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ABSTRACT

This work explores the blending of e-textile technology with the porous electrode of

polymer electrolyte membrane fuel cells (PEMFCs) and with smart wound patches

to allow monitoring and in-situ diagnostics. This work includes contributions to un-

derstanding water transport and conductivity in the carbon cloth gas diffusion layer

(GDL), and further developing thread-based relative humidity (RH) and tempera-

ture sensors, which can be sewn on a cloth GDL in PEMFCs. We also explore the

application of the developed RH and temperature sensors in wearable biomonitoring.

First, an experimental prototype is developed for evaluating water transport, ther-

mal conductivity and electrical conductivity of carbon cloth GDLs under different hy-

drophobic coatings and compressions. Second, we demonstrate the addition of exter-

nal threads to the carbon cloth GDL to (1) facilitate water transport and (2) measure

local RH and temperature with a minimal impact on the physical, microstructural

and transport properties of the GDL. We illustrate the roll-to-roll process for fabri-

cating RH and temperature sensors by dip-coating commodity threads into a carbon

nanotubes (CNTs) suspension. The thread-based sensors response to RH and temper-

ature in the working environment of PEMFCs is investigated. As a proof-of-concept,

the local temperature of carbon cloth GDL is monitored in an ex-situ experiment.
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Finally, we optimized the coating parameters (e.g. CNTs concentration, sur-

factant concentration and a number of dipping) for the thread-based sensors. The

response of the thread-based sensors in room conditions is evaluated and shows a

linear resistance decrease to temperature and a quadratic resistance increase to RH.

We also evaluated the biocompatibility of the sensors by performing cell cytotoxicity

and studying wound healing in an animal model. The novel thread-based sensors

are not only applicable for textile electrochemical devices but also, show a promising

future in wearable biomonitoring applications.
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Chapter 1

Introduction

Freedom of thought is best promoted by the gradual illumination of men’s minds which

follows from the advance of science.

Charles Darwin

This dissertation describes new contributions to (i) characterize transport prop-

erties in carbon cloth gas diffusion layers (GDLs) and (ii) develop textile sensors for

monitoring relative humidity (RH) and temperature in polymer electrolyte membrane

fuel cells (PEMFCs) and evaluate the sensors for wearable biomonitoring applications.

Section 1.1 discusses the research background and motivation of this study. The lit-

erature review section is organized into five subsections: Sections 1.2.1 and 1.2.2

review the characterization methods for GDL water transport and conductivity; Sec-

tion 1.2.3 and 1.2.4 provide an overview of water management strategies and in-situ

temperature and RH diagnostics for PEMFCs; and Section 1.2.5 is a brief overview

of the development of fibre-based RH and temperature sensors. The objectives and

structure of the thesis are presented in Section 1.3 and 1.4.

1.1 Background and Motivation

PEMFCs use hydrogen and oxygen in the anode and cathode side and produce elec-

tricity and water in the cell. Figure 1.1 illustrates the geometry of a single cell of

a membrane electrode assembly (MEA) with flow fields on the cathode and anode

sides. A stack of PEMFCs consists of several cells connected in parallel to provide

the desired power output. Each cell consists of five main constituent layers. Reactant
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gases travel through these layers from the flow field to the reaction zone. Each con-

stituent has specific functions ensuring optimum performance of the cell. Each layer

is described below.

Membrane : The core of each cell is a proton conductive membrane responsible

for conducting protons and blocking electrons. Nafion membranes are widely used

materials that have high protonic conductivity in a hydrated environment.

Catalyst Layer (CL): This thin porous layer consists of catalyst particles (i.e.

platinum), ionomers (i.e. perfluorosulfonic acid (PFSA)) for transferring protons,

conductive support particles (i.e. carbon) for transferring electrons and pores for

transporting the reactant and by-product. The amount of catalyst particles is higher

on the cathodic side due to sluggish cathode reaction kinetics. The CL is typically

around 5-10 µm thick and is either coated on the membrane or the microporous layer

(MPL) side.

Microporous layer (MPL): MPL has carbon particles combined with a hy-

drophobic polymer (e.g. polytetrafluoroethetylene (PTFE)), which are sintered on

top of the GDL to provide an interface between the CL and the GDL, reduce the

contact resistance between GDL and CL, and provide uniform distribution of reac-

tants in the CL and effectively remove water from the CL to the GDL. This layer has

a porosity around 25% and pore size distribution in order of 20 to 500 nm. Depending

on the manufacturing process, it might have cracks on the surface.

Gas diffusion layer (GDL): this highly porous layer (porosity 70 to 90%)

provides pathways for reactants, by-products and electron transport in and out of the

cell. The thickness of this layer is in the range of 100 to 300 µm with pore sizes of

around 10-100 µm. Carbon-based GDLs are widely used and they are coated with

hydrophobic polymers mainly PTFE or in some cases with fluoroethylenpropylene

(FEP). Two main groups are woven and non-woven GDLs. Woven GDLs are also

known as carbon cloth are fabricated by weaving carbon fibers. Non-woven GDLs are

fabricated with a random distribution of carbon fibers with a binding that improves

the mechanical stability of the GDLs. The GDL is an ortothropic material that

has different transport properties in the in-plane and through-plane directions. The

former is the direction across the thickness of the GDL and the latter is the direction

in the plane of GDL.

Flow field plate : The flow field consists of channels to uniformly distribute

reactant over the whole active area of the cell; it is also a pathway to collect electrons

and remove by-products (i.e. water) out of the cell. Different designs of channels
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exist such as parallel, straight line, interdigitated or serpentine. Each has pros and

cons due to different modes of transport or pressure drops from the inlet to the outlet

of the cell.

This work is motivated by the need to better understand the carbon cloth GDL

transport properties and to explore potential opportunities for developing textile-

based sensors not only for electrochemical devices such as PEMFCs but also for wear-

able biomonitoring applications. A flexible carbon cloth GDL is suitable to embed

fibers for enhancing water transport or sensing for further improving the performance

and integrate in-situ PEMFCs diagnostics.

Flow field MembraneGDL MPL CL

H2
O2

H+

H2→2H++2e- 0.5O2+2H++2e-→H2O

MEA

Figure 1.1: Schematic of the main components of a single cell PEMFCs with reactants
directions and electrochemical reactions.
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1.2 Literature Review

This section reviews the progress in the literature toward developing experimental

procedures for (1) evaluating water transport, thermal conductivity and electrical

conductivity of GDLs; (2) improving water management within GDLs through dif-

ferent physical modifications, addition of external components, or chemical modifica-

tions; (3) monitoring local temperature and RH within PEMFCs; and (4) developing

fibre-based RH and temperature sensors.

1.2.1 Water Transport and Conductivity Analysis of GDLs

of PEMFCs

Various studies show that coating GDLs with hydrophobic polymer improves the per-

formance of PEMFCs [6, 7]. Hydrophobic coating facilitates water removal from the

cell, specifically in high current density. Since the operating temperature is com-

monly between 60 ◦C and 90 ◦C, a combination of liquid water and water vapour

exists within GDLs. The vapour phase is transported predominantly by diffusion

due to concentration and temperature gradients between GDLs and channels. The

liquid phase transport is dominated by capillary transport, which is a function of the

structure and internal wettability of the GDLs pores [8]. Liquid water leaves the GDL

through minimal pressure pathways [5]. Commercial GDLs are made out of carbon

fibres and are treated with hydrophobic polymers to avoid the accumulation of water

within GDL pores, a phenomenon known as “flooding”. Common industrial practice

is to coat GDLs with PTFE via dipping, spraying or brushing; this is known as a

bulk treatment. The amount of PTFE is usually between 5% to 30 wt% [9]. Based

on the coating procedure, the distribution of PTFE in GDLs varies. Mathias et al.

[9] showed that slow drying (e.g. air drying) results in uniform PTFE distributions

with more PTFE in the center of the GDL and fast drying (e.g. convective oven)

results in more accumulation of PTFE near the surface of the GDL. Bazylak et al.

[10] combined scanning electron microscopy (SEM) and energy-dispersive X-ray spec-

troscopy (EDS) analysis to monitor the distribution of PTFE in the through-plane

for three types of commercial GDLs (paper, felt and cloth) with 10 wt% PTFE added

to the GDLs. The results show that the paper GDL have higher accumulation of

PTFE near the surface resulting in a 5% porosity drop near the surface; however,

PTFE distributes more evenly in carbon cloth GDLs due to the transverse structure
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of carbon fibres [11]. PTFE distribution changes the properties of the materials and

affects transport properties, thermal and electrical conductivity and water transport

behaviours within the microstructure.

GDLs in an operating fuel cell are under compression. The compression reduces

contact resistances and provides sealing, resulting in optimum performance for the

cell [12]. This compression has a direct impact on porous structure and on the ef-

fective transport properties. As a result of the collector plates geometry, the GDL

in an operating fuel cell experiences non-uniform compression. It is, therefore, essen-

tial to characterize the properties of the GDL under non-homogenous compression,

particularly for thermal conductivity, electrical conductivity and water transport.

Water management is a complex process that needs to be carefully considered

in different components of the PEMFCs. On the one hand, the polymer membrane

requires sufficient hydration, and on the other hand, the porous structure of GDLs,

MPLs and CL need to remain fully opened (i.e. free of liquid water) under a variety

of different operating conditions. The multi-objective aspects of water management

have impacts on overall performance, and different strategies are necessary for the

various PEMFCs components: (1) membrane, (2) CL, (3) MPL, (4) GDL and (5)

channels. Since GDL water transport is the focus of this work it is discussed next in

more detail [6].

Pattern of water transport within GDLs

The determination of water transport in the 3D anisotropic structure of GDLs is com-

plicated and has been investigated through numerical [13] and experimental modeling

[14, 15, 16]. Innovative methods to track water transport experimentally mainly rely

on liquid water visualization techniques [17]. The capability of each imaging technique

depends on (1) spatial and temporal resolutions, (2) capability for in-situ testing with

minimal invasiveness, (3) compatibility with materials and (4) accessibility. Neutron

imaging is capable of detecting water within GDLs due to high sensitivity to hydrogen

atoms in water, and is a suitable technique to observe water transport in operating

fuel cells [18]. However, the low resolution is not favourable for tracking transport

at the microstructural level; also, accessibility to this imaging technique is limited.

X-ray microtomography (X-µCT), which has been used widely for analysis of porous

structures, has also been used to track water transport in ex-situ [16] and in operando

fuel cell [19]. However, for 3D imaging, the technique is not capable of dynamic track-
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Table 1.1: Summary of liquid water visualization techniques for GDL.
Research Imaging Spatial

resolution
Temporal
resolution

Type Merits Challenges

Bazylak
et al.
[15]

FS 21.4 µm 0.3 s Carbon
paper

Online tracking of
water

Limited depth of
field

Zenyuk
et al.
[21]

X-ray 1.3 µm 8 min Carbon
paper

Water distribution
in micron level

Scanning time does
not allow dynamic
monitoring of water

Wu et
al. [22]

Neutron
imaging

26 µm 5 s Carbon
paper

Good sensitivity to
water

It does not gener-
ate water distribu-
tion in micron level

Gostick
et al.
[23]

X-ray 1.3 µm 2 min Carbon
paper

Water distribution
in microstructural
level was obtained

Time of scan does
not allow dynamic
monitoring of water

ing due to the required imaging time. On the other hand, synchrotron X-ray shows

promising results by scanning at the sub-second for tracking dynamic water transport

[20]. Florescent (FS) microscopy provides high temporal and special resolutions that

can give good descriptive behaviour water transport of GDLs [14, 15]; however, the

challenge associated with this imaging technique is the production of 2D images with

limited depth of field. Research has focused on the mechanism of water transport

within non-woven GDL which are increasingly used in industry, with relatively little

work on woven GDLs. Table 1.1 lists ex-situ techniques for observing water transport

with a focus on compression and hydrophobic treatment.

1.2.2 Electrical and Thermal Conductivity

Electrical and thermal conductivities are important properties that have direct effects

on ohmic losses and thermal management of the cell, respectively. As a result, high

thermal and electrical conductivity are necessary for optimum performance of the

cell, and their correct estimation are essential to predicting cell performance.

Electrical conductivity measurement methods

Electrons are generated in the CL and transport through different constituents of the

cell. The flow of electrons is accompanied by ohmic losses that consist of the internal

resistances of materials and interfacial contact resistances between components (e.g.

the GDL and the CL interface). The protonic current in the membrane also generates
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ohmic losses. The internal resistances are a function of morphology, hydrophobic

treatment and compression of each component. Here, we examine, briefly, methods

to measure the electrical conductivity of the GDL.

The measurement of the in-plane conductivity is performed by a four-point probe

to effectively exclude the effect of contact resistance, as shown in Figure 1.2. Further-

more, since the conductivity is measured along the fibre in the in-plane directions,

the impact of compression and hydrophobic treatment is minimal. Conductivity

measurement in the through-plane direction is challenging since a four-point probe

measurement along a thin layer of GDL is not feasible. In addition, the effect of com-

pression on the through-plane direction is significant as the mechanism of conductivity

is due to fibre-to-fibre connections. In addition, hydrophobic treatment, which cov-

ers the outer layer of fibres, affects the through-plane electrical conductivity. The

through-plane resistivity for the schematic shown in Figure 1.2(b) is:

Rtotal = 2Re +Rs +RGDL +RGDL−s +Rs−e (1.1)

where Re is the bulk resistance of the copper electrode, Rs is the bulk resistance of

stainless-steel disk, RGDL is the resistance of the GDL, RGDL−s is the interfacial resis-

tance between the GDL and the stainless steel and RS−e is the interfacial resistance

between the stainless-steel disc and the copper electrode. The apparatus resistance

(Ra) is measured when no GDL is between the probes.

Ra = 2Re +Rs +Rs−e (1.2)

To effectively find the interfacial resistance (RGDL−s) and RGDL, samples of the

GDL with different thicknesses are required. Then, by plotting the resistance vs.

thickness, the y-intercept represents the interfacial resistance, and two resistances

can be effectively separated. However, this method is not applicable if samples of

different thicknesses are unavailable (which is the case for some GDL samples). In

addition, the effect of the hydrophobic coating distribution across the through-plane

direction is not uniform even for similar GDLs with different thicknesses, which causes

errors in measurement. For these cases, (1) using a gold plate as an electrode to reduce

the contact resistance and (2) stacking the same GDLs to make a thicker sample are

approaches to separate the GDL resistance from contact resistances effectively.

The in-plane electrical conductivity is an order of magnitude higher than the
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through-plane conductivity, which allows the proper utilization of the entire GDL

[9]. Also, it is shown that the limiting factor in ohmic losses is the through-plane

direction [9]. Compression on electrical conductivity is more critical when the sample

is coated with hydrophobic coatings, which tend to accumulate near the surface area

and also changes the distribution of the hydrophobic polymer in the through-plane

direction. Although the contact resistance between GDL and bipolar plates plays a

significant role in the through-plane conductivity, the effect of hydrophobic coating

on the intrinsic through-plane conductivity of GDL is not well-understood.

(a) (b)

Figure 1.2: Schematic of the experimental setup for measuring electrical conductivity
in (a) in- and (b) through-plane direction [24].

Thermal conductivity measurement methods

The exothermic reaction of PEMFCs, combined with irreversibilities and losses gen-

erate heat that distributes within different constituent of the cell. The temperature

gradient across the cell impacts the transport mechanism, relative humidity and the

durability of the cell. An active cooling system combined with optimized heat man-

agement is necessary to achieve a highly efficient cell design. The heat management

strategy requires detailed information on the constituents’ thermal conductivity prop-

erties and interfacial thermal conductivity between components similar to electrical

conductivity. Among different components, the GDL plays a significant role since it
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impacts many of the losses within a cell.

The (1) highly anisotropic porous structure of GDL combined with (2) multiphase

flow, (3) hydrophobic treatment, and (4) effect of compression leads to an elaborate

analysis of evaluating thermal conductivity of the GDL. As a result, the effective

thermal conductivity is a more accurate term since each parameter, as mentioned

earlier, has a significant effect on assessing this parameter. First, methods to obtain

thermal conductivity in through-plane will be reviewed, and then we move on to the

in-plane direction.

Through-plane : A uniform one-dimensional heat flux must be generated in the

through-plane direction to measure the thermal conductivity of the GDL. A high

conductivity rod with known thermal conductivity property is connected to the top

hot plate and three thermocouples are located along the rod’s length with the same

interval. The same architecture is in place in contact with the cold plate. This guarded

heat flux meter is compatible with the ASTM standard. Steady state conditions are

considered to be attained when the temperature at each point remains constant within

±0.5◦C [25]. Following Fourier thermal conductivity formula, from the top rod, the

heat flux is evaluated by:

Q = −k(T )Ar
dT

dx
(1.3)

where Q is heat flux, k(T ) is the thermal conductivity and Ar is the cross-sectional

area, and dT
dx

is the temperature gradient. Then, the temperature differences between

the top and bottom sample (i.e. GDL) obtained from the thermocouples will be

divided by heat flux to get the thermal resistance following the formula:

Rt =
∆Ts
Q

(1.4)

where Rt includes thermal resistance and two contact thermal resistances between

the top and bottom plate in contact with the GDL. Thermal resistance and thermal

contact resistance both are functions of the compression pressure. To exclude the

contact resistance, stacking several samples of GDLs results with thermal resistance

vs. the number of layers in which the intercepting line gives the contact resistance

(similar to electrical conductivity measurement) [25]. As mentioned earlier, the GDL

experiences water saturation that has a direct impact on the thermal conductivity

estimation. Xu et al. artificially soaked the GDL sample and performed the test to

evaluate the effect of water saturation on the thermal conductivity. However, the
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study did not provide the level of saturation, which can be investigated in future

research [26].

The outcome of extensive research indicates that compression increases the through-

plane thermal conductivity for GDLs. However, hydrophobic coating higher than 30

wt% reduces the thermal conductivity by hindering fibre to fibre connection in GDLs

[27]. Future work investigating optimum hydrophobic treatment for thermal conduc-

tivity is needed to provide detailed data about the effect of hydrophobic treatment

vs through-plane thermal conductivity.

In-plane : Determination of in-plane thermal conductivity needs a more complex

setup. For steady-state thermal conductivity measurement, there are two methods

reported in the literature. Sadeghi et al. [28] developed a novel approach to determine

the in-plane thermal conductivity by generating constant flux travelling in the in-plane

direction of GDL. The second technique, which has some advantages over the first

method, is parallel thermal conductance. The parallel thermal conductance method

brings high accuracy with faster data collections. In this method, as shown in Figure

1.3, low conductivity material places parallel with the GDL sample [29]. A direct

current supply generates a constant temperature in the heat source. The conductivity

of the low conductive material is measured without placing a GDL between two

thermocouples. The thermal resistance is:

R0 =
Th − Tc
IV

(1.5)

Th and Tc are temperatures in hot and cold locations captured by thermocouples,

respectively. I and V are current and voltage for generating constant temperature.

The captured resistance consists of conductivity of low conductive material and ap-

paratus (thermocouples, wiring) and radiation of surrounding (i.e. R0). The test is

performed in a vacuum chamber to mitigate the effect of natural convection (similar

to through-plane measurement). The test is repeated with GDL in place, and the

new resistance is captured, following the parallel formula as:

1

R
=

1

R0

+
1

Rs

(1.6)

where R is the thermal resistance from the second experiment, and Rs is the thermal
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resistance between two edges. The in-plane thermal conductivity is calculated as:

kGDL,in =
L

Wt
(

1

R
− 1

Rs

) (1.7)

L, W and t are length, width and thickness of the GDL in the test setup. The

reviewed techniques managed to obtain in-plane thermal conductivity. However, the

effect of compression and saturation on the in-plane thermal conductivity has yet to

be analyzed.

The in-plane thermal conductivity (e.g. TGP-H-120 5 wt% PTFE = 17.39Wm−1K−1)

is by order of 10 higher than the through-plane conductivity (e.g. TGP-H-120 5 wt%

PTFE = 1.62 Wm−1K−1), which indicates the bottle-neck is in the through-plane

direction [24]. Furthermore, hydrophobic treatment increases the thermal conductiv-

ity by filling voids and replacing it with polymers, which has a higher conductivity

than air. Quantifying the effect of hydrophobic treatment vs. in-plane thermal con-

ductivity should be performed to determine the optimal hydrophobic treatment for

thermal conductivity.

(b)(a)

Figure 1.3: Schematic of experimental setup for measuring thermal conductivity in
(a) through-plane and (b) in-plane direction [24].
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1.2.3 Strategies for Enhanced Water Management

Effective water management in PEMFCs is necessary to obtain optimal performance

across a range of current densities and environmental conditions. Water in operating

fuel cells is a by-product of electrochemical reactions in the cell and is also introduced

by the humidified inlet gases. At high current densities and when water and heat

management are inadequate, water vapour can condense and form liquid water in the

porous electrode blocking the pathways of the reactants to the CL, and causing mass

transport limitations [14, 17]. The excess water has other deleterious effects, such

as inhomogeneous current density, membrane swelling, and delamination of PEMFCs

components in freeze/thaw processes [30]. On the other hand, membrane hydration

is an important factor in optimal performance since a dehydrated membrane results

in high ionic resistance and performance degradation [13, 17].

The GDL serves several important functions, including (1) reactant and product

permeability, (2) electrical conductivity, (3) thermal conductivity, and (4) mechanical

support for the membrane electrode assembly (MEA) [9]. This layer is a prime

candidate to employ different strategies for water management. These strategies

fall into three main categories (1) physical modifications; (2) addition of external

components; and (3) chemical modifications. Other options have also been explored,

such as perforated metallic plates or metallic porous substrate instead of fibrous

carbon-based materials [31].

Physical modification

Modifications to enhance water transport have been mainly directed at fibrous carbon-

based GDLs, which are widely used in commercial fuel cells. Gerteisen et al. [1]

generated through-plane holes with 80 µm diameter in a carbon paper GDL. These

holes were located under the channel of the flow field and result in improved of water

transport dynamics and cell performance, with gain in limiting current density of

the cell under humidified conditions (Figure 1.4(a)-(c)). The through-plane pores are

generated by either electric discharge machining, micro-drilling, or laser perforation.

The process of perforating pores melts the binder in GDLs and can close the pores; this

can be a severe problem for samples with high binder loading. In addition, the laser

perforation and the electric discharge machining alter the hydrophobic surface of the

pores into hydrophilic surfaces. Okuhata et al. [32] investigated differences between

electric discharge machining and micro-drilling for generating perforated holes and
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achieved better performance with micro-drilling, which maintains hydrophobicity of

perforated walls. Th r idea of perforated pores has been studied with samples with

MPLs [33, 34, 2]. Manahan et al. [34, 2] made 100 to 300 µm pores with and

without hydrophilic heat-affected zones (HAZs) (Figure 1.4(d) and (e)). The HAZs

are hydrophilic and preferential pathways for water removal. The results indicated

that at 75% RH, the GDL with 300 µm and HAZs performed better; however, for the

over-humidified condition (i.e. in cold start-up) the fuel cell performance dropped due

to water flooding. Physical modifications have gained much attention in the literature

as they are relatively easy to implement; however, the effectiveness of this approach

is limited to specific running conditions of the cell (e.g. specific RH and temperature

conditions).

Another promising approach is the development of GDL with graded porosity

from the CL to the flow channel. The idea is to decrease the capillary pressure in the

through-plane direction and speed up water removal from the reaction zone into the

channel. Numerical studies have been carried out to determine the optimal porosity

distribution. The results suggest a linear porosity distribution from CL to the flow

channel. However, achieving such morphologies with carbon-based GDLs adds extra

difficulties in the manufacturing process [35]. Other innovative approaches, such

as electrospinning [36] or functionally graded materials in powder metallurgy, are

promising avenues to pursue [35].

Addition of external components

Another approach to improve water management is adding an external layer. One of

the passive methods consists of adding a conductive wicking layer between the GDL

and the flow field. This layer prevents flooding under broad operational conditions for

air-breathing PEMFCs (Figure 1.4 (g)) [3]. The wicking layer was combined with an

electroosmotic (EO) pump to actively remove excess water from the cell. The pump

required less than 2% of the fuel cell power, but eliminated the cathode flooding and

helps improve stability and water management (Figure 1.4(h)-(i)). The application of

this system was shown for a small-scale fuel cell (less than 5W) [4]. However, it adds

an extra layer to the MEA and complexity to the system, and its implementation has

not been demonstrated in fuel cells with higher power outputs.
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Chemical modifications

As the nature of the process indicates, water transport is a complex phenomenon and

requires adaptive solutions for various conditions. A number of studies have explored

chemically altering hydrophobicity of the GDL and pattering hydrophilic/hydrophobic

[37]. Paul Scherrer Institute researchers developed a novel method for generating hy-

drophilic/hydrophobic channels on off-the-shelves GDLs with varying width sizes from

100 µm up to 1000 µm. Figure 1.4(I) shows a schematic of the process. A commer-

cial GDL (i.e. Toray TGP-H-060) was first dip-coated with an FEP solution (due to

higher water-repelling quality in comparison with PTFE); a mask with pre-defined

patterned was then placed on the coated sample and exposed to an electron beam.

Subsequently, the GDL was immersed into hydrophilic monomer, N-vinyl formamide

(NVF), to graft pNVF to FEP. This process reduces the contact angle (CA) from

105◦ to 20◦ and effectively alteres the region from hydrophobic to hydrophilic (Figure

1.4(k)). EDS analysis indicated the presence of pNVF in the area exposed to irradi-

ation on both sides of the GDL (Figure 1.4(m)). The effect of capillary pressure on

a different area of the modified GDLs was observed with neutron radiography and

shows that hydrophilic channels need a lower capillary pressure (10 mbar) compares to

hydrophobic channels (40 mbar). An in-situ fuel cell with GDLs having 500 µm wide

hydrophilic channels and 950 µm wide hydrophobic channels shows a considerable im-

provement in fuel cell performance(Figure 1.4(n)) [5]. The successful demonstration

of the novel GDLs was thoroughly studied from synthetic approach [38], ex-situ water

transport analysis [18] and in-situ fuel cell testing [39]. However, a challenge is the

degradation of the hydrophobic/hydrophilic pattern at the high temperature required

for MPL sintering. The authors suggest alternative MPL sintering approaches such

as local heating using infrared. Another challenge is that the method is not suitable

for nonuniform porosity GDLs.

Chemically altering hydrophobicity of MPL either by using different hydrophobic

polymers in MPL materials (ex. perfluoroalkoxy (PFA) and fluorinated polyurethane

based on perfluropolyesther (PFPE) blocks) or adding hydrophobic agents or mul-

tiple layers of hydrophilic-hydrophobic structure have also been investigated in the

literature and are discussed in Ref [35].
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1.2.4 In-situ RH and Temperature Measurement

Fuel cell operating parameters such as voltage, current, inlet and outlet RH and

temperature, and stoichiometry are parameters to control fuel cell performance and

avoid water flooding. However, these properties are averaged out over the entire

system and do not necessarily represent local conditions as they are typically non-

uniform. Nonuniform conditions accelerate the degradation of the cell and, ultimately,

cause performance drop. In-situ measurement of local conditions (e.g. temperature

and RH) provides detailed information on RH and temperature distribution in a cell,

which facilitates implementation of effective water management strategies for fuel

cell stacks. Furthermore, obtaining local parameters provides pathways for adaptive

smart porous materials for controlling reactants and product transport within the cell

[40]. Here, we briefly review diagnostics techniques for measuring temperature and

RH locally within fuel cells.

The local temperature has a direct effect on a reaction rate, membrane conduc-

tivity and, additionally, the transport properties of the membrane. RH is the second

key control parameter. This parameter is closely coupled with temperature and de-

termines membrane conductivity and water balance in PEMFCs. In addition, the

membrane thickness is proportional to the RH of the cell, and non-uniform distribu-

tion of RH accelerates the mechanical degradation of the membrane. The challenge

is to locally measure these parameters as closely as possible to the reaction zone with

minimal impact on the performance of the cell.

Commercial probes (ex. thermocouples and capacitive RH sensors), Micro-electro-

mechanical-systems (MEMS) device and optical sensors (e.g. fibre optics) are com-

monly used tools for monitoring local temperature and RHs. These sensors are placed

on either the flow field or the membrane or between constituent layers (i.e. membrane

and CL or CL and GDL or flow field and GDL). Zhang et al. [41] placed thermocou-

ples between GDL and CL in the cathode where they were distributed from the inlet

to the outlet of the cell and captured the local temperature at different operating

conditions. The results show that there is a gap between local temperature and back-

plate temperature (i.e. nominal test temperature), and also, the local temperature

and local current densities are well correlated. The sensors, however, covered valuable

areas of the CL. Pei et al. [42] designed an experimental setup to measure tempera-

ture distribution in a stack of cells. Thermocouples were placed in the cathode side of

the flow field in contact with the GDL. It shows that not only is there a temperature
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distribution in each cell, but also, temperatures are varied in the stack and shows

parabola temperature distribution along with the stack. Placing thermocouples on

the outside of the flow field also shows non-homogenous temperature distributions

within a single cell [43, 44]. Discssion of use of commercial probes to measure RH

is limited in the literature. One successful demonstration uses different capacitive

RH sensors in the flow field of both anode and cathode for a single cell. RH gradient

formed from the inlet to the outlet for both anode and cathode side along the channel.

Although the commercial probes provide detailed temperature and RH maps, their

footprint is considerable, and most of them are located at a the distance from the

reaction zones and require modification of flow field design for the stack of PEMFCs.

MEMS fabrication techniques benefit from a small footprint, monitoring different

parameters on a single chip and ability to mount on surfaces. A resistance tempera-

ture detector (RTD) in a serpentine pattern with a capacitive humidity sensor in the

interdigitated structure was fabricated and located on the flow field of PEMFCs [45].

In a subsequent study, five sensors in one MEMS device were combined to obtain local

temperature, voltage, pressure, flow rate and current and located on the flow field of

cathode [46]. Embedding sensors on MEA is attractive due to collecting information

in a crucial area. Lee et al. [47] fabricated a MEMS device with a footprint of 400

µm × 400 µm with the thickness of the 2 µm and hot-pressed it on the membrane

surface. It shows more than 5 ◦C difference existed between the MEA and a bipolar

plate surface. However, this diagnostic technique costs in performance loss due to

CL’s coverage and reducing the active area of the CL.

Employing optical sensors is another promising avenue for in-situ diagnostic in

PEMFCs. Tunable diode laser absorption spectroscopy [48], phosphorescence-based

sensors [49, 50], and fibre grating sensors(FBG) [51, 52, 53] have been utilized in the

literature. Inman et al. [50] employed the principal of phosphor thermometry to mea-

sure the surface temperature of the a GDL. Phosphor materials were applied on the

surface of the GDL, and an optical fibre was located on the channel to provide optical

path from the phosphor to the photodetector. That allowed to monitor temperature

on the surface of the GDL locally at different operating conditions. The implantation

of the sensor did not have a negative impact on cell performance. David et al. [52]

utilized FBG sensors in the channel of PEMFCs and obtained temperature and RH

simultaneously in the flow field with relatively fast response to RH changes(in order

of 10 s). These sensors are mainly suitable for monitoring environmental conditions in

the flow field and also need a significant change in the flow field’s design. In addition,
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the sensors are delicate and fragile. The more detailed information about the fibre

optic sensors are provided in Refs [54, 53].

1.2.5 Fibre-based Temperature and Humidity Sensors

Conventional techniques to measure the local properties in PEMFCs either require sig-

nificant design changes or cause a drop in performance. To address these drawbacks,

embedding sensors that can fit within the GDL structure is essential. A promising

possibility is use of sensitive fabrics that can be added to carbon cloth GDL to work as

embedded sensors without compromising the performance. Flexible fibre-like sensors

that can be weaved or sewn on to carbon cloth resulting in advanced sensing tex-

tiles have shown some promise in wearable technology and advanced health system

monitoring.

E-textiles that combine electronics with well-established textile technology enable

the development of smart fabrics that can sense and respond to external stimuli such

as strain [55], temperature and humidity [56]. This section reviews the development

and fabrication of fibre-like sensors for measuring RH and temperature.

Fabrication process

There are three major routes to make functional textiles: (1) fibre making, (2) coat-

ing/printing and (3) embedding microelectronics within textiles. The backbone of

the fibre making and coating/printing process is on blending nanomaterials, and then

later takes advantage of high precision microelectronics for developing smart textiles

[57].

Fibre-making ; in this process functional materials are added into precursors to

form fibres with methods such as wet-spinning and electrospinning. The fibre-making

process allows homogenous modification with embedding functional materials in a

sub-micrometre structure and gives the ability to a more detailed design of the internal

structure. However, coarse fibre quality and low durability are among the important

challenges that need to be overcome for scaling up such methods.

Coating and Printing ; this scalable and straightforward process forms an electri-

cally conductive layer on the surface of fibres, yarn or textile, thereby transforming

them into functional materials. The benefits are low cost and the ability to mass-

produce coated textiles by existing production processes. However, this process dose

not allow embedding of functional materials in the inner layer of the fibre struc-
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ture. Dip-coating, screen printing and inkjet printing are main approaches to form a

conductive layer on fibre and textiles.

Embedding electronics within textiles ; this method takes advantage of existing

technology in microelectronics with good accuracy and durability. However, the pro-

cedure has high costs and lower flexibility.

Fibre-based humidity sensors

Zhou et al. [58] developed a wet-spun single-wall carbon nanotube (SWCNTs)-

polyvinyl alcohol (PVA) filament that shows a resistive response to RH changes.

The PVA swells by exposing it to humidity and interrupting the connections be-

tween SWCNTs within the structure of the fibre. The resistance of the thread has

a quadratic response when exposed to increasing RH. The developed filament can

detect the humidity changes between 60% to 100%. In 2008, Shim et al. dip-coated

a cotton thread into SWCNTs suspension for detecting albumin, a protein in the

blood. Interestingly, they found that the CNT-coated cotton thread is responsive to

humidity changes [59].

Using MEMS fabrication techniques such as chemical vapour deposition (CVD) or

vacuum physical vapour deposition (PVD) to deposit graphene and graphene oxide

has been used to develop thin-film sensors for applications such as electronic skin

[60, 61]. Comprehensive studies addressing the principles, mechanisms and fabrication

technologies for humidity sensors are available in Refs [61, 62]. The developed MEMS

device then can be blended into textiles for monitoring humidity [63].

Fibre-based temperature sensors

One of the simplest designs is embedding a metallic wire within textile substrates

for temperature monitoring. Li et al. sewed platinum metal wire with a diameter of

20 µm on a piece of cotton fabrics and measured the temperature of the substrates

[64]. The wire shows a linear increase in resistance by increasing temperature (0.0039

∆R/R0%◦C−1). A linear response accompanied by stability and a wide temperature

range are favourable for metallic wires. However, the rigidity and low sensitivity

restrict the application of such wires in many wearable systems. Furthermore, it is

not suitable for conductive substrates such as carbon cloth materials.

Coating and printing nanomaterials ink on textiles, fibres, or threads is another

promising approach for developing a textile-based temperature sensor. Rosace et al.
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[65] coated MWCNT-polyacrylic nanocomposite on cotton fabrics and achieved a lin-

ear resistive sensitivity of 8 ∆R/R0%K−1, but the coated fabric shows a response

to humidity changes, which limits the application of such coating. CNT-coated cot-

ton thread via a dip-coating process showed a linear increase in resistance of the

coated thread by increasing temperature [66]. Batch-to-batch steps were used to

coat polypyrrole on commodity threads (i.e. cotton, nylon and polyester) with stable

electrical conductivity under bending and strain cycles show a linear temperature

response for the coated fabrics. PEDOT:PSS polymer dyed on cotton fabrics and

achieve a linearly negative temperature coefficient from −50 ◦C to 80 ◦C [67]. Al-

though many of the mentioned papers show promising results to detect temperature,

poor selectivity in coating and printing process is a formidable challenge to overcome.

Similar to RH development, MEMS fabrication techniques are utilized to deposit

temperature-sensitive materials on a flexible substrate such as PDMS [60] and flexible

Kapton [68]. Fixing MEMS devices within textiles by weaving them on the substrate

is an approach to measure the temperature of the textile.

1.3 Objectives

The main objectives of this thesis are:

(1) To investigate the effect of hydrophobic coating on water transport and conduc-

tivity of the GDLs, Chapter 3.

(2) To develop integrated textiles for water transport and embed RH and temperature

diagnostics tool within the textile electrode of PEMFCs, Chapter 4.

(3) To develop thread-based temperature and RH sensors for wearable applications

and investigate biocompatibility of these devices, Chapter 5.

1.4 Structure of Thesis

This thesis consists of six chapters. Chapter 1 provides the background and motiva-

tions with a detailed introductory literature review. A summary of the key results

is presented in Chapter 2. Chapters 3 to 5 present in manuscript format the main

contributions of this thesis with relevant background, experiments, and results.

Chapter 3 presents the experimental procedure for evaluating water transport,

thermal conductivity and electrical conductivity of carbon cloth GDLs. The effect of
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hydrophobic coating (FEP) and compression are evaluated.

Chapter 4 demonstrates the integration of the external threads to facilitate wa-

ter transport and also monitoring RH and temperature via fibre-like sensors within

carbon cloth GDLs. Physical, microstructural and transport properties of the modi-

fied GDL were evaluated. The process of fabricating sensors was also explained, and

sensor response for PEMFCs working conditions was investigated.

Chapter 5 presents the development of hybrid temperature and humidity sensors

for application in wearable biomonitoring. The study investigates the coating process

with the variable concentration of CNTs and surfactants. Further, it characterizes

the CNT-coated thread response to temperature and relative humidity. Finally, the

biocompatibility of the sensors was evaluated.

Chapter 6 summarizes the key findings, contributions and suggestions for future

work based on the outcomes of three research studies presented in Chapter 3 to 5.
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I. Physical Modifications

(a) (b)

(c)

(d) (e)

(f)

II. Addition of External Component

(g)

(h)

(i)

(j)

III. Chemical Modifications

(l)

(k)

(m)

(n)

Figure 1.4: Summary of different water management strategies. I. Physical
Modification; (a) GDL with laser perforated pores, (b) schematic of locations of per-
foration holes along the flow channel, (c) comparison of fuel cell polarization curve for
pristine and perforated GDL [1]. (d) HAZ with perforated pores on the GDL and (e)
MPL [2]. (f) Polarization curve under over-humidified conditions showing a pristine
sample outperforms a modified sample. [2] II. Addition of External Component; (g)
addition of a conductive wicking layer [3], (h) schematic of additional EO pump, (i)
MEA with EO pump and (j) fuel cell polarization curve for MEA with and without
EO pump [4]. III. Chemical Modifications (l) schematic presentation of water trans-
port in conventional GDL and GDL with hydrophobic and hydrophilic pathways, (a)
GDL with hydrophilic/hydrophobic channels, (m) EDS analysis is showing existing
hydrophilic polymer (pNVF) on carbon paper GDL and (n) fuel cell polarization
curve for MEA with and without a patterned in GDL [5].
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Chapter 2

Summary of Key Findings

This chapter summarizes the key results of the three studies undertaken in this dis-

sertation and discussed in detail in Chapters 3 to 5. The first study analyzes the

trade-off between hydrophobic coating on water transport and conductivity for car-

bon cloth GDLs. In the follow up work, we explored the addition of external threads

into cloth GDLs by integrating textile sensing for water and thermal management in

PEMFCs. The last study focuses on the development of thread-based temperature

and humidity sensors with emphasis on application in wearable biomonitoring.

2.1 Woven gas diffusion layer for polymer elec-

trolyte membrane fuel cells: liquid water trans-

port and conductivity trade-offs

Hydrophobic coatings are widely used in the industry to improve water transport

in GDLs. The coating alters water transport, thermal conductivity and electrical

conductivity of the porous GDL. Previously, the effect of hydrophobic coating on

transport properties for non-woven GDLs was studied thoroughly. This study aims to

investigate the impact of such coatings on a woven GDL since the structure provides a

suitable substrate for adding functional fibres for sensing but is significantly different

from the non-woven counterpart.

A test setup was designed to monitor water transport and water pressure in porous

structure using upright fluorescent microscopy to track dyed water transport within

the porous GDL. Three different hydrophobic coated GDLs (0%, 30 wt% and 55
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wt% FEP) were evaluated. The results show that the hydrophobic coating led to

better usage of pores within GDLs and water transported in the in-plane directions

compared to non-coated GDLs. The through-plane conductivity analysis shows that

the electrical conductivity reduces by increasing hydrophobic coating; however, the

thermal conductivity has an optimum amount of conductivity with FEP loading.

The key contributions and findings of this study are: (1) a procedure is devel-

oped to monitor water transport and capture water pressure in the highly porous

structure. (2) FEP loading improves the water transport in woven GDLs and utilizes

pores in the in-plane directions more effectively compared to non-coated samples. (3)

The electrical conductivity reduces by increasing the hydrophobic coating; however,

thermal conductivity increases first (up to 30% FEP loading) and then decreases. (4)

There is a trade-off between better water transport and conductivity of GDLs while

using the hydrophobic coating.

This section of the thesis is presented in detail in Chapter 3.

2.2 Integrated textile-based sensors for water and

thermal management in polymer electrolyte

membrane fuel cells

PEMFCs experiences non-uniform water and heat transfer with a gradient of temper-

ature and humidity within the cell. Smart components that can adapt to a variety of

dynamic changes are vital criteria to improve the performance and durability of the

cells. Generating water transport pathways and combining real-time measurement

of temperature and RH distributions witihn a textile GDL allows improvement in

performance and paves the routes toward adaptive materials within PEMFCs. This

study aims to (1) generate hydrophilic pathways within woven GDLs and investi-

gate the effect of that external hydrophilic threads on transport properties, and (2)

develop embedded threaded sensors for monitoring temperature and RH locally in

woven GDLs. Hydrophobic threads were sewn on woven GDLs for facilitating wa-

ter removal. We analyzed the effect of threads on the physical and microstructural

properties of GDLs. Our results show that threads embedded well in microstructure

of woven GDLs with minimal impact on transport properties. The in-situ fuel cell

testing indicates that the GDL with hydrophilic threads has no adverse effect on the

performance.
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Temperature and RH sensing threads were developed by dip-coating them with

CNT ink and sewing them on a woven GDL. The CNT-coated thread shows RH and

temperature sensitivity in the working range of PEMFCs. To be able to use these sen-

sors in the fuel cell environment, PDMS was coated on top of the CNT-coated thread

to generate an electrical insulating layer and also achieve water vapour transmission

for detecting RH. PDMS+CNT-coated thread is responsive to RH changes. FEP

coating provides an electrical and vapour insulating layer and also mitigates the RH

sensitivity. FEP+CNT-coated thread is solely responsive to temperature. The RH

and temperature sensitivity of both threads PDMS+CNT-coated and FEP+CNT-

coated threads) were characterized, and an ex-situ experiment shows the workability

of such sensors in woven GDLs.

The key contributions and findings of this study are: (1) external hydrophilic

threads embedded in woven GDL generated water pathways. (2) Physical, mi-

crostructural and transport properties of GDLs with external threads were analyzed

and showed minimal impact on GDLs properties. (3) Temperature and RH sensing

threads suitable for PEMFCs working conditions were developed and tested in an

ex-situ experiment.

Chapter 4 explains in detail this section of the thesis.

2.3 A hybrid thread-based temperature and hu-

midity sensor for continuous health monitor-

ing

In the previous study, thread-based temperature and RH sensors were developed for

the working conditions of PEMFCs. The application of these sensors is not limited

to diagnostic tools in woven electrodes. These thread-based sensors have prospective

use in a wearable biomonitoring system, which works in a lower temperature range

(e.g. room temperature). The main objective of the third study is to investigate the

use of these sensors in biomedical applications, particularly wound monitoring.

The CNT ink for dip-coating cotton threads is compromised of functionalized mul-

tiwalled carbon nanotubes (fMWCNTs) and sodium dodecyl sulfate (SDS) in distilled

water. The effect of concentration of each component and the number of dipping on

the thread resistance are investigated. Furthermore, the CNT attachment on the

cotton filaments is evaluated with SEM imaging. The response to RH and temper-
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ature of the CNT-coated thread are further analyzed and shows the responsiveness

to both RH and temperature. FEP coating reduces the RH response and shows only

temperature sensitivity for CNT+FEP-coated thread. For the proof of concept, the

thread-based temperature sensor is combined with a heating thread to control the

local temperature within a textile.

Finally, the cytotoxicity response and compatibility of the CNT-coated (i.e. RH

sensor) and FEP+CNT-coated (i.e. temperature sensor) threads are evaluated for

potential use in smart wound dressing. The analysis shows that the thread-based

sensors do not develop a cytotoxic response to cell growth. Furthermore, placing the

sensors on healthy mice wounds did not affect the wound healing process in mice.

The key contributions and findings of this study are: (1) dip-coating parame-

ters (i.e. concentration of CNTs, surfactant and number of dipping) are optimized

for developing CNT-coated thread. (2) The response of the CNT-coated thread to

temperature and humidity is investigated and shows a linear decrease in response

to temperature change and quadratic resistance increase to RH changes. (3) FEP

coating successfully mitigates the RH sensitivity of the CNT-coated thread and re-

sults in solely a thread-based temperature sensor. Combining both CNT-coated and

FEP+CNT-coated threads can monitor both temperature and RH in textile sub-

strates. (4) Finally, the cell cytotoxicity and animal results show thread-based sensors

are biocompatible for wearable biomonitoring.

Chapter 5 explains in detail this section of the thesis.
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Chapter 3

Woven gas diffusion layer for

polymer electrolyte membrane fuel

cells: liquid water transport and

conductivity trade-offs

(Journal of Power Sources, volume 403, 2018, 192-198)

3.1 Abstract

Gas diffusion layers (GDLs) provide pathways for water removal in a PEM Fuel Cell.

Woven GDLs, have shown higher capability to contain water and improve performance

under humid conditions compared to non-woven GDLs. In this work, we investigate

water transport, distribution and location of breakthrough in woven GDLs using

fluorescent microscopy. GDLs with no coating, 30, and 55 wt% fluorinate ethylene

propylene (FEP) were investigated. FEP increases hydrophobicity and affects thermal

and electrical conductivities. The results show that the FEP-treated GDLs have

higher breakthrough pressures and water contact angles than non-treated GDLs. For

untreated samples, water breakthrough occurs in non-compressed regions; whereas,

for FEP-treated samples emergence occurs in the compressed regions. Furthermore,

water was observed to first cover visible pores inside the GDLs prior to breakthrough.

Increasing FEP loading promotes the propagation of water inside the GDLs. Thermal

conductivity is found to improve with FEP coating and attains a maximum at 30 wt%
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FEP loading, whereas electrical conductivity decreases with increasing FEP loading.

This analysis shows more pores are engaged in water transport with higher FEP

loading. Implementation of woven GDLs in fuel cell design requires a balancing of

the water and heat transport benefits with the reduced electrical conductivity.

Keywords: Woven Gas Diffusion Layers, Water Breakthrough, Fluorescent Mi-

croscopy, Thermal conductivity, Electrical Conductivity

3.2 Introduction

The gas diffusion layer (GDL) plays a central role in performance of polymer elec-

trolyte membrane fuel cells (PEMFCs) [9]. The GDL facilitates transport of reac-

tants from the flow channels to the catalyst layer and contributes to the transport of

electrons and heat from the membrane electrode assembly (MEA), where the electro-

chemical reactions occur. Additionally, the GDL helps control the level of moisture

in a fuel cell. Proper water management ensures that by-product water is removed

from the catalyst layer to prevent flooding while maintaining the catalyst layer and

MEA hydrated at the same time [15].

The GDL is a porous structure that is fabricated either by weaving carbon fibers

into a carbon cloth or randomly distributing carbon fibers to form a non-woven carbon

paper. Carbon fibers are mostly made of polyacrylonitrile (PAN) using a solvent spin-

ning process [9]. Spun PAN yarns, used to make carbon cloth, are produced through

the Worsted process, where yarns are generated and wrapped around a bobbin for

weaving. The woven carbon fiber is then carbonized at a minimum temperature

of 1600 °C (often under vacuum) [9]. This manufacturing process leads to a more

flexible GDL structure. Non-woven GDLs are manufactured using the papermaking

technology followed by sintering [9]. This process leads to a different microstructure

for the non-woven GDLs than their woven counterparts. The pore sizes in woven

GDLs vary in a wide range from 2 µm to 100 µm, whereas pore sizes in non-woven

GDLs range from 10 µm to 30 µm. The wide range of pore size distribution in the

woven GDLs is due to the multiscale microstructure of the constituent yarns that are

formed from packed fine fibrils with large pores located between the yarns [69, 70].

Moreover, woven GDLs have lower porosity and less tortuous structure compared to

non-woven GDLs [69]. In addition, the in-plane porosity distribution in woven GDLs

has a sinusoidal shape, which varies between 80 to 90%, whereas non-woven GDLs

porosity distribution is more random. GDLs are commonly treated with hydrophobic
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polymers such as polytetrafluoroethylene (PTFE) or fluorinated ethylene propylene

(FEP) [5] to improve the hydrophobicity of the GDLs using dipping, spraying, or

brushing methods. Another process that improves the performance of the GDL is

applying a thin microporous layer (MPL), to the side which is in contact with the

catalyst layer (CL), to facilitate the wicking of liquid water from the CL to the GDL.

MPLs have a pore size distribution much smaller than GDLs, from ∼ 100 to 500 nm

[9].

Experimental studies to characterize GDLs have been conducted (1) to understand

transport properties, such as permeability, diffusivity, breakthrough pressure, electri-

cal conductivity and thermal conductivity; and (2) to analyze the microstructure,

including bulk porosity, pore size distribution, and porosity distribution. One of the

key properties of GDLs is water breakthrough. Breakthrough analysis [71, 72, 73, 16]

provides information about the required pressure to overcome the capillary force and

also the location of the water breakthrough in GDLs. Benziger et al. [71] investigated

water breakthrough pressure for woven and non-woven GDLs without an MPL and

showed that woven GDLs have a lower breakthrough pressure (∼2 kPa) compared to

non-woven GDLs (Toray samples ∼7 kPa). The lower breakthrough pressure of woven

samples is due to larger pores located between yarns of the woven GDLs. Further-

more, increasing the PTFE loading of the GDL slightly increases the breakthrough

pressure. Lu et al. [73] investigated non-woven GDLs with and without MPL (SGL

25BA and SGL 25BC). SGL samples are more porous compared to Toray samples

and have larger pores and porosity values [74]. A breakthrough pressure of 1.7 kPa

was reported for GDLs without MPL and 6.7 kPa for GDLs with MPL [73]. This is

due to the smaller pores of the MPL, which are expected to increase the breakthrough

pressure.

Visualization of water breakthrough in GDLs has been studied with different imag-

ing techniques. Two main techniques are X-ray microtomography and fluorescent

microscopy. Fluckiger et al. [16] performed X-ray tomography imaging of water

breakthrough on non-woven GDLs to observe their water content. The scan time was

as low as 5 min with sample size of 2.5 mm in diameter. This study showed the satu-

ration curve in different water intrusion pressure. In 2015, Weber et al. [21] designed

a new test setup to replicate the land and channel in the flow field in order to observe

the water saturation in GDLs. The scan time was about 8 min with a sample size

of 3.2 mm in diameter. Although X-ray microtomography shows high resolution and

strong ability to characterize GDLs and interfaces in MEAs (e.g., between GDL and
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MPL [74], and between MPL and CL [14]), the small sample size and low temporal

resolution were challenges for the breakthrough analysis. However, the recent studies

try to improve the 3D µCT in sub second, Eller et al. showed the scan time can

reduce to 3.2 s with 1% false water detection [20]. However, fluorescent microscopy

with high temporal and spatial resolution allows better tracking of the emergence

of water. The challenges with optical fluorescent microscopy are the depth of field,

which does not allow to observe the whole structure of GDLs, and sample holders

should be modified to provide access of light to the GDLs structure. Litster et al.

[14] visualized water transport through the thickness of non-woven GDLs and found

the location of the breakthrough on the surface. Bazylak et al. [15] investigated

the effect of compression on the location of the breakthrough in non-woven GDLs

and showed that compression damages the PTFE and fiber structure and creates

preferential pathways for water removal in the compressed areas.

Previous studies mainly characterized non-woven GDLs. However, a comprehen-

sive study to understand water transport in woven GDLs is warranted since these

GDLs have a higher capacity to keep water compared to non-woven GDLs (cf. [75]).

The present study aims to investigate water transport in woven GDLs at the mi-

crostructure level. For this purpose, carbon cloth GDLs with three different FEP

loadings (0, 30 wt% and 55 wt%) were used to visualize water transport. The study

reveals why woven GDLs have a higher capacity to keep water inside compared to

non-woven GDLs, and documents the associated changes in thermal and electrical

conductivity.

3.3 Experimental

3.3.1 Preface

The experimental part of this chapter was performed as follow: I was responsible for

performing the water transport experiments, data analysis and writing the article.

Dr. Mohammad Ahadi performed electrical conductivity and thermal conductivity

testing at Ballard Power Systems.



30

3.3.2 GDL

In this study, a woven GDL, Avcarb 1071 HCB (from Fuelcell Earth), was used.

This woven GDL has a thickness of 350 µm and porosity of 65%. FEP solution

(Teflon FEPD 121 Fluoroploymer Dispersion) was used to treat the AvCarb GDLs

with 30 and 55 wt% FEP loadings. GDLs were dipped into the solution for 1 min

and then placed on needle-point holders. The holders were kept in the vacuum oven

at room temperature for an hour; the temperature was then increased to 100 ◦C for

one additional hour. This process allowed evaporation of water and other solvents

from the GDLs. To evaporate the surfactant, the GDLs were kept in a muffle oven

for 50 min while the oven temperature was ramping up to reach 260 ◦C, and then for

an additional 10 min at a constant 260 ◦C. To sinter the polymer, the temperature

was ramped up to 280 ◦C over 20 min and kept at 280 ◦C for 20 min (also see [5]).

3.3.3 Visualization and Breakthrough Pressure

The apparatus to measure the breakthrough pressure and perform fluorescence mi-

croscopy to visualize water transport is described below. A dilute water solution of

1 millimolar rhodamine B (excitation: emission 540 nm: 625 nm) was prepared to

trace water transport in the plane of the GDLs. Since this solution was dilute, dying

the water had negligible effect on the properties of water (compared to pure water).

Apparatus

Samples were placed in an assembly and water was injected with a syringe pump at

a rate of 0.02 ml.min−1. The clamping device has a top plate made from Plexiglas to

visualize water, and it has a small hole (with diameter of 5 mm) for water removal.

The O-ring diameter is 9 mm and the area between O-ring and open hole is under

pressure. The test performed in isothermal at room temperature. An upright fluores-

cent microscope (DP 73 Olympus BX51), with CY3 filter and 2X objective having a

numerical aperture of 0.06, was used in this experiment. A schematic of the clamping

device and microscope is shown in Figure 3.1. Images were all taken in black and

white. The sample was illuminated with fiber optic, Figure 3.1(a). The acquisition

software was Olympus CellSense. Water pressure was measured with a differential

pressure transducer (Honeywell FP2000) connected to a DAQ system. The appara-

tus to measure the breakthrough pressure and perform fluorescence microscopy to
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visualize water transport is described below. A dilute water solution of 1 millimolar

rhodamine B (excitation: emission 540 nm: 625 nm) was prepared to trace water

transport in the plane of the GDLs. Since this solution was dilute, dying the water

had negligible effect on the properties of water (compared to pure water).

Image and Data Acquisition

A cooled CCD (charge-coupled device) camera was used to capture the transient

transport of water. The nominal depth of the field, calculated from dfield = λ/NA2 ,

was found to be 150 µm, allowing signals to reveal inside the porous structure. The

depth of field of view for the sample was 100 µm that could cover 7∼8 fibres as well

as the space where the water flowed. Intensity of the 8-bit images could be correlated

to the height of the water on the surface, using the following formula [14]:

η =
100µm

255I
(3.1)

where η is the observable height and I is the intensity of the image. The field of view

was 6.5 mm × 5 mm with a spatial resolution of 4.6 µm. This field of view was large

enough to cover many pores (∼ 2 to 100 µm [70]) on the surface. Scanning electron

microscopy (SEM; Hitachi S-3500N) and energy dispersive X-ray spectroscopy (EDS;

Hitachi S-3500N) were employed to observe microstructure of GDLs with different

FEP loadings, and also to deduce distribution of FEP in the GDLs.

3.3.4 Thickness Measurement

The thickness of the GDL samples were measured at different pressures using a

custom-made testbed (Thickness Under Compression-Resistivity Under Compression,

or TUC RUC) and protocol described in detail in [76].

3.3.5 Thermal Conductivity Measurement

Thermal conductivities were measured using a guarded heat flux (GHF) testbed,

which was custom-made based on ASTM Standard E1530-11 and described in de-

tail in [76, 25, 77]. The procedure for measuring bulk thermal conductivity relies on

the measurement of thermal resistances of at least two material samples with differ-

ent thicknesses and then deconvoluting the bulk and contact thermal resistances by
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Figure 3.1: (a) Black and white image of woven GDL (scale bar is 2 mm) (b) Schematic
of the fluorescent microscopy of GDL.

subtracting the two resistances as follows:

kb =
t2 − t1

(R2 −R1)A
(3.2)

where R1 and R2 are the resistances measured inside the testbed; kb is the bulk con-

ductivity of the sample, and t1 and t2 are the thicknesses of the measured sample. In

this study, since only one thickness of GDL was available, different thicknesses were

simply made by stacking the material. It should be noted that the total thermal resis-

tance measured by the GHF testbed consists of the bulk resistance and two thermal

contact resistances (TCRs) between a sample and the apparatus (the GHF fluxme-

ters). However, in a stack of several samples, there is an additional TCR between the

samples in contact with each other. Therefore, when subtracting resistances of two

stacks of samples (R2 − R1) in Equation 3.2, the two TCRs between the stacks and
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the apparatus (fluxmeters) cancel out, and only the difference in bulk resistances of

the samples in the stacks and the TCRs between the samples remain. However, as

also shown in refs. [78, 79, 80, 81], TCRs between GDLs in a stack of GDL samples

are negligible compared to the bulk resistances of the samples. Therefore, the result

of subtraction of resistances in Equation 3.2 (i.e. R1 −R1) provides an accurate mea-

sure of the difference in bulk resistances of the samples in the stacks. This stacking

method has been widely used in the literature for measuring different layers of fuel

cells, including porous transport layers [78, 79, 80, 81] and catalyst layers [82].

3.3.6 Electrical Conductivity

Measurements of electrical conductivity were performed using a Micro Junior 2 mi-

cro ohmmeter (Raytech, USA) comprising four custom-made gold-plated probes. A

sample was clamped between the probes, and a clamping pressure of 1500 kPa was

applied on the probes. Similarly, to the GIF thermal resistance measurements, the

electrical conductivity could be deconvoluted from measurements of at least two sam-

ple thicknesses using Equation 3.2. Again, different thicknesses were made simply by

stacking.

3.4 Results and Discussion

The clamping device compressed the GDL under an O-ring at a pressure of 1.6 MPa

(the pressure film, which is provided by sensor products Inc., was used for the test.

The film is sensitive between 400 kPa and 2400 kPa. The photo of the pressure film

is available in supplementary information (FigureA.1). This compression is in a same

range of compression that GDLs experience in actual fuel cell operation [15]. In-

plane and through-plane SEM images of three different woven GDL samples, namely

AvCarb 1071 HCB with 0, 30 and 55 wt% FEP loadings, are shown in Figure 3.2. The

images show that more FEP material is located on the surface than through the bulk

structure of the GDLs. Increasing FEP loading changes the physical properties of the

woven GDLs from flexible to more rigid. This may be due to filling the pores between

fibers and yarns by FEP, which increases stiffness. The distribution of this polymer

within the sample is important since an even distribution of FEP enhances the whole

structure’s hydrophobicity. The polymeric coating for the samples was investigated

using EDS to map fluorine material on the surface and along the in-plane direction
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of the GDLs, and the resulting in-plane and through-plane distributions of fluorine

and carbon are shown in Figures 3.3 (a) and (b), and the enhanced FEP content with

higher loading is clearly illustrated, with a relatively even distribution through the

two planes; we note that AvCarb without FEP shows trace amount of fluorine.

Figure 3.2: SEM images of the in-plane and through-plane of GDLs for different FEP
loading (0, 30 wt% and 55 wt% FEP).

EDS analysis can also be used to quantify the material content. Table 3.1 shows

weight percentage of each element in Figure 3.3 (a) (in-plane) and (b) (through-

plane). There are errors associated for the weight percentage of fluorine and carbon

on the surfaces and the cross sections (the detailed report of the quantification analy-

sis are available in the supplementary information FigureA.2). Fluorine accumulates

more on the surface, as indicated by the higher percentage of fluorine in the in-plane

direction than the through-plane direction. Similar results were reported for non-

woven GDLs [11]. The higher content of hydrophobic polymer (PTFE or FEP) on
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Figure 3.3: EDS analysis mapping (a) in-plane distribution (b) through-plane of
carbon (red) and fluorine (green) for different FEP loading sample (0, 30 and 55
wt%).

the surface results in lower porosity near the surface for the treated GDLs. The mea-

sured breakthrough pressures for the samples are shown in Figure 3.4(a). Increasing

FEP/hydrophobicity of the GDL can reduce the pore sizes and increase the contact

angle, see Figure 3.4(b); these factors in turn result in higher breakthrough pressure

with higher FEP loading.

Visualizations at the starting time of the breakthrough and following breakthrough

are monitored using fluorescent microscopy. Figure 3.5 (a) shows the saturation curve

over time, which is obtained by monitoring water emergence from the top plate of

clamping device. The transient saturation curve shows the low amount of saturation

before the breakthrough. However, after the breakthrough, the saturation increased

significantly. For both cases, higher percentage of saturation was observed for mod-

ified GDLs compared to the pristine sample. Figure 3.5 (b) shows four instances
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Figure 3.4: (a) Breakthrough pressure and (b) water droplet contact angles of GDLs
with different FEP loading (number of sample = 3).

of water transport in the woven GDLs. Water first filled the pores under the open

window for all samples as the open window is located on the top of the injection hole.

For the 0% FEP sample, breakthrough occurred in the circular open window, and

water covered the surface. However, samples with 30 and 55 wt% FEP followed a

different scenario. Water first filled the pores in the circular window and then prop-

agated to other pores in the in-plane direction of the GDLs; finally, breakthrough

occurred in the compressed areas, with water covering the surface. The supplemen-

tary video of water transport for three different GDLs (without coating, 30 wt% FEP

and 55 wt% FEP) can be found in the supplementary information (Figure A.3). To

provide reproducibility of this test, the same test was performed on more samples

and similar results were obtained, which are available in supplementary information.

There are some possible explanations for the differences in water distribution pat-

terns. The water flow experienced higher resistance in the through-plane direction.
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Table 3.1: Carbon and fluorine percentage for 0, 30 and 55 wt% FEP loading GDLs.

Materials
In-plane [wt%] Through-plane[wt%]
Carbon Fluorine Carbon Fluorine

AvCarb 1071-Without Coating 99.7 0.3 99.8 0.2
AvCarb 1071-30 wt% FEP 62.2 37.8 65.5 34.5
AvCarb 1071-55 wt% FEP 29.4 70.6 41.9 58.1

As a result, the lower resistance pathways are preferential. The hydrophobicity of

the GDLs increases and it affects the breakthrough pressure and contact angles of

the modified GDLs (Figure 3.4). More hydrophobic pathways cause more propaga-

tion of water towards lower resistance regions. This experiment shows that water

moves in the in-plane direction, which might have better pore connectivity and lower

tortuosity compared to the through-plane direction. Another hindering fact of water

transport in the through-plane direction is the accumulation of more FEP on the

surface of GDLs, which causes having the smaller pores near the surface and more

pressure requires to overcome this barrier. These aforementioned reasons cause in-

creasing the resistance in the through-plane direction, and consequently, water moves

inside the GDL and fills the pores first and then, breaks through in the region under

compression.

The intensity of the grayscale image can be correlated to the water height [14].

In Figure 3.6(a), the circular shape is subtracted from the breakthrough image, and

the corresponding water height distribution is illustrated in the 3D map. Emergence

of water for the 0% FEP sample occurs in the circular windows. However, for the

FEP-loaded samples, water covers pores first in the areas under compression, and

then emerges from the compressed regions. This is attributed to distortion of the

GDL microstructure under compression. Compression can open some pathways for

water in FEP-loaded woven GDLs, as was also shown for non-woven GDLs [15].

Figure 3.7 illustrates through-plane water transport for untreated and treated GDLs.

Water travels toward the open window and with no lateral movement in untreated

samples; however, in the treated samples, water is forced to move laterally first and

then emerges on the surface.

The variation of GDL thickness with compression is shown in Figure 3.8 for sam-

ples with different FEP loadings; the error bars for these measurements are smaller

than the data points and are not shown. The measurements show that the samples

swell with increasing FEP treatment due to impregnation of fibers and the filling of
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Figure 3.5: (a) saturation over time (b) four instances of water saturation for GDLs
without FEP, 30 wt% FEP and 55 wt% FEP (the scale bar is 2 mm).

gaps between fibers. Settling down of FEP material on the surfaces of the samples

could also contribute to the increased thickness.

Thermal conductivity results, shown in Figure 3.8(b), indicate that the 30% FEP

loading GDL has the optimum thermal conductivity. This is a direct result of impreg-

nation of the samples by the FEP material, which has a higher thermal conductivity

than air (∼ 0.2 Wm−1K−1 for FEP compared to the value of 0.02 Wm−1K−1 for air).

The optimal value is a result of the trade-off between the higher conductivity of FEP

material with the increased thickness of the FEP-treated GDLs which lengthens the

conduction path inside the samples. The through-plane thermal conductivity values

measured in this study are in the same range as through-plane values reported in the

literature for woven GDLs [79](∼ 0.28-0.32 Wm−1K−1) and non-woven GDLs [83](∼
0.15-2.1 Wm−1K−1).FEP loading has a significant impact on electrical conductivity

as shown in Figure 3.8(c). Whereas FEP provide better heat conduction pathways
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Figure 3.6: (a) Fluorescent microscopy of the breakthrough location (scale bar is 2
mm) (b) 3D map of water height in GDL and breakthrough location on the surface.

than air, it is an insulator for electric current, and the combination of impregnation of

fibers, deposition of an insulating layer on the surface, and increased thickness result

in a significant drop in electrical conductivity. Through-plane electrical conductivity

data reported in literature are in the range of ∼ 250 - 2500 Sm−1 for non-woven

GDLs [84, 85, 86].

3.5 Conclusion

Water transport, thermal conductivity, and electrical conductivity of woven GDLs

with different FEP loadings were investigated in isothermal conditions at room tem-

perature. Fluorescent microscopy visualization of water transport showed that for

woven GDLs without FEP loading, water first fills bigger pores between yarns in
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Figure 3.7: Water transport inside of (a) untreated and (b) treated woven GDLs.

the woven GDLs and then, breaks through a pore in the open area of the struc-

ture. FEP loaded-GDLs, however, have higher breakthrough pressures due to smaller

pores and higher hydrophobicity. As such, water flows more in the in-plane direction

of the GDLs. Furthermore, the occurrence of the breakthrough is in the area under

compression. As in the case of non-woven GDLs [15], water breakthrough is due to

distortion of the fibers and FEP material under compression. Higher FEP loading

results in the swelling of the GDL due to partial filling of pores, possibly impregna-

tion of fibers, as well as coverage of the sample surfaces with FEP material. Thermal

conductivity measurements showed the existence of an optimum FEP loading (near

30%) as a result of a trade-off between the partial filling of the pores and increased the

thickness of the sample by FEP. On the other hand, electrical conductivity decreased

monotonically and significantly with FEP loading. In implementing woven GDLs

in fuel cells, FEP treatment needs to be carefully determined in terms of trade-offs
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Figure 3.8: (a) Thicknesses of GDL samples versus pressure, (b) Thermal conductivity
and (c) Electrical Conductivity versus FEP loading (number of sample = 3).

between improved water transport, heat, and electrical conduction, possibly using

multi-objective optimization [87, 88].
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Chapter 4

Electrode-integrated textile-based

sensors for temperature and

relative humidity monitoring in

electrochemical cells

4.1 Abstract

Advances in textile technologies for transporting biomarkers and smart sensing are

exploited in textile electrodes for electrochemical devices to achieve control of wa-

ter transport as well as relative humidity and temperature sensing. The concepts

are implemented and demonstrated within a textile gas diffusion layer (GDL) of the

electrode of polymer electrolyte membrane fuel cells (PEMFCs). Ex-situ and in-situ

characterization show that threads can be introduced in the GDL structure to inscribe

water highways within the GDL with minimal impact on GDL microstructure and

transport properties. Furthermore, a low-cost procedure was developed to transform

commodity threads into temperature and humidity sensors by coating the threads

with carbon nanotubes (CNTs) ink. Fluorinated ethylene propylene (FEP) is coated

on top of the CNT coated thread to decouple the response to temperature and hu-

midity; the resulting threads achieve a linear change of resistance with temperature

(-0.31 %/◦C), while relative humidity (RH) is monitored with a second thread coated

with polydimethylsiloxane (PDMS). The combination of both threads allows mini-

mally invasive and dynamically responsive monitoring of local temperature and RH
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within the electrode of PEMFCs.

4.2 Introduction

Electrochemical energy conversion and storage technologies are central to the decar-

bonization of the transportation and power sectors. They provide the reliability and

flexibility required to bring low-cost intermittent renewable energy sources into ma-

jor energy consumer sectors [89]. Porous electrodes are pivotal components in many

electrochemical devices, such as polymer electrolyte membrane fuel cells (PEMFCs)

[5] and redox-flow batteries [90, 91]. Electrodes typically consist of a multi-layered

porous structure, and their performance is significantly influenced by the structure

and wetting properties of the pores2. Porous electrodes of PEMFCs require a water

management strategy to ensure adequate durability and performance [5]. A partic-

ularly challenging aspects of water management is dealing with the inhomogeneous

reaction and water production rates in the catalyst layer (CL) [92, 52] and the non-

uniform temperature and humidity distribution.

Water management requires balancing both membrane humidification to ensure

good ionic conductivity and removal of excess water, which can block the pores and

hamper reactant gases transport to the CL, i.e. the “flooding” phenomenon [6, 7, 14].

Poor water management leads to increase stack size, higher cost and reduced power

density [17]. Gas diffusion layer (GDL) is a porous structure responsible for the trans-

port of air and hydrogen (reactants), water (by-product), heat and electrical current

[14, 9]. Water transport is mainly controlled by capillary pressure, which is a func-

tion of pore size and hydrophobicity of the GDL. In high current density, the excess

amount of water reduces PEMFCs performance significantly due to flooding. Dif-

ferent avenues for GDL water management have been pursued. (1) Using perforated

metallic GDLs with different pore sizes and distributions shows better performance at

high current density. However, the durability of these GDLs is significantly reduced

by corrosion [93, 94]. (2) Generating through-plane holes (∼ 80 µm) in the cathode

side of the GDL under the flow channels has been shown to reduce the capillary

pressure and remove the excessive water [1, 33, 34, 32]. This approach improved the

performance of the fuel cell by reducing the cathode overpotential, particularly, in

a low humidity environment. However, a drop in performance was observed at high

humidity and current densities [32]. (3) Adding a wicking layer to the back of the

GDL to remove excess water by hydraulically linking the entire cathode surface was
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practiced [3]. Although this approach alleviates the flooding issue in fuel cells, the

performance gain is minimal. (4) Fabian et al. [4, 95] invented an active water man-

agement strategy by introducing a micro pump to enhance water removal. Promising

results were presented for air-breathing fuel cells, but the application of such pump

in large scale stacks has not been studied. Furthermore, this approach would increase

cost. (5) Tuning wettability of the GDLs and microporous layers (MPLs) [96] (i.e.

a thin layer added to the GDL to achieve more uniform reactant distributions) is a

promising avenue that has been studied recently. Forner-Cuenca et al. [5] engineered

the hydrophobicity of the GDL by radiation grafting of hydrophilic polymers and

generating water channels in off the shelve GDLs. The results indicated better wa-

ter management and better performance of the cells in low humidity (cathode side)

environment. In three consecutive studies, the grafting strategy [38], ex-situ analysis

[18] and in-situ fuel cell testing via neutron imaging were studied [39]. However, the

large-scale utilization of this improvement requires significant changes in manufactur-

ing facilities. The path forward in the enhancement of GDL performance is to devise

responsive systems that retain water as needed in specific locations or at certain op-

erating points, while removing water that accumulates in the porous structure at

other locations/conditions; monitoring of local parameters (e.g. temperature and rel-

ative humidity) is critical to implementing this approach. This paper describes a new

approach that simultaneously allows monitoring and improves water management.

Reducing non-uniformity of temperature and humidity [97] is crucial to main-

taining ionic conductivity [98] and alleviating degradation of polymer electrolyte

membranes [98]. Accurate knowledge of local temperature and humidity is essen-

tial for improving water management as well as for improving the accuracy of per-

formance predictions. Conventional methods of temperature and humidity moni-

toring lack spatial resolution and typically measure temperature and humidity of

reactants at the input and the by-product at the output of the cell [99]. Various

methods to access the cell temperature locally have been proposed using thermocou-

ples [41, 100, 101, 42], optical sensors [52, 50] and micro-electro-mechanical systems

(MEMS) [47, 46, 102, 103, 104, 102, 45]. Zhang et al. [41] placed 11 thermocouples

between the GDL and the CL to monitor temperature distributions. The flow field

was modified to place these thermocouples, thus covering valuable area of the CL and

reducing the active area for the catalysis. This approach has also been employed by

other researchers [100, 101, 42]. Use of optical sensors was demonstrated by David

et al. [52, 53, 105] who developed an in-fiber Bragg grating (FBG) sensor and imple-
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mented it an operating fuel cell to simultaneously measure temperature and relative

humidity (RH). In addition to good accuracy, this sensor provides dynamic response

up to 1Hz. The size of the fibers (∼ 30 µm) however restricted its deployment to

a distance from the reaction zones in the CL. MEMS have paved the way for new

sensing techniques. For example, Lee et al. [47] fabricated a MEMS device located

between the membrane and the CL that captures local temperature and RH. This

device requires MEMS fabrication on the membrane with partial covering, and moni-

toring of different locations requires fabrication of a different MEMS-membrane which

is both costly and cumbersome.

While non-uniformity of parameters such as temperature and RH in the plane of

the electrode is well established, studies also show that there are significant through-

plane gradients between outer plate temperature and the reaction zone temperature

[7]. While several methods have been successful in monitoring these non-uniformities

in-situ [104, 106] they have not been adopted for monitoring in commercial stacks

due to a combination of (1) requirement for significant design changes of the cell, (2)

need of additional components, and (3) reduction in active area and negative impact

on performance.

The development of appropriate sensing, thermal and water management solutions

for electrochemical energy applications can take advantage of innovations in textile

technologies that have for instance shown promising results in biomedical applications.

One of the avenues relies on wicking property of threads to transport biomarkers

through the threads [107, 66, 108]. Threads can be easily patterned on a textile

substrate to design a network for transport of different stream of flows. Junker et al.

[109] showed that a network of threads can be used in a low cost process for designing a

microfluidic circuits. In addition to facilitating transport, threads have been used for

sensing in biomedical applications by coating commodity threads with novel materials

such as carbon nanotubes (CNTs). Such thread-based sensors have been used to

monitor physical and chemical properties such as [110], pH [111], temperature [66]

and humidity [58]. Akbari et al.[66] demonstrated a process in which a commodity

thread was transformed into a temperature sensor by simple dip coating in a CNT

ink; the sensor exhibited a simple linear relationship between temperature and thread

resistance. Besides temperature, CNT coated substrates are also responsive to change

of humidity as has been shown for a variety of substrates such as cellulose papers

[112], composite films [113] filaments and fabrics [58]. Zhou et al. [58] developed high

strength filaments out of CNT and poly(vinyl alcohol) via a wetspinning process. The
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filament resistance followed a quadratic response to change of RH between 60% to

100% over a range of temperatures [25 ◦C to 75 ◦C] that coincides with PEMFCs.

Based on the promising results of textile technology in bio-medical application,

thread-based temperature and humidity sensors were for the first time developed and

integrated within a carbon cloth GDL for continuous temperature and humidity moni-

toring. Taking advantage of the wicking properties of the thread, water pathways were

engineered by patterning GDLs to facilitate transport of excess water. Microstructure

analysis, scanning electron microscopy (SEM) and X-ray microtomography (X-µCT),

were performed to characterize modified porous GDL. In-situ fuel cell testing was

performed on modified samples and pristine samples to evaluate the effect of threads

on the performance of the fuel cell over a range of conditions representative of actual

fuel cell operation.

4.3 Results and Discussion

Integrating multifunctional threads within carbon cloth GDLs provides (1) prefer-

ential water “pathways” and (2) sensing capability within the fuel cell membrane-

electrode assembly (MEA). Figure 4.1(a) shows the process for treating and sewing

hydrophilic threads onto carbon cloth GDLs using a commercial sewing machine. The

proposed low-cost process uses roll-to-roll system to coat commodity threads with

CNT inks by dipping and drying (Figure 4.1(b)). Threads made of polyester, which

has high wicking property compared to other commodity threads (see FigureB.1 ),

provided preferred pathways for water to cross carbon cloth GDL (Figure 4.1(a)) with

a minimal impact on GDL microstructure. To add sensing within GDLs, the conduc-

tive CNT coated threads were functionalized to be temperature and humidity sensors.

This requires a layer to insulate the thread from the conductive substrate (carbon

cloth GDLs), as well as a protective layer to mitigate the sensitivity to humidity.

Polydimethylsiloxane (PDMS) is an insulator with the high water vapor transmissiv-

ity required for RH sensitivity. PDMS can be easily wrapped around the CNT coated

thread via a dip coating process (Figure 4.1(c)). To achieve temperature sensitiv-

ity, fluorinated ethylene propylene (FEP) was used to coat the CNT-coated thread;

this provides both insulation and mitigation of water vapor transmission allowing

measurement of temperature independently. The thread-based sensors monitor tem-

perature and humidity locally and communicate wirelessly with a personal computer

(PC) or smartphone. A schematic of sewing thread-based sensors on a piece of car-
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bon cloth GDL is shown in Figure 4.1(d). The detailed analysis of these integrated

sensors-textile electrodes is presented in the following figure panels.

1
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Figure 4.1: Schematic of process to modify carbon cloth GDL via sewing hydrophilic,
temperature and humidity sensing threads. (a) Polyester threads were sewed on
carbon cloth GDL generating hydrophilic pathways for water removal. (b) Roll-to-roll
process of dip-coating cotton thread to confer humidity and temperature sensitivity.
(c) FEP for temperature sensing and PDMS coating for humidity sensing. (d) Sewing
of thread-based sensors for wireless monitoring of temperature and humidity.

We evaluated the effect of addition of threads on physical properties of the GDL.

A carbon cloth GDL has a plain weave of carbon yarns with a size of ∼422±3 µm.

The SEM image revealed the two-dimensional (2D) view of the microstructure of a

plain GDL in Figure 4.2(a). A piece of polyester thread was treated with a corona

discharge to enhance the wicking property of the thread (Figure B.2 showed the

wicking test results and the SEM images of the thread in Figure B.3). The treated

polyester thread with a diameter of ∼ 232±3 µm was sewed on a piece of cloth GDL,
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as depicted in Figure 4.2(b). The SEM image showed the thread was embedded in the

pristine GDL with a minimal impact on microstructure. For non-woven GDLs, such

as Toray 090, the microstructure was impacted as is shown in Figure B.4. Threads

were sewed in a straight line on a GDL with two patterns, 1 mm and 4 mm distance

apart with a pitch of 1 mm. An in-house tool, thickness under compression and

resistance under compression TUC RUC), was utilized to measure the thickness and

through-plane electrical conductivity in different compression pressures. This tool

has been used and evaluated in previous studies [27, 114]. The thickness increased

by 100 µm for the 1 mm distance threaded GDL and 60 µm for the 4 mm at 1500

kPa. It showed that the thickness of the modified GDL is in the range of commercial

products (Gray area in Figure 4.2(b) 370 µm for Toray 120 and 110 µm for Toray 030

are the thickness of these two commercial products). On the other hand, electrical

resistance under compression yields similar results compared to the pristine sample,

even though the threads are non-conductive (Figure 4.2(b)). Another property is

the effect of thread on the water breakthrough pressure, i.e. the required pressure

for water to penetrate a porous structure. This test was performed on pristine and

threaded samples. The breakthrough pressure decreased 30% for threaded GDLs

(Figure 4.2(c)); however, the breakthrough pressure for non-woven GDL is zero due

to significant structure alteration (Figure B.4). The reason for lower breakthrough

pressure might be due to a change in hydrophobicity of the structure rather than the

sewing process. Hydrophobicity and contact angle were characterized using sessile

drop tests. A water droplet was placed on the GDL the contact angle remained

constant over 6 minutes (115◦); however, for water droplets on the thread the angle

changed (from 101◦ to zero) and the droplet wicked through the polyester thread in 6

minutes (Figure 4.2(d)). This suggests that the thread wicking property can be used

to developed water pathways within GDLs.

In this panel, we investigated the effectiveness of the thread in creating water

transport pathways using fluorescent microscopy. High temporal resolution was used

to track dynamic water transport through the porous structure [27]. Figure 4.3(a)

shows that water first transported in the in-plane direction and filled pores of the

GDL, and then, the breakthrough occurred; however, for the GDL with thread, water

transported through the threaded regions with the remaining area open for eventual

reactants transport (Figure 4.3(b)). The three-dimensional (3D) view of the water

transport confirmed that the threaded area is the main pathway for water transport

compared to the pristine sample. In addition, the breakthrough location remained
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Figure 4.2: Investigating effect of threads on physical properties of GDL. SEM image
of carbon cloth GDL (a) pristine and (b) with hydrophilic thread (scale bar is 1 mm).
(c)Thickness under compression and resistance under compression for pristine carbon
cloth, with 1 mm and 4 mm distance with 1 mm pitch distance of the hydrophilic
thread. (e) Effect of hydrophobic thread on water breakthrough pressure. (f) Contact
angle of sessile water droplet on carbon cloth GDL and thread. Error bars represent
standard deviation (SD) (n = 3).

fixed for the modified GDL, whereas for the pristine GDL, water transport occurred in

three different locations (shown with yellow arrow) in three consecutive breakthrough

tests (Figure 4.3(c)). The effect of thread hydrophobicity was also analyzed with the

blue area corresponding to a hydrophilic thread (polyester) and the red area to a

hydrophobic thread (carbon fiber yarn); both threads were sewed similarly on the

substrate. The water breakthrough test showed the hydrophilic region was wetted

and the hydrophobic thread did not show any sign of water. This indicates that

the wetting properties are more important than the sewing process in determining

preferential water breakthrough location (Figure 4.3(d)). These results demonstrate

that threads can be embedded in the structure of GDL to effectively create water

pathways.

The depth of field of 2D SEM images limits observations to the inner layer of

modified GDLs. Internal change in microstructural properties were analyzed using

X-µCT. High resolution (voxel size of 3.16 µm) tomography resolves the pores and
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Carbon Cloth with hydrophilic thread 

(b)

(c) (d)

Figure 4.3: Water transport analysis via fluorescent microscopy. (a) Pristine carbon
cloth and (b) with hydrophilic thread. (c) Fixed water breakthrough location for GDL
with thread and (d) effect of hydrophobic and hydrophilic thread on breakthrough
location.

3D structure of the GDL allowing evaluation of the transport properties. A piece

of carbon cloth GDL with and without thread was scanned. The grayscale images

consist of voxels with different grayscale values. The voxels of (1) pores were assigned

to zero, (2) carbon fibers to one and (3) the thread to two via a manual segmentation

tool using Avizo software, which allows generation of a 3D image of the substrate

and segments three different phases. The sample size with an area of (2.7 mm ×
2.7 mm) is shown in Figure 4.4(a) and (b). One of the key properties is the bulk

porosity, which is a fraction of pore volume to the total volume, was found to drop by

∼5% compared to pristine samples (Figure 4.4(c)). The 3D image allows for not only

an estimation of the bulk porosity, but also the variations of the porosity along any

directions. The through-plane (TP) direction is shown in red and the two in-plane
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(IP) directions perpendicular to TP are shown in blue and green in Figure 4.4(a).

For the sample with stitch, the IP direction was separated in two parts, parallel to

the thread (IPParallel), blue, and perpendicular to the thread (IPPerpandicular), green.

Because the thread direction imparts complete anisotropy, these two directions must

be investigated separately. Porosity distributions in three main axes shows the non-

homogeneity of the porous structure along different directions [115]. The TP and

(IPPerpandicular) to the threads show a similar trend of porosity distributions compared

to the pristine sample (the black line (TP) and the red line (IPPerpandicular) graph in

Figure 4.4(d) and (e)). However, there is a sharp drop in local porosity in the parallel

to the thread direction compared to the pristine sample (the blue line (IPParallel) in

Figure 4.4(d) and (e)). The porosity dropped ∼ 40% locally in IPParallel. This drop

however, is a location that potentially will be filled with water during the fuel cell

operation due to water wicking and will be emitted in effective porosity estimation of

the sample [16]. Although it shows significant porosity changes locally, it could keep

other pores available for the reactant transport.

For the model based on X-µCT images, these properties were estimated using

Avizo Xlab [74]. This software solves continuum transport equations through a rep-

resentative reconstructed porous domain [116]. The domain size that can be a rep-

resentative volume element of the porous media was chosen to be 500 µm × 500

µm × Thickness [74, 117].Since GDLs have an inhomogeneous structure, the perme-

ations were measured in three main directions, TP, IPParallel and IPPerpandicular. The

permeability measurement is based on Darcy’s law. As expected from the literature

[118], the TP direction has lower permeability values than IP directions. Introducing

a thread reduced the permeation in the TP and IP directions. In the IPPerpandicular,

the change was more significant (from 51.6 µm2 to 22.6 µm2) relative to the IPParallel

(Figure 4.4(f)). The diffusivity was estimated based on Fick’s law and found to be

lower compared to the pristine GDL. it can be estimated that the molecular diffusion

is less affected as a result of this modification (Figure 4.4(g)). Finally, the thermal

conductivity was determined in similar steps. The thermal conductivity decreased

with the introduction of thread; however, there is no difference in IPPerpandicular and

IPParallel (Figure 4.4(h)). In summary, investigation of microstructural and transport

property changes show that introducing threads for combined water management and

sensing threads comes with the penalty of slightly lower but still acceptable transport

properties compared to commercial products (i.e. Toray 090 permeability 10.5 µm2

in IP and 3.5 µm2 and diffusivity 0.36 in TP and 0.63 in IP [74]).
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The trade-off between improved water transport and reduced transport properties

was evaluated by in-situ testing of threaded GDLs in an operating fuel cell. A carbon

cloth GDL with a thread 4 mm apart, parallel to the flow field channel, was located

on the cathode side where water management is more crucial. A pristine carbon

cloth GDL was placed on the anode side to make a membrane electrode assembly

(MEA) and compared the results with an MEA with pristine woven GDLs on both

sides. Figure 4.5(a)-(c) shows the polarization curve of the threaded MEA (blue line)

and the pristine MEA (black line). The tests were performed at three different RH

values (100%, 60% and 40% at 60 ◦C). At high RH, the performance of both MEAs is

similar; however, in low RH the pristine sample exhibited better performance; this is

expected as excess water/flooding does not typically occur under low RH conditions.

The in-situ testing indicated that the usage of thread did not drastically alter the

fuel cell performance in various conditions. It shows that the potential capability of

introducing sensing threads for monitoring temperature and humidity with minimal

adverse effects on the performance of PEMFCs.

In previous experiments, it was shown that threaded GDLs do not reduce fuel

cell performance; next sensing threads that can monitor temperature and humidity

locally, were investigated. Sensing was achieved by coating a cotton thread (Fig-

ure 4.6(a)) with CNT ink (functionalized multiwalled carbon nanotubes (fMWCNTs)

with sodium dodecyl sulfate (SDS) dissolved in distilled water) (Figure 4.6(b)). The

key properties of fMWCNTs for this application are (1) conductivity and (2) sensi-

tivity to both [66] and humidity [58]. The resistance of the CNT coated substrate

changed according to temperature and humidity changes. Previous studies used the

sensing property of CNTs for either temperature or humidity monitoring. Since both

parameters can vary simultaneously in an operating fuel cell, the signals have to be

segregated. This requires a coating that (1) insulates from a conductive substrate

(e.g. carbon cloth), (2) mitigates the response to either humidity changes, and (3)

is flexible enough to be sewn into a substrate. PDMS, a flexible polymer that can

easily coat a variety of substrates, was used to provide a thin insulating layer around

the thread (Figure 4.6(c)). PDMS also has a high water vapor transmission rate and

therefore does not inhibit RH sensing with CNT coated threads. For temperature

sensing, FEP was used to stop/reduce RH sensitivity. FEP is a hydrophobic polymer

that increases the hydrophobicity of a GDL [5], has a low water vapor transmission

rate, and also has sufficient flexibility to be sewed on a substrate. The CNT coated

thread was coated with a 55% FEP solution. There are cracks on the surface of
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the FEP layer. The reason might be because of the fast drying process during the

sintering of FEP on the thread. Figure B.6 shows similar surface cracks for different

threads. During the sintering process Each coat (PDMS and FEP) increased the

diameter of the thread. In this work, a cotton thread with a diameter of 350 µmm

was used. After PDMS coating, the diameter increased to 400 µm, and with FEP

coating increased to 590 µmm. This can be easily tuned by choosing a thread with a

different initial diameter. Figure 4.6(f) shows images of the two sensing threads.

To analyze the response of both sensors, three samples (3 cm long thread) of (1)

PDMS+CNT- coated, and (2) FEP+CNT-coated were prepared and tested in an

environmental chamber. The testing conditions were similar to those in a typical

fuel cell (60 ◦C and RH varying between 30% and 90%). The measurements were

performed after steady state conditions were reached in the environmental chamber

(30 minutes for each state and for ramping time). The resistance of the threads

was monitored at 20 second intervals. Figure 4.7(a) shows that the resistance of

PDMS coated threads followed RH cycle (blue line) at constant temperature (red

line). However, the resistance of FEP coated thread showed a small change with

large RH changes (less than 15%). The PDMS coated thread resistance showed

the same trend for repeated cycles over a 7-hour test cycle (Figure B.7). The tests

were repeated three times for each condition and a similar pattern with a variation

of 4.5% was observed as shown in Figure B.8. This indicates that FEP coating

can mitigate the RH response of the CNT coated thread and can be used solely to

monitor temperature, while PDMS coated threads can be used for RH sensing. The

environmental chamber was programmed to change RH from 30% to 90% for over 13

hours. The resistance of the PDMS coated thread (black line) followed the pattern

of the RH curve (blue line) (Figure 4.7(b)). The change of the resistance of the

thread was more sensitive in high RH values (more than 60% RH), which is more

critical for PEMFCs application since the membrane of fuel cells must always to be

hydrated [119]. The test was repeated at ◦C and 85 ◦C. It was shown that the thread

resistance followed a quadratic function of RH. A similar pattern was observed for all

three temperatures with slightly higher sensitivity at 75 ◦C. The variations between

different samples might be associated with the dip-coating procedure of CNT and

PDMS on the thread (Figure 4.7(c)).

Thread-based temperature sensor response was characterized first by rapid tem-

perature cycling from 50 ◦C to 120 ◦C. The resistance varied inversely with tem-

perature and returned to the initial resistance with no hysteresis. The tests showed
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good repeatability (Figure 4.7(d)). The temperature response of FEP+CNT coated

thread characterized by varying temperature between 50 ◦C to 120 ◦C in steps (with

increment of 10 ◦C and ramping time of 1 hour and steady time of 1 hour). Figure

4.7(e) shows the stepwise decrease in resistance of the thread by increasing temper-

ature. The linear graph of the thread resistance vs. temperature (with the slope of

-0.31%/◦C) is illustrated in Figure 4.7(f). The combination of both threads, PDMS

coated and FEP coated, can be embedded in textile GDL in an operating fuel cell

for mapping temperature and humidity locally. In order to showcase the feasibility of

the proposed approach and provide a proof of the concept, two pieces of thread-based

temperature sensors (FEP coated) were sewed on a piece of carbon cloth GDL to

monitor temperature of the substrate locally (Figure 4.8(a)). The modified GDL was

placed on a flow field (Figure 4.8(b)) and then exposed to non-uniform heat, which

was generated by a hot plate to develop a non-uniform temperature distribution across

the GDL. The sample was monitored by an Infrared (IR) camera over 30 minutes.

Four snapshots from the IR camera indicated the temperature distributions from 27
◦C up to 95 ◦C. The temperature sensor locations are labelled in Figure 4.8 as ‘1’

and ‘2’. The resistance of the threads was monitored wirelessly via an in-house made

circuit board that communicated with a smartphone, (Figure 4.8(c)). The resistance

was correlated to the temperature based on a linear decrease in the value. The sen-

sors monitored the temperature rising from 50 ◦C to 90 ◦C and 35 ◦C to 65 ◦C for

location 1 and 2, respectively. Meanwhile, the temperature was captured via an IR

camera and compared with thread-based temperature sensors. Six time points were

chosen for comparison between these two measurement methods, exhibiting a good

agreement between the IR camera results and the thread-based temperature sensors

(Figure 4.8(d)). The temperature map at four time points were depicted in Figure

4.8(e). These results indicated that thread-based sensors can easily map temperature

on a textile electrode.

4.4 Conclusions

In this work, we developed an integrated approach for sensing and water management

in fuel cells that uses functionalized threads. Selective hydrophilic pathways were gen-

erated within the porous structure of an electrode through low cost sewing threads

that provide. The microstructural analysis showed external threads were embedded

within the GDL with minimal impact on transport properties. In-situ fuel cell testing
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suggested that the impact on the overall performance is minimal while enhancing the

water management at the expense of reducing transport properties. Furthermore,

cotton threads were transformed into humidity and temperature sensors via incor-

porating CNTs into cotton yarns with two separate protective layers (PDMS for the

humidity sensor and FEP for the temperature sensor). The thread-based humidity

sensors showed a quadratic resistance increase to the change of RH (between 60%

and 90%) while temperature sensor responded a linear resistance decrease to change

of temperature (between 50 ◦C and 120 ◦C). These sensors can be embedded into the

textile electrode for monitoring temperature and RH locally without compromising

the fuel cell performance. The ex-situ temperature monitoring was performed on a

carbon cloth GDL with a non-homogenous temperature distribution, which proved

the workability of the sensors. This study indicates that textile electrodes in electro-

chemical devices, specifically fuel cells, can be modified to control the transport of

by-products, i.e. water, and also monitor local parameters, i.e. temperature and RH,

by adding sensing yarn to textile electrodes. Besides, these electrodes have potential

applications in flexible and wearable textile batteries [120, 121, 122].

4.5 Experimental Section

4.5.1 Preface

The experimental part of this chapter was performed as follow: I was responsible for

the water transport experiments, thickness and electrical conductivity measurement,

performing transport analysis, CNT ink perpetration, coating process, the experi-

mental setup of temperature and RH measurement, data analysis and writing the

article. An in-situ fuel cell test was performed at the Ballard power system. Tavia

Walsh performed wireless monitoring of temperature. Armin Rashidi performed X-

ray microtomography at UBC Okanagan.

Materials:A woven GDL, AvCarb 1071 HCB, non-woven GDL, Toray 090, and

fluorinated ethylene propylene (FEP) (FEPD121 DuPont 55% solids) were purchased

from Fuelcell Earth, functionalized multiwalled carbon nanotubes (fMWCNT), sodium

dodecyl sulfate (SDS) and rhodamine B were purchased from Sigma-Aldrich.

Microscopy: The scanning electron microscopy (SEM) images were captured by

Hitachi S-4800N. Fluorescent microscopy was performed via an upright fluorescent

microscope (DP 73 Olympus BX51), with CY3 filter and 2X objective and numerical
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aperture (NA) of 0.06 to observe water transport. A sessile drop of distilled water

contact angle was measured with a goniometer from DataPhysics (model TBU 90E).

Fluorescent Visualization and Breakthrough Pressure: Water breakthrough

pressure was measured via a differential pressure transducer (Honeywell FP2000) with

a data acquisition system. Following our previous study [27], a syringe pump was used

to inject a dilute distilled water solution of 1mM rhodamine B (excitation: 540 nm

and emission: 635 nm) with a rate of 0.02 ml/min to the apparatus. The water

height is correlated to the intensity of the image since the depth of field calculated

from df ield = λ/NA2, which is 150 µm, and due to the porous structure, the depth

of field is up to 7-8 fibers which is ∼100 µm. As a result, the height calculated from

η = 100/255I[µm], where η is the observable height and I is the intensity of the image.

The field of view is 6.5 mm × 5 mm and the resolution is 4.6 µm. The detail of the

imaging is in Ref [27].

Thickness and Electrical Conductivity Measurement: A custom-made

testbed (known as thickness under compression-resistivity under compression -TUC_RUC)

was used to measure the sample thickness and the through-plane resistivity at various

pressures. A sample was clamped between two gold-plated probes. To cancel electri-

cal contact resistance (ECR) between plates and GDLs, it is required to test different

thicknesses, which was achieved by stacking GDLs. By subtracting two stacks, ECRs

between the probes and the GDL surfaces were mitigated, and since the ECR in stack

of GDLs is negligible, the obtained value is the GDL resistivity, as shown in previous

studies [27, 77].

X-µCT Imaging: X-ray microtomography (X-µCT) was performed by a Zeiss

MIcroXCT-400 machine at UBC Okanagan. A 5 mm × 5 mm sample was cut and

secured to the sample holder. It was glued to avoid any fluttering during movement.

2500 radiograph images obtained in spanning 360 degree with exposure of 15 seconds.

A 4X objective lens was used to acquire spatial resolution of 3.16 µm for each micro-

graph. Image processing were performed by ImageJ, MATLAB and Avizo software

followed by reconstructing the 2D slices from the scans. First, a median filter with

a kernel size of 2 was applied on grayscale images to reduce the noise, then manual

thresholding was performed to segment the materials from background. In order to

segment the thread from the substrate, segmentation module of Avizo was used to

manually separate the thread from GDL for subsequent transport properties analysis.

Transport Properties Estimation: The bulk porosity and porosity distribu-

tion were obtained by calculating porosity in each 2D radiograph. The details of the
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procedure can be obtained from ref. [123]. For the permeability analysis, Darcy’s law

was employed via the absolute permeability experiment simulation tool within the

Avizo X-lab module with a convergence criterion 10−6. Molecular diffusivity follow-

ing Fick’s second law was solved with Molecular Diffusivity Experiment Simulations

tool within Avizo X-lab module and thermal conductivity simulation was performed

with Avizo XLAb thermal conductivity module.

In Situ Fuel Cell Testing: A single cell with an MEA size of 90 mm × 50 mm

and flow field with channel size of 1.1 mm and landing 0.21 mm was used for the

testing. The temperature set to 60 ◦C. RH in anode set to 100% and RH in cathode

varied between 40% to 100%. A catalyst coated membrane (CCM) was 30 wt% Nafion

and 0.1 mg/cm2 and 0.4 mg/cm2 Pt loading on anode and cathode, respectively. The

control MEA has two carbon cloth (Avcarb 1071 HCB) on both cathode and anode

sides. The carbon cloth (Avcarb 1071 HCB) with a thread sewed (polyester thread)

4 mm apart was used in the cathode side of MEA and in the anode side a pristine

GDL was used.

Preparation of CNT Ink: 1.6 mg/ml fMWCNT and 10 mg/ml SDS were

dispersed in distilled water with 1-minute probe sonication to achieve a well-dispersed

solution.

Preparation of CNT Coated Cotton Thread: A commodity thread first

corona discharged to enhance the wetting property. Then, they were dipped coated

6 times and dried in oven at 80 ◦C for half an hour in each dipping.

FEP Coating and PDMS Coating of CNT Coated Thread: A CNT coated

thread was dipped into 55% FEP solution followed by de-moisorization at 100 ◦C in

a hot plate. Subsequently, it was heated up to 300 ◦C in order for sintering FEP onto

the thread. The CNT coated threads were dipped into PDMS (10:1 ratio of PDMS

and curing agent) and dried on a hot plate at 90 ◦C for two hours.

Temperature and Humidity Measurement: The temperature and humidity

were controlled by an environmental chamber (TESTEQUATY model 123H). Three

pieces of thread-based sensors were placed in the chamber and the resistance was

monitored by in-house made board.

Wireless Monitoring of Temperature: Two off-the-shelf components, the

Arduino Nano Every and the HC-06 Class 2 Slave Bluetooth module, were used for

data processing and transmission. For separate and simultaneous measurement of the

surrounding environment’s temperature and humidity, the output voltages of the two

electrodes were logged by an Arduino (SparkFun, Niwot, CO, USA) microcontroller
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with a 1kHz sampling frequency. A voltage divider circuit with an applied 5V voltage

source and known R1 resistor values was employed to determine the resistance of the

electrode, R2, via thresholding of the resulting analog output voltage. To reduce the

error in measurement of the output voltage, a range of resistor values (100-10MΩ) was

used to compare against the unknown electrode resistance in the voltage divider. The

calculated electrode resistance data was then sent to a HC-06 (DSD TECH, USA)

wireless serial Bluetooth module, and then transmitted to a mobile phone. A custom

Android app allowed for the continuous collection of the temperature and humidity

conditions. Electrode resistance measurements were updated every five seconds.

IR Camera: A thermal camera (Seek Thermal-Compact) was used to map tem-

perature distribution. It monitored the change of temperature over a 30-minute test.
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Figure 4.4: 3D microstructural analysis for evaluating transport properties. (a) X-
µCT 3D image of pristine GDL and (b)with hydrophobic thread, thread and carbon
cloth are segmented (scale bar is 1 mm). (c) Change in bulk porosity due to the
existing thread. (d)Porosity distribution for pristine carbon cloth and (e) with hy-
drophilic thread. Analysis of the effect of thread on (f) diffusivity, (g) permeability
and (h) thermal conductivity (Pristine carbon cloth is black and with thread is blue).
Error bar represent SD (n = 3); ∗p < 0.05, ∗ ∗ p < 0.005, ∗ ∗ ∗p < 0.0005 and
∗ ∗ ∗ ∗ p < 0.0001.
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Figure 4.5: In-situ fuel cell testing for pristine carbon cloth GDL and cloth GDL with
hydrophilic thread. The polarization curve under 60 ◦C and 21% O2 for RH at (a)
100%, (b) 60%and (c) 40% RH

500µm 500µm

500µm

500µm

(f)
FEP coated

PDMS coated(f) 1 cm

(a) (b) (c)

(d)
(e)

Cotton thread CNT coated cotton thread PDMS +CNT coated

FEP+CNT coated

Figure 4.6: (a) Pristine cotton thread, (b) CNT coated, (c) CNT coated with PDMS
and (d) CNT coated with FEP (scale bar 500 µm). (e) Change in diameter after
different coatings. (f) Optical image of thread-based sensors. Error bar represent SD
(n = 3); ∗p < 0.05, ∗ ∗ p < 0.005, ∗ ∗ ∗p < 0.0005.
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Figure 4.7: (a) Step wise response of the sensor between 30% to 90% RH changes.
(b) Capturing the response of the sensor in changing RH values from 30% to 90%.
(c) The sensor response for three different temperatures with varying RHs. (d) Step
wise response of the sensor between 50◦C to 120 ◦C. (e) Capturing the response of the
sensor in changing temperature values from 60 ◦C to 120 ◦C. (f) The sensor response
with varying temperatures. Error bar represent SD (n = 3).
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Figure 4.8: (a) carbon cloth GDL with two temperature sensors sewed and placed on
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Chapter 5

A hybrid thread-based

temperature and humidity sensor

for continuous health monitoring

5.1 Abstract

The textile humidity and temperature sensors have a wide array of potential appli-

cations in clothing, management of wounds, and monitoring of patient health. Here,

we illustrate the development of the textile-based humidity and temperature sensors,

via a cost-effective and scalable dip-coating fabrication process. Cotton threads were

coated in a functionalized multiwalled carbon nanotubes (fMWCNTs) suspension,

and the resistance of CNT-coated thread is ∼20 kΩ/cm and with the durability of

more than six months. The CNT-coated thread responds to both relative humidity

(RH), and temperature changes were evaluated. We developed a process to mitigate

the RH response by coating a hydrophobic polymer (FEP) via a dip-coating process

on top of CNT-coated thread. The FEP+CNT-coated thread is a solo temperature

sensor independent of RH showing linear resistance decrease by increasing temper-

ature between (20 to 90 ◦C). In contrast, CNT-coated thread shows a response to

both RH (i.e. a quadratic function of RH) and temperatures(i.e. linear response to

temperature). CNT-coated thread and FEP+CNT-coated threads together can mon-

itor both temperature and RH. The thread-based sensors did not show any negative

impact on cell study and wound healing process in the animal model, which shows

the promising application of these sensors in wearable biomonitoring.
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5.2 Introduction

E-textile is a rapidly growing research field that converges textile technologies and

wearable electronics for continuous health and wellness monitoring. Flexibility, com-

bined with the ability to measure the level of various biological markers including pH,

glucose, motion, temperature [124, 125, 126, 127] have led to the widespread applica-

tion of e-textiles in digital health, sport, military applications [128, 129, 66, 130] and

energy storage devices [122, 131, 132]. Successful applications of textile-based motion

detector sensors have been demonstrated in several studies for posture monitoring,

measuring vital health signals such as blood pressure, pulse rate, and respiration rate

[110, 133]. Besides, Wang et al. [134] developed electrochemical fabrics that measure

the level of glucose, pH and ions (i.e. K+ and Na+) in sweat by depositing active

materials (e.g. glucose oxide and polyaniline (PANI)) and monitored human body

response in real-time.

The ability to measure the humidity of the human environment, skin moisture, or

sweat rate has the utmost importance in the continuous monitoring of human health

and wellness. In the context of wound management, it is well-accepted that the

healing process can be accelerated by keeping the wound moist6. Besides, bed-wetting

and control humidity within clothing are other important applications [58]. Previous

attempts for developing wearable RH sensors mainly relied on fabricating sensors

on thin polymeric composite films [135, 136, 137, 138] or depositing carbon-based

nanomaterials onto substrates (e.g. Kapton tape, cellulose paper) via drop-casting

or dip-coating [61, 139, 140, 141]. Recently, a few studies transferred conventional

humidity sensors onto textiles by weaving conductive yarns into electrodes [125, 59,

58] or screen printing electrodes onto fabrics [142]. Although these sensors display

a major technological advancement in the field of e-textile and wearable sensors,

challenges associated with the delamination of patterned sensors, the reliance of the

sensor sensitivity on substrate wettability, and the dependence of the readings on the

temperature limit the application of these sensors in continuous health monitoring

[58, 143] since the effect of temperature on the RH response in the majority of studies

were ignored.

Temperature sensing is essential for developing artificial skins, health monitoring

systems and wearable devices that measure the performance of athletes [144, 145, 68].

Current commercial thermocouples and thermistors are not practical for health moni-

toring applications because they do not provide the required flexibility to be embedded
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in clothing. Wearable electronics employ conductive metallic wires, carbon-based ma-

terials and polymeric materials to develop sensors that can be embedded in textiles for

body temperature-monitoring [146, 147]. Notably, carbon- and graphene-based nano-

materials hold great potential for applications in temperature sensing because their

electrical resistance is dependent on temperature [144, 147, 148, 149]. Excellent elec-

trical properties of carbon nanotubes (CNTs) combined with their adaptability with

various fabrication methods (e.g. screen printing, dip coating and 3D printing) have

made CNTs attractive materials for creating temperature sensors on a wide range

of substrates [144, 150]. To this end, Karimov et al. [148] developed temperature

sensors from CNT film deposited on top of a paper substrate and characterized the

resistance between 20 and 75 ◦C. The resistance of the film dropped approximately

20% within this range of temperatures. Honda et al. printed the mixture of poly(3,4-

ethylenedioxythiophene):Poly(styrenesulfonate)(PEDOT:PSS) and CNTs on a poly-

dimethylsiloxane (PDMS) substrate [144, 68]. This sensor fabrication method resulted

in temperature sensors that operated in the range of 20 to 50 ◦C with a sensitivity

of ∼0.61∆R/R0
◦C

%. However, the integration of this sensor on textiles is the main chal-

lenge since film sensors cannot adapt to the irregular body surfaces and hinders the

comfort in wearable applications. Thread-based temperature sensors offer a solution

for embedding sensors in current textile fabrics without compromising the structure,

design, or the ease of use of the textile. To this end, Mostafolu et al. [66] developed

a thread-based temperature sensor by dip-coating cotton thread into a CNT ink and

showed CNT-based sensors linear resistance change to temperature. However, ma-

jority of mentioned temperature sensors did not investigate the effect of RH on the

sensor response.

Here, we report on developing thread-based humidity and temperature sensors,

which exhibit high stability in various environmental and biological conditions. The

sensors were made from CNT-infused cotton threads using roll-to-roll dipping ap-

proach, Although CNT-based temperature and humidity sensors were previously de-

veloped for biomonitoring [66, 58, 68, 144], the reciprocal effect of temperature and

humidity on the performance of each sensor has been utterly neglected. Such recip-

rocal effects can be detrimental to the performance of the temperature and humidity

sensors and can introduce significant errors in applications with high temperature

and humidity fluctuations. To overcome this shortcoming, we coated the sensors

with a thin layer of fluorinated ethylene propylene (FEP), which eliminates the effect

of humidity on the temperature readings. These two sensors were then combined to
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correct the effect of temperature on the humidity measurement. The biocompatibility

of these sensors were analyzed through cytotoxicity and animal studies. The ease of

fabrication, low material costs combined with the ability to integrate these sensors in

textiles will pave a path towards designing wearable biosensors for continuous health

monitoring.

5.3 Results and discussion

5.3.1 Fabrication and microstructure characterization of CNT-

coated threads

The proposed process of fabricating thread-based sensors via a roll-to-roll method is

illustrated in Figure 5.1(a). Prior to the coating step, the surface of the threads was

treated with a corona discharge to remove the wax layer and promote the wettability

of the thread by removing hydrophobic impurities on the surface [151, 152]. Threads

were then sequentially dipped into a well-dispersed CNT ink bath, dried at 85 ◦C.

Then, the CNT-coated thread dipped into an FEP bath, dried at 100 ◦C and sin-

tered FEP on the thread at 300 ◦C. Functionalized multi-walled carbon nanotubes

(fMWCNTs) were dispersed in distilled water with sodium dodecyl sulfate (SDS) as a

surfactant, followed by tip sonication (Figure 5.1(b)).The dipping and drying process

was repeated seven times to achieve a uniform coat. This dipping process led to the

formation of a uniform layer of fMWCNTs onto the surface of threads (Figure 5.1(c)

and (d)). The CNT-coated thread was flexible and sewn onto a piece of fabric (Figure

5.1(e)). Additionally, the CNT-coated thread was used to light-up a light-emitting

diode (LED), as shown in Figure 5.1(f). Figure 5.1(g) and (h) show that the resis-

tance of the CNT-coated thread was a function of both RH and temperature as CNTs

are responsive to both RH and temperature of the environment. To eliminate the ef-

fect of RH on the temperature response, we coated the CNT-coated thread with a

hydrophobic FEP suspension that uniformly covers the outer layer of the thread (Fig-

ure 5.1(i) and (j)). The RH response of the FEP+CNT-coated thread significantly

reduced as shown in Figure 5.1(k). As a result, a thread-based temperature sensor

independent of RH is developed, and the resistance of the thread in temperatures

varied from 30 to 100 ◦C was monitored, and the resistance temperature curve shows

a linear resistance decrease in that range.

To optimize the effect of the coating process on the quality of sensors, we system-
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Table 5.1: Different ink compositions used for coating the threads.
Concentration of fMWCNTs
(mg/ml)

Concentration of SDS (mg/ml)

Ink 1 1 10
Ink 2 1.6 10
Ink 3 2 10
Ink 4 1.6 5
Ink 5 1.6 10
Ink 6 1.6 15

atically altered pertinent manufacturing parameters, including the concentration of

the CNT-based ink, concentration of the surfactant, and the number of dipping steps

while keeping the thread material unchanged. Scanning electron microscopy (SEM)

images and the resistance of the manufactured conductive threads were used to eval-

uate the quality of the coating process. As illustrated in Figure 5.1(b), a CNT ink

was developed by homogeneously dispersing fMWCNTs into distilled water with the

addition of a surfactant, producing a uniform suspension in the aqueous solution. Sun

et al. [153] quantitatively demonstrated a better CNT dispersion in water using SDS

than five other surfactants (i.g. sodium dodecylbenzene sulfonate (SDBS), lithium

dodecyl sulfate (LDS)), and the dispersion remained stable (without precipitation)

over time, because surfactant-coated nanotubes generate strong electrostatic repul-

sion between them, and SDS shows a higher electrostatic repulsion compared to other

alternatives. Furthermore, previous studies have shown that this ink can wet cotton

fabrics10. Six different inks with varying SDS and fMWCNTs concentrations were

developed to coat on cotton threads and evaluate the electrical conductivity. Inks 1-3

had different concentrations of fMWCNTs and constant SDS concentration, while

inks 4-6 had different concentrations of SDS and constant fMWCNTs concentration,

which is shown in Table 5.1.

Figure 5.2(a) shows the effect of the number of dipping and drying steps and a

CNT concentration on the resistance of the sensors. Our results showed that in-

creasing the number of dipping steps led to a substantial decrease in the electrical

resistance of the sensors. It is worth noting that the electrical resistance reached a

plateau for medium (1.6 mg/ml) and high (2.0 mg/ml) concentrations of fMWCNTs

after six dipping and drying cycles (Figure 5.2(a)). However, the electrical resistance

did not reach a plateau even after seven dipping and drying cycles for the low (1.0

mg/ml) concentration of fMWCNTs (Figure 5.2(a), inset). Additionally, increasing
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the number of dipping and drying cycles improved the reproducibility of the sensors

significantly, as evidenced by smaller error bars. We hypothesize that increasing the

number of dipping and drying cycles has led to the infusion of more nanoparticles

onto the surface and microporous structure of the threads, which in return reduced

the air voids between the nanoparticles and enhanced the electrical conductivity of

the coated layer.

The effect of the number of dipping and drying steps and an SDS concentration

on the resistance of the sensors is shown in Figure 5.2(b). Low (5 mg/ml), medium

(10 mg/ml) and high (15 mg/ml) concentrations of SDS shows the same resistance

after four dipping and drying cycles. Besides, increasing the number of dipping and

drying cycles improved the reproducibility of the coating, and after seven dipping

and drying cycles, all three concentration converges to the same electrical resistance

for the CNT-coated thread (Figure 5.2(b), inset). Then, 5 mg/ml SDS is enough of

surfactant to coat CNT ink on the cotton thread.

To further confirm the effect of CNT concentration on the quality of the CNT layer

on the threads, we obtained SEM images of pristine and coated threads with low (1.0

mg/ml), medium (1.6 mg/ml), and high (2.0 mg/ml) concentrations of CNT (Figure

5.3). A clear CNT attachment was observed on the surface of the cotton thread,

Figure 5.3(b)-(d). Higher CNT concentrations in ink resulted in more accumulation

of CNTs on the cotton thread. The CNT attachment is better shown in higher

magnification images (with a scale bar of 1 µm). The outer layer of each filament of

the thread was covered with CNTs. This result indicates that uniform CNT coating

on the surface of the thread was achieved.

Furthermore, to evaluate the durability of the coating, the thread was sewn into

a piece of cotton fabric. The resistance of the thread was measured in its unbent

state, bent over a 10 mm cylinder, and bent over a 2 mm cylinder (Figure C.1).

For these three configurations, the changes in the measured resistance was minimal,

which shows that bending did not change the thread sensor response. Additionally,

the CNT-coated thread resistance was monitored over a period of six months stored

in a petri dish at room temperature (Figure C.2). The minimal change in resistance

over time did not show any coating degradation.
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5.3.2 Humidity Response of CNT-coated Thread

For the investigation into the CNT-coated thread response to RH, a series of exper-

iments were performed to fully characterize the stability, sensitivity, hysteresis, and

long-term RH response, which are essential characteristics of thread-based sensors.

For the following experiments, three 4 cm-long cotton threads coated with CNT ink

(1.6 mg/ml fMWCNTs and 10 mg/ml SDS formulation), were tested in a variety of

different conditions in an environmental chamber.

A test was designed to modulate the RH from 30 to 90% RH with an interval of

10% RH increase at 25 ◦C. The resistance of the threads was monitored continuously

via an in-house made board. The RH at each step was consistent for 30 minutes with

a ramping time of 15 minutes. The thread resistance followed the RH changes as

illustrated in Figure 5.4(a). The actual resistance of the thread in the test is drawn

in Figure C.3. The gauge factor for RH sensitivity is ∆R
∆(RH)

= 492 Ω
RH

which shows

substantial resistance changes to RH changes. A similar pattern of response was

observed for two other replicates, which can be seen in the supplementary document

(Figure C.3).

The experiment in Figure 5.4(a) was replicated at three different temperatures

(25 ◦C, 50 ◦C and 75 ◦C). The summary of the data is shown in Figure 5.4(b). The

thread response followed a quadratic function for all three temperatures and showed

a higher sensitivity (i.e. 2% resistance change) in low RH regions (under 40% RH)

at 25 ◦C, compared to 50 ◦C and 75 ◦C (i.e. 1% resistance change), a finding that is

in line with literature [58]. The quadratic response of the CNT-coated thread to RH

has a good fit at 25 ◦C (Rsq = 0.99) (See also Table C.1). One possible explanation of

less sensitivity at a higher temperature may be that the amount of water is higher at

the same RH, and higher water vapour concentration covers the CNTs and saturates

outer layer of conductive layers at 50 ◦C and 75 ◦C.

The reversibility is one of the desired characteristics of mores sensors. In Figure

5.4(c), the RH was cycled between 30% and 90%. The thread resistance followed

the pattern of RH in high and low values. This response showed good sensitivity

to dynamic RH changes in a short period of time (on the order of seconds). At the

beginning of the high RH region, a slight increase in resistance was seen, which may be

due to the environmental chamber control system (as per the manufacturers manual,

RH accuracy is within 2%). A similar pattern was observed for three replicates

of the CNT-coated thread. Figure C.5 shows the dynamic response of threads in
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different RH regions with fast RH variation, indicating that the response is fast (on

the order of seconds), which is useful for wearable sensing applications. Another

important characteristic of these threads is that the ability to produce the same

response from high to low RH, and vice versa. Therefore, a hysteresis test was

performed on the threads at 25 ◦C. The decreasing RH from 90% to 30% showed

slightly higher resistance than increased RH from 30% to 90%, which is indicative of a

small hysteresis effect (Figure 5.4(d)). A possible reason for this slight hysteresis may

be due to the environmental chamber requiring more time to stabilize for changing

RHs. Finally, to evaluate the long-term sensor response, the thread resistance was

monitored for more than 5 hours at constant RH and temperature. Figure 5.4(e)

shows a steady response in high and low RH at 25 ◦C. This steady signal proves that

the resistance changes are due to environmental changes and not sensor degradation

over time.

5.3.3 Temperature Response of CNT-coated Thread

We demonstrated that the CNT-coated threads showed a quadratic resistance increase

to increasing RH. Here we examine the effect of temperature on the resistance of

CNT-coated threads. W e analyzed the stability, sensitivity, hysteresis and long-term

response of CNT-coated threads to temperature (Figure 5.5).

Three pieces of CNT-coated cotton threads with the length of 4 cm (coated with

1.6 mg/ml fMWCNTs and 10 mg/ml SDS) were placed in an environmental chamber,

which was programmed to vary the temperature from 90 to 20 ◦C with an interval

of 10 ◦C and a ramping rate of 0.67 ◦C/minutes at a constant RH of 30%. The

temperature was kept constant at each step for 30 minutes. The thread resistance

increased stepwise as the temperature dropped (Figure 5.5(a)), and Figure C.6). Our

results suggested a linear variation of resistance with respect to temperature for the

range of 20 to 90 ◦C. Furthermore, the gauge factor for the sensor is ∆R
∆T

= 314 Ω
◦C

which provides good sensitivity to capture temperature changes Figure C.6). The

same test was performed at RHs of 50% and 75%. For all constant three RHs, the

thread resistance decreases linearly by increasing the temperature. The linear fitting

function for all three RHs are drawn in Figure 5.5(b) in dashed lines, and Table C.2

has the resistance vs. temperature formula for all three constant RHs.

The temperature was changed in two extreme ends (25 ◦C and 90 ◦C) and cy-

cled four times with 15 minutes constant temperature and 15 minutes ramping time.
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Thread resistance followed temperature change, as shown in Figure 5.5(c). It shows

that the resistance of the thread responds fast (in order of seconds) to temperature

changes. However, keeping RH constant in fast temperature changes from 90 ◦C to

20 ◦C is not possible due to the limitation of the environmental chamber, and the RH

was not constant for the duration of the test. The RH value increased from approxi-

mately 25% to 55%, and that caused the resistance of the thread was not horizontal

at the constant temperature of 20 ◦C and 90 ◦C. This result is investigated further

to show the CNT-coated thread response to RH and temperature simultaneously in

section 5.3.4.

To evaluate the hysteresis effect, we systematically analyzed temperature response

from high to low and low to high temperatures. Figure 5.5(d) shows that there is

a hysteresis effect in the temperature response, due to the environmental chamber

varying the RH for the duration of the test, as shown in Figure C.7. This experiment

was performed from 20 ◦C to 90 ◦C and cooled from 90 ◦C to 20 ◦C at a supposedly

constant RH; however, the RH rose by approximately 10%, which might be a reason

for the hysteresis effect, also another possible explanation might be due to water

accumulation around the thread. The other factor that might affect the hysteresis

is the hygroscopic effect. Natural fibres expand when exposed to high humidity, and

cotton thread expands and contracts while exposed to humidity changes [154]. Finally,

the long-term response of the threads at high and low temperatures was characterized

at RH 30% for both conditions. During the two-hour period, the thread resistance

did not vary at constant conditions and a definite change was observed from high to

low temperatures.

5.3.4 Investigating simultaneous RH and temperature effects

on CNT-coated threads

As indicated in the previous two figure panels, the CNT-coated threads were respon-

sive to both temperature and humidity. First, distilled water was sprayed over a

sample thread while resistance was monitored. Upon spraying, the thread resistance

increased suddenly, and it slowly decreased until reaching a dry condition. The sharp

increase in resistance again indicates the fast response of the sensor to the change

of humidity (Figure 5.6(a)). Second, to demonstrate the effect of applied heat on

the thread response, a sample thread was heated with a commercial hairdryer. The

resistance of thread dropped suddenly due to the heating, taking approximately 10
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minutes to cool down and for the thread resistance to return to room temperature

resistance, as shown in Figure 5.6(b). Supporting Videos 1 and 2 further show the

response to humidity and heat.

Part of the results from the cycling temperature change was selected from Figure

5.5(c), to demonstrate the CNT-coated threads responsivity to both RH and temper-

ature parameters. The forty 40 minutes of data were used to develop a polynomial

fitting function of RH and temperature (Figure 5.7(a)). The polynomial fitting func-

tion (1) was obtained with a high level of confidence (95%), where T is temperature,

RH is relative humidity, R is the resistance, and R0 is the initial resistance.

(R−R0)

R0

× 100 = 22.21 − 0.2332 × T + 0.05676 ×RH + 6.9339 × 10−5 × T 2

- 0.002091×RH×T −0.0001066×RH2 +1.855×10−5×RH2×T +1.182×10−5×

RH × T 2 + 4.0510−5 ×RH3

(5.1)

The 3D surface of the equation (1) is shown in Figure 5.7(b). This fitting function

was used to predict the response of the CNT-coated threads for temperature and RH

cycles (Figure 5.7(c)). This test proves that CNT-coated threads are a function of

both parameters and that their use in an environment where both parameters vary,

will result in substantial errors. Therefore, we subsequently developed a coating that

can isolate temperature response from RH response with the CNT-coated threads.

5.3.5 Developing thread-based temperature sensor

The thread-based sensor that is exclusively responsive to the temperature needs a

coating to mitigate the RH response while ensuring the flexible characteristics. Hy-

drophobic coatings are good candidates for this purpose, as RH response must be

removed from the CNT-coated thread. FEP is a hydrophobic polymer that has been

used for increasing the hydrophobicity of surfaces and porous media [27, 5]. Also,

PDMS is a widely used polymer for coating substrates, as seen in previous studies

[66, 56]. We coated threads with both polymers using the dipping and drying process,

and achieved a uniform coat of FEP and PDMS on threads, as shown in the SEM

images in Figure 5.8(a) and 5.8(b). In order to evaluate the RH response of PDMS

and FEP coating, three samples of each coating were prepared and tested with cycled

RH, at room temperature. The test indicated that FEP mitigated the RH response
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completely; the resistance change was within 5% when RH was varied between 30%

and 90%; however, the thread without any coating showed an instant response to

RH change. On the other hand, PDMS coatings delayed and decreased RH response,

but did not remove the response as completely, as shown in Figure 5.8(c). For a

short term test, PDMS may work as a coating to cancel RH as used previously in

ref42,43, but, to effectively mitigate the RH response, FEP showed better workability

over 6 hours cycling RH at a constant temperature. In addition, a test performed for

the proof-of-concept for RH response of FEP coated thread where water was sprayed

over CNT-coated thread with and without FEP coatings (see Supplementary Video

3). The instant response to water spray was observed for non-coated threads; how-

ever, there was no significant change of resistance for FEP+CNT-coated threads for

over 8 minutes (Figure 5.8(d) and 5.8(e)).

The temperature response of three thread types (CNT-coated, FEP+CNT-coated,

and PDMS+CNT-coated) was characterized. The sensitivity of the PDMS+CNT-

coated thread was higher than FEP+CNT-coated, and CNT-coated, as shown in

Figure 5.8(f). The reason for higher sensitivity in the PDMS- and FEP-CNT-coated

threads may be due to the thermal expansion of the coating, which results in better

CNT connections and reduces the resistance of the thread with increasing temper-

ature. We concluded that FEP+CNT-coated thread is a thread-based temperature

sensor that shows a minimal response to RH while maintaining the temperature sen-

sitivity.

A test was designed to control and monitor temperature by combining heating

threads (cotton threads coated in commercial silver ink) and the aforementioned

thread-based temperature sensor. As shown in Figure 5.8(g), a heating thread was

twisted around the thread-based temperature sensor (FEP+CNT-coated thread) and

monitored using a thermal camera. The targeted temperature was 30 ◦C, and the

surrounding temperature was 20 ◦C. The heating thread climbed to the target tem-

perature, as verified by the thermal camera (Figure 5.8(h) and (i)) and Supplementary

Video S4). The temperature remained within 3 ◦C of the target value. For 12 cycles,

a small drift was observed in the initial base value of the temperature sensor. After

12 cycles, a 4 kΩ change in base reading was observed, representing just 1.4% drift.

The response to a 10 ◦C temperature cycle was 7.8±0.9 kΩ, or 2.7%. To negate the

effects of this drift, the controller was programmed to recalibrate temperature after

every cycle. This test was performed on three samples, each of which demonstrated

a similar trend (Supplementary Figure C.8).
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5.3.6 Evaluation of the biocompatibility of the thread-based

sensors

Textile-based sensors for monitoring human activity and developing smart wound

dressing require an investigation into cytotoxicity and biosafety. In order to analyze

the cytotoxicity of the temperature sensor (FEP+CNT-coated thread) and the humid-

ity sensor (CNT-coated thread), cell viability was performed. The relative metabolic

activity of HaCaT (Cultured Human Keratinocytes) and fibroblast cells were mea-

sured using PrestoBlue reagent. The results showed that the FEP+CNT-threads did

not affect the viability of both cells used in this study (Figure 5.9(a and b)) after 7

days of culture. Overall, the viability of cells remained above 85%. Similar results

were reported by others in previous studies [155, 156, 143, 157, 158].

We further evaluated the biocompatibility of the sensors for an application in

wound monitoring in a pilot in vivo study. To this end, we embedded the sensors in

PDMS flexible film to create a smart dressing capable measuring the moisture and

temperature in wounds . The level of moisture and temperature of wound have a

critical role in wound healing process. Keeping the interface between a wound and an

applied dressing moist is taken into account for effective wound healing. Furthermore,

It has been shown that whenever a wound loses its moisture, the temperature of

the wound drop as well. The cells, proteins and enzymes function best at normal

body temperature, around 37 ◦C. When wound temperature drops by as little as

2 ◦C, healing procedure can slow down or even stop . The patch consisted of two

separate electrode arrays making contact with the skin (Figure 5.9(c)). To investigate

the biocompatibility of the sensors and the progress of cutaneous wound healing,

the wound contraction of mice was quantified for all groups at day 7, post-injury.

As can be seen from Figure 5.9(d) and (e), wound contraction with and without

sensors measured 25.94±3.01% and 24.9±2.82%, respectively (p > 0.05, no significant

difference). However, commercial wound dressing (Mepitel®) treated group lead to

30.41±1.31% wound closure, a finding that was significantly higher than the wound

closures observed in other groups (p∗ < 0.05).

To further distinguish the quality of regenerated skin in the defects among the

three groups, in the early stage of wound healing (after 7 days), histopathological

staining and sectioning with Hematoxylin and Eosin (H&E) and Masson’s trichrome

(MT) was performed. Figure 5.9(f) shows the H&E and MT staining results for

wounds in the three different groups 7 days, post-injury. Our results showed that
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the control group without dressing was not completely repaired, had dermis damage

with poor structure, unarranged collagen fibers along with an area of connective

tissue depletion (yellow arrows), and high inflammatory cell infiltration. However,

wounds covered with sensors embedded in PDMS showed better re-epithelization and

more new tissue formation, blood vessels formation, and well-organized fibroblastic

cells in subcutaneous which indicates that the sensors did not increase foreign body

response. Similar results have been reported by other studies, that show PDMS-based

wound dressings accelerated wound healing via enhancement of the re-epithelialization

and granulation tissue formation. No obvious sign of inflammatory response was

observed for wounds with sensors, which indicates that the sensors did not increase

foreign body response. Similar results have been reported by other studies, that show

PDMS-based wound dressings accelerated wound healing via enhancement of the re-

epithelialization and granulation tissue formation [159, 160]. The group that was

treated with Mepitel®showed a similar level of skin regeneration in terms of tissue

formation and epidermis generation, compared to the sensor groups. The majority

of skin regeneration depends on the collagen production; since collagen is the main

skin extracellular matrix (ECM) component [161]. Therefore, we performed MT

staining to evaluate the advancement of collagen deposition during skin regeneration.

In MT staining, collagen was stained blue, whereas the muscles, epidermis, sebaceous

glands, and blood vessels were stained red. According to the Figure 5.9(f), collagen

deposition clearly increased in Mepitel®and sensor treated groups, when compared

to the control group. Moreover, the collagen fibers in the Mepitel®and sensor treated

groups were in the form of well-arranged bundles, more mature, and the regenerated

dermis layer was more similar to the normal skin. The control group displayed the

least amount of mature collagen formation among all groups. In addition, the sensors

resistances were monitored and showed no significant change over healthy wound

(Figure C.9).

5.4 Conclusions

We developed textile-based RH and temperature sensors, via a cost-effective and

scalable dip-coating fabrication process. The commercially available cotton threads

were coated with fMWCNTs using simple dipping and drying process. The result-

ing uniform coating, combined with its durability (over 6 months), proved the good

adhesion of CNTs onto the cotton substrate. Fast responses to RH and temperature
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changes, combined with excellent measurement reversibility (RH from 30 to 80%, tem-

perature 20 to 90 ◦C), were achieved. This study showed that CNT-coated threads

cannot effectively be used as a sensor in an environment where both temperature and

humidity are varying. We mitigated the RH response by coating the CNT-coated

thread with a hydrophobic coating (FEP polymer) via a dip coating process. The

FEP+CNT-coated thread was responsive to temperature and independent of RH.

The combination of CNT-coated thread and FEP+CNT-coated threads can moni-

tor both temperature and humidity in textiles. Furthermore, the cytotoxicity and

biosafety of the thread-based sensors were evaluated, showing that the FEP+CNT-

coated threads induced no negative effect in vitro and on the in vivo wound healing

process in a murine wound model. We demonstrated an acceptable resistance re-

sponse for a wide range of RH and temperatures, that covers a spectrum of versatile

uses. These novel textile sensors have a wide array of potential applications, from

monitoring humidity and temperature in clothing, wound healing monitoring, human

sweat monitoring, and patient incontinence.

5.5 Experimental section

5.5.1 Preface

The experimental part of this chapter was performed as follow: I was responsible

for CNT ink perpetration, coating process, the experimental setup of temperature

and RH measurement, data analysis and writing the article. Lucas Karperian per-

formed thread-based heating and cooling cycle using a thread-based temperature sen-

sor. Maryam Jahanshahi performed cell cytotoxicity and Viability analysis. Zhina

Hadisi performed animal studies.

Materials: fluorinated ethylene propylene (FEP) (FEPD121 DuPont 55% solids)

was purchased from Fuelcell Earth, functionalized multiwalled carbon nanotubes

(fMWCNT) and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich.

Preparation of CNT Ink: SDS (Sigma-Aldrich) was dissolved in distilled wa-

ter with a concentration of 10 mg/ml. Then, fMWCNTs with concentration of 1.6

mg/ml (Sigma-Aldrich) were dispersed in distilled water by 1-minute probe sonica-

tion to achieve a well-dispersed solution. The same procedure was done for other

concentrations of fMWCNTs and SDSs (1 and 2 mg/ml fMWCNTs, and 5 and 15

mg/ml SDS).
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Preparation of CNT-coated Cotton Thread: Commercial cotton threads

were corona discharged for one minute on both sides. Then, they were dipped into

the CNT ink for one minute and were dried in a vacuum oven at 85 ◦C for half an hour

in each dipping. The dipping and drying process was repeated in order to achieve

the same resistance per centimetre in a subsequent dipping (7 times was enough for

cotton thread).

Coating FEP on CNT-coated Thread: First the CNT-coated thread was

dipped into 55% FEP solution. The coated thread was dried at 100 ◦C on a hot plate

for 5 minutes. Then, it was heated to 300 ◦C to sinter FEP around the thread.

SEM Imaging: The SEM was performed using Hitachi S-4800N. False colouring

was performed to distinguish between the cotton substrate and CNTs on the thread.

Resistance Measurement: The resistance was measured with an in-house made

circuit. The circuit is used in ref. [162]. The board was tested with the Fluka 87V

multimeter and calibrated for the range of working resistances. In the environmental

chamber, the resistance of threads was measured every 20 seconds for a test more

than an hour long.

Humidity and Temperature Control: The coated threads were tested inside

the environmental chamber. The humidity and temperature were controlled by the

environmental chamber (TESTEQUATY Model 123H). In each step, temperature and

humidity were remained constant for half an hour to reach a stable state. Temperature

and humidity were captured every 20 seconds.

Thread-based Heating and Cooling Cycle Combined with Temperature

Control: Heating threads were fabricated by coating silver ink on threads, produc-

ing highly conductive elements. Silver ink was procured from Engineered Conductive

Materials, and the apparatus was controlled with an Adafruit Feather M0 microcon-

troller. The thread-based temperature sensor was wound around the heating thread,

coated with PDMS to produce and electrically insulating layer preventing interfer-

ence from the current flowing through the heating element. A proportional-integral-

derivative control system (PID) was implemented to establish effective control with

rapid response time, allowing a target temperature to be set such that the tempera-

ture produced would reach that threshold quickly and without overshooting. Heating

was provided using the pulse width modulator (PWM) on the Adafruit microcon-

troller to control the voltage delivered through the heating thread, adjusted by the

PID. The system was then tested by running 12 cycles of heating and cooling back

at room temperature for three replicates. Upon reaching the threshold temperature,
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set to 33 ◦C, the control system kept the temperature steady for 30 seconds before

deactivating the heating element. The temperature measurements were verified using

a Seek Thermal camera, allowing real time measurement of the temperature being

measured.

Cell Cytotoxicity and Viability Analysis: To study the effect of CNT-coated

and FEP+CNT-coated threads on cell viability, immortalized human keratinocytes

(HaCaTs, Addexbio, USA) and human fibroblast were used. HaCaTs and fibroblasts

were seeded in 12-well cell culture plates with the seeding density of 30,000 and 20,000

cell/cm2, respectively using Dulbecco’s Modified Eagle Media (DMEM, Gibco™ by

Life Technologies™, USA) supplemented with 10% fetal bovine serum (Gibco™ by Life

Technologies™, USA). After 24 hours of incubation at 37 °C in 5% CO2, the media of

the wells were refreshed. Subsequently, 1 cm of CNT-coated and FEP+CNT-coated

threads were individually placed into cell inserts in the wells to be in direct contact

with the cell culture media. Afterward, control samples and samples with CNT-

coated and FEP+CNT-coated threads were incubated at 37 ◦C in 5% CO2. Then,

the samples were incubated with media containing PrestoBlue reagent (Invitrogen,

USA) with 9:1 ratio for 45 minutes at 37 ◦C on days 1, 4, and 7. Immediately after

incubation, 100 µl of supernatant was collected from each well and the fluorescence

intensity was measured at excitation wavelengths of 560 nm and emission of 590 nm

using a microplate reader (Infinite M Nano, Tecan, Switzerland). Relative viability

was calculated by normalizing the measured intensity at each condition with respect

to the control at each time point.

Animal study; (1) Induction of full-thickness wound: Six-week-old BALB/c

mice (male, 20–30 g) were obtained from Jackson laboratories and acclimatized for

one week before experiments. All animal procedures were performed following the

policies and procedures of the Animal Care Committee at the University of Victo-

ria. All mice were anesthetized with inhalation isoflurane (2%), and then the dorsal

surface of animals was shaved by clippers and dried. Two parallel wounds with a di-

ameter of 6 mm inducted using biopsy punch (Integra miltex®). The wound size was

photographed by a camera (1). Next, the mice were randomly divided in three groups

as follows: No-treatment (negative control), wounds treated with Mepitel®(positive

control) and wounds covered with thread-based sensors embedded in PDMS. After 7

days of post-injury, the mice were euthanized by cervical dislocation, and the wound

dressings were removed, and the amounts of wound contraction was calculated as

follows (2): Wound closure (%) = (A0−At)/At×100 where, A0 and At are the initial
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wound area and the wound area at time t, respectively.

Animal Study; (2) Histopathological staining: Full-thickness wound tissues

for all three groups were collected on day 7 and fixed in buffered formalin (10%).

Fixed tissues transferred to 30% sucrose solution prior to slicing. 4 µm frozen sec-

tions were collected using a Leica CM1850 UV crytostat (Leica Biosystems, Concord,

ON, Canada). Tissue sections were pretreated with Bouin’s Solution (Sigma-Aldrich

HT10132-1L) for 15 min at 56 ◦C and then stained with Hematoxylin and Eosin

(H&E). Collagen formation was evaluated by Masson’s trichrome (MT) staining ac-

cording to manufacturer’s instructions (Sigma-Aldrich). Finally, the stained sections

were observed under a light microscope (Olympus BX51).

All procedures involving animals were performed following the policies and pro-

cedures determined by the Animal Care Committee at the University of Victoria

(Protocol number: 2018-021(1)) C.1.
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Figure 5.1: Fabrication and characterization of thread-based RH and tem-
perature sensors.(a) The roll-to-roll process of coating a commodity thread via a
CNT ink and FEP insulating layer. (b) A uniform CNT ink developed by suspending
fMWCNTs via SDS in distilled water. (c) SEM image of CNT wrapped around the
cotton thread and (d) observation of well-attached CNTs on a single cotton filament.
(e) A flexible CNT-coated thread sewn in cotton fabric and (f) used to connect an
LED in a circuit. (g) Response to RH and (h) temperature changes. (i) Schematic
of FEP+CNT-coated thread and (j) SEM image of FEP+CNT-coated thread. (k)
The RH response was mitigated via FEP coating for a wide range of RH. (l) A linear
decrease in thread resistance with increasing temperature, showing the thread-based
temperature sensor independent of RH.
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Figure 5.2: Effect of the ink composition and dipping steps on the resis-
tance of the CNT-coated thread.(a) Dependence of electrical resistance on the
number of coating, based on the variation of CNT concentrations (inset: resistance
vs. the number of dipping from 5 to 7) and (b) SDS concentration(inset: resistance
vs. the number of dipping from 5 to 7). Error bars indicate the standard deviation
of triplicates (n=3).
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Figure 5.3: Scanning electron microscopy (SEM) images of coated threads.
(a) cotton thread, coated with (b) 1 mg/ml fMWCNTs, (c) 1.6 mg/ml fMWCNTs
and (d) 2mg/ml fMWCNTs at four different magnifications.
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Figure 5.4: Characterization of the RH response of the CNT-coated thread
(4 cm-long cotton threads coated with 1.6 mg/ml fMWCNTs and 10 mg/ml SDS). (a)
Stepwise response to RH increase (Ramp time 15 min, soak time 30 min, temperature
25 ◦C). (b) Variation in the electrical resistance at three different temperatures (25,
50 and 75 ◦C) (the dotted lines are the fitted functions at three temperatures). (c)
Repeatability test of the humidity sensor, humidity varied between 30% and 90% at
25 ◦C. (d) The hysteresis effect of the response from 30% to 90% and on return from
90% to 30%. (e) Steady response in high and low humidity for 5 hours (temperature
25 ◦C). Error bars indicate the standard deviation of triplicates (n=3).
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Figure 5.5: Characterization of the temperature response of the CNT-
coated thread (4 cm-long cotton thread coated with 1.6 mg/ml fMWCNTs and
10 mg/ml SDS). (a) Stepwise response to temperature decrease (ramp time 10 min,
soak time 30 min, RH 30%). (b) Variation in the electrical resistance at three differ-
ent RH (30, 50 and 75%). (c) Repeatability test, changing temperature between 25
◦C and 90 ◦C at approximately 30% RH. (d) Hysteresis effect of the response from
90 ◦C to 20 ◦C and return. (e) Steady response at high and low temperature for over
two, at approximately 30% RH. Error bars indicate standard deviation of triplicates
(n=3).
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Figure 5.8: Characterizing thread-based temperature sensor independent
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with PDMS coating. (d) Water sprayed over FEP+CNT-coated thread and CNT-
coated thread and (e) monitoring resistance of the CNT-coated thread rises and
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to water spray (supplementary video S3). (f) Temperature response of CNT-coated
thread without coating, with FEP and with PDMS coating. (g) Wrapping heating
thread around FEP+CNT-coated thread and monitoring temperature via thermal
camera in (h) surrounding temperature (20 ◦C) and (i) targeted temperature (32
◦C). (j) Temperature monitoring via thread-based temperature sensor and accordingly
resistance of the thread in cycling heating of the thread. Error bars indicate standard
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Figure 5.9: Evaluation of the biocompatibility of thread-based sensors. Cell
viability study for (a) fibroblast and (b) HaCaT cells. (c) Attachment of the sen-
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tion for three groups: with sensors, without sensors, and with Mepitel®dressing.
(e) Quantitative analysis of contraction at day 7. (f) H&E and MT evaluation
of three groups, showing no negative effect was observed for wounds with thread-
based sensors, compared to without treatment and with Mepitel®dressing groups.
Error bars indicate standard deviation of triplicates (n=3); *ns = not significant,
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Chapter 6

Conclusions and future work

This thesis describes (1) innovative approaches for characterizing water transport

and conductivity of textile electrode of PEMFCs, (2) the development of integrated

thread-based systems for water management and continuous monitoring in PEMFCs,

and (3) novel thread-based RH and temperature sensors for wearable biomonitoring,

each of which is described in Chapter 3 to 5 in details. In the following section a

summary of findings, contributions and future work for each component are presented.

6.1 Woven gas diffusion layer for polymer elec-

trolyte membrane fuel cells: liquid water trans-

port and conductivity trade-offs

Chapter 3 presents the experimental study investigating the water transport in woven

GDL under non-uniform compression. Additionally, the effect of hydrophobic coating

on the through-plane electrical, and thermal conductivity was assessed.

6.1.1 Summary of findings

1. Ex-situ water visualization shows that hydrophobic coating causes water trans-

port in the in-plane direction, utilizes more pores than non-coated GDL, and

increases the water breakthrough pressure.

2. Through-plane electrical conductivity of woven GDLs with different hydropho-

bic loading (0, 30 and 55 wt% FEP) was investigated and showing the electri-
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cal conductivity decreases linearly by increasing the hydrophobic loading. In

addition, the GDL thickness increases by increasing the hydrophobic loading

concentration.

3. The highest through-plane thermal conductivity is obtained at 30 wt% FEP

loading and decreases by increasing FEP loading to 55 wt%.

6.1.2 Contributions

1. The hydrophobic coating improves the in-plane water transport using more

pores within woven GDLs compared to pristine samples.

2. An optimum thermal conductivity value was obtained at 30 wt% FEP loading,

while electrical conductivity decreases linearly by increasing the FEP loading.

3. There is a trade-off between better water transport and conductivity of GDLs

while using the hydrophobic coating.

6.1.3 Recommendations for Future Works

1. Performing water transport and conductivity analysis under temperature and

humidity conditions corresponding to operating fuel cell conditions. This study

addresses the effect of compression and hydrophobic loading at room tempera-

ture. However, in elevated temperature (e.g. 80∼90 ◦C), water transport might

follow different patterns. In addition, electrical conductivity and thermal con-

ductivity were also measured at room temperature. Investigating the effect of

temperature on the effective thermal and electrical conductivity will result in a

more accurate estimation of GDL properties.

2. Investigating thermal and electrical conductivity under saturated GDL condi-

tions. In this study, electrical and thermal conductivity were analyzed in dry

conditions. However, in an operating fuel cell, water accumulates in GDL pores

and alters the effective conductive properties. The effect of water saturation

may have a significant effect on thermal conductivity since air is replaced by

water with higher thermal conductivity.

3. Analyzing the effect of hydrophobic coating drying process on water transport

and conductivity. This study investigated the fast drying (i.e. oven) for sinter-
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ing hydrophobic coating on GDLs. It showed in previous work that hydrophobic

distribution is directly related to the speed of drying. The effect of drying hy-

drophobic polymer on water transport and conductive properties will illustrate

an optimum procedure for GDL manufacturers.

6.2 Electrode-integrated textile-based sensors for

temperature and relative humidity monitoring

in electrochemical cells

Chapter 4 presents the effect of external threads on carbon cloth GDL for generating

water pathways within textile electrodes and measuring local RH and temperature.

We developed a procedure to investigate the effect of hydrophilic thread on water

transport, physical and microstructural properties and in-situ fuel cell testing. Be-

sides, a scalable roll-to-roll process was developed to transform the cotton thread into

RH and temperature sensors responsive to the working environment of PEMFCs. The

summary of findings, contributions and suggestions for future work are presented in

the following sections.

6.2.1 Summary of findings

1. The addition of threads on physical, microstructural and transport properties of

woven GDL was investigated and showed minimal impacts on these properties

with gain in generating water pathways within the woven GDL.

2. The in-situ fuel cell test showed that the addition of external threads did not

affect the cell’s performance in different operating conditions.

3. A proof of concept experiment was developed to monitor the temperature of car-

bon cloth GDL with the thread-based temperature sensor showing the sensor’s

effectiveness for the temperature monitoring of the textile electrode.

6.2.2 Contributions

1. Ex-situ water transport analysis shows that water pathways were generated

within woven GDLs by sewing a hydrophilic thread on carbon cloth GDLs.
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2. The addition of thread on carbon cloth GDL does not affect the performance

of operating fuel cells in different RH levels (40% to 100% RH).

3. A scalable roll-to-roll process was developed to transform fibre-like RH and

temperature sensors in a working range of PEMFCs environment.

4. The ex-situ experiment demonstrates fibre-like sensors’ ability to monitor the

temperature of the carbon cloth GDLs in a dynamic temperature range from

30 to 90 ◦C.

6.2.3 Recommendations for Future Works

1. In-situ fuel cell testing combining with neutron imaging to monitor water path-

ways in woven GDL with hydrophilic threads. We showed that hydrophilic

threads play as water pathways within carbon cloth GDLs in the ex-situ ex-

periment. Performing the test combining with neutron imaging can confirm

this data in an in-situ fuel cell testing and shows the application of this method

to modify woven GDLs to gain performance in operating fuel cells potentially.

2. In-situ testing of fibre-like sensors in operating fuel cells. In this work, we

demonstrated a process to develop fibre-like sensors. Demonstrating the appli-

cation of these sensors in operating fuel cells under various conditions (e.g. low

and high RHs and temperatures) will prove the applicability of these sensors.

3. Utilizing the local RH and temperature to control the input reactant conditions

(i.e. temperature and RH) to improve the fuel cell performance.. These sen-

sors can provide extra information that could be used to control the fuel cell

conditions such as inlet temperature and, RH to improve the performance in a

variety of different operating conditions.

6.3 A hybrid thread-based temperature and hu-

midity sensor for continuous health monitor-

ing

Chapter 5 presents the process of developing and characterizing thread-based RH and

temperature sensors for application in health monitoring. A low-cost, dip-coating
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process was employed to coat cotton threads with CNT ink. The aqueous ink compo-

sition is fMWCNTs and SDS, and they were optimized for achieving well-dispersed

ink and well-attachment to the cotton threads. The CNT-coated response to RH and

temperature changes were assessed and showed the CNT-coated thread is responsive

to both RH and temperature. FEP coating was applied on top of CNT-coated thread

to mitigate RH response. As a result, CNT+FEP-coated thread is solely sensitive to

temperature. Combining CNT-coated and FEP+CNT-coated threads together can

monitor temperature and RH of textiles. The biocompatibility analysis shows a be-

nign effect on cell cytotoxicity and animal wound healing. The summary of findings,

contributions and suggestions for future work are presented in the next sections.

6.3.1 Summary of findings

1. A durable and well-attached CNT-coated thread was achieved with the thread

resistance of ∼20 kΩ/cm.

2. The CNT-coated thread response shows a quadratic resistance increase to RH

(between 30 to 90%) changes and a linear resistance decrease to temperature

changes (between 20 to 90 ◦C).

3. A function to predict the thread resistance to both temperature and RH changes

were developed and showed the CNT-coated thread response to both parame-

ters.

4. FEP polymer effectively coated on top of the CNT-coated thread, and a thread-

based temperature sensor independent of RH was developed.

5. CNT-coated (RH sensor) and FEP+CNT-coated (temperature sensor) threads

cytotoxicity was analyzed and showed cell viability of more than 85%. Also,

the sensors did not show an adverse effect on the animal model wound healing

process.

6.3.2 Contributions

1. The homogenous suspension was achieved by adding SDS as a surfactant. There

is no difference between 5 mg/ml to 15 mg/ml SDS concentrations on the re-

sistance of CNT-coated thread.
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2. A durable, low-cost process was developed to coat cotton textile via a CNT ink,

which is suitable for large scale manufacturing of CNT-coated threads.

3. We developed a procedure to characterize CNT-coated thread response to both

temperature and RH changes and show that CNT-coated cotton thread is re-

sponsive to both temperature and RH.

4. A procedure was developed to mitigate the RH response of CNT-coated thread

via a scalable and robust dip-coating thread in a hydrophobic FEP suspension.

5. A proof-of-concept experiment showed FEP+CNT-coated thread is independent

of RH and can be used as a sensor in the e-textile system to reach a target

temperature.

6. Combination of both CNT-coated and FEP+CNT-coated thread can effectively

measure the temperature and RH within a textile clothing,

7. The developed thread-based sensors are biocompatible with a neutral effect on

cell growth and wound healing process.

6.3.3 Recommendations for Future Works

zInvestigating the effect of different CNT types and surfactants on the perfor-

mance of the sensors. We made the CNT ink with fMWCNT and SDS in aque-

ous solution. However, CNT types such as single-wall carbon nanotubes and

CNT length and dimension effects on the sensor response need to be investigated

to obtain optimum performance out of thread-based sensors. Investigating the

CNT-coated response to temperature and RH in other environments. We inves-

tigated the temperature response of CNT-coated thread in the air environment.

The test can be performed to see the sensors’ response to different settings such

as Nitrogen, argon, or even in water bath varying temperature. Investigating

the durability of the sensors through washing cycles. The sensors show excel-

lent durability for more than six months. To further investigate the sensors’

strength, washing the sensors can be done to confirm the washability of the sen-

sors. Performing in-vivo test for monitoring athlete skin temperature and RH

via thread-based temperature and RH sensors. For proof-of-concept, continuous

monitoring of temperature and humidity of human skin under three different
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conditions, seating, walking and running should be done to determine the appli-

cability of the sensors for wearable health monitoring for athletes. Combining

thread-based sensors in advanced drug delivery textile patches to control the drug

release based on the measured temperature. The sensors can be embedded in the

advanced drug delivery system that requires heating to release drugs from ther-

morespnosive particles. The temperature sensor can adjust the heating process

in the smart wound dressing patches.
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Appendix A

Supplementary information of

chapter 3

A.1 Compression under the glass

One important parameter is the compression of GDLs. A pressure film allowed us to

monitor the GDL compression. The pressure film has microcapsules that are released

due to the compression. Increasing the compression releases more microcapsules and

high intensity of red colors can be obtained from the film. By comparing the color

with a reference, we can estimate the pressure. Figure A.1 shows the clamping device,

the GDL and the pressure film. The pressure film is red on the border and in the

middle. The red signs on the border is because of cutting samples. The red signs in

the middle is due to the compression between plaxiglass and the O-ring. The intensity

of that area was compared with a reference and it is around 1.6 MPa. The pressure

is in a range of operating fuel cells [15].

A.2 Quantification of Carbon and Fluorine in GDLs

The following photos are the quantification of carbon and fluorine on the surface and

cross section of woven GDLs (without coating, 30 wt% FEP and 55 wt% FEP).
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1.2.3.4.5.

Figure A.1: The clamping setup, the GDL and the pressure film.

A.3 Reproducibility Test

Figure ?? shows the breakthrough analysis for similar samples, without coating, 30

wt% FEP and 55 wt% FEP. The results are following the conclusion in the manuscript.

The coated samples have water in the compressed regions, which means lateral water

transport, however, pristine sample did not show any lateral water transport. In

addition, the breakthrough locations also follow the same pattern. The uncoated

sample has the breakthrough in the uncompressed region and the coated samples had

the breakthrough in the compressed regions.

A.4 Mechanical Test

FEP coating changes the elasticity of the woven GDLs. Higher loading is more brittle.

To investigate this quality, three samples were tested in two tests. One is bending
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sample 180 and the other one is the. tensile test. Bending 180 causes to break the 55

wt% FEP loaded GDL, and partial break on 30 wt% FEP loaded GDL. However, the

untreated samples keep the shape and there is no sign of tear in the sample. Figure

A.4 shows the result of the test.

The next test is measuring the module of elasticity of these three samples. The

results show that the higher the FEP loading, the higher the modulus. Figure A.5

shows this fact. The summary of the results is available in the table S1. The test was

performed with MT10K.
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Figure A.2: quantification of carbon and fluorine on the surface and cross section of
woven GDLs.
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Figure A.3: Water breakthrough for GDLs without coating, 30wt% FEP and 55wt%
FEP loading in four instances (the scale bar is 2 mm).

Figure A.4: Bending test of GDLs without coating, 30 wt% FEP and 55 wt% FEP.
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Figure A.5: Tensile test on woven GDL.
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Appendix B

Supplementary information of

chapter 4

This appendix illustrated supplementary results for chapter 4 of the thesis.
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a highest wicking property.
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Figure B.3: Effect of Corona discharge on the microstructure of thread (a) before
treatment (b)after treatment.
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Figure B.4: Effect of sewing thread on non-woven GDL (Toray 090).
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Figure B.6: SEM image of FEP coating on different samples showing cracking on the
surface.
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Appendix C

Supplementary information of

chapter 5

Figure C.1: Thread resistance, unbent, with radius of 10 mm and radius of 2 mm
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Figure C.2: Thread resistance over 6 months (kept in room temperature and closed
petri dish).
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Figure C.4: Observations of a similar response of CNT-coated thread to RH changes
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Table C.1: Quadratic resistance changes to RH at 25, 50 and 75 ◦C.

Temperature (◦C) (R−R0)
R0

× 100 Rsq

25 8.1 − 0.49RH + 0.008RH2 0.99
50 19.16−0.93RH+0.011RH2 0.93
75 18.78−0.91RH+0.011RH2 0.94
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Figure C.5: Fast response of the CNT-coated thread to change of RH (a) in low RH
regions and (b) in high RH regions
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Figure C.6: Observations of the same response of CNT-coated thread to temperature
change for two more replicates.
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Table C.2: Linear resistance change to temperature at 30, 50 and 75% RHs.

RH(%) (R−R0)
R0

× 100 Rsq

30 -0.19T+16.53 0.98
50 -0.22T+19.25 0.99
75 -0.21T+18.74 0.98
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Figure C.7: Hysteresis test for temperature from 20 ◦C to 90 ◦C and 90 ◦C to 20 ◦C.
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C.1 Animal Study ethics

In the following pages, application to use animals for research is presented.
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