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Abstract: Textile batteries are of utmost interest for the emerging field of electronic textiles. Several
research groups work on this topic, developing either fiber-based batteries or planar alternatives, e.g.
by coating textile fabrics with metallic electrodes and an electrolyte between them. Since usual
non-toxic electrolytes are fluid, using them in a textile battery necessitates gelling them or
embedding them in a sponge-like matrix to avoid diffusion through the textile electrodes. Here we
report on measurements of textile batteries, prepared from different conductive woven fabrics with a
nanofiber mat as an interlayer filled with iodine-triiodide solution. Firstly, the highest voltages were
achieved combining metal electrodes with a carbon electrode, showing that the electrolyte in this
system is part of the redox system. Second, the metal electrodes were destroyed after short times,
suggesting that iodine-triiodide is not an ideal choice for an electrolyte, although this material is
often used. Finally, we show that even without setting up the complete battery, the electrolyte slowly
destroys the metal layers, while it is itself degraded by photo-oxidation, underlining the necessity to
find non-toxic, environmentally-friendly alternatives for iodine-triiodide to enable long-term storage.
Assuming non-solid state for electrolytes, the level of their confinement by different types of
corrugated materials was tested.
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1. Introduction

During the last years, an emerging interest in smart textiles could be observed. Most of these
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“smart” or “intelligent” textiles are electronic textiles, i.e. they contain electronic components which
necessitate an energy source.

Typical energy sources are batteries, capacitors or pseudo-capacitors. In common rigid versions,
such power supplies disturb the typical textile haptics as well as drape and bendability. This is why
purely textile batteries are of high interest in the field of smart textiles and investigated by different
research groups [1]. Often textile batteries, capacitors or pseudo-capacitors are developed in the
shape of fibers which can be integrated into a woven or knitted fabric afterwards [2—4]. On the other
hand, layered systems produced by coating textile fabrics are also interesting due to their larger areas [5].

Different material combinations were investigated recently. Silver electrodes combined with
PEDOT as electrolyte was found to be usable for rechargeable batteries [6]. Carbon nanotubes were
also successfully tested as electrode material [7]. On the other hand, materials similar to those used
in common batteries were investigated, such as lithium-iron-phosphate and lithium titanate [4].
Combining lithium ion technology with textile fabrics resulted in flexible batteries with high working
potentials and good storage performance, especially for textile fabrics with large surfaces due to
additional pores, nanoparticles, nanowires, etc. [8—10].

Principally, a battery consists of two (or more) electrodes prepared from different materials
which are separated by an electrolyte. According to the Nernst equation, the maximum possible
voltage between them depends on the difference between their redox potentials, modified by
secondary effects, such as over-potentials. In the electrolyte, different partial reactions occur near
both electrodes, triggering this redox reaction. When a circuit is closed along an external load, a
current can flow. This means that, as a first idea, both electrode materials should have significantly
differing standard potentials. Typical values are, e.g., Ey ¢, = 0.34 V for copper and Ey 4, = 0.79 V for
silver [11,12]. Several other metals with significantly higher standard potentials are not useful for
integration in textile fabrics due to their toxicity or possible allergic reactions.

As earlier investigations have shown, carbon—which is not included in the standard potential
series and does not take place in the redox reaction, but works as a pick-up electrode for redox
reactions in the electrolyte itself [13]—is also an interesting electrode material. In this combination,
the standard potential of the electrolyte is described as 0.35 V in the literature [14].

Different combinations of these electrodes were tested using metal salts [15] or iodine-triiodide
as electrolytes [16], the latter having shown to be advantageous. The electrolyte was either
gelled [15,16] or dropped onto a textile fabric which contained both electrodes, applied by Tailored
Fiber Placement [17]. In both cases, the electrolyte suffers from immediate drying. This is why in a
recent project, nanofiber mats were used to embed the electrolyte and to test the longevity of such
battery systems, while all-solid state textile batteries [18] have not been taken into account here.

2. Materials and methods

For the batteries under investigation here, ripstop silver fabric, pure copper polyester taffeta and
CobalTex™ (all purchased from Less EMF Inc.) were used as well as a carbon woven fabric
(HP-Textiles). All battery areas were 4 cm x 4 cm, with additional small parts protruding from the
battery composite at opposite ends to allow for connecting both electrodes separately with crocodile
clips. The metal-coated fabrics have areal weights of approx. 80 g/m?, similar to a sheet of paper, and
a thickness of 0.06—0.08 mm, and are thus very flexible and lightweight. Since they are woven, they
are not stretchable, but can be imagined to be worn as a part of a jacket. Photographs of such fabrics
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can be found, e.g., in Refs. 15 and 16.

As an electrolyte, Lugol’s solution (5%) was used (AppliChem). This electrolyte was embedded in
a polyacrylonitrile (PAN) nanofiber mat, electrospun using a Nanospider Lab. The production process
is described in detail in [19]. The nanofibers in such mats have diameters of approx. 300-500 nm and
are fixed in a dense mat, without single nanofibers protruding from the base material. Areal weights
are typically about 0.5-3 g/m?.

The batteries were built by soaking the nanofiber mat into the electrolyte, placing it on top of
the bottom electrode, adding drops of electrolyte carefully where the system seemed to be dryer than
on average and placing the second electrode on top. The crocodile clips connected to the electrodes
were fixed in positions where they did not exert any visible force onto the electrodes to avoid
undesired squeezing or pulling. The excess electrolyte around the bottom electrode was carefully
removed using a cotton bud to avoid creating an undesired reservoir of electrolyte outside the battery.

Measurements were taken using two multimeters and a resistance decade set to 100 kQ to allow
for slow discharging of the textile batteries, enabling better visibility of aging effects which are not
related to discharge but to degradation or drying of the involved materials. The relatively small
currents showed relatively large standard deviations and systematic errors due to the large inner
resistances of the multimeters and are thus not depicted here. For the voltage measurements, no such
systematic errors are expected, and the relatively small variations of the values on the timescale of
seconds did not significantly influence the results.

3. Results and discussion

Figure 1 depicts time-dependent voltages, measured during discharge of two textile metal-metal
batteries over a resistance of 100 kQ. Both consist of silver and copper electrodes with
iodine-triiodide as an electrolyte, stored in 1 or 3 layers of a PAN nanofiber mat, respectively.

Firstly, it is visible that the maximally expected voltage of approx. 0.4 V is not reached. Second,
both batteries are completely dried after 2-2.5 hours. This value is similar to the drying time of
approx. 2 h in a previous investigation with a gelled electrolyte [15]. In both cases, a maximum
occurs around 100 min which can be attributed to an increased inner resistance of the battery due to

drying.
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Figure 1. Time-dependent voltage, measured for two different metal-metal textile batteries.
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Figure 2. Time-dependent voltage, measured for a metal-carbon textile battery.

Since previous investigations found that metal-carbon batteries are superior to metal-metal ones,
the next test was performed combining silver and carbon electrodes with one layer of
electrolyte-soaked nanofiber mat. The time-dependence of such a battery is depicted in Figure 2.

Firstly, the maximum voltage is significantly higher than the values reached for silver-copper
batteries. It should be mentioned that the maximum values of approx. 620 mV are also higher than
those achieved by batteries prepared from the same materials with gelled (~520 mV) or liquid
(dropped) electrolytes (~400 mV) [16,17] and also higher than the theoretical expectation,
calculating the difference between the standard potentials of silver and iodine-triiodide [14]. The
above given standard potential of silver of Ey4, = 0.79 V, however, is calculated for the most
common reaction of Ag" + e = Ag, while other reactions, e.g. Ag,O(s) + 2H' + 2e = 2Ag(s) +
H,0O, which may happen in aqueous solutions, have higher standard potentials above 1 V. This is a
possible explanation for the unexpectedly high voltage achieved in this system. Apparently, the
dynamics of chemical reactions taking place here differ from those usually assumed in theoretical
models for both of these materials. At first glance, this finding makes this battery system look
well-suited for integration in smart textiles.

The time-dependence, however, shows an interesting behavior. Similar to the metal-metal
batteries, a local maximum in the voltage is visible after approx. 70 min, again indicating drying of
the electrolyte. The dip in this system is visible later and shows a less strongly decreasing voltage
than in the metal-metal batteries depicted in Figure 1, indicating that more electrolyte is stored in the
thicker and coarser carbon woven fabric, than it is possible in the fine metal-coated fabrics.
Afterwards, the voltage decreases to a relatively stable value around 200 mV. Investigation of the
battery during this time shows that here, the carbon woven fabric—which is much more open-pored
than typical metalized woven fabrics—serves as a refill reservoir for the electrolyte which is
constantly transported to the nanofiber mat between both electrodes, keeping this interlayer always
humid, but on a lower level than directly after soaking it with electrolyte. In this way, the battery
does not completely dry for at least 10 hours. This effect can be assumed as a positive characteristic
of the battery. On the other hand, an interesting aspect would be the calculation of the fluid dynamics
of electrolytes in the different geometries given by the different woven fabrics, resulting in different
resistances impeding the electrolyte flow and thus the exchange of electrolyte which has already
been involved in a redox reaction.
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While the principle idea of a secondary storage for an electrolyte may be taken into account,
similar to the idea of refilling solar cells with electrolyte [20], other problems become visible by
inspection of the solar cells after use. On the one hand, the silver electrode in all cases is destroyed,
showing that here another limitation of the possible time of use has to be taken into account. On the
other hand, the electrolyte shows a decoloration process which also implies a time limit for its use in
solar-cell related applications, besides the drying process. Both problems were evaluated in more
detail.

Interestingly, the time until the silver electrode was destroyed has changed from approx. 2 h for
the metal-metal batteries to approx. one day for the silver-carbon battery. This finding underlines the
above mentioned assumption that in metal-metal and metal-carbon electrodes with iodine/triiodide as
electrolyte, different redox reactions may take place, as can be expected due to the different
maximum voltages.

Ripstop silver fabric Pure copper polyester taffeta

CobalTex™

Figure 3. Metallic electrode materials after 2 days in iodine-triiodide solution and drying.

Figure 3 depicts the effect of leaving the metalized textile fabrics in iodine-triiodide solution for
two days during which the electrolyte dried. It should be mentioned that CobalTex™ consists of
nickel/copper/cobalt and can thus build a complete battery when inserted in the electrolyte. Thus it
can be understood that for this material, the metal coating is completely destroyed. Both other
materials (with copper and silver coatings), however, are apparently oxidized, but still existent. This
is in contrast to the optical evaluation of the metal-metal batteries after complete drying of the
electrolyte, as shown in Figure 4. After discharging such a battery, the silver coating is completely
vanished, while the copper coating is only slightly oxidized.
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Figure 4. Both sides of a silver-copper battery after discharging.

This shows clearly that while the electrolyte does indeed damage the metal coatings, the visible
complete vanishing of the silver electrode can be attributed to discharging the battery. Thus, the
thickness of the silver coating also limits the maximum energy which can be gained from such a
battery.

Additionally, the time-dependent behavior of pure iodine-triiodide was investigated by
investigating the color of the electrolyte under different conditions (Figure 5): One solution was
stored in an open glass at daylight (“air + light”), another one in an open glass in a dark box (“air, no
light”), the third one in a closed (but not evacuated) glass at daylight (“no air, light”), and the last
solution was soaked into a textile fabric (“textile”). As visible in Figure 5, avoiding air increases the
longevity of the electrolyte strongest, while avoiding light decreases decoloration to a smaller
amount. This finding is supported by a starch test using simple paper stripes (Figure 5, right panel):
The darkest color is visible for the sample kept under air exclusion, followed by the sample stored in
the dark. This shows clearly that iodine-triiodide can be photo-oxidized, a feature which is utilized,
e.g., in dye-sensitized solar cells based on this electrolyte [14].

Air + light Air, no light Air + light Air, no light

No air, light Textile No air, light Textile

Figure 5. Iodine-triiodide solution directly after pouring into glasses and after 3 days
under different conditions.

While avoiding sunlight, esp. UV irradiation, is a typical and not very problematic task for
textile fabrics, completely avoiding air intrusion is nearly impossible without significantly altering
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the typical textile properties, especially the haptics and the water permeability which are both
important factors for wearing comfort. This underlines that iodine-triiodide, although often used in
textile batteries due to its non-toxicity, should be replaced by more stable alternatives.

The results shown here give an ambiguous impression of textile batteries with metal-carbon
electrodes and iodine-triiodide as electrolyte embedded in a nanofiber fabric. On the one hand,
sufficient voltages can be achieved which are higher than the maximum voltages reached in other
systems with similar material combinations. On the other hand, the thin metal coatings on the textile
fabrics are destroyed soon during discharging, and the electrolyte was clearly shown to be not
long-time stable, impeding storage of such textile batteries for more than some days. Thus, both
parts—electrolyte and thin metal layers—should be exchanged by more durable materials, e.g. using
fine wires instead of metallic coatings.

4. Conclusion

Textile batteries produced from different metalized woven fabrics or a metal-coated textile and a
carbon woven fabric were investigated, storing iodine-triiodide as an electrolyte in a nanofiber mat
between the electrodes. While significantly higher voltages could be achieved than in previous
experiments with identical materials and other methods to store the electrolyte, long-time tests show
that the thin metal coatings are destroyed soon, while the electrolyte is photo-oxidized during few
days, making such batteries only useful for instant use. Our results show that alternative electrolytes
should be tested and combined with metal parts of different shapes, e.g. wires, while the principle
idea of storing the electrolyte in a nanofiber mat is promising for future developments.

Conflict of interest

All authors declare no conflicts of interest in this paper.
Acknowledgements

The work was partially supported by the SUT Rector grant 14/990/RGJ18/0099 (T. B.).
References

1. Jost K, Dion K, Gogotsi Y (2014) Textile energy storage in perspective. J Mater Chem A2:
10776-10787.

2. Gorgutsa S, Gu JF, Skorobogatiy M (2012) A woven 2D touchpad sensor and a 1Dslide sensor
using soft capacitor fibers. Smart Mater Struct 21: 015010.

3. Jost K, Stenger D, Perez CR, et al. (2013) Knitted and screen printed carbon fiber
textile-supercapacitors for applications in wearable electronics. Energy Environ Sci 6:
2698-2705.

4. LiuY, Gorgutsa S, Santato C, et al. (2012) Flexible, Solid Electrolyte-Based Lithium Battery
Composed of LiFePO4 Cathode and LisTisO;, Anode for Applications in Smart Textiles. J
Electrochem Soc 159: A349—-A356.

AIMS Energy Volume 6, Issue 2, 261-268.



268

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Jost K, Perez CR, McDonough JK, et al. (2011) Carbon coated textiles for flexible energy
storage. Energy Environ Sci 4: 5060.

Bhattacharya R, de Kok M, Zhou J (2009) Rechargeable electronic textile battery. Appl Phys
Lett 95: 223305.

Hu L (2010) Stretchable, Porous, and Conductive Energy Textiles. NANO Lett 10: 708—714.
Balogun M-S, Yu M, Li C, et al. (2014) Facile synthesis of titanium nitride nanowires on carbon
fabric for flexible and high-rate lithium ion batteries. J Mat Chem A 2: 10825-10829.

Balogun M-S, Yu M, Huang Y, et al. (2015) Binder-free Fe;N nanoparticles on carbon textile
with high power density as novel anode for high-performance flexible lithium ion batteries.
Nano Energy 11: 348-355.

Balogun M-S, Qui W, Lyu F, et al. (2016) All-flexible lithium ion battery based on
thermally-etched porous carbon cloth anode and cathode. Nano Energy 26: 446—455.

Vanysek P (2012) Electrochemical Series. In: Haynes WM, Handbook of Chemistry and Physics:
93rd Edition. Chemical Rubber Company.

Bard AJ, Parsons R, Jordan J (1985) Standard Potentials in Aqueous Solutions. Marcel Dekker,
New York.

Normann M, Herrmann A, Grethe T, et al. (2016) Energiegewinnung und -speicherung mittels
Textilien. 15th Chemnitz Textile Technology Conference.

Boschloo G, Hagfeldt A (2009) Characteristics of the lodide/Triiodide Redox Mediator in
Dye-Sensitized Solar Cells. Accounts Chem Res 42: 1819-1826.

Normann M, Kyosev Y, Ehrmann A, et al. (2016) Multilayer Textile-Based Woven Batteries. In:
Y. Kyosev (Ed.): Recent Developments in Braiding and Narrow Weaving, Springer International
Publishing, 129-136.

Normann M, Grethe T, Schwarz-Pfeiffer A, et al. (2017) Development and characterization of
textile batteries. IOP Conf Ser: Mater Sci Eng 175: 012058.

Normann M, Grethe T, Zoll K, et al. (2017) Development of 2D and 3D structured textile
batteries processing conductive material with Tailored Fiber Placement (TFP). IOP Conf Ser:
Mater Sci Eng 254: 072016.

Wei D, Cotton D, Ryhdnen T (2012) All-solis-state textile batteries made from nano-emulsion
conducting polymers inks for wearable electronics. Nanomaterials 2: 268-274.

Sabantina L, Mirasol JR, Cordero T, et al. (2018) Investigation of Needleless Electrospun PAN
Nanofiber Mats. AIP Conference Proceedings, accepted.

Hellert C, Klemt C, Scheidt U, et al. (2017) Rehydrating dye sensitized solar cells. AIMS Energy
5:397-403.

© 2018 the Author(s) name, licensee AIMS Press. This is an open

ATMS AJMS Press access article distributed under the terms of the Creative Commons

= Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Energy Volume 6, Issue 2, 261-268.



