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Introduction

Using iron sulphate to form both n-type and
p-type pseudo-thermoelectrics: non-hazardous
and ‘second life’ thermogalvanic cellst

Mark A. Buckingham, & Kristine Laws, €@ Jason T. Sengel and Leigh Aldous () *

Thermogalvanic cells can act like ‘liquid thermoelectrics’ to convert a thermal energy gradient to electrical
energy. Such cells are typically combined electrically in-series in devices to boost the output voltage (as
thermocells). However, the typical system involves a potentially fatal combination of inherently acidic or
acidified Fe2*’>* and [Fe(CN)¢l®~/4 electrolytes; mixing and heating is expected to trigger extremely toxic
HCN gas release. Here we demonstrate that benign aqueous iron(i/in) sulphate can be combined with
equally benign sodium sulphate and sodium hydrogen sulphate; the first leads to an [Fe(SO4),1~"?~ ther-
mocell (Seebeck coefficient, So = —0.4 mV K™, and the second to a thermocell with intermediate
[FeSO41%* and [Fe(HSO,)*/2* character (Se = +0.57 mV K™3). Their fundamental thermoelectrochemistry
was explored, and their speciation elucidated. It was demonstrated that these can be utilised electrically
in-parallel and in-series in thermogalvanic devices. When connected electrically in-series the thermocells
presented here displayed temperature-dependent open circuit potentials only ca. one-third that typically
reported for the ‘conventional’ combination of Fe?*/3*- and [Fe(CN)¢l*~/4~-based thermocells (0.8 mV
K= vs. ca. 3 mV K%, respectively). However, whereas the latter thermocells cannot be safely mixed, when
the iron-sulphate cells were ‘accidently’ mixed they safely form a mixed thermocell electrolyte (Se =
+0.19 mV K™, enabling a 'second life’ of both the electrolyte and thermocell devices. This novel ‘all-iron
sulphate’ thermocell was compared against the typically employed Fe2*’** and [Fe(CN)¢l*~/4~ combi-
nation using the 12 principles of green chemistry and of green engineering, further demonstrating the
inherent sustainability, safety and ‘green’ credentials of this system (but not yet efficiency). This work
demonstrates how functionality and complexity can be introduced in a safe manner, while also preventing
potential accidents and enabling new ‘end-of-life" opportunities.

where AV is the potential difference generated when exposed
to a temperature difference, AT, giving the thermoelectric

Both solid-state thermoelectric systems and liquid-state thermogal-
vanic systems exploit entropy; when exposed to a temperature
difference across these systems they generate a flow of electricity."
Given that approximately two-thirds of the energy deliberately gen-
erated by mankind is currently lost as heat,” such devices present
tremendous potential for improving global energy efficiency.

The magnitude of potential difference generated by these
systems is typically quantified by the Seebeck coefficient, S..>
For thermoelectrics, this is given by eqn (1);’

AV
A_T = _Se(te) (1)
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Seebeck coefficient, Se(). The sign of the S. shows the direc-
tion of current flow with respect to the temperature
difference.>" A typical thermoelectric device requires two types
of thermoelectric materials: one with a positive Se() (electrons
move from hot to cold; n-type conductor), the other with a
negative Se() (holes move from hot to cold; p-type).”® These
are connected electrically in-series to boost the potential
output, while ensuring the electrical connection is thermally
in-parallel (to prevent a thermal short circuit across the
device).*® Taking Se(e) values on the order of 350 pv K '
(typical of Bi,Te; devices®), such a thermoelectric device would
require ca. 285 pairs of n—-p thermoelectrics in-series to gene-
rate 1 Vat AT =10 K. Such semiconductor devices are also typi-
cally composed of rare and toxic elements such as bismuth,
lead, tin, selenium, silver, indium, gallium, germanium and
tellurium;” based upon current usage, all are classified as
‘endangered elements’ and face future supply limitations, with
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the latter five classified as facing serious threat of exhaustion
and dissipation in the next 100 years.®

Thermogalvanic devices can be considered as pseudo-ther-
moelectric devices, although their precise mechanism of oper-
ation differs significantly. Thermogalvanics are typically
liquid-state or gelled-liquid electrolyte devices.’ These electro-
lytes contain two oxidation states of a common redox couple,
sandwiched between two electrodes at dissimilar tempera-
tures; ionic conductivity replaces electron and hole transport.*®
The thermogalvanic Seebeck coefficient, S(tg), is related to the
entropy difference between the two states of the redox couple,
AS,., as shown by eqn (2);

AV
AT

AS rc
nF

= Se(tg) = — (2)
where n is the number of electrons, and F the Faraday con-
stant."* Early conventions diverged in the 1970-80s'>'! which
has resulted in the majority of reported S values having the
opposite sign to the S (note the different signs in eqn (1)
and (2)); eqn (2) matches the IUPAC conventions on the temp-
erature coefficient of the standard electrode potentials,> and
is the convention adopted here. A positive S() therefore indi-
cates the hotter electrode behaves as the cathode (reduction
occurs), and the direction of current flow matches an n-type
thermoelectric.'® Taking Se(y) values on the order of +1.5 mV
K" for typical thermogalvanic systems,'*"'” this means only
ca. 33 pairs are required to generate 1 V at a 10 K temperature
difference. Therefore, significantly fewer pairs are required
when compared to thermoelectric devices, but such electrical
combinations are still essential in order to generate appreci-
able potential outputs from thermogalvanic devices.

Several n-p-type thermogalvanic combinations (one +Se(cg),
one —Se()) have been reported, but not applied to prepare
complete devices that generate a consistent power output. For
example, Jia et al. observed different ratios of water to ionic
liquid in binary systems could yield either positive or negative
Se(tg) values;'® Liang et al. observed different ratios of [S;]*~ to
Sg in DMSO could also result in different Se(y) signs.'” Aldous
et al. demonstrated how the ferrocene/ferrocenium redox
couple could be made to have a positive or negative Se(g) in
ionic liquids by covalently tethering on appropriately charged
groups.”’

For actual devices (or thermocells) with multiple thermogal-
vanic cells in-series to boost the voltage output, one device was
recently reported where the Se() of the aqueous I7/[I5]” redox
couple (+0.71 mV K ') was inverted into the p-type direction
upon introduction of poly-N-isopropylacrylamide, to —1.91 mV
K™ '.*! Using this, 50 n-p-type pairs were combined to form a
device capable of generating 1 V from body heat.*' Besides
this, other reported thermocell devices employ inherently or
deliberately acidified aqueous solutions of Fe**** (Se(eg) up to
+1.76 mV K ') in conjunction with aqueous solutions of
[Fe(CN)6J*"*~ (Se(eg) up to —1.43 mv K ).*'*"” Fundamental
studies have recently probed the Fe**" system®* and
[Fe(CN)s*™*~ system® in detail, as well as the fundamentals
of their combinations electrically in-series and in-parallel.*
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These in-series thermocell devices have also been applied, e.g.
to charge capacitors'>'” and light LEDs."®

One major drawback of the combined usage of inherently
acidic Fe>** and [Fe(CN)e]>™*~ in a thermocell device is their
mutual incompatibility. Both [Fe(CN)e]*~ and [Fe(CN)e]*™ are
unstable when exposed to UV light,>*>® normal tungsten or
fluorescent lighting,”” high pH,** low pH*®*° and high
temperatures.’® > In particular, the degradation products at
high temperature and low pH is known to be HCN?®3%31:3%
which is extremely toxic to humans.**?” Thermocell
[Fe(CN)s]**~ electrolytes even dissolve gold nanoparticles, via
CN™ loss.*®

Risk assessment prior to preparing such thermocells
revealed that neither K;[Fe(CN)s] nor K,[Fe(CN)s] should be
combined with acid and heated;***° there is even a tragic
suicide case where K,[Fe(CN)s] was heated with acid in a
sealed vehicle environment to release a lethal dose of HCN.?®
Despite this, reported thermocell works note using
[Fe(CN)s]* ™~ solutions in close conjunction with a heat
source and Fe*"*" solutions containing up to 10 wt% HCI,”
and even non-acidified aqueous solutions of Fe*"*" are
strongly inherently acidic due to water-of-hydration hydro-
lysis.”> Table 1 summarises five reported works which used
Fe*"** and [Fe(CN)s]>*~ to prepare in-series thermocell
devices; the produced electrical power values are reported, but
for each a ‘worst case scenario’ is also explored, based upon
the electrolytes in the reported devices accidentally mixing. It
was assumed that the [Fe(CN)s]'~ evolved HCN(y, and the
resulting HCN() concentration was calculated for five sealed-
environment scenarios. While [Fe(CN)s]>~ is also known to
decompose, it typically decomposes significantly more slowly;
accounting for [Fe(CN)s]*~ would double the HCN evolution
values in Table 1. The colour coding in Table 1 indicates likely
human outcomes based upon AEGL toxicity levels,*" with red
being lethal or life-threatening, orange indicating likely irre-
versible health effects, yellow likely causing discomfort, and
green likely no effect.

What is clear from Table 1 is that as these devices evolve
and become bigger, more concentrated and more powerful (¢f.
the maximum power column), the inherent risk inevitably
increases; even if the worst case scenarios are not realised,
partial HCN(y) evolution still pose major risks in confined
environments. To this end, we demonstrate here how a single
chemical source can be combined with relatively benign addi-
tives to generate thermogalvanic cells with both positive and
negative Se(g) values, allowing their electrical combination in-
series and in-parallel, as is common in n-p-type thermoelec-
tric devices. This was based upon an aqueous mixture of iron
(n) and iron(m) sulphate with sodium sulphate or sodium
hydrogen sulphate as additives. These simple additives were
used to increase or decrease the degree of complexation of the
metal centre with the sulphate dianion. Ultimately, in-series
and in-parallel thermocell devices were prepared, and mixing
of the electrolytes managed to retain thermogalvanic activity,
thus leading to a ‘second life’ thermocell, making it safe and
‘unbreakable’, relative to the widely reported Fe*"3" +
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Table 1 Demonstrates the published thermocell devices using multiple Fe?*/3* and [Fe(CN)el®/4~ cells, and how as they increase in maximum
power output the potential hazard of HCN gas evolution also increases. A ‘worst case scenario’ was assumed, i.e. that the electrolytes mixed and all
of the [Fe(CN)g]*~ present completely decomposed to evolve 6HCN(g (full calculations detailed in the ESIt). The [Fe(CN)g]*~ is relatively more stable,
so was not included, but can be included by doubling values. The resulting concentration in ppm (mg m™) was estimated for 5 different volumes.
These were then colour-coded based upon the AEGL* exposure limit for HCN(g), where >6.5 mg m~> = life-threatening or death (red); 2.5-6.5 =
irreversible and long-lasting health effects (orange); 1-2.4 = discomforting but non-disabling (yellow); and <1 = non-toxic (green), based upon
exposure times of 8 hours. The thermocell reported by Lee et al. is the most recently reported, and most powerful to date, being able to light LEDs*®

HCN in mg m™* (assuming HCN-evolution, within the defined volume)

Corresponding S, for n- & Max. Cubic Car”: Conference Flat® Airplane®:
author p-type/mV K" power®/pw meter: 1 m® 3.5m’ room® 71 m® 137 m® 295 m®
Zhou'’ +1.02/-1.21 0.3 1.9 0.10 0.05 0.02
Kang'* +1.76/-1.26 0.9 2.4 0.12 0.06 0.03
Aldous* +0.54/-0.95 5.4 0.23 0.12 0.06

Baughman®® +0.50/—1.43 — 1.6
Lee'® +1.74/-1.29 2500

“See Table S17 for full details. * Medium-sized car, USA: https:/www.fueleconomy.gov/feg/info.shtml#fsizeclasses. ° Typical conference room for
80 delegates: https:/www.meetings.com/Meeting-Room-Capacity-Calculator. ¢ Typical UK flat size, calculated from the typical floor plan area, and
assuming a typical room height of 2.4 m: https:/www.savills.co.uk/research_articles/229130/188035-0. ¢ Total interior volume of Airbus A320, esti-

mated using the airplane fuselage length and width: https:/www.airbus.com/aircraft/passenger-aircraft/a320-family/a320neo.html#details.

[Fe(CN)e]>™*~ analogues. Qualitative comparisons vs. the prin-
ciples of green chemistry and green engineering further con-
firmed this.

Experimental
Chemicals

All reagents were purchased from UK suppliers and were used
as received, unless otherwise specified. These were iron(u) sul-
phate heptahydrate (99%, Acros Organics), iron(m) sulphate
(97% Acros Organics), sodium sulphate (98%, Sigma Aldrich),
potassium carbonate (Santa Cruz Biotechnology) and sodium
hydrogen sulphate (Sigma Aldrich).

Thermogalvanic measurements

All thermoelectrochemical measurements were performed
using two types of tailormade poly(methyl methacrylate)
(PMMA) cells, which were made in-house; a two-chamber ther-
mocell and a six-chamber thermocell. The two-chamber ther-
mocell was machined from a single block of PMMA (30 mm
(width) x 20 mm (height) x 8.4 mm (depth)) and has been pre-
viously reported in detail elsewhere.>® The six-chamber ther-
mocell was machined from a larger block (30 mm (width) x
44 mm (height) x 8.4 mm (depth)). Each chamber was a
6.7 mm diameter cylinder (giving a geometric electrode
surface area of 35 mm?) and giving an inter-electrode spacing
of 7.4 mm. The electrodes were 10 mm diameter circles which
were inserted into 0.5 mm deep lips machined around the
chambers in the thermocell, and were either solid gold electro-
des (1 mm thick discs with 10 mm diameter, from Surepure
Chemetals, USA) or previously characterised amorphous
graphite® (cut into circles by hand).

Temperature control was achieved using copper heat
exchangers connected to RS-TX150 thermostatic circulator
baths (Grant Instruments Ltd, UK), as previously described.*?

6064 | Green Chem., 2020, 22, 6062-6074

Notably, some temperature gradients form between the iso-
thermal water sources and the surfaces of the thermogalvanic
electrode; this has been previously characterised for our cell,*?
such that an applied temperature difference, A7, of 20 K,
equates to an ‘experienced’ temperature difference of ca. 18 K.
The applied (rather than experienced) temperature difference
is utilised throughout this manuscript, unless explicitly stated
(¢f. Table S2, EST}).

All potential, current and power measurements were per-
formed using a Keysight B2901A Source Measure Unit and
Quick IV software (Keysight, UK), were carefully measured and
allowed to reach steady-state, following precisely the ‘sequence
of constant voltages’ method previously reported.*>

Cyclic voltammetry

Cyclic voltammetric experiments were carried out using a
PGSTAT204 potentiostat with NOVA software (Metrohm, UK).
The electrochemical setup was a 1.6 mm diameter Au disc
working electrode, a 1.6 mm diameter Pt disc counter elec-
trode, and an Ag/AgCl (3 M NaCl) reference electrode (all BASi,
USA). All scans were recorded at a scan rate of 100 mV s,
unless specified otherwise (Fig. S5 in the ESIT demonstrates a
scan rate study of the investigated systems). The cyclic voltam-

metry was performed ex situ in an isothermal setup.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy measurements were
carried out using a PGSTAT204 potentiostat with NOVA soft-
ware (Metrohm, UK). These were performed in situ inside the
thermocell at non-isothermal temperatures, using AT = 20 K
(Tw = 40 °C; T. = 20 °C). Impedance was performed on both
gold and graphite electrodes. Typically, the hot electrode was
employed as the working electrode and the cold electrode
employed as the counter electrode, unless otherwise specified

(¢f: Fig. S67).

This journal is © The Royal Society of Chemistry 2020
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UV-Vis and IR spectroscopy

All spectra were obtained using solutions containing either
0.03 M of the Fe(u) sulphate or 0.03 M of the Fe(m) sulphate, in
the presence or absence of 0.075 M of either NaHSO, or
Na,S0,. UV-Vis spectroscopy was performed using a Cary 100
UV-Vis and WinUV software (Agilent, UK) between 200-800 nm
and with a UV-Vis crossover wavelength of 400 nm, at ambient
temperature (ca. 20 °C), using quartz cuvettes with a path
length of 100 pm (FireflySci, USA). IR spectroscopy was per-
formed on the same solutions, using a droplet placed on a
monolithic diamond ATR (Quest ATR Diamond accessory,
Specac Ltd, UK) connected to an IRAffinity-1S Shimadzu
spectrophotometer (Shimadzu, UK); results were obtained over

32 scans with a resolution of 4 cm™™.

Results and discussion
Seebeck coefficient sign inversion in the iron sulphate system

Initially a stoichiometric aqueous mixture of iron(u) and iron
(m) sulphate (0.3 M of each) was investigated. This mixture
(abbreviated as [Fe(SO,)]) yielded an apparent Seebeck coeffi-
cient (aS.) of +0.27 mV K" (shown in Fig. 1; blue circle in top
left). This is slightly lower than previously reported values,
with three similar un-acidified solutions also reporting S. in

10 0.50
B <— + 1.5 MNaHSO,

5{@ 0.3 M Fe(ll) L 0.25
N, 0.3 MFe(ll) o
T | .
Y A ?\‘ .................. - 0.00 3
S [lpawe] & 2
‘. x

-5- "~ @F-0.25
+25 mM K,CO; —p A

-10 -0.50

00 05 10 15
Added [Na,SO,] / M

Fig. 1 Plot of the potential difference (AV) generated and corres-
ponding apparent Seebeck coefficient (aSs) when the thermocell was
exposed to a temperature difference (AT) of 20 K. All systems contained
0.3 M Fe(n) and 0.3 M Fe(m) sulphate, with various Na,SO, concen-
trations from O M to 1.5 M (as indicated by the x-axis), which resulted in
inversion from a positive aSe (equivalent to an n-type thermoelectric) to
negative aS. (p-type thermoelectric). Systems also containing either 1.5
M NaHSO4 or 25 mM K,COs are indicated. The temperature applied to
the colder electrode, T, was fixed at 20 °C. All values are the average of
triplicate measurements; error bars (+1 standard deviation) were smaller
than the size of the data point and so are not shown. The effect of iron
sulphate concentration and NaHSO, concentration are shown in
Fig. S1.+
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the range of +0.29 to +0.34 mvV K~ .*'®?? This is likely due to
this study using a higher concentration of [Fe(SO,)] (which will
reduce the S.) and also due to not correcting the applied temp-
erature difference to the experienced temperature difference
(explained in the Experimental section). The values measured
here are referred to as the ‘apparent Seebeck coefficient’ (aS.)
because they are only valid for the precise temperatures used
(Te, Ty, and AT; explained in more detail below).

Next, acidification of the solution was explored. Acidified
solutions of [Fe(SO,)] have previously been used in thermogal-
vanic cells.*'>'®?? Specifically the addition of H,SO, to
[Fe(SO,4)] thermocell solutions significantly increases the S.
(with reported values between +0.50 and +0.90 mV K,
depending upon concentration and pH),"*>?* although
notably this is below the S, observed for un-acidified hexaaqua
Fe®"** solutions (between 1.35 and 1.66 mV K *)."®** The S,
observed for hexaaqua Fe*®" solutions are also slightly
increased by acidification.”® These observations have been
attributed to the hexaaqua species being partially susceptible
to hydrolysis (exemplified by Fe** in eqn (3)), whereas the un-
acidified [Fe(SO,)] solutions demonstrate association of the
Fe®* with the sulphate dianion (eqn (4));'®** this reduces the
charge of the complex and hence lowers the S..**

[Fe(H,0),** 2 [Fe(H,0), (OH)P" + H* 3)
[Fe(H,0),*" + [0, = [Fe(SO,)(H,0),,]" +xH,0  (4)

Acidification of the hexaaqua species shifts eqn (3) to the
left, whereas acidification of [Fe(SO,)] with H,SO, is specu-
lated to protonate the sulphate dianion (eqn (5)),>* increasing
the fixed charge on the complex, and thus increasing the
apparent Se.

[Fe(SO4)(H,0),]" + H,S0, + 2H,0 2 [Fe(HSO,)(H,0),, ]**
+ [HSO,]~
(5)

Since H,SO, is highly corrosive and ecologically damaging
if released into the environment, the significantly more
benign alternative sodium hydrogen sulphate (NaHSO,) was
explored. Notably, sodium (Na'), hydrogen sulphate ([HSO,]")
and sulphate ([SO4]*") ions are all naturally abundant in water
sources, including tap water.”> As shown in Fig. 1, addition of
1.5 M NaHSO, to the [Fe(SO,)] system increased the aS. from
+0.27 mV K~ to +0.50 mV K ' (Fig. 1, red square). A concen-
tration study demonstrated aS. increased with increasing
NaHSO, concentration (Fig. S1(d)f). While this change is not
as significant as that achieved by the addition of 1 M H,SO,
(previously reaching up to +0.9 mV K ')** it nevertheless
demonstrates a new and less potentially hazardous route of
enhancing the positive S. of the [Fe(SO,)] system.

Next, the effect of Na,SO, addition was evaluated. As shown
by the trend in Fig. 1, increasing concentrations of Na,SO, in
the [Fe(S0,)] system resulted in a decrease in the aS., so much
so that the system switched from a positive aS. to a negative
aS.. The solubility limit of the system was reached by 1.5 M

Green Chem., 2020, 22, 6062-6074 | 6065
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Na,S0,, which gave an aS. of —0.29 mV K~ ' (shown in Fig. 1;
blue circle in bottom right). This inversion in aS. implies that
the reduced species, Fe(u), now possesses a larger effective
ionic charge than the oxidised species, Fe(m), such that
reduction of Fe(mr) to Fe(ir) now occurs at the colder electrode
in the thermocell. This is consistent with coordination of the
iron cations with at least two [SO4]>~ groups, as shown in eqn
(6) and (7) for Fe(u) and Fe(m), respectively (water of hydration
omitted for clarity).

[Fe]*" +2[S0,)"" 2 [Fe(S04)]” + [SO]*" = [Fe(S04),]""  (6)

[Fe]*" +2[S04*” 2 [Fe(S04)]" + [SO4)* 2 [Fe(SO4),]”  (7)

Whereas the positive aS. systems became more positive
upon acidification, the negative aS. systems also became more
negative upon addition of base, e.g. the addition of 25 mM
K,CO; increased the aS. coefficient (Fig. 1, green triangle)
from —0.26 to —0.31 mV K. This is likely due to removal of
some [HSO,]” present in the system, and thus further increas-
ing the concentration of [SO,]*>". However, iron is known to
have a rich, pH-dependent chemistry,">*® and Fe(m) precipi-
tates >pH 2.5.*” In this study, further addition beyond 1.5 M
Na,SO, and 25 mM K,CO; resulted in rapid precipitation of
the system.

The above observations are significant because they demon-
strate that the Fe*"*" redox couple can be used as their rela-
tively inexpensive and innocuous sulphate salts, and as-dis-
solved they yield a system roughly equivalent to ‘[Fe(SO4)]”"
(aS. = +0.27 mV K '). Minor acidification with 1.5 M NaHSO,
increases the ‘{[Fe(HSO,)]""*" character of the system (aS. =
+0.50 mV K™ '), whereas the presence of 1.5 M Na,SO, inverts
the redox chemistry to give behaviour consistent with ‘[Fe
(SO4).]7* (aS. = —0.29 mV K'). Thus, if these systems can
thermogalvanically generate electricity they could be used to
prepare ‘all-iron sulfate in-series’ thermocells. Their ability to
do this was therefore investigated.

4_
a)
3{® «<—+ 1.5 M NaHsO,
o
IE 2-
< 1{®
- (< n-type

g
0:0 0:5 1;0 1:5
Added [Na,SO,] /M
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Thermogalvanic current and power properties of the iron
sulphate systems

The same systems explored in Fig. 1 were measured thermogal-
vanically, and their current and power output quantified. The
short circuit current density ( jsc) produced by a single thermo-
galvanic cell (Fig. 2(a)) had the same trend as the aS. (cf
Fig. 1); this makes sense since the aS. is a major driving force
in the current produced, as expressed by the Butler-Volmer
equation.”® The maximum electrical power produced, Ppay, is
given by P = 0.25 X aSe X jsc, and the investigated systems
displayed a clear U-like trend (Fig. 2(b)); maximum power was
produced at the extremes of the system, namely those with the
largest absolute aS, values, which in turn generated the larger
absolute jsc values and thus even larger P, values. These
results clearly demonstrate the various systems are able to
generate electrical power via the thermogalvanic effect, but the
direction and magnitude of the current flow is strongly influ-
enced by the concentration of [SO,]*~ and [HSO,]".

Temperature dependence of the thermoelectrochemistry

The thermogalvanic Seebeck coefficient for a system at a given
concentration is generally a temperature-independent con-
stant, which is unaffected by the temperature of the hotter
electrode, the colder electrode and the temperature difference’
(within reason). However, this does not apply if there are temp-
erature-dependent equilibria present in the system.>**®
Throughout the rest of this study, three systems were exclu-
sively investigated: one containing 0.3 M Fe(u)[SO,] and 0.3 M
Fe(m)[SO4],.5 (the [Fe(S0O4)]”" system), and another two based
upon this but in addition containing 1.5 M NaHSO,
(‘[Fe(HSO4)]"*") or 1.5 M Na,SO, ([Fe(S0,),]™>7’), respect-
ively. Systems containing K,CO; were not explored further,
given the additional complexity it introduced for only minor
benefit. The thermogalvanic Seebeck coefficients for all three
systems were measured under a range of conditions, and all
three were found to be temperature sensitive; in particular, they
were found to be most influenced by the temperature of the
colder electrode, T.. Fig. 3 displays the measured apparent

b) 8-
~ <——+ 1.5 M NaHSO,
E g: + 25 mM K2C03
E .. &
~’le .
© 1- \\ ’I
ot N e.
-, __-7
0- T l.- T T
0.0 0.5 1.0 1.5

Added [Na,SO,] / M

Fig. 2 Plots of the (a) short-circuit current density, jsc, and (b) maximum power density, Pmax generated by the thermocells as a function of Na,SO4
concentration; all experimental conditions are the same as Fig. 1. All values are the average of triplicate measurements; error bars represent +1 stan-
dard deviation, and no error bars indicate error was equal to or smaller than the size of the data point. The effect of iron sulphate concentration and

NaHSO,4 concentration are shown in Fig. S1.§
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Fig. 3 Plot of the aSe measured at four different AT values for 0.3 M
Fe(n) and 0.3 M Fe(n) sulphate ([Fe(S04)1°*), and the same system but
also containing 1.5 M NaHSO, ([Fe(HSO,)I*?*) or 1.5 M Na,SO,
([Fe(SO4),17/27). The aS. corresponded to the measured AV and divided
by the applied AT; the AT was controlled by fixing T, = 40 °C, and
varying the applied T. between 20 °C and 35 °C. Second order poly-
nomial lines of best fit have been added to guide the eye of the reader,
and are not intended to model the data.

Seebeck coefficients (aS.) obtained at four different AT, achieved
by varying T, (Fig. S21 demonstrates the similar effect achieved
when varying Ty); the fact that aS. is not a constant value
implies temperature-dependency, and explains why they have
been referred to as ‘aS.’ rather than ‘S’ throughout. The aS. for
all three systems became more negative at higher 7. values,
which is indicative of a greater tendency to form ion pairs at
elevated T values. This can be rationalised by considering the
water of solvation: when solvated iron cations and solvated sul-
phate anions ion pair, several waters of solvation could be liber-
ated with the result that ion pairing would be more entropically
favoured, and would therefore increase with increasing 7.

The [Fe(S0,),] ">~ system displayed the highest degree of T
sensitivity in Fig. 3, and this increased complexation at higher
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)

‘Tx 0.3 o 1.5+ E 154
> E £

£ .02 < 1.0 € 1.0+
-~ ~ -~
d) [+ :‘s

@ 011 = .05+ £ 0.5-
o

0.0 0.0 0.0

[ R R R
10 20 30 40
T./°C

Fig. 4 Plots showing the significant effect different applied T. values have upon the thermogalvanic properties of the [Fe(SO4),.

. .
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T values also corresponded to higher aS. values. These signifi-
cant effects upon aS. also significantly affected the jsc and
Prnax produced by [Fe(SO4),] ">~ thermocells. Fig. 4(a) displays
the different aS. values obtained when AT was fixed at 10 K,
and the values of T, and T}, simultaneously changed; upon
increasing 7. from 20 °C to 40 °C, the aS. value nearly
doubled. This result is unusual, since typically a S. value
would remain constant or near-constant over such a narrow
temperature range."* As a result, the jsc and Py (Fig. 4(b) and
(c), respectively) also increased significantly. We have recently
reported a study in the same cell assembly using 0.2 M
K3[Fe(CN)s] and 0.2 M K,[Fe(CN)e]: fixing AT = 10 K and
increasing T, from 20 °C to 40 °C did not change S. signifi-
cantly, but increased Py, 1.6-fold, primarily due to enhanced
electron transfer kinetics and ion conduction.*? This T. effect
had an even more significant effect upon the more dynamic
[Fe(SO,),] >~ system investigated here, with aS, doubling and
Ppax increasing 5.5-fold (from 0.3 mW m™ at T, = 20 °C to
1.66 mW m™> at 40 °C). Unfortunately apparatus limitations
prevent us pushing the temperature range even further.

Spectroscopic investigation of the various iron sulphate
solutions

In order to probe the potential species present, IR and UV-Vis
spectroscopy were used to compare the [Fe(SO,)]”",
[Fe(HSO,)]"*" and [Fe(SO,),]™"*~ systems. For UV-Vis, only Fe
(m) was investigated since any Fe(un) signals are typically
obscured by the much stronger Fe(m) peaks;*> the solution
also had to be diluted by an order of magnitude. The resulting
UV-Vis spectra for all three systems are overlaid in Fig. 5; each
system has two strong peaks in the ca. 220 nm and 300 nm
regions, which have been previously attributed to the iron(u)
hexaaqua species and the [Fe(SO,)]" species, respectively.'®>**°
Acidification with [HSO,]" shifts the A,,.x of both features, con-
sistent with a shift in equilibrium (as shown by eqn (3)
and (5), respectively). Conversely, addition of [SO,]*~ only
resulted in a slight increase in the peak intensity attributed to
the [Fe(SO,)]" species. The UV-Vis results are therefore broadly
consistent with the speculated interactions, but from these
spectra we were unable to accurately determine the precise
speciation.

T 1
10 20 30 40

T PO T./°C

172~ system, as

quantified by the (a) aSe, (b) jsc, and (c) Pmax. For all measurements AT = 10 K, applied T,, = T, + 10 °C, and applied T is indicated by the x-axis.
Second order polynomial lines of best fit have been added to guide the eye of the reader, and are not intended to model the data.
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Fig. 5 Showing (a) UV-Vis spectra and (b and c) IR spectra of dilute analogues of the [Fe(SO4)]1%* (blue lines), [Fe(HSO,4)I*'?* (red lines) and [Fe
(S04),17/?~ (green lines) systems. Note that all used 0.03 M iron sulphate in a single oxidation state, plus 0.075 M Na,SO4/NaHSO (as applicable); (a)

and (c) used 0.03 M iron(in) sulphate, and (b) used 0.03 M iron(i) sulphate.

IR was also employed in an attempt to probe the speciation;
in previous IR studies a [SO,]*>~ peak has been reported to be
centred at 1100 cm™ ", but is known to be highly pH-dependent
between pH 1 and 3, and significantly affected by the ionic
strength.”” Fig. 5(b) and (c) shows the IR spectra for the Fe(u)
and Fe(m) systems, respectively; both exhibit peaks at
1100 cm™" corresponding to the asymmetric stretches of the
[SO,”~ ion. All Fe-containing systems possessed small
shoulders in the ca. 980 cm ™" region, which were absent from
Fe-free solutions (e.g. only Na,SO, and NaHSO,, as shown in
the ESI in Fig. S3f). These features have previously been
assigned to distortion of the [SO,]*~ upon complexation with
Fe;"” this is tentatively attributed here to the resulting Fe-O-S
stretch. These shoulders/peaks which are related with Fe-O-S
stretching (which is indicative of complexation of the Fe*"**
metal centre with [SO4]*~ anions) increased for both Fe(n) and
Fe(m) after the addition of Na,SO, or NaHSO,, which is con-
sistent with eqn (7); these features were significantly more pro-
nounced in the Fe(m) systems. Furthermore, addition of
[HSO,]™ resulted in growth of a new peak at ca. 1200 cm™,
which has previously been attributed to the S-O-H stretch in
the [HSO,] ion."”

The IR results present evidence of interaction of the [SO,]*~
and [HSO,]™ anions with both the Fe(u1) and Fe(w) cations, sup-
porting the earlier thermogalvanic analysis which indicated
complicated equilibria and interactions between species are
present. However, since the above UV-Vis and IR results only
yielded qualitative evidence of association, a more quantitative
investigation of the thermoelectrochemical data
performed.

was

Thermoelectrochemical determination of speciation within
the thermocell

Previously, Weaver et al. have demonstrated that the difference
in entropy of a simple redox couple (AS,) is directly pro-
portional to (23, — Z&.4)/r, where Z is the ionic charge of the
species and r is the average ionic radius.***° The AS,. is given
by the aS., as shown by eqn (2).

In order to test the validity of this model for the aqueous
Fe(u)/Fe(ur) redox system, the literature values of AS,. and
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Fig. 6 Plot of AS,c vs. (Z3, — Z3,4)/r for previously reported Fe(i)/Fe(i)
redox systems (pink squares) and the three Fe(i)/Fe(i) redox systems
investigated here (red circles). Also shown are different calculated values
of (2, — ZZ.q)/r where r was fixed as 5.1 A, and (23, — Z3.,) varied, in
order to quantify which (ZZ - Z2.,) values best represent the [Fe
(SO4)1°7, [Fe(HSOL)I*2* and [Fe(SO4),1~'2~ systems investigated here.

(22, — Z2.q)Ir were used for [Fe(H,0)s]*"*",** [Fe(CN)eJ>~*~,"°
and [Fe(HSO,)]"*",%* (values tabulated in Table S2). These
values have been plotted in Fig. 6 (pink squares), and the
expected linear relationship was observed (dashed pink line).

Next, we calculated the AS,. for our systems, namely
[Fe(SO4)]”*, [Fe(HSO,)]"** and [Fe(SO4),] >~ (tabulated in
Table S27). Knowing the value corresponding to the y-axis,
these 3 systems were plotted on Fig. 6 (indicated by red circles)
using the linear y = mx + ¢ relationship as given by the three
known and previously reported systems. From this fit, the
x-axis value (i.e. (23, — Z&.q)/r) for the three systems could be
estimated.

A value of 5.1 A was estimated as r for all three systems;}
knowing r, seven possible (Z2, — Z2.,) values were calculated,

1 The ionic radius of the species (r) was calculated from the ionic radius of the
ions and postulated species present. This calculation is fully discussed in the
ESI,T along with a demonstration of the effect of changing r for the determi-
nation of the species present in the system.
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and these potential (Z4, — Z%.,)/r are shown on Fig. 6 as a
7 x 3 array. Notably, all three experimentally determined AS,.
values fit three hypothetical (Z2, — Z%.,) values, corresponding
to —3, +1 and +2 for the [Fe(SO4),]”’>~, [Fe(SO,)]”* and
[Fe(HSO4)]"** systems, respectively.

The —3 and +1 scenarios correlate excellently with proposed
species present in the “[Fe(SO4),] />~” system (i.e. —1% to —2% =
—3) and the “[FeS04]”*” system (i.e. +1> to 0> = +1), respect-
ively. However, the (Z3, — Z%.,) = +2 scenario for the proposed
“[Fe(HSO,)]""**” system does not correspond to any possible
combination of Zo, and Zg.q integers. Furthermore, the aS. for
the “[Fe(HSO,)]"">*” system generated here (using NaHSO,) is
lower than the literature value reported for a [Fe(HSO,)]"*"
system, which was achieved by acidification with a large excess
of H,S0,.*?* Therefore the “[Fe(HSO4)]"/**” system investigated
here using NaHSO, likely has intermediate character between
the [FesO,]”" and [Fe(HSO,)]”*" systems, either as an
unknown species, or more likely due to the aS. being a mixed
potential corresponding to a number of distinct species in
solution, e.g. [FeSO,4]”" or [Fe(HSO,)]"*". This is likely due to
the less acidic nature of NaHSO,, relative to H,SO, (pK, values
of H,S0, and [HSO,]™ are —3 and 1.99, respectively”").

With the speciation in the three interrogated thermocells
determined, the redox chemistry of the three systems needed
to be further investigated; this was performed with cyclic vol-
tammetry and electrochemical impedance spectroscopy.

Cyclic voltammetry and electrochemical impedance
spectroscopy

Cyclic voltammagrams (CVs) of the [Fe(S0,),]™">~, [Fe(S0,)]**
and [Fe(HSO,4)]""** systems were measured (Fig. 7). CVs of such
highly concentrated and unsupported solutions (e.g. 0.6 M
Fe(u)/Fe(mr), with no large excess of added supporting electro-
lyte) leads to non-ideal responses, but is consistent with other
thermoelectrochemical investigations.>* All three systems gave
the expected reversible electrochemistry, although notably the
[Fe(SO4)]”* system had a significantly larger peak-to-peak sep-
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Fig. 7 Cyclic voltammagrams recorded for the [Fe(SO4)1®* (blue line),

[Fe(HSO,)I*"?* (red line) and [Fe(SO4),1~">~ (green line) systems. All
recorded at ambient temperature using an Au working electrode, vs. an
Ag/AgCL reference electrode, at 100 mV s~% A table of data for the
values can be found in the ESI.}

aration than the other two (following the trend [Fe(SO,)]*" >
[Fe(SO4).] >~ > [Fe(HSO,)]""*"), which increased significantly
with scan rate (Fig. S51). This could have arisen due to either
uncompensated resistance and/or slower electron transfer
rates; electrochemical impedance spectroscopy was therefore
employed to quantify these aspects.

Electrochemical impedance analysis was performed in situ
in the thermocell, where the hot electrode was used as the
working electrode, and the cold electrode as the counter and a
Pt wire pseudo-reference; please note that during these
measurements the cell was not generating power. These experi-
ments were repeated with the cold electrode as the working
electrode, and the same trends were observed; all impedance
results can be found in the ESI.¥ The impedance spectra were
modelled in order to determine the solution (or mass trans-

Fig. 8 Bar charts summarising (a) the solution resistance, Rs and (b) the electron transfer resistance, Rgt, determined through impedance spec-
troscopy in the non-isothermal thermocell. Also shown is (c) the calculated total thermocell resistance, R.ey of the thermogalvanic cell during
steady-state discharge, based upon Ohm's Law (V = IR) from [-V plots during power production. All measurements were taken at an applied AT of
20 K (T, = 20 °C). For EIS analysis, the spectra are included in the ESI,{ and the fitting model has been previously reported elsewhere.??
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port) resistance (Rs) and electron transfer resistance (Rgr).
Fig. 8(a) and (b) display the results for the Rg and Rgr of the
three investigated systems; both display a trend of decreasing
resistance going from [Fe(SO4)]”* to [Fe(S04),]>~ to
[Fe(HSO4)]"**. The significantly higher Rs for [Fe(SO4)]”* is
consistent with the CVs, and the two other systems having a
significantly higher ionic strength, whereas the abnormally
high mobility of H" accounts for [Fe(HSO4)]”>* having the
lowest Rg value. The trend in Ry follows the same order, but is
less easy to explain; further work is required to determine if
this is related to speciation, the electrode surface chemistry, or
due to other changes (such as in the electrochemical double
layer). However, the same trend was also observed at graphite
electrodes (discussed later).

The overall resistance of the thermocell (R) during
steady-state thermogalvanic discharge can also be calculated
from the gradient of the I-V plots measured for the three
systems (from the V = IR relationship). Fig. 8(c) plots these
values, which also follow the same trend as Pp,ay, Rs and Rgr.
Notably, the Ry calculated from thermogalvanic power
measurements are higher than the sum of the Rs and Rgr
values, which relate to an additional mass transfer resistance
of the redox active species, as well as possible changes in Rg
and Rgr during steady-state power generation; thermogalvanic
cells which have achieved genuine steady-state** possess a con-
centration gradient,'® given the active redox chemistry occur-
ring at the two electrodes.

In-parallel and in-series thermocell devices

Individual thermocells can only generate a modest potential
from modest temperature gradients. This is due to the limited
Seebeck coefficients (in the 0.1-1.5 mV K~ range)."** A solu-
tion to this is to combine several so-called n- and p-type ther-
mocells (+ve and —ve S, values, respectively) and arrange them
electrically in-series but thermally in-parallel; this increases
the total potential,"*™"” whilst avoiding a thermal short
circuit.* This was therefore demonstrated, initially by combin-
ing the [Fe(S0,)]”* and [Fe(SO4),] ">~ systems.

Fig. 9(a) displays the power curves for individual [Fe(SO4)]**
and [Fe(S0,),] >~ thermocells, as well as the power curve gen-
erated when combined in-series. The generated potential was
nearly the sum of the two potentials, as expected; it reached
only 95% of the sum due to the increased resistance of the
thermocell due to the additional electrical connections.”
While the overall power output can in theory be doubled by
connecting thermocells in series,” here total P, increased
only by a factor of 1.9 (rather than 2.0) due to the internal re-
sistance mentioned above.

Next, the same was performed but with the [Fe(HSO,)]
and [Fe(SO,),] >~ thermocells; these two have a significantly
bigger discrepancy in Py.y, as shown in Fig. 9(b). Despite this,
the potential output still essentially doubled (97% of the sum),
while the overall Py, was 94% of the sum of two Py, (a factor
of 1.1 with respect to [Fe(HSO,)]"**, but a factor of 5.4 with
respect to [Fe(SO4),]’>7). This demonstrated how these
systems could be combined to significantly increase the

+/2+

6070 | Green Chem., 2020, 22, 6062-6074

View Article Online

Green Chemistry

100_[F;e(SO4)2]"2' in-series
a

75
[Fe(SO,)*"®

Absolute Power / nW
3
1

T T
-6 -3 0 3 6

Potential / mV

400

in-series

b) [Fe(S0,),1"*
‘,—

Absolute Power /| nW

6 -3 0 3 6 9 12
Potential / mV

200 600

A\ 2 cells in-parallel

N
< 150 - 450
3 ]
= S
E 1004 B~ L300 &
E s
=1
O 504 - 150 E

[Fe(HSO,)]"*
0' T T T '0
0.0 2.5 5.0 7.5 10.0

Potential / mV

Fig. 9 Power curves measured for individual thermocells and electri-
cally in-series thermocells for (a) [Fe(SO4)I%* (blue circles) and [Fe
(S04).17"2~ (green diamonds), and for (b) [Fe(HSO4)I*'?* (red squares)
and [Fe(SO4),17"2~ (green diamonds). The in-series data for (a) and (b)
(black inverted triangles) is offset on the x-axis to demonstrate how the
potential is additive. Also (c) the power curves (filled symbols; solid lines)
and /-V data (hollow symbols; dashed lines) measured for an individual
[Fe(HSO,4)I*"?* thermocell (red squares) and two [Fe(HSO4)1*/2* thermo-
cells electrically in-parallel (black triangles). All measurements recorded
at an applied AT of 20 °C (T, = 20 °C).

voltage produced by thermocell devices, and also increase the
overall power output.

Given that for in-series thermocells the overall current
output cannot exceed the current of a single thermocell, con-
nection electrically in-parallel is also useful.* This serves to
reduce the internal resistance, and potentially double the
overall current output (once again potentially doubling the
overall P, output). This was evaluated for the [Fe(HSO,)]"**
thermocells; Fig. 9(c) displays the power curve for one individ-
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ual [Fe(HSO,)]">* thermocell and for two connected electri-
cally in-parallel; the overall current increased by a factor of 1.8,
thus boosting the overall Py, by a similar factor.

Towards ‘unbreakable’ thermocells for thermal energy
harvesting

A device was prepared comprising of 6 thermocells (full details
in Experimental) in order to further boost the overall power by
combining in-series 3 pairs of n-type and p-type thermocells.
Following on from the results discussed above, an ‘all-FeSO,-
based’ thermocell was prepared containing [Fe(HSO,)]"*" and
[Fe(SO4),]'>~; we were also able to explore the implications of
the ‘accidental’ mixing of the two types of electrolytes in the
device, without risk. This device now employed 12 graphite
electrodes, since 12 gold electrodes were not available.

Fig. 10(a) displays the power curves generated for a 2-cell
device (one [Fe(HSO,4)]"*" and one [Fe(SO,),] >~ in-series) and
for a 6-cell device (three [Fe(HSO,)]"** and three [Fe(SO,),]™*~
in-series; this is shown visually in Fig. 10(a)). As expected, the
potential and power essentially tripled. Notably, the absolute
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power from these devices are slightly lower than those dis-
cussed above, because this larger device used graphite electro-
des, whereas gold was used for the investigations above; gold
was a better electrocatalyst for the [Fe(HSO4)]"”>* system (as
demonstrated by Rgr measurements; Fig. S67).

Next, the implication of a leak resulting in complete electro-
lyte mixing was explored. Combining [Fe(HSO,)]”** and
[Fe(SO4),] >~ results in a single solution with 0.3 M iron(u)
sulphate, 0.3 M iron(u) sulphate, 0.75 M NaHSO, and 0.75 M
Na,S0,. Overall, this gave an aS, of +0.19 mV K ' (AT = 20 K,
T, = 20 °C); the thermogalvanic characterisation of this electro-
Iyte is further discussed in the ESI (Fig. S8-5S107%). Therefore
complete mixing throughout the device will result in a still-
viable thermoelectrochemically-active electrolyte;
since all 6 cells are now n-type, they cannot be operated in-
series.

Fig. 10(b) displays the power curves generated by 1-cell con-
taining the mixed electrolyte, and the 6-cell device when the
electrodes were all connected to make it an electrically in-par-
allel device; this was achieved simply by placing a sheet of
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Fig. 10 Showing power curves (filled symbols; solid lines) and /-V data (hollow symbols; dashed lines), as well as associated schematic cartoons,

for (a) one pair of [Fe(HSO,)I™?* —
angles). Similar data is shown in (b) after the two electrolytes have been

[Fe(SO.),1~"?~ thermocells electrically in-series (black diamonds) and three pairs in-series (black inverted tri-

mixed, showing the data for one mixed electrolyte thermocell (purple dia-

monds) and six mixed electrolyte thermocells electrically in-parallel (purple triangles). All measurements recorded at an applied AT of 20 K (T, =

20 °C).
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Table 2 Table considering the ‘all-FeSO, in-series thermocell’ reported here, vs. the most recently published Fe?*/3* + [Fe(CN)¢* /4~ in-series ther-
mocell from Table 1.2¢ The two have been compared using relevant ‘12 Principles of Green Chemistry’ and the ‘12 Principles of Green Engineering’,

considering (i) efficacy during use, and the scenario if (i) the electrolytes are accidentally mixed, and/or (iii) released into the environment

Principles of Green Chemistry (GC) &
Green Engineering (GE) (adapted from
ref. 53 and 54)

HCl-acidified FeClO, and K3/[NH,],[Fe(CN)s]
in-series thermocell (exemplified by ref. 16)

All-FeSO, in-series thermocell (this work)

7 elements/ molecules; complexity lost on
mixing (Fe?"**, HY, K*, (NH,)", [ClO4]", CI,

- Minimise material diversity (GE 9) x
- Conserve complexity (GE 6)

[Fe(CN)s["*)
- Designing safe chemicals (GC 4) x

- Safer chemistry for accident prevention
(GC 12)

Individually safe, hazardous if mixed;
[Fe(CN)o]*~ harmful to aquatic life (long
lasting effects)

v

v

4 elements/ molecules; complexity
retained on mixing (Fe*"**, Na®,
[HSO,]", [O,]*")

Safe, both individually and mixed

- Inputs/outputs inherently non-

hazardous (GE 1)

- Design for degradation (GC 10) v
- Durability vs. Immortality (GE 7)

Biodegradable or already elemental

AN

Biodegradable or already elemental

- Design for commercial ‘afterlife’ (GE 11) %  Mixing cannot be reversed; results in ‘end-of- v/ Mixing enables ‘second life’ of
life’ thermocell

- Waste prevention (GC 1) X Insoluble and toxic waste generated if mixed v/ ‘Second life’ can prevent waste

- Waste prevention instead of treatment

(GE 2)

- Design energy efficiency (GC 6) v’ S.=17+13mVK™" X aS.=0.5+03mVK"

- Maximise efficiency (GE 4) =3.0mVK™ =0.8mVK™

Total number of rows thermocell is 2 5

superior in

graphite either side to connect all of the individual graphite
electrodes. Whereas the potential output remained largely
unchanged upon connecting in-parallel, the overall power was
significantly boosted because of overall current was increased
by a factor of 4.5.

These results indicate how two iron sulphate electrolytes
can be safely used in close proximity to generate electrically in-
series thermocell devices. They also demonstrate an ‘unbreak-
able’ property of the system; when mixed, the electrolyte and
overall device retain functionality, providing the electrical
wiring is adjusted (in an easily achieved manner). This enables
a ‘second life’ for the electrolyte and device; ‘second life’ pro-
cesses are currently facilitating sustainable business models
and practises in the battery industry.>”

Assessing the sustainability of the all-FeSO, thermocells

In order to explore the broader green and sustainable aspects
of the all-FeSO, thermocells, they were compared against the
extensively-utilised thermocell combination of inherently
acidic Fe*"”*" thermocells in-series with [Fe(CN)]*~*~ thermo-
cells. This was done using the applicable principles taken
from the 12 Principles of Green Chemistry’’ and the 12
Principles of Green Chemical Engineering.”* From these, six
broad areas were identified, covering 12 principles in total;
these are compared in Table 2. Comparison was based upon
assuming equivalently sized thermocell devices, and the impli-
cations of their efficacy during use, and outcomes if the elec-
trolytes were accidentally mixed and/or released into the
environment.

Broadly, the complexity of the HCl-acidified Fe
[Fe(CN)s*™*~ in-series thermocell is a detrimental aspect, as

2+/3+ +
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is the irreversible and potentially fatal nature of the side-reac-
tions which can occur if they are heated and mixed. The main
redeeming factor is that this system has a significantly higher
S., which typically directly correlates with its efficiency at ther-
mogalvanic heat-to-electricity conversion.?® In the case of the
all-FeSO, thermocell, its simplicity and its ability to have a
‘second life’ as a safe but thermoelectrochemically active elec-
trolyte post-mixing results in it being a comparatively more
green and sustainable system. While Table 2 focuses solely
upon the latest publication'® from Table 1, all reports in
Table 1 share similar features (e.g. complex, harmful com-
ponents which are hazardous if mixed, but all also provide
higher S, values with summed values between 1.5 and 3.2 mV
K™'). What is required now for the all-FeSO, thermocell is
further research in order to boost the thermogalvanic
efficiency and power of such systems, to enable even more
effective ‘waste heat-to-electricity’ conversion opportunities. To
achieve this, dynamic systems such as those demonstrated
here need to be harnessed, but achieve even greater (Z3, —
Z3 )/ values.

Conclusions

In this study it was demonstrated how an inversion of the
Seebeck coefficient (S.) could be achieved in an all-iron-sul-
phate thermogalvanic system, to achieve the equivalent of
both the n-type and p-type systems common to thermoelectric
devices. While the S, of aqueous iron(u/u) sulphate solutions
(Se = ca. +0.3 mV K ') and their acidified analogues (S, = ca.
+0.9 mV K™ ') have been previously reported, we report here
that much milder acidification can be achieved with NaHSO,,

This journal is © The Royal Society of Chemistry 2020
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while still almost doubling the S, to +0.57 mV K~ '. Conversely,
it was demonstrated for the first time that Na,SO, can be
added to invert the entropic direction of the thermogalvanic
process in the p-type direction, with a S, of —0.4 mV K" easily
achieved. It was further demonstrated how these two novel
systems can be combined electrically in-series, to additively
boost the S. of the combined device, and thus increase overall
thermogalvanic power output. For example, combining 2-cells
in-series generated 97% of the sum of the power of the individ-
ual cells; moving from 2-cells to 6-cells essentially tripled the
power output.

These all-iron-sulphate thermogalvanic systems are less
powerful than the comparatively more investigated Fe>"** and
[Fe(CN)s*"*~ thermocells, as demonstrated clearly by their
combined Seebeck coefficients being ca. 25% of the ‘state-of-
the-art’ value' (0.8 vs. 3.2 mV K ', respectively). However,
research into the aforementioned systems has not focussed
upon introducing any safer thermocells or combinations to
reduce the potential hazards; existing reports instead contain
an inherent risk of hydrogen cyanide gas release. It was clearly
demonstrated here that mixing of the all-iron-sulphate thermo-
galvanic electrolytes could occur safely, and even retain func-
tionality as a mixed electrolyte system (S, = +0.19 mV K ') thus
demonstrating a potential ‘second life’ application of this
system.

The novel iron(u/ur) sulphate systems presented here are pro-
posed as more benign alternatives to the conventional Fe*"*"
and [Fe(CN)s]>”’*~ thermocells, which are potentially lethal if
combined. The thermoelectrochemically quantified AS,. values
for the thermocells also allowed a detailed and quantitative ana-
lysis of the speciation. This could be employed in the future to
probe other concentration-dependent transitions, and poten-
tially those triggered by pH, solvent, etc. This study also high-
lights the need to carefully consider the ‘what if’ aspects of ther-
mocells, including their potential for mixing, and their ‘end-of-
life’ and even ‘second life’ possibilities.
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