
Hydrogels Containing the Ferri/Ferrocyanide Redox
Couple and Ionic Liquids for Thermocells

Matthew Russo,A Holly Warren,B Geoffrey M. Spinks,B

Douglas R. MacFarlane,C and Jennifer M. PringleA,D

ADeakin University, Australian Research Council (ARC) Centre of Excellence for

Electromaterials Science, Institute for Frontier Materials, 221 Burwood Highway,

Burwood, Vic. 3125, Australia.
BARC Centre of Excellence for Electromaterials Science, Australian Institute for

Innovative Materials (AIIM) Facility, University of Wollongong Innovation Campus,

North Wollongong, NSW 2522, Australia.
CSchool of Chemistry, Monash University, Wellington Road, Clayton, Vic. 3800,

Australia.
DCorresponding author. Email: jenny.pringle@deakin.edu.au

Thermoelectrochemical cells are a promising new technology for harvesting low-grade waste heat. The operation of these

cells relies on a redox couple within an electrolyte, which is most commonly water-based, and improvement of these
materials is a key aspect of the advancement of this technology. Here, we report the gelation of aqueous electrolytes
containing the K3Fe(CN)6/K4Fe(CN)6 redox couple using a range of different polymers, including polyvinyl alcohol

(PVA), sodium carboxymethyl cellulose (Cmc), polyacrylamide (PAAm), and two commercial polyurethane-based
polymers: HydroMed D640 and HydroSlip C. These polymers produce quasi-solid-state electrolytes with sufficient
mechanical properties to prevent leakage, and allow improved device flexibility and safety. Furthermore, the incorpo-

ration of various ionic liquids within the optimized hydrogel network is investigated as a route to enhance the
electrochemical and mechanical properties and thermal energy harvesting performance of the hydrogels.
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Introduction

The demand for cheap, efficient, and sustainable energy is at an

all-time high as global power consumption continues to
increase. Waste heat is a viable source of sustainable energy,
produced in various industrial and domestic processes and nat-

urally from the sun, geothermal activity, and body heat. Until
recently, most research into thermal energy conversion was
focussed on solid-state thermoelectrics, particularly for har-

vesting high temperatures of waste heat.[1] An alternative
emerging technology for thermal energy harvesting is the ther-
moelectrochemical cell, commonly referred to as the thermo-
cell. The design of these cells typically consists of two

electrodes, held at different temperatures, and a redox couple
within an electrolyte. In the presence of a temperature gradient,
the difference in electrochemical potential of the redox couple

produces a potential difference across the cell.[2] For electrolytes
containing K3Fe(CN)6/K4Fe(CN)6, which is one of the most
widely studied redox couples,[3] these hot and cold electrodes

correspond to the anode and the cathode.
The choice of electrolyte directly affects the parameters that

govern the device efficiency and performance of a thermocell.

For example, the viscosity influences the diffusion and migra-
tion of the redox couple, while the thermal and ionic conductiv-
ity influence the temperature and potential gradients. The safety

features of the device are also influenced by the choice of
electrolyte; aqueous, non-aqueous, ionic liquid, and quasi-

solid-state electrolytes have been investigated in various forms
in the drive to improve efficiency and safety.[2,4,5]

The fundamental property that induces the potential gradient

in the cell is the temperature dependence of the redox couple,[6]

the magnitude of which is given by the Seebeck coefficient,
Se¼DV/DT, where DV is the potential gradient and DT is the

temperature gradient. The Seebeck coefficient can be negative
or positive depending change in the entropy of the redox
reaction, which dictates whether the hot electrode will operate
as the anode or cathode. However, in terms of thermocell

efficiency, it is the magnitude of this value that is the most
important consideration. In order to develop an effective ther-
mocell, the redox couple contained within the electrolyte should

have a high Seebeck coefficient as this determines the open-
circuit voltage at any given temperature gradient.

The archetypal thermocell electrolyte is aqueous Fe(CN)6
3�/

Fe(CN)6
4�, typically used at the maximum 0.4 M con-

centration.[2,5] It has quite a high Seebeck coefficient
(, �1.4 mV K�1), stemming from the large solvent reorganiza-

tion entropy, and has been used in cells with the highest reported
power outputs.[7–11] Ionic liquids containing the cobalt
tris(2,2-bipyridyl) bis(trifluoromethanesulfonyl)amide
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(CoII/III(bpy)3(NTf2)2/3) redox couple have been investigated for

thermocell applications, as the ionic liquid (IL) provides a safe
and thermally stable medium, while the cobalt-based redox
couple provides high Seebeck coefficients.[12] However, the

fairly high viscosity of many ILs can result in prohibitively low
diffusion rates of the redox couple. In order to address such
mass transport limitations, recent studies have investigated
mixing low-viscosity solvents with ILs. For example, the

CoII/III(bpy)3(NTf2)2/3 redox couple was used in conjunction with
different IL/solvent mixtures using 3-methoxypropionitrile
(MPN), dimethyl sulfoxide (DMSO), 1-ethyl-3-methylimidazo-

lium tetracyanoborate [C2mim][B(CN)4], and 1-ethyl-3-
methylimidazolium tris(pentafluoroethyl)trifluorophosphate
[C2mim][eFAP]. An optimum ratio of 3 : 1 solvent : IL was

identified in both cases.[13] This ratio gave the highest power
outputs, reflecting the optimum balance between the Seebeck
coefficient, diffusion rate, ionic conductivity, and thermal
conductivity. However, the use of organic solvents as liquid

electrolytes introduces possible leakage and flammability
concerns. Thus, the importance of developing quasi-solid-state
electrolytes is increasingly recognized. The objective for these

materials is to achieve the good solubility and transport
properties of liquid electrolytes, while simultaneously elimi-
nating leakage and enhancing the temperature gradient that

can be maintained across the cell by significantly reducing
convection.

Technology that utilizes hydrogel electrolytes for thermo-

cells is promising because these electrolytes are safer than
conventional organic solvent-based electrolytes and prevent
electrolyte leakage during device operation, making them more
suitable for commercial applications.[14] These gels should be

soft and absorbent, while still maintaining mechanical proper-
ties strong enough to support the separation of the two electrodes
and to prevent electrolyte leakage during device operation.

Thus, the aim of the present work was to develop hydrogels
containing a redox couple for use in thermal energy harvesting,
and to investigate the effect of incorporating ILs into these gels.

The aim of the IL addition was to increase the ionic conductivity
and improve thermoelectrochemical properties, as discussed
above regarding the previously studied IL/molecular solvent
electrolytes.

The biopolymers agarose, l-carrageenan, and gelatine have
been studied with various ILs, as a route to increased ionic
conductivity, but not in the presence of any redox couple.[15–17]

One investigation into hydrogels containing redox couples
specifically for thermocell applications was conducted by
Aldous et al.[18] using 0.1 M aqueous Fe(CN)6

3�/Fe(CN)6
4�.

The study tested four materials for gelation – fumed silica,
gelatine, agarose (agar agar), and poly(sodium acrylate) beads.
The most promising of these were the agarose and poly(sodium

acrylate)-based hydrogels, where the polymer content was
optimized at 5.5 wt-%. The maximum current density achieved
with the poly(sodium acrylate) hydrogel was very similar to that
of the liquid electrolyte, whereas for the agarose hydrogel, this

was approximately halved. This demonstrates how important
the nature and concentration of the polymer can be on the
gelation and thermocell power output. The concept of thermo-

cell arrays, combining multiple cells with alternately positive
and negative Seebeck coefficient materials (in a device design
similar to n-type and p-type thermoelectric semiconductors),

has been demonstrated using polyvinyl alcohol-based hydrogel
electrolytes.[19] This demonstrates the possible wearable appli-
cations of such devices.

Here, we report the development of a range of hydrogels
containing the Fe(CN)6

3�/Fe(CN)6
4� redox couple and explore

the effect of addition of ILs on the physical and electrochemical

properties. Polymers including polyvinyl alcohol (PVA),
sodium carboxymethyl cellulose (Cmc), and polyacrylamide
(PAAm) were investigated with the aim of identifying the most

promising quasi-solid-state electrolyte for thermocells.

Results and Discussion

The Seebeck Coefficient in Different ILs

First, the Seebeck coefficients and maximum redox couple

solubility of different IL : water combinations were investi-
gated, to identify the most promising ILs for subsequent incor-
poration into the hydrogels. The Seebeck coefficient is a good
indicator of how well an electrolyte will perform in the ther-

mocell. The redox couple concentration is also important, and
the general approach is tomaximize solubility tominimize mass
transport limitations. However, the Seebeck coefficient theo-

retically decreases with increasing concentration.[3,20,21] In the
present study, both solubility and Seebeck coefficient were
considered, and the best systems in terms of the trade-off

between these two propertieswere chosen for further evaluation.
The change in entropy that determines the Seebeck coeffi-

cient is believed to be primarily due to the solvent reorganization

around the redox couple, influenced by factors such as the
strength of donor–acceptor interactions between the solvent
and the redox couple.[13,22] In the present study, the results
shown in Table 1 demonstrate that even though the redox couple

is negatively charged, the nature of both the cation and the anion
of the IL have an effect on the Seebeck coefficient of the
electrolyte. This is consistent with prior studies on the positively

charged CoII/III(bpy)3 redox couple in different ILs.[12]

The highest Fe(CN)6
3�/4� concentration (0.05 M) was

obtained using the ILs [C2mim][OTf], [C2mim][MeSO3], and

[C4mim][MeSO3]. Higher concentrations can be valuable for
achieving higher power densities,[13] and thus the [C2mim]
[MeSO3] and [C4mim][MeSO3] systems were chosen for the
first study on hydrogel formation, as they show good miscibility

with water, can dissolve high amounts of redox couple, and have
quite good Seebeck coefficients. The [C2mim][OTf] electrolyte
did not give very stable voltages, and thus was not studied

further.

Table 1. Maximum solubility of Fe(CN)6
32/42 and the corresponding

Seebeck coefficient in different ionic liquid andwatermixtures at a ratio

of 1 : 1 v/v (this is comparedwith the aqueous Fe(CN)6
32/42 value at both

high and low redox couple concentrations)

Dca, dicyanamide; Dep, diethylphosphate; OTf, triflate

Electrolyte solvent

(1 : 1 v/v ratio IL : water)

Redox couple

concentration

[M]

Seebeck

coefficient� 0.03

[mVK�1]

Water 0.01 �1.68

Water 0.4 �1.40

[C2mim][Dca] : water 0.03 �1.98

[C4mim][Dca] : water 0.03 �1.67

[C2mim][MeSO3] :water 0.05 �1.49

[C2mim][OTf] : water 0.05 �1.48

[C4mim][Cl] : water 0.04 �1.38

[C4mim][MeSO3] :water 0.05 �1.31

[C2mim][Dep] :water 0.02 �1.13

Hydrogels with ILs for Thermal Energy Harvesting 113



Investigation of Different Hydrogel Polymers

PVA was used at four different weight percentages (2.5, 5, 7.5,
and 10 wt-% PVA) to make the PVA-based hydrogel electro-
lytes using a freeze–thaw method for physical cross-linking.[23]

These percentages were chosen to observe the suitability of
PVA as a gelling agent, and to discover the quantity of polymer
for optimal physical properties. The same concentrations of
PVA were then used to synthesize hydrogels with the

0.05 M K3Fe(CN)6/K4Fe(CN)6 redox couple (Fig. S1, Supple-
mentary Material), and finally a concentration of 10 wt-% PVA
was used to gel both the redox couple and 1 : 3 and 1 : 1 v/v ratios

of IL :water (Fig. S2, Supplementary Material), for comparison
of the physical properties before and after redox couple or IL
addition. Cmc is a water-soluble polymer that forms a soft gel

(Fig. S3, Supplementary Material), prepared by addition of CmC
powder to the liquid electrolytes as described in the supporting
information. PAAmhydrogelswere prepared at concentrations of

4.5 and 6 wt-% PAAm, with either 0.4 M Fe(CN)6
3�/4� or with

0.1 M Fe(CN)6
3�/4� when including a 1 : 3 v/v ratio of [C2mim]

[Dca] :water (Fig. S4, Supplementary Material).
To observe the effect of redox couple addition on the PVA

hydrogels, oscillatory rheology was used to measure the storage
modulus of the hydrogels, with and without redox couple, with
increasing temperature (up to 408C, Fig. S5, Supplementary

Material). The addition of a redox couple and IL was predicted
to increase the mechanical strength of the gel, as a result of
increased interactions between the redox-active electrolyte and

the polymer backbone that could effectively produce an addi-
tional cross-linking effect. Consistent with this hypothesis, the
presence of the 0.05 M Fe(CN)6

3�/4� redox couple resulted in an
increase in the storage modulus across the temperature range

tested (Fig. S6, Supplementary Material).
The redox couple concentration and the Seebeck coefficient

both play a significant role in the thermocell performance of an

electrolyte. For the hydrogel electrolytes investigated here, the
maximum redox couple concentration used is based on the
solubility limit of the system. The 10 wt-% PVA hydrogel has

the largest Seebeck coefficient out of the electrolytes measured
(Table 2), whereas the 4.5 wt-% PAAm electrolyte has a
Seebeck coefficient similar, within experimental error, to that

of the PVA hydrogel, but at a higher redox couple concentration
(0.4 M).

The significance of having higher redox couple concentra-
tions is reflected in the thermocell performance (Table 2), where

the PAAm and Cmc electrolytes show higher maximum power
densities compared with the PVA hydrogel. Despite this, the
high Seebeck coefficient of the PVA hydrogel warranted further

initial investigation, particularly with respect to the incorpo-
ration of ILs. The HydroMed hydrogels have both the lowest
Seebeck coefficients and power densities among the systems

measured. Although these electrolytes contained high redox
couple concentrations, like the Cmc and PAAm hydrogels, they
did not exhibit similar electrochemical properties. This result

highlights the significant role that the choice of polymer plays in
both the interactions between the polymer chains and the redox
couple as well as the thermocell performance. As a result, the
HydroMed-based electrolytes were not investigated further.

Investigation of PVA-Based Hydrogels with ILs

The effect of using PVA for gelation of 0.05MFe(CN)6
3�/4�was

then investigated, using [C2mim][MeSO3] and [C4mim]

[MeSO3] in mixed liquid electrolytes with water. The hydrogels
containing 2.5 wt-% PVA did not form mechanically stable
hydrogels. At 5 and 7.5wt-%PVA, the hydrogelswereweak and

unable to be handled with tweezers (Fig. S1, Supplementary
Material). Therefore, the 10 wt-% polymer content was chosen
for further development of these electrolytes.

Table 3 shows that there is a decrease in the magnitude of the
Seebeck coefficient as the IL content is increased. In addition, the
IL mixtures with [C2mim][MeSO3] show slightly larger (more
negative) Seebeck coefficients thanwith [C4mim][MeSO3]. This

suggests that the smaller IL cation interacts slightly more
strongly with the redox couple than the larger cation.

TheSeebeck coefficient generally decreased ongelation of the

liquid electrolytes, and this is most evident in the aqueous system
that decreased from�1.58� 0.03 to�1.47� 0.03mVK�1. This
is in agreement with a previous report that demonstrated a small

decrease in Seebeck coefficient on gelation of the 0.4 M aqueous
Fe(CN)6

3�/4� electrolyte by incorporation into a cellulose matrix,
decreasing from�1.4 to�1.32 mVK�1 at 20 wt-% polymer.[24]

Table 2. Maximum power density and Seebeck coefficients for the hydrogel electrolytes containing Fe(CN)6
32/42

Hydrogel polymer (wt-%) Redox couple

concentration [M]

Seebeck coefficient

[mV K�1]

Maximum power

density� 0.1 [mWm�2]

PVA (10) 0.05 �1.47� 0.03 1.2

PAAm (4.5) 0.4 �1.43� 0.03 6.0

PAAm (6) 0.4 �1.34� 0.02 4.1

Cmc (6) 0.4 �1.25� 0.04 6.5

HydroMed D640 (10) 0.4 �0.93� 0.01 0.9

HydroSlip C (5) 0.4 �0.83� 0.01 1.2

Table 3. Seebeck coefficient for 0.05 M Fe(CN)6
32/42 redox couple in

mixed-liquid electrolytes containing 1 : 3 and 1 : 1 v/v ratios of ionic

liquid :water, and in 10 wt-% PVA hydrogels containing the same

mixed-liquid electrolytes

Electrolyte solvent

(IL : water ratio v/v)

Liquid electrolyte

Seebeck coefficient

� 0.03 [mVK�1]

Hydrogel electrolyte

Seebeck coefficient

� 0.03 [mVK�1]

Water �1.58 �1.47

[C2mim][MeSO3] :

water (1 : 3)

�1.52 �1.50

[C4mim][MeSO3] :

water (1 : 3)

�1.40 �1.41

[C2mim][MeSO3] :

water (1 : 1)

�1.49 �1.38

[C4mim][MeSO3] :

water (1 : 1)

�1.31 �1.20
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However, in the presence of IL, this effect of gelation is even

smaller. The quite small change in Seebeck coefficient suggests
that the PVAdoes not interact stronglywith the hydration shell of
the redox couple, and thus has little impact on the entropy change

of the redox reaction, and it is hypothesized that in the presence of
IL, the solvation shell is even less affected by the polymer. The 10
wt-%PVAhydrogelwith a 1 : 3 ratio of [C2mim][MeSO3] :water
is the most promising of the hydrogels studied, with a Seebeck

coefficient of �1.50� 0.02 mV K�1, which is comparable with
liquid electrolyte values previously reported.[3,7]

In order to determine how the gelation of the mixed-liquid

electrolytes affected electrochemical reversibility, cyclic vol-
tammetry experiments were performed on the PVA-based
hydrogel electrolytes containing 0.05 M Fe(CN)6

3�/4�, with
and without IL at the different ratios. These experiments were
performed at increasing scan rates (from 25 to 125mV s�1), and
the change in the peak-to-peak separation with increasing scan
rate is shown. For each electrolyte, the peak-to-peak separation

(Ep-p) at 25 mV s�1 is noted on the plots (Fig. 1).
The electrochemical reversibility of the materials is

improved (Ep-p approaches the expected 57 mV) by gelation

and by use of the 1 : 3 v/v ratio of IL : water. This effect has also
been observed on incorporation of 0.4 M aqueous Fe(CN)6

3�/4�

within a cellulose hydrogel.[24] This phenomenon could poten-

tially be due to increased local concentrations at the electrode
surface as a result of slower redox couple diffusion, consistent
with the diffusion coefficient results reported (Table 4). The

maximum current density decreased on gelation, and further
decreased as the IL content was increased, as both reduce the
mass transport characteristics of the electrolyte. This effect is
consistent with the diffusion coefficients (Table 4), which

decreased by an order of magnitude on gelation. This is due to
the polymer network inhibiting the movement of ions through
the hydrogel compared with through a liquid solvent.[25] In

addition, the diffusion coefficients in the PVA hydrogels are
lower than the previously reported diffusion coefficients for a
cellulose hydrogel system containing 0.4 M Fe(CN)6

3�/4� at 10

wt-% polymer,[24] which were,1� 10�6 cm2 s�1. This reflects
a combination of the effect of the different polymer matrix and
the presence of viscous ILs.

The thermocell performance of the hydrogels was then

measured (Fig. 2) by holding the cold and hot electrode at 20
and 358C respectively. No external resistance was applied
initially, resulting in an open circuit potential that corresponds

to the Seebeck coefficient of the electrolyte. Once this value was
stable, external resistances were applied in sequence from high
to low in order to draw current and obtain power from the cell.

The external resistances were chosen based on the internal
resistance of the cell, and the maximum power and current are
observed when the external resistance applied matches that of

the internal resistance of the electrolyte.
Gelation of the liquid electrolytes using 10 wt-% PVA

reduces the maximum power density (Pmax) achieved by
approximately an order of magnitude (Fig. 2). This is attributed

to reduced mass transport. In a liquid electrolyte, mass transport
of the redox couple is by diffusion, migration, and convection,
whereas in hydrogel electrolytes, convection is significantly

decreased and ion movement is primarily via diffusion and
migration. In addition, the PVA-based hydrogels with ILs
exhibit a further decrease in Pmax values, following the same

trend as the thermocells with the liquid electrolytes. This is
consistent with the concept of liquid-like mass transport taking
place within the porous channels of the hydrogel matrix, which

is therefore affected by the increased viscosity on IL addition

(Table S8, Supplementary Material).
In conclusion, although some benefit of using IL was

demonstrated in terms of electrochemical reversibility and

mechanical strength, the PVA hydrogels did not generate high
enough power densities in the present set-up to warrant further
investigation. Thus, other polymers were investigated in an
attempt to find a hydrogel electrolyte capable of dissolving

higher concentrations of redox couple while simultaneously
providing good transport properties.

Investigation of Cellulose- and Acrylamide-Based
Hydrogels with ILs

PAAm and Cmc were then used to develop new redox-active

hydrogels, and the effect of polymer content and IL addition on
the electrochemical properties was investigated. The IL
[C2mim][Dca]was used for these gels, as the Fe(CN)6

3�/4� redox
couple dissolved in a 1 : 3 ratio of this IL with water exhibited a

high Seebeck coefficient (Table 1), and this IL has a lower
viscosity than [C2mim][MeSO3] and [C4mim][MeSO3].

[26]

However, the concentration of the redox couple had to be

decreased to 0.1 M when the ILs were used, as a result of sol-
ubility limitations.

The addition of [C2mim][Dca] to both the PAAm and Cmc

hydrogel electrolytes resulted in a decrease in the Seebeck
coefficient, even though the concentration dependence predicts
that larger values should be obtained. Thus, the presence of IL in

the mixture is clearly detrimental to Se, and has a bigger effect
than redox couple concentration.

The diffusion coefficients of the redox couple in the Cmc and
PAAm hydrogels (Table 5) are an order of magnitude higher

than in the PVA hydrogels (Table 4). This is consistent with the
higher power and current densities achieved for the PAAm and
Cmc hydrogels than the PVA hydrogels without IL. However,

the Seebeck coefficients for the Cmc and PAAm hydrogels are
lower than for the PVA electrolytes, which is at least partly due
to the higher redox couple concentration. Thus, under the

conditions tested, the benefit of higher redox couple concentra-
tion on mass transport outweighs the disadvantage of the lower
Se and reflects the delicate balance of factors that dictate
thermocell performance.

The higher viscosity of the IL compared with water caused a
decrease in diffusion coefficients (Table 5). This effect is most
apparent for the PAAm hydrogels, where the diffusion coeffi-

cients were approximately halved after IL addition. However,
the Cmc hydrogel showed a less significant reduction. In all
cases, the redox couple in the Cmc hydrogels have slower

diffusion than the PAAm hydrogels. The Cmc hydrogels have
a soft, paste-like morphology, which is clearly detrimental to
mass transport, whereas the PAAm hydrogels possibly allow

liquid-like diffusion of the redox couple through porous chan-
nels. This is consistent with the impact of increased viscosity, on
IL addition, in the latter gels.

The cyclic voltammograms (Fig. 3) show the effect of IL

addition and gelation with Cmc and PAAm polymers on the
electrochemical reversibility of the hydrogels. The larger
peak separations for the hydrogel electrolytes compared with

the liquid electrolytes show that gelation of aqueous 0.4 M
Fe(CN)6

3�/4� results in electrolytes with higher resistance,
primarily attributed to diffusion resistance. In the presence of

[C2mim][Dca], the peak separation decreases, as observed for
the previous IL-based electrolytes in Fig. 1. This effect is due to
improved ionic conductivity as more IL is added to the
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electrolyte, increasing the number of charge carriers within the

system, as previously reported for similar IL-containing mixed-
solvent electrolytes.[13]

The maximum power and current densities obtained for

both the PAAm and Cmc hydrogels without IL, at the same
concentration of redox couple (0.4 M), decreases with increas-
ing polymer content (Fig. 4). This is attributed to the more

highly concentrated polymer matrices creating a more tortuous

path for the redox couple, and is consistent with previous
reports on the effect of polymer content on cellulose-based
hydrogels.[24]

The addition of [C2mim][Dca] to the PAAm and Cmc
hydrogels also resulted in a decrease in thermocell performance,
as was observed for the PVA hydrogel with the other ILs.
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However, the effect observed here is much more significant,

where the Pmax values drop from ,6 mW m�2 to below
1 mW m�2. In these Cmc and PAAm hydrogels, the effect of

increased viscosity on addition of [C2mim][Dca] combines with

the effects of the lower redox couple concentration, resulting in
the larger decrease in Pmax.

Table 4. Diffusion coefficients and maximum power densities for 0.05 M Fe(CN)6
32/42 redox couple in mixed liquid electrolytes containing 1 : 3 and

1 : 1 v/v ratios of ionic liquid : water, and in 10 wt-% PVA hydrogels containing the same mixed liquid electrolytes

Liquid electrolyte solvent (v/v IL : water) Diffusion coefficient [�10�6 cm2 s�1] Liquid electrolyte maximum

power density [mWm�2]Fe(CN)6
3� Fe(CN)6

4�

Water 8.9� 0.4 10.4� 0.5 14� 0.4

[C2mim][MeSO3] : water (1 : 3) 8.1� 0.2 8.1� 0.2 7.9� 0.2

[C4mim][MeSO3] : water (1 : 3) 8.0� 0.2 8.0� 0.2 4.6� 0.1

[C2mim][MeSO3] : water (1 : 1) 1.8� 0.1 1.1� 0.1 3.0� 0.1

[C4mim][MeSO3] : water (1 : 1) 1.8� 0.1 1.0� 0.1 1.8� 0.1

Hydrogel electrolyte solvent (v/v IL : water) Diffusion coefficient [�10�7 cm2 s�1] Hydrogel electrolyte maximum

power density [mWm�2]Fe(CN)6
3� Fe(CN)6

4�

Water 6.3� 0.3 6.4� 0.2 1.2� 0.03

[C2mim][MeSO3] : water (1 : 3) 4.3� 0.2 2.8� 0.1 0.6� 0.04

[C4mim][MeSO3] : water (1 : 3) 4.0� 0.2 2.9� 0.1 0.5� 0.01

[C2mim][MeSO3] : water (1 : 1) 1.2� 0.1 0.6� 0.1 0.2� 0.02

[C4mim][MeSO3] : water (1 : 1) 1.4� 0.1 1.1� 0.1 0.2� 0.01
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Fig. 2. Power and current density for the mixed-liquid electrolytes containing 0.05 M Fe(CN)6
3�/4� in water and in 1 : 3, 1 : 1 v/v ratios of [C2mim][MeSO3]

and [C4mim][MeSO3] with water, in the liquid electrolytes (top) and the hydrogel electrolytes containing 10 wt-% PVA (bottom). The applied temperatures

were THot¼ 358C and TCold¼ 208C. The lines are fits to the data points obtained at each applied resistance.
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Finally, to investigate strategies for overcoming these mass
transport limitations, the optimization of thermocell perfor-
mance using a thinner device configuration was studied. This

approach was investigated for the PAAm hydrogels, as these
formed freestanding films with the best mechanical properties
among the hydrogels considered. The consistency of the Cmc
hydrogel, which is much softer although still leak-free, was less

suitable for use in a thin electrolyte layer. We have recently
demonstrated the promise of this approach of using a 1-mm
electrode spacing to improve the thermocell performance of

electrolytes utilizing the Co(bpy)3 redox couple, in either
molecular solvent or IL and gelled with polyvinylidene difluor-
ide (PVDF).[27,28]

Decreasing the electrode separation from 1 cm to 1 mm with
the hydrogels resulted in approximately an order of magnitude
increase in power densities (Table 6). The PAAm hydrogels at

4.5 and 6 wt-% polymer exhibit power densities with the 1-mm
separation of 14 and 16 mWm�2 respectively. These values are
comparable with previously reported cellulose-based hydrogels
with 5 wt-% polymer that gave 14 mWm�2 at the same applied

temperature gradient. Thus, the thin cell configuration shows the
promise of these PAAm hydrogels as electrolytes for thermocell
applications. Improvements in the cell performance of the

PAAm hydrogels containing [C2mim][Dca] were also made
by using the thinner cell, although the power densities are still
lower than those without IL.

Finally, for the thinner cell, the higher concentration of
PAAm appears to be beneficial, which is the opposite to the
cells with the thicker electrolyte layer. It is concluded that the 6
wt-% PAAm hydrogel reduces the heat transfer between the hot

and cold electrodesmore effectively than the 4.5wt-%hydrogel,
and thus the actual DT being utilized is larger. However, in both
materials, the actual DT is smaller than the applied, decreasing

from 15 to ,108C (calculated from DT¼Se.DV), which indi-
cates significant parasitic heat transfer across the cell. Thus,
further device design is required to achieve the optimumbalance

between maximizing mass transport and minimizing heat trans-
fer. This would lead to increases in the maximum power output
of the thermocells beyond those already demonstrated.

Conclusions

The goal of this work was to develop a redox active, quasi-solid-

state electrolyte that achieves the desirable mechanical proper-
ties of a hydrogel, including flexibility, elasticity, and an ability

to prevent leakage, while simultaneously exhibiting good elec-
trochemical properties, Seebeck coefficient, mass transport, and
thermocell performance. To achieve this, a range of different

polymers and the incorporation of ILs into the hydrogel elec-
trolytes were investigated.

Initially, PVA was used to form hydrogel electrolytes con-
taining 0.05 M Fe(CN)6

3�/4� and mixtures with [C2mim]

[MeSO3] and [C4mim][MeSO3] at 1 : 3 and 1 : 1 v/v ratios of
IL : water. However, although hydrogels were successfully
formed, and the presence of IL improved electrochemical

reversibility, the power output was fairly low. This was attrib-
uted to a combination of the presence of a more viscous IL, low
redox couple concentration, and gelation using PVA, which

resulted in slow mass transport characteristics of the redox
couple in these electrolytes.

The use of Cmc and PAAm to form the hydrogels was then

investigated, which allowed the redox couple concentration to
be increased to 0.4 M. This, and the better mass transport
characteristics of the redox couple in these electrolytes, led to
higher power and current densities than were achievable with

the PVA hydrogels. The addition of [C2mim][Dca], and corre-
sponding reduction in redox couple concentration, increased the
overall mass transport limitations, which resulted in slower

diffusion coefficients and lower power densities. However, the
added IL did improve the electrochemical reversibility of the
redox reaction and reduced the volatile solvent component in

these hydrogel electrolytes. Future work will focus on alterna-
tive IL candidates that afford increased redox couple solubility
and lower viscosities in order to improve further the thermocell
performance.

Finally, the optimal power and current densities were
obtained for both the 4.5 and 6 wt-% PAAm hydrogels contain-
ing 0.4 M Fe(CN)6

3�/4� using a thin cell configuration (1-mm

electrode separation). A maximum power density of
16 mW m�2 for the 6 wt-% PAAm hydrogel was achieved,
demonstrating the promise of these hydrogel electrolytes for

thermocell applications, particularly for wearable devices or
other near-ambient temperature applications.

Supplementary Material

Details of the preparation of the electrolytes, Seebeck coeffi-
cient measurements, rheological analysis, cyclic voltammetry,

and diffusion coefficient measurements are available on the
Journal’s website.

Table 5. Concentration, Seebeck coefficients, and diffusion coefficients for the Fe(CN)6
32/Fe(CN)6

42 ions in PAAm and Cmc hydrogel electrolytes

containing 0.4 M Fe(CN)6
32/42, or 0.1 M Fe(CN)6

32/42 and 1 : 3 v/v ratio [C2mim][Dca] : water

Hydrogel polymer (wt-%) Liquid component

(v/v ratio IL : water)

Redox couple

concentration [M]

Seebeck

coefficient [mVK�1]

Diffusion coefficient [�10�6 cm2 s�1]

Fe(CN)6
3� Fe(CN)6

4�

Without polymer Water 0.4 �1.40A 7.9� 0.3 7.0� 0.4

PAAm (4.5) Water 0.4 �1.43� 0.03 4.2� 0.2 3.2� 0.2

PAAm (6) Water 0.4 �1.34� 0.02 4.8� 0.1 4.8� 0.1

Cmc (6) Water 0.4 �1.25� 0.04 3.8� 0.2 3.6� 0.2

Without polymer Water 0.1 �1.53� 0.01 8.6� 0.5 8.5� 0.4

Without polymer [C2mim][Dca] : water (1 : 3) 0.1 �1.59� 0.02 5.2� 0.3 5.9� 0.4

PAAm (4.5) [C2mim][Dca] : water (1 : 3) 0.1 �1.11� 0.03 2.5� 0.1 2.1� 0.1

PAAm (6) [C2mim][Dca] : water (1 : 3) 0.1 �1.01� 0.04 2.1� 0.1 2.1� 0.1

Cmc (6) [C2mim][Dca] : water (1 : 3) 0.1 �0.90� 0.05 3.6� 0.2 3.5� 0.1

ARef [6].
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Fig. 3. Cyclic voltammograms for the hydrogel electrolytes containing 6 wt-%Cmc, 4.5 and 6 wt-% PAAmwith 0.4M Fe

(CN)6
3�/4� or 1 : 3 v/v ratios of [C2mim][Dca] with 0.1MFe(CN)6

3�/4�. Scan rates were 25, 50, 75, 100, and 125mV s�1. The

peak–peak separation at 25 mV s�1 is given as an inset. Note the different y axis used for the aqueous electrolyte and IL-

containing hydrogels.
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