P8t Yo (5.1
CathodelOU pfc0 ¢Q © ¢0 O 0O ™ W (5.2
Overal: 0600 pfcO ©060 0O O p8 Ww (5.3

The influences of the fuel crossover, limitations at cathode and anode, concentrations of
fuel/oxidants, and @cially the properties of microfluidic paper channels on the obtainable
power density were investigated and shown point by point. This allows to gain insight into the
best practices for constructing higlerforming papebased microfluidic fuel cells. It
discloses that the overall performance of these pagsed microfluidic fuel cells is mainly
limited by the depletion of fuel/oxidants at the electrodes, which can be rationally regulated
by tuning the electrolyte flow rate using paper channels withrdiitetextural properties. We
believe that these findings may have great implications for understanding the microfluidic
behavior of electrolytes on paper and assist the design and application ofbasger
microfluidic fuel cells, and then could be expaddo other papdrased microfluidic devices.

52 Experimental section

Material and chemicals.Potassium hydroxide (Alfa Aesar), potassium formate (Alfa Aesar),
Pd/C (10 wt. %, type 487, Alfa Aesar), hydrogen peroxide (35%, Acros Organics), hew
coccine(SigmaAldrich), indigo carmine (Sigmdldrich), ethanol (99.8%, VWR) and Nafion
solution (5 wt%, Sigmaldrich) were all analytical grades reagents and used as received
without any further purification. Graphite foil was purchased from Sigraflex. Filipem
(grade 410, 413, 415, 417) was purchased from VWR. All the solutions were prepared by

using doubldistilled water.

Device fabrication. A piece of graphite foil with thickness of 0.5 mm was firstly cut into

rectangular shaped pieces with 20 mm in terapdoomm in width & = 2.5, 5, 10, 15), and
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then cleaned with ethanol and deionized water under ultrasonication. PMMA substrate was
cleaned under the same protocols as graphite foil. A catalyst ink (30 mg/mL) was prepared by
ultrasonic dispersion of Pd in water. A certain amount of suspension was carefully
deposited onto the graphite foil covering an areaxafiBy (x = 2.5, 5, 10, 15). After dried in

air for 30 min, a certain amount of Nafion solution was carefully casted onto the catalyst layer
to prevent any catalyst detachment, and then the electrodes were air dried for 30 min at room
temperature. The Pd loading on the graphite was varied from 0.033 to 0.20%ayidnthe
mass ratio of Pd to Nafion i s fshaged deonsetry 150
using a custormade die to serve as-laiminar flow channel with two inlets. The design and
dimensions are detailed Figure S5.1 The Y shaped filter paper was placed on the PMMA
substrate for easy operation, and then electrodes weredptaenmetrically on the paper
channel. Tape was used to fix the electrodes onto the substrate. The gap between anode and
cathode electrodes was controlled at 2 mm. Electrodes with four different widths (i.e., 2.5, 5,
10, 15 mm) were used for constructingcrofluidic fuel cells. For comparison, their current

and power were normalized to the projected geometric electrode active area (EAA, i.e., 3x2.5,
3x5, 3x10, 3x15 mA), which is defined as the overlapping area between the catalyst coated
graphite foil andhe paper channel. A quartean shaped absorbent pad was placed at the end

of the paper channel. Fuel cell tests were carried out using KCOOH as fudepOair as
oxidant, and KOH solution was used as the supporting electrolyte for both anolyte and
caholyte. The anolyte (mix solution of KCOOH and KOH) and catholytegainrated KOH
solution with oxygen concentration of ca. 0.028 mM) were added into two sample vials to

serve as oxidant and fuel reservoirs, respectively.

Electrochemical measurementsElectrochemical measurements were carried out on a-PMC
1000 multichannel potentiostat (AMETEK) controlled by Versastudio software. The device
was placed horizontally and two ends of the Y shaped channel were separately and
simultaneously immersed in theaate and cathode reservoirs, and then anolyte and catholyte
begin to flow sideby-side spontaneously in a laminar way. After open circuit voltagd (V

gets stabilized, the cell resistance between anode and cathode electrodes was determined by
conducting te AC impedance analysis (10 kHz, 10 mV). The vokageent (\)
measurements were then carried out by linear potential scanning from open circuit voltage to
10 mV with a step height of 20 mV at 2 s intervals. To probe the operation durability of these

paperbased microfluidic fuel cells, chronoamperometry) (neasurements were carried out
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for 1 h at 0.4 V, at which potential microfluidic fuel cells regardless of paper channel types
can approximately reach their peak power. For each condition, the nereasis were
conducted at least four times by using different fuel cells (cell numidgrto generate the

error bars (defined as the relative standard deviation).

Structural analysis. The morphology of the four types of VWR filter paper was investigated

by using Scanning Electron Microscopy (Philips XL30 FEG) operated at an accelerating
voltage of 30 kV. The thickness of the paper materials was measured by using a ProGage
Thickness tester (Thwinglbert). The paper textural parameters including porosityrapan

pore diameter (characteristic length) were adapted from the product specification of the

manufacturer (VWR).

Flow rate measurements.Flow rate of electrolyte within different paper channels was
measured by monitoring the mass gain of the adsoftemhtover time using an analytical
balance. A digital webcam (Logitech C920 PRO HD) was used to record the readings of the
balance. As shown iRigure S5.2 the two inlets of the haped channel were immersed in

two reservoirs out of the balance, and #éhsorbent pad was placed on the balance. The two
reservoirs were filled with catholyte (1 M
and 2 M KCOOH, 1.135 g/ mL at 20 ), respec
weighting 1.000 mL solution. Ehbalance was tared immediately when the liquid front
reached the adsorbent pad. A steady weight increase can be observed until the adsorbent pad
being fully saturated by the electrolyte.
solutions from th@éwo reservoirs was used when the mass (g) of the electrolyte on adsorbent
pad was converted into volume (mL). The volume (mL) of the electrolyte on adsorbent pad
was then plotted against time (min), and linear regression was used to determine the

volumetric flow rate.

53 Resul ts and discussi on

The performance of papéased microfluidic fuel cells is determined by the interplay of a
wide range of structural parameters, including electrode layout, concentrations of electrolyte
and reactants, catalyst loadingslgroperty of paper channel materials which is the focus of
the current study. Before we can unambiguously correlate the paper property with fuel cell

performance, firstly, the influence of the other structural parameters and their associated
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physicochengal properties (e.g., fuel crossover, cell resistance, limitations of electrode
reactions) are studied and the fuel cell configuration is to be optimized. Secondly, the
influence of the paper channels will be investigated based on a configurationallyzegtim

fuel cell, and the correlations between the textural properties of paper materials and the
electrolyte flow rate as well as the fuel cell performance will be deduced. Thirdly, the
practical application of papdrased microfluidic fuel cells for eleotnic devices with varied

power requirements will be demonstrated.

531 Optimization of fuel <cell configurations

Fuel crossover effectThe slow kinetics of oxygen reduction reaction (ORR) is considered to
be one of the major limitations in conventional pogr electrolyte membrane fuel cell (48

52]. Although ORR has a faster kinetics in alkaline than in acidic electrolyte, one of the major
challenges for conventional alkaline fuel cells lies in the development of anion exchange
membranes [555]. Nevertheles the membrane can be completely omitted in a gagsed
microfluidic fuel cell device, which enables us to take the full advantage of faster ORR
kinetics in alkaline electrolyte. However, due to the lack of a physical barrier between the
anode and catlie, fuel crossover from anode to cathode seems to be inevitable, which might

result in a mixed potential at the cathode and consequently a power loss in the fuel cell [19].

In order to obtain a clear picture of the crossover effect-tédrbinar flows wihin one single
microfluidic paper channel, two dye solutions with different colors (red: new coccine, blue:
indigo carmine) were used to mimic the flows of anolyte and catholyte, respectively. The flow
test was carried out by placing the two ends ofsté&ped paper strip into two dye solutions,

and the imbibition of solutions in the paper channel was recorded as the time elapsed from 0
to 600 s, as shown iRigure 5.2 It can be found that the majority of the dye solutions flows
separately along the chamméthout any significant mixing. At the same time, cross diffusion
(crossover) can also be observed at the interface of the two streams, and the cross diffusion
zone becomes broader along the flow direction, which is consistent with the simulation results
[15, 47]. These results indicate that the crossover indeed takes place at the interface of the two
streams, and therefore the influence of the fuel crossover on the performance of microfluidic

fuel cells needs to be properly investigated.
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300 s 600 s

Figure 5.2Bi-stream laminar flow on a-ghaped paper (grade 415) channel.

To study the crossover effect, anode and cathode were first placed separately with varied
distances along the electrolyte flow direction, as showsiganre S5.3a The intention of this
designis to facilitate the fuel to be consumed at the anode before reaching the cathode, in a
hope to minimize the fuel crossover effect by preventing the oxidation reaction of fuel at the
cathode. However, as shown kigure S5.3bc, the longer distance betweemode and
cathode electrodes, the lower peak power density of the fuel cell. The worse performance
likely arises from the cell resistance gain between anode and cathode when increasing the
distance between these two electrodes. As shovamgure S5.3¢ the cell resistance (ohmic
resistance) which is determined by conducting impedance analyses is increased by a factor of
over 3 along with the relative distance of anode and cathode. The inflation of this ohmic
resistance would give birth to the loss of faell power [56]. Similar phenomenon was also
found in pumpbased microfluidic fuel cells. For example, Sung and coworkers found that
increasing the relative distance between anode and cathode electrodes from 1 to 100 mm
resulted in a 26% drop in peak paw24]. In view of this, the anode and cathode electrodes
were placed in a symmetrical configuration on thehéped paper channel for the subsequent
investigations. Secondly, in order to study how strongly the observed mixing and thus fuel
crossover reducthe fuel cell power density, the distance of the electrodes from the splitting
point of the ¥shaped paper channel was varied. As the dye study showed, the longer the
distance to the splitting point, the broader the cross diffusion zone. Despite trafiyvis
observed mixing, it was found that the difference in fuel cell performance is within the
measurement error and not influenced by the electrode pair posittpng S5.9, indicating

that the electrolyte cross diffusion is negligible within the stddiistance of up to 2 cm.

64



Influence of cell resistance As discussed in the above section, the cell resistance between
anode and cathode seems to play an important role in controlling the performance of a
microfluidic fuel cell. The cell resistance is nmly affected by the cell configuration, but
also largely determined by the concentration/conductivity of electrolyte. Herein, the
concentration of KOH in the electrolyte was varied from 0.2 to 2 M, and the corresponding
fuel cell performance is comparédigure S5.5. It can be seen that peak power density is
enhanced by a factor of 4 when the KOH concentration is increased from 0.5 to 1.5 M. A
further increase in the KOH concentration shows negligible improvenkéguiré S5.50.

The increase in power dety seems to be strongly coupled to the reduced cell resistance,
which decreased by over 90% by increasing the KOH concentration from 0.2 to 1.5 M
(Figure S5.5. While it needs to be mentioned that a higher KOH concentration can also
promote the anodic fmate oxidation reaction [57, 58], due to the clear link of performance
to the resistance and as the cathodic kinetics are more likely to limit the fuel cell, we believe
that the higher conductivity of the electrolyte shows the main influence here.

While with more concentrated KOH solution (1.5 M) the highest initial peak power
densities resulted, it was also observed that the fuel cell performance becomes unstable and
drops quickly within 5 min, as shown Figure S5. which may arise from the degraidat

of the electrode catalyst/paper cellulose. Based on these results, we can learn that the cell
resistance which is highly sensitive to the electrolyte concentration, plays an important role in
determining the performance of a papased microfluidic fal. In the following
investigations, KOH concentration of 1.0 M was chosen for both anolyte and catholyte as a

tradeoff between low cell resistance and good fuel cell operation stability.

Limitations at the cathode. Since no air breathing electrode is dise these papdrased
microfluidic fuel cells and oxidant (i.e.,2Psolely comes from the naturally dissolved air in
the electrolyte, depletion of the dissolved oxidant at the cathode may limit the obtainable
power density [59]. Herein, the influencem{idant on the performance of these papased
microfluidic fuel cells Figure 5.3 is investigated by varying oxidants in the catholyte
stream. The first attempt was made by saturating the catholyte witly Bubbling pure ©

into the electrolyte reseow, we found that the peak power density of the fuel cell is
dramatically enhanced by 55%. Furthermore, another attempt was made by v®ng H

solution (35%) as the catholyte in microfluidic fuel, and it turns out that the peak power
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density is enhancedyb47% compared to that of the fuel cell using dissolved air, while
fluctuation of the VI curve can be observedrigure 5.3, which might arise from the
formation of gaseous LOduring the HO> decomposition. These results confirm that the
performance of tbse papebased microfluidic fuel cells is largely limited by the cathode
reaction, e.g., the depletion of oxidants at the electrode surfaces. At the same time, it can be
seen that for a given papeased microfluidic fuel cell, its power density can bedively
improved by increasing the concentration of oxidant in the catholyte or varying the redox
chemistry at the cathode. This result is not surprising, considering that increasing the O
concentration in catholyte or introducing stronger oxidizer helse been demonstrated as
efficient methods to boost the cell performance of the conventional-pasedl microfluidic

fuel cells [26, 60]. However, we have to admit that for practical applications, air based
microfluidic fuel cells are much more preferaldue to their overwhelming advantages like
low-cost, operation convenience, clean product and minimum environment impact. Therefore,
despite the room left to further improve their power output, naturally dissolved air is selected
as the oxidant in the fl@wing investigations.
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Figure 5.3 (a) Voltagecurrent measurement and (b) comparison of the peak power of the
paperbased microfluidic fuel cells with different oxidants. The errors bars (defined as the
standard deviation) were generated by conducting fmdependent measurements. (Formate
concentration: 4 M; KOH concentration in anolyte: 1 M; EAA: 3x5 4nRd loading: 0.1
mg/cnt; paper: grade 417).

Limitations at the anode. While we have seen limitations at the cathode side, possible

limitations at theanode side also need to be clarified. It should be noted that these studies
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about the anode limitation are overlaid by the cathode limitation as discussed prior.
Nevertheless, trends for reducing anode side limitations can still be deduced. To investigate
the key parameters at the anode that limit the obtainable power density, the Pd loading on the
electrodes was first varied from 0.033 to 0.20 md/amhile the formate concentration in the
anolyte was fixed at 2 M. As shown kingure 5.4g the peak powedensity increases linearly

when Pd loading increases from 0.033 to 0.10 mg/cim this region the fuel cell
performance seems to be mainly limited by the number of catalytically active sites and
intrinsic reaction rate. When further increasing Pd loadipgo 0.20 mg/ci a plateau for

the power density is reached. The low utilization of the additional added catalyst in this high
loading region could stem from i) a mass transfer limitation from the surface through the
catalyst layer coated on the eleceant ii) depletion of the fuel or oxygen species along the
electrode, hence from the inlet to the outlet. To check for depletion effects, the fuel
concentration was varied for the different Pd loadings. Increasing the formate concentration to
3 and 4 M impses little effect on the peak power density for loadings below 0.10 rg/cm
(Figure 5.4b). While for electrode with higher Pd loadings, an increase in the peak power
density can only be leveraged if the highest fuel concentration is employed. Nevertheless,
this region the increase is under proportional. In order to gain more insights, further attempt
was made to increase the absolute catalyst amount by widening the catalyst coated working
electrode while keeping the catalyst loading fixed at 0.10 nfgissishown inFigure S5.7

the absolute power increases when the electrodes are widened. However, when the electrode
width increases from 5 to 15 mm, the peak power density decreases from 5.33 to 3.24 and
3.60 mw/cn for formate concentrations of 2 and 3 Mspectively Figure 5.49. Similarly,
Thorson et al. reached the same conclusion based onipased microfluidic fuel cells, that

the fuel cells fabricated using shorter/smaller electrodes can usually exhibit higher power
densities for a given flow ratevhich is rationalized by the reduced boundary layer depletion
effect [28]. However, this is not the case when the formate concentration is as high as 4 M
(Figure 5.49, under which condition the power density of the resulting fuel cell stays almost
unchanged with enlarging the electrode size. Both variations indicate that up to a catalyst
concentration of 0.10 mg/cthe depletion of fuel is the limiting factor, which can be avoided

by increasing the fuel concentration. Higher catalyst loading aboven@gléh? seems to

suffer from mass transfer limitation within the catalyst layer and thus not all catalyst can be
used efficiently. This is illustrated clearly gure 5.4dwhich compares the obtainable peak

power vs. total mass of Pd. As presented abiineetotal mass of Pd can be increased either
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by enlarging the electrode size (width) or by thickening the catalyst layer. It can be found that
the former approach can result in a linear increase in the absolute peak power, implying a high
catalyst utilizaibn efficiency. However, following the latter approach, the peak power cannot
be proportionally increased any more when the catalyst layer gets too thick, which is not
surprising since catalyst layer thickening is accompanied by a higher mass transportatio
resistance within the catalyst layer and consequently a lower catalyst utilization efficiency.
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Figure 5.4 (a) Voltagecurrent measurement of pagssed microfluidic fuel cell at different

Pd loadings (KOH concentration: 1 M; formate concentratioi; 2EAA: 3x5 mn?). (b)
Influence of Pd loading on the peak power density at different formate concentrations. (KOH
concentration: 1 M; EAA: 3x5 mfh (c) Influence of electrode size on the peak power
density at different formate concentrations. (KOH conegioin: 1 M; Pd loading: 0.1
mg/cnt; EAA: 3x5, 3x10, 3x15 mA). (d) Influence of the absolute Pd mass on peak power.
Black circle: increasing the Pd mass by thickening the catalyst layer (KOH concentration: 1

M; formate concentration: 4 M; EAA: 3x5 nfjn Red square: increasing the Pd mass by
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enlarging the catalyst coated electrode ( EAA, 3x2.5, 3x5, 3x18) mhile fixing the Pd
loading at 0.10 mg/ctnGrade 417 paper were used for all these measurements.

532 I nfluences of paper channel properties

As discussedn the above section, the overall performance of the gagmed microfluidic

fuel cell is largely limited by the depletion of both oxidant and fuel at the cathode and anode.
The depletion effect can be minimized not only by using more concentrated exafaiibr

fuels, but also by regulating the flow rate of anolyte and catholyte through the electrodes. For
a papetbased microfluidic device, among numerous factors, the flow rate of the electrolyte is
supposed to be mainly influenced by the intrinsic tettproperties of the paper channel. The
prior electrochemistry measurement results were obtained with grade 417 paper, and in the
following section, influence of paper properties on the microfluidic fuel cell performance is
presented by introducing othdéree types of filter paper (grade 410, 413,415) with different

textures.

Textural properties of different paper materials. The microstructure of the paper materials

was first characterized using a scanning electron microscope (SEM). The SEM images in
Figure 5.5 show that these four types of paper are featuring different pore sizes and fiber
densities. For instance, the grade 410 paper exhibits rather dense structure along with
relatively small pore sizes. In contrast, the paper fiber texture in gradpafkr features

more opened structure than the other 3 types of paper and the pore size is significantly larger.
Both the pore sizes and fiber densities of grade 413 and 415 paper lie somewhere between
those of 410 and 417 paper, which is consistent withotldler of their specified mean pore
diameters Table 5.1). The detailed textural properties of these filter papers, including pore
size, porosity, thickness and weight can also be founithbile 5.1 These paper materials

were cut into the ¥shaped piecewith the same size and then assembled into microfluidic
fuel cells. The above optimized parameters including cell configuration, catalyst loading, and

concentrations of formate and KOH were adopted in the following investigation.
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Figure 5.5SEM imageof the VWR grade 410 (a), 413 (b), 415 (c) and 417 (d) filter paper.

Table 5.1Properties of the VWR filter paper

Paper Max. Pore| Min. Weight | Thickness | Porosity
size (um) | Pore size (g/m?) | (um) (%)
(um)
VWR410 | 20 9 80 150 1530
VWR413 | 45 20 73 160 18-36
VWR415 | 50 31 80 160 40-80
VWR417 |50 / 110 147 30-70

Electrochemical performance of microfluidic fuel cells using different papersThe open

circuit voltage (OCV) and peak power density, as two important parameters in quantifying the
performance of microfluidic fuel cells, are comparedHFigure 5.6a for the fuel cells
fabricated using different papers. Their corresponding polanratiomves can be found in
Figure S5.8 It is notable that the fuel cell performance varies sensitively with the paper
types. The fuel cell using the paper that features a larger mean pore diameter can always give
a better performance in terms of both OC\d sneak power density. Specifically, the OCV

and peak power density are increased from 0.55 V, 1.17 m¥ferthe 410 paper with the
smallest mean pore diameter (14.5 pm) to 0.86 V, 5.33 mMéenthe 417 paper with the
largest mean pore diameter (50 umhisTis also the case for pudAmased microfluidic fuel

cells, as reported by Choban and Li based on different cell configurations that a higher flow
rate, which is regulated using micropumps, can also bring about significant enhancement in
fuel cell perfornance, despite much higher flow rates (i.e.,i0136 mL/min) being employed
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during the measurements compared to that of our current-paped microfluidic fuel cells
(i.e., 0.0012 0.0590 mL/min) [19, 60Q].

Besides activity also the influence of theppaemployed on the fuel cell operation stability

was studied. To achieve this, the power output was monitored over time by carrying out
chronoamperometry tests at 0.4 Mdure 5.6b). Firstly, we observed that the activity order

was consistent with the-Vmeasurements, i.e., the paper with larger mean pore diameter can
bring about higher power density; secondly, the power density drop is less than < 9% for all
the paper channels after 1 h test. These results demonstrate that the filter paper materials can
maintain their structural integrity for at least 1 h in presence of the aggressive alkaline
electrolyte, and these pagemsed microfluidic fuel cells exhibit great robustness during

operation, which would be of significance for practical applications.

Correlation between paper material properties and fluid flow rate. Since the capillary

flow rate of a fluid within a porous medium, e.g., a cellulose paper as in the current study, is
directly influenced by the mean pore diameter of the porous mediumreas®nable to
hypothesize that the observed correlation between the fuel cell power and the mean pore
diameter is a resultant of the increased flow rate and thus reduced depletion of fuel and
oxidant [23]. To validate the hypothesis, the actual flow oditelectrolyte within different

paper channels in connection with absorbent pads needs to be properly determined. Given that
the presence of the absorbent pad will greatly impede the attempt to analyze the liquid
imbibition dynamics by visually tracking e¢hfront of the flow, in the current work, a new
method is proposed to unambiguously determine the flow rate of electrolyte by monitoring
the weight gain of the absorbent pad over the liquid imbibition time. The weight gain versus
elapsedime can then betilized to analyze the flow dynamics of electrolyte within different
paper channels, which is summarizedFigure 5.6¢c The mass (volume) of the solution
increases linearly in the first 60 min over the grade 410, 413 and 415 paper channels. As to
the grae 417 paper, the solution mass (volume) also keeps increasing linearly with time at
the initial stage, while deviation from this linear trend was observed after 30 min. The
deviation is caused by the limited capacity of the absorbed pad, as evidenceckietided

linear region by using more absorbent pdegyre S5.9. Linear regression analyses of these
volume vs. time plots were employed to deduce flow rates on different paper channels

(Figure 5.6c and Table S5.3, from which we can see that quasiionary flows can be
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obtained over all these paper channels. This is also in line with the stable power output of fuel
cells Figure 5.6h). As a matter of fact, the liquid imbibition dynamics within a porous
medium (e.g., paper) usually follows the Luddashburn equation, which predicts that the
liquid flow rate will diminish with flow distance and elapsed time [42]. In the current work,

the deviation from the above Lue#gashburn behavior is caused by the presence of the
absorbent pads, which breaks th&swanption of constant cross section for the Lucas
Washburn equation. In presence of an absorbent pad, the capillary flow can be sustained over
time because the liquid can encounter continuously increased unwetted pores as the flow
advanced in the absorbgmd, and this phenomenon has also been observed in other paper
based microfluidic systems [34].

Remarkably, the flow rate of electrolyte is greatly dependent on the nature of paper channels,
as we can see that the flow rate on grade 417 paper (59 plisvainost 50 times higher

than that on grade 410 paper (1.2 pL/min). The difference in flow rate on four types of filter
paper is the reflection of the Darcyds | aw:

A (5.4)

where’ is the flow velocity (m/s), Qis the permeability (), * is the viscosity (Pa-s),

YO TYorepresents the pressure change per unit length (Pa/m). In thebpapdrmicrofluidic

system, the capillarity force is mainly caused by the unwettedspor the adsorbent pad.

Since same adsorbent pads are used to maintain the steady microfluidic flow on different
paper, and all the paper channels are designed in the same geometry, the change of pressure
per unit length is considered as the same. Thexetbe flow rate is positively correlated to

the permeability of the paper, which is approximately proportional to the square of the mean

pore size [61].

In Figure 5.6¢ peak power density for each microfluidic fuel cell is plotted against the flow
rate for comparison. The most prominent phenomenon can be identified is the strong
dependence of power density on the flow r&igyre 5.6d). For a conventional microfluidic

fuel cell, its power output performance can be regulated by directly applying differen

rates using a pump to meet power requirements of different applications. Herein, the current
work demonstrates that the both the flow rate as well as the associated power output of a

paperbased microfluidic fuel cell can also be rationally reguldig choosing paper channels
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with different textures. The strong dependence of power density on the flow rate indicates that
the performance of these microfluidic fuel cells is predominantly limited by the fuel and/or
oxidant depletion near the electroddnich is in accordance with the limitations for anode and
cathode side described prior. Note that the cell resistance differentiates by varying paper in
the microfluidic fuel cell. As shown iffigure S5.1Q the cell resistance decreases when the
pore sizeof paper increases, which indicates that larger pore size helps to increase the ionic
conductivity. Therefore, the highest power density obtained on 417-paped microfluidic

fuel cell may benefit from both the slowest fuel/oxidant depletion and thestowell

resistance.
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Figure 5.6 Comparisons of open circuit voltage and peak power density (a) and
chronoamperometry test (b) of pajrsed microfluidic fuel cells fabricated with different
papers. (Formate concentration: 2 M; KOH concentration: 1 MA:B%5 mn¥; Pd loading:

0.1 mg/cm). (c) Plots of electrolyte volume absorbed by the absorbent pad vs. the elapsed

time. The flow rates calculated by linear regression analyses are marked. (d) Plot of the peak
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power density vs. the experimentally deterndirflow rate. (Formate concentration: 2 M,;
KOH concentration: 1 M; EAA: 3x5 mimPd loading: 0.1 mg/cfh

Attempts were also made to find a quantitative correlation between peak power density and
flow rate. Interestingly we found that the peak power demsiproportional to the cube root

of the volumetric flow rate, as described in the following equation:
Pmax: 1.3@1/3 (55)

where Pmax denotes the peak power density (mWigmand Q stands for the flow rat
(uL/min). As proposed by Wilson and Geankoplis, the mass transfer coefficient of reactants
from bulk solution to electrode interface within porous medium is also proportional to the
cube root of liquid flow rate at a low Reynold number-g5]. Therefore this unique
dependence behavior of peak power density on the cube root of flow rate provides the second
piece of evidence that for a pagsed microfluidic fuel cell with a given configuration, its
performance is mainly determined by the mass tramdgfeeactants (e.g., pfrom the bulk
solution to the electrodelectrolyte interfaces. More insights about this unique dependence
behavior are expected to be derived by conducting separate studies with the assistance of
simulations. Nevertheless, this wlspoints out for the first time that the performance of
paperbased microfluidic fuel cells can be readily regulated by using paper channels with
different textural properties, and a faster flow rate of electrolyte can result in higher peak
power densityf a microfluidic fuel cell, which benefits from the accelerated mass transfer of

reactants to electrode surfaces.

Besides the peak power density, the open circuit voltage (OCV) was also found increased by
using paper channels enabling higher flow rathich cannot be directly correlated to the
mass transfer properties. The OCV value of a fuel cell is sensitive to the fuel crossover from
anolyte to catholyte which can be caused by either turbulent or diffusive mixing. In view of
this, we made attempt emalyze the flow pattern quantitatively over different types of paper

by introducing the Reynolds and Peclet numbers [42]. In the conventional-lpased
microfluidic fuel cell, both Reynolds and Peclet numbers are determined by flow rate, channel
geometryand electrolyte properties [19, 60]. As to a pamesed microfluidic fuel cell, the
Reynolds and Peclet numbers of the electrolyte flow on paper can be calculated by taking

account of the flow rate, paper properties and the electrolyte properties, igvkietailed in
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the Supportinginformation. The calculation process is detailed inShpportinginformation.

The results imMable S5.2imply that the Reynolds numbers are all far below 2000 which rules
out existence of the turbulent flow. Therefore, tlepehdence behavior of OCV on the flow

rate of electrolyte can only be ascribed to the diffusion induced fuel crossover [66]. To
quantify the diffusion induced fuel crossover on different paper channels, the Peclet number
which is defined as the ratio of \attion flow to diffusion flow is determined, and a lower
Peclet number usually indicates severer fuel crossover. Not surprisingly, the paper with higher
Peclet number can always result in higher OCV valliablé S5.3. We tend to believe that

the highestOCV obtained on the 417 paper based microfluidic fuel cell would likely benefit
from its lowest fuel crossover. Furthermore, another attempt was made to directly visualize
the fuel crossover of thetaminar flow on different filter papers. To achievésthiwo dye
solutions with different colors were used to mimic the flows of anolyte and catholyte on
different paper channels. As shownFigure S5.11a a broader diffusion zone can always be
observed on the paper with smaller pore size. Different fram4iv paper, on which the
OCV and peak power density is almost independent on the electrode pair pd3gioe (

S5.49 due to the narrow diffusion zone and the resultant limited fuel crossover, the paper with
smaller pore diameter cannot efficiently sugg® the fuel crossover as evidenced by the
significantly broader diffusion zone and the fact that both OCV and peak power density are

sensitive to the electrode pair positidiigure S5.11bc).

Based on these evidence, we tend to believe that for a-paped microfluidic fuel cell
device, the textural property of paper channel materials which have long been overlooked by
many studies, actually can be used as an effective regulator in controlling the overall fuel cell
performance. In developing other higkerforming papebased microfluidic fuel cells, it is
favorable to select paper materials with large mean pore diameters, which can help minimize
both the mass transfer resistance and fuel crossover effect by enabling a fast flow rate of
electrolyte.

533 Towar d practical applications

It can be found that as a miniaturized power source, a structurally optimizedbpapdr
microfluidic fuel cell can exhibit a fairly high peak power (2.38 mW) among the {mgsed
microfluidic fuel cells Table S5.3, and iseven comparable to some microfluidic fuel cells

using pumps to maintain the-laiminar flow. Intrigued by its excellent performance, we
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manage to demonstrate the potential capability of these-paped microfluidic fuel cells for
practical applicationsBy using these microfluidic fuel cell devices, continuous current
ranging from 2 to ~6 mA can be expected for at least 1 h at the maximum power output,
which can meet the energy requirements of many low power electronic devices, e.g.,
electrochemical glummeters and pregnancy test devices with digital display which typically
require maximum currents of 1.1 and 4 mA, respectively, for a couple of seconds [8]; and
singleuse iontophoresis patches which requires a current output ranging from 1 to 4 mA for a

tr eat ment duration time of 20 1T 40 min [67,

However, the main drawback of these pap&sed microfluidic fuel cells lies in their low
voltage output. As presented above, the OCV value of a single device is lower than 0.9 V, and
the maximum power can only be obtained at around 0.4 V regardlessvadriting electrode

sizes, which is inadequate for some specific applications. For instance, a singlogsaoker

fuel cell cannot power a low current LED, because the cell voltage cannot reach the threshold
forward voltage of the LED and no current canwflthrough the diode. To tackle this
problem, two solutions can be implemented. The first solution is to use a voltage boost
converter (steup DGto-DC converter) which can boost the cell voltage from 0.13 up to 5.5

V [8]. As demonstrated by Zebda et @hey found that when a biofuel cell (voltage output:

0.3 to 0.6 V) was coupled with a voltage boost converter, it was capable to illuminate a LED
(4.1 mA@2.9 V) [69]. Esquivel et al. demonstrated that by coupling with a voltage boost
converter a micro fuetell with nominal cell voltage of 0.186 V could provide a voltage
output up to 3 V [70]. However, using voltage boost converters will add to the system cost,
and may also cause intermittence in the power output [69]. The second solution is to connect
seveal papetbased microfluidic fuel cells in series, which is demonstrated herein. The
structure of the serialonnected cells are illustrated in the inserFigiure 5.7a and three or

more cells could be connected in a similar way. Thienveasurement ifrigure 5.7ashows

that the open circuit voltage (1.55 V) and the peak power (2.72 mW) are almost doubled on
the serial connected two cells (electrode width: 10 mm). An even higher power output of 3.94
mW can be obtained over the seahnected cells by iy larger electrodes (electrode
width: 15 mm), as shown iRigure 5.7b. Meanwhile, it can be observed that the average
voltage and power for an individual cell in the sedahnected cells are lower than those for

a single cell Figure 5.7). This may ase from the parasitic internal circuit discharge caused

by the electrolytic connection, which can be seen ffdgure S5.12that part of the wetted
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adsorbent pad are overl|l apped with each ot he

higher perfomance for the seriaonnected cell, and structure optimization is needed to avoid
any internal shunt current.

1.6 b
4k
N 1-cell
— [ I 2-cell in series
1.2 =
=y v E3f
> =] —
— E .
g 2 ¢
0.8 415~
] =]
S 3 &
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—41.0 g
0.4 ] oLl
—u— 1-cell 40.5
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Figure 5.7 (a) Voltagecurrent measurement of a single papased microfluidic fuel cell and

two cells connected in series. (Formate concéatra4 M; KOH concentration: 1 M; EAA:
3x10 mn%; Pd loading: 0.1 mg/ctnpaper: VWR grade 417). The insert is the photo of two
paperbased microfluidic fuel cell connected in series. (b) The peak power of a single cell and
two cells in series with threefférent electrode sizes. (Formate concentration: 4 M; KOH
concentration: 1 M; Pd loading: 0.1 mg/GrEAA: 3x5, 3x10, 3x15 mf) paper: grade 417).

To demonstrate whether these papased microfluidic fuel cells can be used for practical
applications, theserialconnected two cells (electrode width: 5 mm) were used as the power
supply for a handheld calculator with a LCD display. We found that thensele paper
based microfluidic fuel cell was sufficient to power a calculator and fulfill the power
requirement to implement its full functiorfrigure S5.123. To meet the voltage requirement

of a LED (~3 V), we also connected four cells (electrode width: 10 mm) in a serial
configuration, as shown iRigure S5.12bd. The open circuit of the seriabnnected dur

cells reaches 2.95 WFigure S5.12h), which makes it capable to continuously light 3 LED
lamps Figure S5.12¢, and as a matter of fact, its high absolute power output allows it to
light over 10 LED lamps at the same tinkggure S5.12d. These resulthave successfully
demonstrated the great prospect of these pagmed microfluidic fuel cells to meet the power
demand of portable low power electronic devices. The maximum power output can be further

improved by constructing fuel cell stacks, to engheses papdrased microfluidic fuel cells
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to be able to act as clean energy source for a wider range of electronic applications. At the
same ti me, we have to admit that thereds s
structure of these microfidic fuel cells for practical applications. For instance, the
volumetric power density (estimated as 0.238 mW)ash a single microfluidic fuel cell still

needs to be improved, which is mainly due to the large volume of the electrolyte reservoirs
(arourd 5 cn?). To this end, a fuel cell integrated with solid redox species, which can be
activated by adding water before use, holds great promise as already documented in some
recent works [8, 38, 44].

54 Concl usi ons

In conclusion, lowcost and membrardess paerbased microfluidic fuel cells were
successfully fabricated. By comprehensively investigating the influences from the
structures/components of pagmrsed microfluidic fuel cells, several key parameters
including paper pore structure, electrode posjticoncentrations of fuel, oxidant and
supporting electrolyte have been identified and optimized toward best practices for
developing higkperforming microfluidic fuel cells. Main influence on the performance of a
microfluidic fuel cell is identified as theeactant depletion along the electrode for low
reactant concentration and flow rates (which correlate with the paper pore structure) and the
mass transfer limitation through the catalyst film for high catalyst concentration. Technically,
an OCV of 0.86 Vand a peak power density of 7.10 mW#cwere achieved on a single
paperbased microfluidic fuel cell and the maximum power output can be sustained for at
least 1 h. The open circuit voltage and the output power could be further improved by
connecting cellsn series, which makes the pajiersed microfluidic fuel cell able to power
some small devices. We believe these results would also have wide implications for
developing other more efficient papeased microfluidic devices for energy

storage/conversiomiagnosis and/or sensing applications.
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Supporting I nformation

a Catalyst L
3mm | = Absorbent pad

Figure S5.1 Dimensions of the papdrased microfluidic fuel cell. (a) Catalyst coated
electrodes; (b) The die for cuttingshaped paper channels; (cjsMaped paper channel; (d)
Paperbased microfluidic fuel cell with a fashaped bsorbent pad at the end of the pap

channel.

Figure S5.2Flow rate was measured by using a balance. The weight gain obsbeent
pad can be read from the balance. The balance is tared immediately after the flow front

reaching the absorbent pad.
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Table S5.1Linear regression equations of flow rates vs. time on VWRrpamnnels

Paper Fitting equation R?
Grade 410 W T T X T8I 1T @G 0.958
Grade 413 W  TBI P W TT WE 0.996
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Grade 417 W TETL ¢ T LW 0.997
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Figure S5.10Cell resistance measured by AC impedance on microfluidic fuel cell with four
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Calculation of Reynolds number and Peclet number

The fuel crossover on a microfluidic fuel cell device can be triggered by turbulent flow of the
anolyte sream. To investigate the flow pattern of electrolyte over different types of paper, we
calculated the Reynolds numbers for different paper channels, which is defined as the ratio of
inertial force to viscous force and can be used to distinguish the kaffawafrom turbulent

flow. The Reynolds number is defined as:

YQ — (S51)

where” is the density (kg/), U is the flow velocity (m/s)) is the characteristic length (m),

is the vigosity (Pa-s) [1]. The flow velocity (m/s) can be obtained from the measured

volume flow rate by the following equation:
v — (S52)

whereo is the volume flow rate (#s), 0 is the paper channel width (niQis the paper
thickness (m)s is the porosity. The results are summarizedTable S5.1 Despite the
difference over different paper channels, it seems that the Reynolds numbers are all
sufficiently low to ensure typicahminar flows. Therefore, we can rule out the possibility that
fuel crossover is caused by the uncontrolled turbulent flow. While by revisiting the working
principle of microfluidic fuel cells, we can learn that for alaminar flow fuel cell device,
electrolyte diffusion would occur at the interfaces between anolyte and catholyte regardless of
their flow patterns. Then the question lies in how to evaluate the diffusion rate at the
interfaces of anolyte and catholyte. To achieve this, the Peclet numbék,defing as the

ratio of advection transport rate to diffusive transport rate, were determined for different paper
channels and listed ifable S5.1

The Peclet number is defined as:

0'Q — (S5.3
where,U is the flow velocity (m/s),0 is the characteristic length (n(),is the mass diffusion
coefficient (n¥/s) [1, 2]. In the papebased microfluidic system, the advection flowersfto
the fuel and oxidant solution flow in parallel along the paper channel, and generate electricity
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power by redox reaction at the anode and cathode electrode. The diffusion flow refers to the

diffusion of KCOOH from anode to cathode side, which capseger loss in the fuel cell.

The Peclet number of the flow on grade 417 paper (26.3) is higher than 10, indicating that the
advection dominates in the flow. However, the Peclet numbers of flow on grade 410 paper
(0.34), 413 paper (2.76) and 415 paper@ide ranging from 0.1 to 10, indicating that both

the advection or the diffusion take effect, the lower the Peclet number, the severer the fuel

crossover and the lower OCV values.

Table S5.2Summary of the flow rate, the Reynolds number and the Peotdier

Paper Characteristic| Thickness Mean. rF;?;N Reynolds| Peclet
lengti (um) | (um) Porosity (%) (uL/min) numbef | number
VWRA410 | 14.5 150 22.5 1.18 0.00090 | 0.34
VWR413 | 32.5 160 27 5.56 0.0073 2.76
VWRA415 | 40.5 160 60 16.8 0.012 4.69
VWRA417 | 50 147 50 59.3 0.070 26.3

&Characteristic length is equivalent to the mean pore diameter.
b pdrt JA | ,*

p nTELAQO ¢ v tAg TO[3, 4]
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Figure S5.11(a) Cross diffusion over four types of filter paper grade illustrated by dye
solutions (red: coccine, blue: indigo carmine). The average pore diameter is shown in the
brackets. (b) Voltageurrent measurement of the papased microfluidic fuel cell with

di fferent el e c@®penocucaitsvlltagp and peak power density pf the paper
based microfluidic fuel cel |l with differen
formate concentration: 2 M; EAA: 3x5 mimPd loading: 0.1 mg/cfn paper VWR grade

413)
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