Open Access Article. Published on 18 May 2020. Downloaded on 3/22/2026 4:42:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

: #® LOYAL SOCIETY
SUStalnable P OF CHEMISTRY
Energy & Fuels

View Article Online

View Journal | View Issue,

W) Checkfor updates A fundamental study of the

o thermoelectrochemistry of ferricyanide/

Cite this: Sustainable Energy Fuels, . . . .

2020, 4, 3388 ferrocyanide: cation, concentration, ratio, and
heterogeneous and homogeneous electrocatalysis
effects in thermogalvanic cellst

Mark A. Buckingham, @ 2 Samer Hammoud,}* Huanxin Li,*® Conor J. Beale,?
Jason T. Sengel® and Leigh Aldous & *

Thermogalvanic cells typically utilise equimolar concentrations of the oxidised and reduced states of
a redox couple in solution, sandwiched between two electrodes at dissimilar temperatures; entropy
drives redox processes to occur at these electrodes, generating a potential difference and a current.
However, significant gaps still exist in fundamental data and understanding of these ‘thermocells’. In this
study, thermocells based upon potassium ferricyanide, Ks[Fe(CN)gl, and potassium ferrocyanide,
K4[Fe(CN)el, were investigated. The ratio of the oxidised and reduced states were systematically varied,
and this had a significant effect upon the power produced; notably maximum power did not correspond
to the equimolar ratio. A concentration study using equimolar ratios was also performed. Trends in the
potential generated as a function of temperature (or ‘Seebeck coefficient) were rationalised by the
Nernst equation and Debye—HUckel theory. The trends in the current and the electrical power produced
were successfully modelled using the Butler—Volmer equation. The effects of heterogeneous
electrocatalysis were also explored (using platinum and two types of graphite) as well as homogeneous
electrocatalysis, by the direct addition of alkali metal salts (as lithium, sodium, potassium, rubidium and
caesium chlorides and sulphates). Clear trends were observed, and homogeneous and heterogeneous
electrocatalysis had an additive effect when combined. Addition of CsCl was able to boost the maximum
power output by upto ca. 80%, via both an increased Seebeck coefficient (through altered solvation) and
through increased current (via homogeneous electrocatalysis of electron transfer). Finally, a limited
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: Se=—=—= (1)
1. Introduction AT~ nF

where AV is the potential difference across the two electrodes,
AT is the absolute temperature difference between the two
electrodes, n the number of electrons transferred, F the Faraday
constant and AS,. is the entropy difference between the oxidised
and reduced states of the redox couple. When applied to ther-
mogalvanic systems, this is normally expressed as the Seebeck
coefficient (S., mV K ');*° however, it should be noted that this
thermogalvanic Seebeck coefficient is distinct from the classical
thermoelectric Seebeck effect and associated Seebeck
coefficient.*

Several thermogalvanic cells (or ‘thermocells’) have been

There is currently extensive interest in thermoelectrochemistry,
or temperature-dependent electrochemistry.* A primary appli-
cation of this is for thermogalvanic processes;** here two elec-
trodes at dissimilar temperatures sharing a common redox
active electrolyte can convert the temperature gradient directly
into electrical current.>® This comes about due to the temper-
ature dependence of the electrode potential, which is directly
related to the entropy difference, as expressed in eqn (1);’

“Department of Chemistry, Britannia House, King's College London, London, SE1 1DB,

UK. E-mail: leigh.aldous@kcl. ac.uk reported, using a range of organic solvents," ionic liquids,"
»State Key Laboratory for Chemo/Biosensing and Chemometrics, College of Chemistry ~ aqueous electrolytes”*® or their mixtures.”> Numerous redox
and Chemical Engineering, Hunan University, Changsha, Hunan, 410082, China couples have been investigated, including metal-based iron,”*?

f Electronic ~ supplementary information (ESI) available. See DOI: cobalt, copper**** and lithium systems,***” and a wide variety

10.1039/d0se004402 of other systems including, but not limited to, ferrocene/
1 These authors contributed equally to this work.

3388 | Sustainable Energy Fuels, 2020, 4, 3388-3399 This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0se00440e&domain=pdf&date_stamp=2020-06-30
http://orcid.org/0000-0002-1090-1748
http://orcid.org/0000-0003-1843-597X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0se00440e
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE004007

Open Access Article. Published on 18 May 2020. Downloaded on 3/22/2026 4:42:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
ferrocenium'™" and I /I;"."**' However, arguably the most
extensively reported thermogalvanic system is aqueous

[Fe(CN)]>"*~, or the ferricyanide/ferrocyanide redox couple.**®
This system has a relatively high S, of ca. —1.4 mV K *,° typically
exhibiting fast, reversible electrode kinetics (as a pseudo-outer
sphere redox couple),?>** and its potassium salts are relatively
stable, soluble and commercially available.

The redox entropy of the [Fe(CN)s>*~ redox couple has
been reported to have an equivalent Seebeck of —1.8 mV K™, at
low ionic strength values (<0.2 M).>* However, typically the
[Fe(CN)J>*~-based thermogalvanic cells are formed by dis-
solving 0.2 M K;[Fe(CN),] and 0.2 M K,[Fe(CN),] in water, since
this is near the solubility limits of the mixed system in water. At
this higher ionic strength (3.2 M), a lower S. value of ca.
—1.4 mV K" is expected.® Higher concentrations have been
reported, either where the cations are substituted for another
cation such as [NH,]" (up to 0.45 M of each redox state),? or for
specialised high-temperature cells (up to 0.8 M of each redox
state).?® Typically the reduced and oxidised species are dissolved
at matching concentrations, for obvious reasons; only one non-
stoichiometric example for the thermoelectrochemistry of
[Fe(CN)s]**~ was found in the literature (employing 0.85 M
K;3[Fe(CN)s] and 0.13 M K4[Fe(CN)g]) but the impact of using
non-stoichiometric ratios was not discussed.””

Extensive work has explored the effect of altering the electrode,
using the 0.2 M K;3[Fe(CN)e] and 0.2 M K,[Fe(CN),] system in water
as a ‘standard system’. Many of these systems have focussed upon
modified carbon electrodes, mainly utilising carbon nano-
tubes,>?*> where changes in the geometry and surface area are
likely dominant. Others have used planar electrodes, including
platinum,*** stainless steel,"* gold** and a range of carbon mate-
rials**** such as carbon nanotubes,***” reduced graphene oxide
(rGO)*® and carbon aerogels.”® This has been observed to have
significant electrocatalytic effects, with for example platinum-
sputtered stainless steel generating orders of magnitude higher
power than that of bare stainless steel.**** Poisoning effects also
need to be considered, e.g. a short term electrocatalytic effect was
observed by introducing gold nanoparticles upon a carbon elec-
trode, but over longer times this resulted in lower power output
due to [Fe(CN)s]>"*"-induced corrosion of the gold nano-
particles.* Stainless steel electrodes can have their electrocatalytic
performance with respect to [Fe(CN)]*~*~-based thermogalvanic
cells enhanced by acid treatment, or decreased by extended
exposure to the [Fe(CN) >4~

Others have explored [Fe(CN)s]*"*~-based thermogalvanic
cells mixing water with organic solvents (such as methanol),
and observed changes in the S, associated with altered solvation
spheres around the two redox states; early reports indicated it
significantly increased the S.,*” whereas subsequent compre-
hensive work has demonstrated the opposite.** This was
expanded by using 24 M urea and 2.6 M guanidine chloride as
additives to 0.2 M K3[Fe(CN),] and 0.2 M K,[Fe(CN),] in water, to
also improve the S, to —4.2 mV K. Recently, the effect upon
the AS,. of the [Fe(CN)eJ>"*~ redox couple of a large excess of
electrolyte has also been investigated.** It was observed that
‘structure breaking ions’ such as Cs" were found to increase the
entropy change in the system, whereas ‘structure-making ions’

This journal is © The Royal Society of Chemistry 2020
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such as Li" were found to decrease the entropy change in the
system.”® Gelled aqueous electrolytes have also been investi-
gated for [Fe(CN)s>/*"-based thermogalvanic cells, using
cellulose,** sodium polyacrylate,* poly(vinyl alcohol)** and agar
agar® as gelling systems.

As such, the addition of alkali metal cations to [Fe(CN)g]>~/*~-
based systems can alter entropy changes in the system,* but this
has not been explored in thermogalvanic cells. Additionally, no
fundamental investigation has explored the effect of using non-
stoichiometric ratios of the redox couple in thermogalvanic cells.
Limited fundamental electrocatalytic work has also been per-
formed. As such, here we report an in-depth study of the
[Fe(CN)s]* "~ redox system in a thermoelectrochemical context,
where the effect of [Fe(CN)s]>~/*~ concentration, the concentra-
tion ratio of [Fe(CN)]’~ : [Fe(CN)s]*~ ions and altering the
counter-cation have been investigated with respect to the See-
beck coefficient, current density and power density in thermo-
galvanic cells. Significant trends were observed in the S. and
power output upon altering the ratio; this was rationalised and
modelled based upon a combination of Nernstian and Butler-
Volmer behaviour. Ultimately, a non-stoichiometric ratio (0.15 M
K;[Fe(CN)g] + 0.25 M K,[Fe(CN)s]) displayed slightly higher
power output than the stoichiometric ratio (0.20 M K;[Fe(CN)g] +
0.20 M K,4[Fe(CN)]). The effect of added alkali metal cations was
also capable of boosting the thermogalvanic cells power output,
representing a means of ‘homogeneous electrocatalysis’. This
was compared with conventional ‘heterogeneous electro-
catalysis’ by varying the electrode material. Finally, a preliminary
cost comparison of the [Fe(CN)¢]*~/*~ thermocell demonstrated
that although ‘homogeneous electrocatalysis’ using caesium
chloride afforded the most powerful thermogalvanic cell, it was
7-fold higher on a cost of electrolyte-per-power output basis.
Non-stoichiometric cells were in fact found to be the most
economically favourable systems, demonstrating how a ‘less is
more’ approach can be effective in thermogalvanic cells.

2. Experimental

2.1. Chemicals

All reagents were purchased from UK suppliers and were used
as received, unless otherwise specified. These were potassium
ferrocyanide (K4[Fe(CN)g], potassium hexacyanoferrate(u) tri-
hydrate, =99.5%, Sigma Aldrich), potassium ferricyanide
(K3[Fe(CN)g], potassium hexacyanoferrate(ur), =99.0%, Sigma
Aldrich), lithium chloride (Fluorochem), lithium sulphate
(99%+, Acros Organics), sodium chloride (=99.5%, Sigma
Aldrich), sodium sulphate (=99.0%, Sigma Aldrich), potassium
chloride (=99.0%, Sigma Aldrich), potassium sulphate
(=99.0%, Sigma Aldrich), rubidium chloride (Fluorochem),
rubidium sulphate (99.8%, Sigma Aldrich), caesium chloride
(Fluorochem) and caesium sulphate (99%, Alfa Aesar). All water
used was ultra-purified, with a resistivity of 18.2 MQ cm.

2.2. Thermoelectrochemical setup

One thermoelectrochemistry set-up was employed, employing two
different thermoelectrochemical cells. Broadly, all electrodes were
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placed in thermal contact with copper-based CPU cooling blocks
(purchased from eBay.co.uk). These CPU copper heat exchangers
had their temperature controlled by flowing water from two
TX150-R2 heated/refrigerated thermostatic circulator baths (Grant
Instruments Ltd, UK), to within <0.1 °C accuracy.

Two distinct cells were employed, as described below.
During measurements the cell and electrodes were arranged
horizontally, and vertically with respect to gravity.**

Throughout this study, a temperature difference (AT) of 20 °C
was applied. This was achieved with ‘hot’ and ‘cold’ tempera-
tures, Thor and Teoiq, 0f 35.0 °C and 15.0 °C, respectively. However,
careful analysis revealed that although a AT of 20 °C was applied
via the water, the electrodes experienced a AT value of ca. 18 °C.
The lab was ca. 24 °C, and much of the temperature gradient was
lost at the cold electrode, such that T¢.,,q Was actually ca. 17 °C. All
reported S, values have been corrected to reflect this.

2.2.1 Graphite thermoelectrochemical cell. The graphite
electrodes utilised were either crystalline graphite (Pyrolytic
Graphite Thermal Interface Material, 0.05 mm thick, RS
Components Ltd, UK) or amorphous graphite (99.5% pure
graphite gasket foil, 1 mm thick, Xiaochengshop, China).

All graphite electrode measurements were performed using
a thermoelectrochemical cell (shown in Fig. 1) that consisted of
a nylon 6,6 cylinder with an outer diameter of 18 mm, an inner
diameter of 8 mm and a length of 8 mm (RS Components Ltd,
UK). This was placed between two graphite electrodes, which were
held in contact with the copper heat exchangers via silicone heat
transfer compound (Pro-Power, RS Components Ltd, UK). The
contact area between the solution and the electrode was fixed by
covering the graphite with an adhesive polyethylene label (P12/64
R MWPE, Label Planet, UK) into which a 6 mm diameter hole had
been punched; this gave a consistent geometric electrode surface
area of 28 mm?, with an inter-electrode spacing of 8 mm.

2.2.2 Platinum thermoelectrochemical cell. All platinum
measurements were performed using a tailor made poly(methyl
methacrylate) (PMMA) cell, made in-house. CAD drawings of
the cell was made using SolidWorks 2006 SP4.1, and prepared
on a Roland MDX-40 CNC (computer numerical control) vertical
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milling machine using 1-3 mm square end mills. First, the
rectangular cell was machined from cast PMMA, measuring
30 mm (width) x 20 mm (height) x 8.4 mm (depth). Subse-
quently, a 6.7 mm diameter cylinder was formed (through the
8.4 mm deep section); a 10 mm diameter lip (0.5 mm deep) was
then machined at each opening. Two smaller holes were drilled
to allow direct injection of the electrolyte into the transparent
PMMA cell. Solid platinum discs were placed in each lip as
electrodes (1 mm thick with 10 mm diameter, from Surepure
Chemetals, USA). This gave a consistent geometric electrode
surface area of 35 mm?, with an inter-electrode spacing of 7.4
mm. The electrodes were held in place by copper tape, which
was then placed in contact with the copper heat exchangers,
which had been covered in a layer of crystalline graphite
(Pyrolytic Graphite Thermal Interface Material, 0.05 mm thick,
RS Components Ltd, UK).

2.2.3 Thermogalvanic power characterisation. The charac-
terisation of the thermogalvanic cells was performed using
a Keysight B2901A Source Measure Unit (Keysight, UK) and
Quick IV software, following the ‘sequence of constant voltages’
method outlined in detail elsewhere.*

2.3. Thermogalvanic concentration and ratio study of
K;[Fe(CN)g] and K,[Fe(CN)e]

These thermogalvanic measurements were performed using the
graphite thermoelectrochemical cell mentioned above, using
the amorphous graphite electrodes. The concentration study
used a series of concentrations comprising equimolar amounts
of both Kj[Fe(CN)e] and K,[Fe(CN)g] in water, using 0.05 M,
0.1 M, 0.15 M, 0.2 M or 0.25 M of each. The latter solution was
essentially super-saturated; all were prepared freshly prior to
measurement.

The ratio study used a series of concentrations with different
ratios of K3[Fe(CN)s] and K4[Fe(CN)e] in water, where the sum of
the concentrations of K;[Fe(CN),] and K,[Fe(CN),] always added
up to 0.4 M. Therefore solutions were prepared which contained
K;[Fe(CN)e] at concentrations of 0 M, 0.025 M, 0.05 M, 0.1 M,

HOT COLD

| H,0
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y—— — outlet

| e

Cu tape Cu
PMMA

Fig.1 Schematic representation of the two thermocells employed in this report (approximately to scale), where (left) the cell is nylon-based and
employed with graphite electrodes (denoted by C), and (right) the cell is PMMA-based and employed with platinum electrodes (Pt). Both were
temperature-controlled by copper (Cu) heat-exchangers in direct contact with thermostatic water (H,O) via the indicated inlets and outlets.
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0.15 M, 0.2 M, 0.25 M, 0.3 M, 0.35 M, 0.375 M and 0.4 M, with
the concentration of K,[Fe(CN)¢] in the system following the
reverse order.

2.4. Alkali metal cation effect upon the

thermoelectrochemical properties of [Fe(CN)e]> /*~

Studies were performed with added alkali metal salts. The
Seebeck coefficients were initially determined in the platinum
thermoelectrochemical cell mentioned above, using 5 mM
K;[Fe(CN)¢] and 5 mM K,[Fe(CN)s] and either 0.4 M X,SO, or
1 M XCl, where X represents either the Li, Na, K, Rb or Cs salt.
The ratio of X" to K™ for X,S0, and XCl was 23 :1 and 29 : 1,
respectively. The power density measurements were determined
using the platinum cell, using 25 mM Kj[Fe(CN)s] and 25 mM
K,[Fe(CN)¢] in the presence of 1.5 M XCl, where X represents
either the Li, K or Cs salt. The ratio of X" to K for these power
measurements was 9 :1. Finally, 200 mM K;[Fe(CN)s] and
200 mM K,[Fe(CN),] were studied in both the graphite and the
platinum cells, in the presence and absence of 0.7 M CsCl; here
the ratio of Cs" to K" was 1: 2.

2.5. Cyclic voltammetric study of alkali metal cation effect
upon [Fe(CN)s]>~*~

Cyclic voltammetric experiments were carried out using
a PGSTAT204 potentiostat and NOVA 2.0 software (Metrohm
Autolab, the Netherlands). The three-electrode experimental
setup was a 1.6 mm diameter Pt disc electrode, a Pt wire counter
electrode and an Ag/AgCl (3 M NaCl) reference electrode (all
BASi, USA). All data was recorded at a scan rate of 50 mV s~ *. All
solutions contained 5 mM K;[Fe(CN)g] and 5 mM K,[Fe(CN)s],
with 0.4 M X,SO, as supporting electrolyte, where X represents
either Li, Na, K, Rb or Cs salt. The ratio of X' to K" was 23 : 1.

3. Results and discussion

3.1. Fundamental aspects of the thermogalvanic cell:
concentration and ratio effects

3.1.1 The effect of the Kj,[Fe(CN)s] concentration upon
the thermogalvanic cell output. Some limited studies have

View Article Online
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investigated the effect of the overall concentration of equimolar
Kj3/4[Fe(CN)¢] upon the performance of thermogalvanic cells;
typically the short circuit current density (js) and maximum
power output (Py,,) increased in an essentially linear manner
with concentration.**>*® The effect of the concentration upon
the potential difference generated from the two electrodes as
a function of the temperature difference (referred here to as the
apparent Seebeck coefficient, S.) was either not noted** or
decreased slightly with increasing concentration.*

Here, an amorphous graphite electrode-based thermo-
galvanic cell was utilised, and the concentration of K;[Fe(CN)e]
and K,[Fe(CN)e] were varied from a total concentration of 0.1 M
(0.05 M of each) to 0.5 M (0.25 M of each). Fig. 2 displays the
effect of altering concentration upon the (a) S, (b) jsc and (c)
Pax- The expected trends were observed, ie. js and Ppax
increased in an essentially linear manner with concentration,
and the Seebeck coefficient decreased with increasing concen-
tration; the latter observation is rationalised in terms of
increasing ionic strength, and discussed further below. The
relatively large uncertainties in the 0.25 M samples correspond
to these solutions being essentially super-saturated, resulting in
limited stability and relatively variable performance.

3.1.2 Study into the effect of the K;[Fe(CN)g] : K,[Fe(CN)e]
ratio upon the thermogalvanic cell. To the best of our knowl-
edge, a systematic study of the effect of the ratio of K;[Fe(CN)s]
to K,[Fe(CN)] in a thermogalvanic cell has not been reported.
Overwhelmingly, studies simply use them in an equimolar ratio.
Ikeshoji investigated 0.85 M K;[Fe(CN),] and 0.13 M K,[Fe(CN)s]
(a ratio of 6.5 : 1), likely on account of the significantly higher
solubility of the former, but the effect of using a non-
stoichiometric ratio was not discussed.”” The motivation for
this study was two-fold; (i) the relative prices of K;[Fe(CN)e] to
K,[Fe(CN)¢] can vary significantly, and (ii) curiosity.

This study was performed by ensuring that the concentration
of K;[Fe(CN)¢] plus that of K,[Fe(CN)s] equalled 0.4 M, then
varying the ratio of [Fe(CN)e]*~ : [Fe(CN)g]* . The results from
these cells are summarised in Fig. 3, for (a) S, (b) jsc and
(€) Pmax- Notably, here the S, value varied significantly (between
—1.65 mV K" and —1.22 mV K ).

K4[Fe(CN)g] / M " K4[FeCN]/M K,4[Fe(CN)g] / M
(@ o0 01 02 o3 B) o0 01 02 o3 (© o0 01 02 o3
1551 gz L -25 o 1607 |
o o -207 > £
X .1.50 = £ . 120 . 5
> ; < -15- /ri % "i
E 145 I . ~ 0. e E 8- o .
o 2 @ E | '.’ i
@ _1.40- L 5 /', o 40 o
-1.35 T T 0” ] ] 0' T T
00 01 02 03 0.0 0.1 0.2 0.3 0.0 041 0.2 0.3
K;[Fe(CN)gl / M Ks[Fe(CN)g] / M K;3[Fe(CN)g] / M

Fig. 2 Plots (a)—(c) showing the effect of the total concentration of equimolar Kz[Fe(CN)el|K4[Fe(CN)gl upon (a) the S, coefficient (green

triangles), (b) the js. (orange circles) and (c) the Pax (blue square) of the

thermocell. Obtained using the graphite thermocell using amorphous

graphite electrodes, with applied AT =18 °C (T¢oig = 17 °C; Thhot = 35 °C), where error bars represent 1 SD from triplicate measurements. All values

shown in these figures and other figures are tabulated in the ESI.
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Fig. 3 Plots (a)—(c) showing the effect of changing the ratio of [Fe(CN)g]®>~ to [Fe(CN)g]*~ upon (a) the S, coefficient (green triangles); (b) the jsc
(orange circles) and (c) the Py (blue squares). The concentrations of the redox couples were varied whilst maintaining a summed concentration
of 0.4 M, where error bars represent 1 SD (not shown if bars smaller than symbol). All other experimental conditions as per Fig. 1.

The js. (Fig. 3(b)) displayed a polynomial-like relationship,
with the highest current, in the region of 0.1-0.2 M [Fe(CN)g]*~
and 0.3-0.2 M [Fe(CN)s]*". Notably, if this system was exclu-
sively limited by the least abundant redox couple then an
inverted V shape, A, would be expected, based upon the above
concentration study. This more complex trend is quantitatively
modelled and explained below.

The S. was significantly higher in systems with more
[Fe(CN)¢]*~ than [Fe(CN)e]*~ (Fig. 3(a)); since a larger S, typically
results in a higher current, there is a slight asymmetry in the j.
curve (Fig. 3(b)) towards the [Fe(CN)]' -rich systems. As the
Phax 18 achieved at 0.5S. and 0.5j., this asymmetry is even more
significant in the power output (Fig. 3(c)), so much so that the
cell containing 0.15 M [Fe(CN)e]>~ (a [Fe(CN)s]*~ : [Fe(CN)q]*~
ratio of 3 : 5) generated the highest average Py, value. While
this represents only a modest 4% increase, prior to now the
general convention has been to always use a ratio of 1:1, or
even the opposite ratio (significantly more [Fe(CN)g]> ).

3.1.3 Modelling the observed trends in the Seebeck coef-
ficients. Changes in the S. associated with changes in the
concentration of redox couples have been previously related to
changes in the ionic strength, and therefore can be attributed to
a Debye-Hiickel-like relationship*******” (providing they do not
undergo other significant processes, such as hydrolysis*’). The
simplest possible representation of this is the Debye-Hiickel
limiting law;§

In(y) = —Az21°3 (2)

where v is the activity coefficient, 4 is a constant that depends
on temperature, z the charge number of the ionic species, and I
the ionic strength of the solution. Assuming that the S. is
directly proportional to v, this relationship can be simplified to;

In|Sl o —1°* 3)
§ This relationship can break down at higher I values, such that the y can actually
begin to increase with I; however, literature values for [Fe(CN),]*~ and [Fe(CN)]*~

do not demonstrate this characteristic change, which would require use of the
extended Debye-Hiickel law.

3392 | Sustainable Energy Fuels, 2020, 4, 3388-3399

Broadly, such a relationship can be observed for the S, trend
vs. equimolar [Fe(CN)¢]>"*~ shown in Fig. 2(a); Fig. 4 displays
this data re-plotted as In(|S,|) vs. I°®, and clearly demonstrated
alinear correlation between the measured In(|S|) and the I° of
the relevant solution (@). Kang et al.** have previously varied
the concentration of equimolar K;z,,[Fe(CN)¢], applied ‘Debye-
Hiickel treatment’ and demonstrated a linear relationship
between the S. and the square root of concentration, c°®, but
this only applied at extremely dilute concentrations; notably,
they used S. rather than In|S.|, which likely explains this
observation.

Fig. 4 also displays the data from the ratio study (H). The
non-equimolar ratio system covers a systematic range of I°°
values, from 0.4 M K;[Fe(CN)e] with an ionic strength of ca.
2.4 M, to 0.4 M K,[Fe(CN)s] with an ionic strength of ca. 4 M.
However, the trend of In|S.| vs. —I°® from the ratio study (H) is
clearly the opposite of that demonstrated by the concentration-
study (@), intersecting only at the equimolar ratio. Therefore
the Debye-Hiickel relationship does not dominate in these
systems. The electrochemical behaviour of non-equimolar
concentrations of reduced and oxidised systems relative to

0.55

0.45-

0.35

In |Se|

0.25

0.15 T T T T T

0.75 1.00 1.25 1.50 1.75 2.00
(lonic Strength)®®

Fig. 4 Plots of the measured In|S| vs. the (ionic strength)®® of that

particular solution, for the concentration study of equimolar

[Fe(CN)el®>’4~ (blue circles), non-equimolar concentrations of

[Fe(CN)gl*~ to [Fe(CN)gl*~ (green squares) and the ‘Nernstian cor-

rected’ form of the non-equimolar data to yield ’SZ' (red triangles).
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equimolar systems is instead well described by the Nernst
equation;
Crcd
1
|l

where E.. is the cell potential, Ezeu is the standard cell poten-
tial, n is the number of electrons transferred, R is the universal
gas constant, T is the temperature, F is Faraday's constant, and
Creq and C,, are the concentrations of the reduced and oxidised
species, respectively. By substituting E for AE, and T for AT then
dividing by AT to obtain S, rather than E, eqn (5) is obtained:

Se(eell) = S:(cell) - % In {?:j]
) Tepresents the S. when the concentrations of both
redox species are equal (i.e. S:(Cell) = —1.43 mV K ' when
[[Fe(CN)s*"] + [[Fe(CN)s]*"] = 0.4 M and [[Fe(CN)s’" ] =
[[Fe(CN)e]* ]).2**° Thus Seeny represents the S. when the
concentrations of the reduced and oxidised species are not
equal.

Using eqn (5), the recorded S. values for the non-
stoichiometric systems shown in Fig. 3(a) were given a ‘Nerns-
tian correction’ (i.e. converted from Se(cer into S:(cell) using the
known Ci.q and C, values). The Nernstian-corrected S: values
are also shown in Fig. 4 (A), and the resulting In|S;| vs. I°®
displays the same Debye-Hiickel-like relationship as that
demonstrated by the concentration study (@). Therefore, the
concentration imbalance is the main factor dictating the vari-
ation in S, in the non-stoichiometric ratio study, in line with the
Nernst equation, with the Debye-Hiickel effect being a minor
and opposite factor.

3.1.4 Modelling the power output from the ratio study: the
dominating effect of Butler-Volmer kinetics. Whereas the
equimolar concentration study demonstrated a clear linear
relationship between concentration and current (Fig. 2(b) and
(c)), the non-equimolar system displayed a characteristic
polynomial-like relationship (Fig. 3(b) and (c)). In attempting to
model this using a range of known electrochemical models, the
Butler-Volmer equation was found to be a near ideal fit. The
Butler-Volmer equation is widely used to rationalise or predict

. RT
Een = E,

cell W (4)

(5)

*
where Se(cell
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the current density, j, as a function of overpotential with the
exchange current density, j,, being a key parameter,*® such that

. ankFn anFn
ijo{em[ RT } —eXp{— RT H (6)

(7)

where j is the measured electrode current density, j, is the
exchange current density, o, and «, are the anodic and cathodic
charge transfer coefficients, respectively, n is the number of
electrons transferred, F is Faraday's constant, 7 is the activation
over-potential, R is the universal gas constant, T is the
temperature, £° is the electron transfer constant, and C,, and
Creqa are the concentration of oxidised and reduced species,
respectively. This was then adjusted to express the short circuit
current density, js., of the thermoelectrochemical systems, such
that

Jo = FK%(Cox*Crea®)

. o o 0'5 VOCPaunF
Jse = kaggF(Cox Cred ) {exp {Twld}

0.5 Vocpaal’lF:| }

8
R Tcold ( )

exp [ _

where the overpotential has been expressed as n = 0.5Vgcp (in
Volts), T was set as the T.,q (known temperature of the cold
electrode, 17 °C; assumed to be kinetically limiting), F and R are
known constants, and C and n are both experimentally known.
The charge transfer coefficients are known to be generally o, =
a. = 0.5 for the Fe(CN)s]* ™~ redox couple,”> and thus were
fixed as such. The results in a single unknown, k°, which was
reattributed as an aggregated rate constant, kg, (for reasons
described below). This also affords the Py, by
Prax = 0.25jVocp [9)

Fig. 5 displays the original js. and Py,.x data from the non-
stoichiometric ratio study (from Fig. 3(b) and (c), respectively),
but now overlaid with data generated from eqn (8) and (9),
respectively, where the single unknown in the equation, kg,
has been set as 1.68 x 10~* cm s '. As can be observed,

(@) K4[Fe(CN)¢] / M (b) K4[Fe(CN)g] / M (©) K4[Fe(CN)¢]l /M
04 03 02 01 00 04 03 02 01 00 0.0 0.1 02 03
20 L ! L 125 ! 1 1 150 1 1
] 8909 | pwey ARy Lo -
N P ~° “ \q i ’ |
€ & . 2 7514 . F g 100 ‘
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- . ~ 504 - -~
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K;[Fe(CN)g] /M Ks[Fe(CN)g] / M K3[Fe(CN)g] /M

Fig. 5 Plots overlaying the experimental data points (coloured circles and squares) with Butler—Volmer modelled data points (white diamonds),
for the non-equimolar ratio study, for (a) the jic and (b) Pmax. Also shown in (c) are the experimental and modelled P, data for the equimolar

concentration study. All modelled data used Kaqq = 1.68 x 10™* cm s
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excellent correlation is observed between the experimental and
modelled data, given that only a single parameter was varied.

A range of k° values are available in the literature for the
[Fe(CN)g]>/*~ redox couple, and typically range from ca. 0.020-
0.25 cm s 1.>2*5° However, this means the observed rate
constant, kg, of 1.68 x 10~* cm s™' is ca. 2 to 3 orders of
magnitude lower than £° values; this is despite the amorphous
graphite electrode material demonstrating excellent electro-
catalytic ability, on par with platinum (discussed later). Here it
must be recalled that the j;. value is the steady state current
achieved after the cell has been generating maximum current
and therefore the concentration of redox active species at the
electrode surface no longer matches that in the bulk. Modifi-
cations to the Butler-Volmer equation can introduce a ratio C*/
C,, where C* is the concentration at the electrode surface and C,
is the bulk concentration.*® The C* was therefore estimated
using the Nernst equation, but when this correction was applied
to the above model, it predicted that the cell would proceed in
the opposite direction. The fact that this is not the case reflects
that as the concentration ratio of the redox species varies, so
does the overpotential (by virtue of the S. changing). Therefore,
a significantly more complicated system is required to model
the cell when thermogalvanic current is generated; all forms of
mass transport (diffusion, migration and convection) would
need to be considered to determine concentration gradients,
and then this needs to be used to account for how the over-
potential is then changed as local concentration ratios and ionic
strengths are altered at the electrode surface via redox
processes.

Previously, Hornut and Storck stated that a Butler-Volmer
equation-based model was in excellent agreement with experi-
mental results from an equimolar K3/4[Fe(CN)s] thermogalvanic
cell (in 1 M NaOH); the Butler-Volmer equation was merged
with a global mass transfer coefficient, and treated for ohmic
drop.®* However, comparison between experimental and
modelled values appear to have been limited to a single exper-
imental data point, and the values of the numerous specific
parameters used in the substantial equation were unfortunately
not stated. At present, we are not able to confidently formulate
a complete model. However, it is remarkable that one of the
simplest versions of the Butler-Volmer equation can be applied,
and all kinetic, mass transport, overpotential and ohmic issues
appear to be incorporated within a single constant, k., as
shown in eqn (8). While this k,4, cannot be taken as a universal
constant (e.g. it is expected to include significant aspects of the
cell geometry, including inter-electrode spacing, convection and
be extremely AT sensitive) this could be utilised to compare
different systems in the same cell. It also fully rationalises the
observed polynomial-like dependence of the thermogalvanic
output as a function of the ratio of [reduced] : [oxidised].

Finally, if this model is valid, it should be able to mirror the
equimolar concentration results presented previously (cf:
Fig. 2). Therefore the values from this study were applied to eqn
(8), and the modelled data generated; the experimental data is
overlaid vs. the experimental data in Fig. 5(c). As can be seen,
excellent correlation is observed, using the same value of k.o, =
1.68 x 10~* cm s, as for the ratio study.
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3.2. Homogeneous electrocatalysis effects in the
thermogalvanic cell using cations

The rate constant of the [Fe(CN)¢]>/*~ redox system is known to
be sensitive to both the electrode material*****° and to the
cations***>* present in the system. Following on from the
concentration and ratio study, the cation effect upon the ther-
mogalvanic properties of the [Fe(CN)s]>~"*~ redox couple was
explored. This was largely inspired by a recent publication by
Huang et al.,** where they investigated the cation effect upon
the (thermo)electrochemical properties (i.e. E°, S, k°), but did
not investigate the effect upon the thermogalvanic power (e.g. jisc
and Ppax)-

3.2.1 Cation effect upon the E;, of the [Fe(CN)s]>/
[Fe(CN)s]*~ redox couple. As noted above, the [Fe(CN)s> "+~
redox system has been extensively investigated, both in terms of
its electrochemistry and its thermoelectrochemistry, predomi-
nately as K3[Fe(CN)ys] and K,[Fe(CN)¢].%** Initially, the cation
effect was reinvestigated by the cyclic voltammetry (CV) of 5 mM
K;[Fe(CN)¢] and 5 mM K,[Fe(CN)g] in the presence of 0.4 M
M,S0, (wWhere M = Li*, Na", K*, Rb" or Cs"), using a platinum
electrode in a standard 3-electrode cell. Here, the ratio of M"
with respect to K" in the system was ca. 23 : 1.

The CVs for Li", K" and Cs" are displayed in Fig. 6(a), and the
shift in E;, for [Fe(CN)s]>*~ vs. the various M,SO, salts are
plotted in Fig. 6(b). Clearly, the different M" employed had
a significant effect upon the E;j, values for the [Fe(CN)s> "~
couple. This could potentially correspond to a junction poten-
tial between the electrolyte and the Ag/AgCl reference electrode;
however, these observations are consistent with several other
electrochemical studies, which have observed the strong effect
that alkali metal cations have upon the properties of the
[Fe(CN)e]>~/*~ redox couple.**s>% This effect is also prevalent in
solution, such as the homogeneous electron exchange reactions
between [Fe(CN)s]>~ and [Fe(CN)s]*"; these are catalysed by
additional M", or the effect completely removed by the addition
of suitable crown ethers.> The source of this effect is attributed
to the collision or association of the [Fe(CN)e]> "*~ anions with
the M" cations, opening M'-catalysed reaction pathways.*® It is
also sensitive to a number of other factors, such as viscosity,
light, etc.>>>¢

-2

£ ; 0.300-
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Fig. 6 Showing (a) Cyclic voltammograms (CVs) recorded for 5 mM
Kz[Fe(CN)el and 5 mM Ky[Fe(CN)gl in the presence of 0.4 M M,SO4 (M
= Li* (orange solid line), K* (green dashed line) and Cs* (blue dotted
line)) and (b) the trend in E;,, extracted from the CVs for all five alkali
metal cations. All recorded at a Pt electrode at 50 mV s~* and room
temperature.
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3.2.2 Cation effect upon the S. of the [Fe(CN)e]* /
[Fe(CN)e]*~ redox couple. Next, the temperature dependence
generated across two electrodes in the presence of a tempera-
ture gradient (AE/AT) was quantified for the various systems by
measurement in a 2-electrode (both platinum) non-isothermal
thermogalvanic cell. Since this is being investigated with
respect to thermogalvanic systems, the temperature depen-
dence upon the potential is referred to as the apparent Seebeck
coefficient of the systems (S.). Both cation and anion effects
were assessed using 5 mM K;[Fe(CN)] and 5 mM K,[Fe(CN)¢] in
the presence of 0.4 M M,SO, (as above, where M" : K" is ca.
23 : 1). Additionally, M,SO, was also substituted with 1 M MCI
(where M" : K" is ca. 29 : 1).

The S. values were determined by the gradient of the
measured AE vs. AT (5 °C, 10 °C, 15 °C and 20 °C) for each of
these systems; the corresponding AS,. were then calculated
using eqn (1). These results are summarised in Fig. 7, and show
a general trend of increasing S, values from Li' < Na' < Rb' <
Cs’, and also consistently higher S, values in the MCI systems
relative to the M,SO, systems. The K’ system was a notable
outlier from the periodic trend, falling in the order: Li* < K" <
Na' <Rb" < Cs".

ow M/ >'sv

Li Na K Rb Cs

Fig. 7 Bar chart showing the measured S, and calculated corre-
sponding redox-couple entropy changes (AS,.) for 5 mM of
Kz[Fe(CN)e]l and 5 mM Ky4[Fe(CN)g] in the presence of either 0.4 M
X550, (blue) or 1 M XCl (purple) where X is shown as either Li, Na, K, Rb
or Cs. All values determined using a non-isothermal platinum
thermocell.

Current Density / A m

Potential / mV
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Recently, Huang et al. investigated similar systems but using
isothermal cyclic voltammetry (hence reported dE°/dT rather
than AE/AT) and observed the same trend as observed here for
the E;, (Fig. 6), namely that the S, increased following the trend
Li' <Na' <K' <Rb'<Cs".* In our case, the K" system did not fit
into this trend, but K is the only system to not contain
a mixture of alkali metal cations; solutions containing two or
more alkali metal cations are known to have significant effects
upon the solvation dynamics of [Fe(CN)e]* .

Regarding the increase in S, upon going from Li" to Cs",
Huang et al. attributed this to the structure breaking and
structure making nature of these cations, respectively.*
However, observed variations in the S. have more frequently
been attributed to changes in the activity coefficients in line
with Debye-Hiickel electrostatic interactions.'****® This is
consistent with the trend in activity coefficients, since M"
systems are known to mirror the trend Li" < Na" < K" < Rb" <
Cs'.%® Arguably, the structure making/breaking nature of the
cations and extended Debye-Hiickel theory reflects the same
solvation dynamics, and therefore explains the same observa-
tions but from different perspectives.

3.2.3 Cation effect upon the thermogalvanic power of the
[Fe(CN)6]> /[Fe(CN)s]*~ redox couple. Next, having (re)evalu-
ated the effect of M" upon the E;, and S of the [Fe(CN)s> "+~
couple, its effect upon the current output (as short circuit
current density, j;.) and maximum power density output (Pp,ax)
was evaluated; this appears to be the first systematic evaluation
of the effect of the cation upon the thermogalvanic properties of
the [Fe(CN)s]**~ couple.

Here Li', K" and Cs' were investigated, using 25 mM
K;[Fe(CN)] and 25 mM K,4[Fe(CN)] in the presence of 1.5 M of
MC]; this had to be changed from the more dilute systems used
above since the current in the dilute systems suffered from
background noise and were therefore not suitably reproducible.
The same trend in S, was observed, and the j. increased going
from Li* to K* to Cs" (shown by the linear I-V plots in Fig. 8(a)),
and therefore Py, also followed the same trend (power curves
in Fig. 8(a), and bar chart in Fig. 8(b)). Notably, going from Li' to
Cs' the power doubled, indicating a significant electrocatalytic
factor is introduced into the thermogalvanic cell by the nature
of the alkali metal cation. This mirrors the reported investiga-
tions into the effect of these cations upon the apparent k° of the
[Fe(CN)J>"*~ couple.*>%

o + ?

Fig. 8 Showing (a) representative /-V plots (hollow symbols) and power curves (filled symbols) for Cs* (blue square), K* (green circle) and Li*
(orange diamond), and (b) bar chart summarising the effect of the dominant alkali metal cation on the Pp,,«. All recorded for 25 mM Ks[Fe(CN)gl,
25 mM Ky[Fe(CN)gl and 1.5 M of MCl in a non-isothermal thermogalvanic cell using platinum electrodes, with AT = 18 °C (T¢oq = 17 °C).
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3.3. Thermogalvanic power via heterogeneous
electrocatalysis

As demonstrated above, a homogeneous electrocatalytic effect was
observed via added cations. It is also well established that the
nature of the electrode material is highly influential upon the
power generated by thermogalvanic cells (i.e. heterogeneous elec-
trocatalysis).*****° Three electrode materials were therefore tested,
as shown in Fig. 9(a), using equimolar 0.2 M K;[Fe(CN)s] and 0.2 M
K [Fe(CN)g]. These were two forms of graphite, and platinum
metal. Gold electrodes are known to experience passivation and
dissolution issues with the [Fe(CN)e]>~"*~ redox couple,* and
when tested here we were unable to obtain P, values of sufficient
reproducibility.

The platinum electrodes generated the highest average Py,ax
value of 124 mW m™? (Fig. 9), in line with expectations and
previous reports.***® Carbon electrodes have variable surface
functionality and therefore variable electrocatalytic ability;*
the two graphite electrodes tested here displayed significantly
different P.x values (Fig. 9). One form of graphite, highly
crystalline pyrolytic graphite (sold as a thermal interface
sheet), gave a P, of 36 mW m 2, whereas amorphous
graphite pressed into a sheet (sold as a gasket material) gave
a Ppay nearly 3 times higher, of 108 mW m™>. This difference
likely relates to the different forms of graphite at the surface;
amorphous graphite is expected to have numerous edge-sites
facing the solution, relative to the highly crystalline pyrolytic
graphite, and such edge-sites are known to be more electro-
catalytically active than basal planes for redox couples such as
[Fe(CN)e]>/*~.% These results were modelled using the
modified Butler-Volmer equation (eqn (8) and (9)) and yielded
the expected kog, values, ranging from 0.58 x 10~ * cm s~ for
the crystalline graphite though to 1.93 x 10™* em s~ for
platinum (full values in Table S7 in the ESI¥).

150 --cceveeeeeenes

1004 :---ccceeens

P, ax | MW m2

Graphite
Graphite

Crystalline
Amorphous
Platinum

Fig. 9 Bar chart showing the P for 0.2 M Kz[Fe(CN)g] and 0.2 M
K4[Fe(CN)gl equimolar thermocell, using three different electrode
materials; crystalline graphite, amorphous graphite and platinum,
without (blue bars) and with (purple bars) 0.7 M CsCl present in the
electrolyte. All measured at an applied AT = 18 K (T¢og = 17 °C).
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Finally, having investigated both homogeneous and
heterogeneous electrocatalysis separately, they were also
compared when combined. Fig. 9 displays the P, values for
the three electrode materials for just 0.2 M K;[Fe(CN)¢] and
0.2 M K4[Fe(CN)] (blue bars) as well as Py, after the addition
of 0.7 M CsCl (purple bars). This system only had a ratio of 1 : 2
for Cs* : K*, but could not be increased further due to solu-
bility limitations. However, even this modest amount of Cs"
significantly increased Pp.x, and this homogeneous electro-
catalytic effect was observed across the three electrode mate-
rials; the Py, was boosted by ca. 80% at the highly crystalline
pyrolytic graphite, and P, increased by ca. 40% at the two
(more heterogeneous electrocatalytic) electrodes. This was
a result of more modest increases in the k,g, values, e.g. by
38% on the highly crystalline pyrolytic graphite, and by 25%
on platinum.

3.4. A relative cost comparison of the different
homogeneous systems

Finally, a preliminary economic assessment was made of the
various homogeneous routes presented here as ways to
increase thermogalvanic power output. The heterogeneous
electrocatalytic aspects (i.e. platinum vs. graphite) were not
considered because bulk materials were employed, but
numerous other approaches could be employed to minimise
the amount of material utilised (e.g. sputtering of a thin film of
platinum).*

Fig. 10(a) summarises the maximum power density
outputs from the equimolar 0.2 M K;3[Fe(CN)¢] and 0.2 M
K,[Fe(CN)g] amorphous graphite cell, against the same cell
but with non-equimolar ratios, and the same cell with 0.7 M
CsCl. Fig. 10(b) (grey bars) displays the power normalised with
respect to the cost of the salt dissolved in the solution
(assuming Sigma Aldrich ReagentPlus grade materials uti-
lised; full details in ESIt), whereby the equimolar cell has
been set to a cost per W m > of 1. What is clearly observed is
that while the addition of CsCl increased the overall power
(Fig. 10(a)), the significantly higher cost of CsCl resulted in an
685% increase in cost per W m 2 (Fig. 10(b), purple bar).
Conversely, because ReagentPlus K,[Fe(CN)s] was ca. 22%
cheaper per mol than ReagentPlus K3[Fe(CN)q], and having
more K4[Fe(CN)¢] generated more power, moving away from
the 0.2 M stoichiometric ratio commonly employed by others
can actually result in a decrease in cost per W m™?; this rea-
ches an optimum at 0.10 M K;[Fe(CN)s] and 0.30 M
K,4[Fe(CN),], at only 92% of the cost per W m > of the equi-
molar system. However, an important caveat is that this only
applies at current prices and using 0.5 kg bottles of Reagent-
Plus grade materials; the relative cost of K4[Fe(CN)gs] and
K3[Fe(CN)g] actually invert for ACS grade material (Fig. 10(b),
red bars), thereby making the 0.25 M K;3[Fe(CN)y] and 0.15 M
K,4[Fe(CN)4] cell have the lowest cost per W m ™2, by a modest
1% relative to the equimolar cell.

While the reductions in cost per W m~2 are modest, both
nevertheless demonstrate that a ‘less is

more’, non-

stoichiometric approach can be viable for thermogalvanic

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Plots of the (a) Pmax produced by the 0.4 M Ksz/4[Fe(CN)gl
thermocells at non-equimolar ratios (blue bars) and the equimolar
ratio in the presence of 0.7 M CsCl (purple bar). Also shown is (b) the
trend in electrolyte cost-to-Pnax for each of these systems, normal-
ised with respect to the equimolar 0.2 M Kz[Fe(CN)¢] and 0.2 M
K4[Fe(CN)el system. This is shown for ReagentPlus grade Ks;4[Fe(CN)gl
(grey bars) and ACS grade Ksz;4[Fe(CN)gl (red bars); the significantly
higher cost for ReagentPlus grade 0.4 M Kz,4[Fe(CN)g] and Reagent-
Plus grade 0.7 M CsCl is also shown (purple bar; please note scale
break on the y-axis). All power values measured at amorphous graphite
electrodes, and an applied AT = 18 °C (T¢og = 17 °Q).

cells from a technoeconomic perspective. Clearly both good
heterogeneous and homogeneous electrocatalysts are
required to achieve the highest power cells, but what is
demonstrated here is that the deliberate addition of additives
that are significantly more costly than the redox active species
themselves are hard to justify economically, unless even more
significant increases in P, can be achieved.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

This research set out to explore some fundamental aspects of
thermogalvanic cells, using ferricyanide/ferrocyanide as
a ‘standard’ redox couple. By comparing a standard concen-
tration study using equimolar ratios with apparently the first
systematic study of non-equimolar ratios, significant insight
was generated. This demonstrated how the Seebeck coefficient
is concentration dependent (via Debye-Hiickel theory, in line
with prior observations) and is even more significantly sensitive
to the ratio of ferricyanide to ferrocyanide (via the Nernst
equation); it also allowed us to apply a slightly modified Butler-
Volmer equation to quantitatively model the current and elec-
trical power generated by the various systems. This Butler-
Volmer model generated just one variable as an aggregated rate
constant, Kag,.

Homogeneous electrocatalysis (the deliberate addition of an
alkali metal salt to the electrolyte solution) was also explored
alongside a more conventional heterogeneous electrocatalytic
(electrode material) study. Both had significant effects upon the
overall current produced by the thermocells, but homogeneous
electrocatalysis could also boost the potential difference, by
virtue of altered thermodynamics. Combining both optimal
heterogeneous and homogeneous electrocatalysis generated the
highest power thermocells. However, while addition of the
alkali metal salt CsCl significantly boosted power (up to +80%),
it increased the relative cost of the electrolyte by an even more
significant margin (+685%). It was also demonstrated that
moving from a standard equimolar system to a non-equimolar
system could yield a higher maximum power (+4%), and
could decrease the cost-per-unit-power of the thermocell elec-
trolyte even more significantly (—8%).

These results help rationalise variations in thermocell
performance as a function of concentration and ratio. It also
introduces a means to quantitatively model the resulting
performance to yield a single value as a performance metric, the
k
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