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Abstract: Thermally regenerative electrochemical cycles and thermogalvanic cells harness redox entropy changes
(4Sy) to interconvert heat and electricity, with applications in heat harvesting and energy storage. Their efficiencies
depend on AS;. because it relates directly to the Seebeck coefficient, yet few approaches exist for controlling
reaction entropy. Here, we demonstrate the use of highly charged molecular species in thermogalvanic devices.
As a proof-of-concept, the highly charged Wells-Dawson ion [P.W;50g,]% exhibits large AS,; (-195 J mol' K') and
a Seebeck coefficient comparable to state-of-the-art electrolytes (1.1 mV K'), demonstrating the potential of linking

the rich chemistry of polyoxometalates to thermogalvanic technologies.

Greater than 60% of global energy exists as solar heat, geothermal heat, and waste heat from industrial
sources with temperatures below 100 °C."? Recovering this so-called “low-grade heat” therefore offers a strategy
for meeting society’s energy demands while reducing its environmental impact. Solid-state thermoelectric devices
convert heat to electrical energy by generating a voltage in response to a temperature gradient, with the magnitude
of this response reported as the Seebeck coefficient (Se). Despite decades of research, Se for most solid-state
thermoelectrics remains in the uV K-' range,®* prohibiting their use in harnessing low-grade heat. As an alternative,
solution-state electrochemical cells may reach Seebeck coefficients in the mV K range either as thermally
regenerative electrochemical cycles (TRECs) or as thermogalvanic cells (TGCs).5® Both technologies involve
redox electrolytes that equilibrate to different mixtures of oxidized and reduced forms when exposed to different
temperatures. This temperature dependence of the equilibrium constant produces a free energy difference (AG)
between the electrodes at dissimilar conditions and hence a usable voltage. As exemplified in the relationship AG
= AH - TAS, the reversible redox entropy change (ASi) of the electrolyte dictates the magnitude of this temperature
response. Equation 1 outlines how the S. of a thermogalvanic device is proportional to AS,c, where n is the number
of electrons transferred in the redox reaction and F is Faraday’s constant:
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Optimizing the thermogalvanic effect therefore depends on tuning AS,, but few synthetic approaches exist for
controlling the entropy of a reaction.

The Born expression for the electrostatic energetics of ion solvation provides a useful framework for
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controlling AS,c. Equation 2 shows an implication of this expression where AS;. relates directly to the difference of
squared charges (Z?) of the oxidized and reduced species and inversely to the solvation radius (r). To test the
applicability of this theoretical relationship, Weaver and Hupp evaluated the redox entropies of metal complexes in
various solvents,” finding that AS; increases with increasing charge density of the redox pair as well as a smaller
solvent Gutmann acceptor number.
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The high AS. of -135 J K mol'! observed for the Fe(CN)s*’* couple,® the state-of-the-art thermogalvanic
electrolyte, and its Seebeck coefficients of up to -1.6 mV K-' can be ascribed to its high charge density, as predicted
by Equation 2. Beyond charge state, this relationship also predicts that solvation radius dictates AS;.. Indeed, the
thermogalvanic activity of Fe(CN)e*/*> depends on parameters such as concentration of the redox-active species
and the presence of additives that affect their solvation shell structure.®-"" In addition to using redox couples with
high charge densities, other synthetic strategies have been investigated for achieving higher Se. Recent studies
include the use of gel-based electrolytes,’? deep eutectic solvents,'® and ionic liquids,'® and materials such as
carbon nanotubes for creating thermogalvanic cells that display a high ionic conductivity while retaining a low
thermal conductivity, in order to avoid thermal equilibration across the cell.'* Additionally, the use of solvent
mixtures,'%-"® polymers with redox-induced phase changes, and supramolecular host-guest interactions®628
have shown promise for greatly altering the AS,. for redox couples due to the concomitant ordering or release of
solvent molecules following redox reactions. Although these recent studies employ varying methods for controlling
solvation entropy, few have explored increasing charge density of the electrolyte.

In search of highly charged molecular redox pairs, polyoxometalates (POMs) serve as promising
candidates due to their reversible redox chemistry, solubility, diverse compositions, and high charge states.?0-2?
Since their discovery in the first half of the 19" century, POMs have been investigated for use in catalysis,?
medicine,?* and for applications related to their electronic and magnetic properties,?>?8 either as stand-alone
molecules or as molecular materials.?’-3 Specifically, the a isomer of the Wells-Dawson (WD) polyoxotungstate
anion, [P2W150e2]® (Figure 1a), has been shown to undergo a reversible six-electron reduction in four discrete
steps, reaching a final charge state of -12.3'32 Considering the high charge of the WD ion and its reversible redox
chemistry in aqueous solutions, we evaluated its potential use in a thermogalvanic cell. First, to assess the impact
of the unusually high charge state on the hydration shell of the WD anion, molecular dynamics (MD) simulations
were carried out using the structure first published by Dawson as a starting point (see Supporting Information for
details).3® From the MD results, the solvent arrangement around WD®/WD"- can be gauged by the number of
hydrogen-bonded 1, 2", and 3™ neighbors around each anion (Figure 1b), yielding 20 vs. 18, 47 vs. 45, and 76
vs. 102 contacts, for the -6 and -7 charge states, respectively. In this assessment, an upper donor-acceptor

distance cutoff of 3.2 A was used to probe the presence of strong-to-intermediate hydrogen bonds in the two
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Figure 1. (a) Structure of the Wells-Dawson phosphotungstate ion, [P2W+1sOs5]%". (b) Bar plot showing the number

of hydrogen-bonded 1%, 24 and 3" neighbors for water-solvated structures of the WD anion in the -6 and -7 charge
state, as determined by molecular dynamics simulations (see Supporting Information for details).

structures.3* These results indicate that the charge state of the WD influences the number of hydrogen bonds in
the extended solvation shell, while the volume of the anionic cluster is barely affected by the reduction, with volumes
of 1038 A3 and 1054 A3 for the -6 and -7 states, respectively, corresponding to an increase in volume of only 1.5
%. In other words, the change in charge state alters the solvation entropy without impacting solvation radius,
rendering this system ideal for evaluating the Born expression in Equation 2.

To determine AS.c for the WD anion, variable-temperature (VT) cyclic voltammograms (CVs) were
acquired at a range of conditions in aqueous solutions (Supporting Information, Figure S2-S6). As described
previously,” the temperature-dependent shift of a formal potential provides a direct measure of redox entropy. For
details on the preparation of the potassium salt of the WD anion, Ks[P2W1gOe2]- 14H20, see Supporting Information.
A typical CV scan can be seen in Figure 2a, showing four distinct reduction/oxidation steps, going from WD®- to
WD'2, with the latter two redox features being two-electron processes.?' For the VT-CV experiments, such as that
shown in Figure 2b, a temperature range of approximately 5 to 50 °C was chosen and halfway potentials (E1/2’s)
were extracted for each of the four redox features in a variety of solvation conditions (see Supporting Information,
Figure S2 — S8). As shown in Figure 2b, all redox features exhibit AS,. comparable to Fe(CN)¢*/*> of ca. 1 mV K-
without optimization through solvent mixtures or other additives. For a preliminary study into altering hydration shell
entropy, the effect of cation identity was studied through the collection of VT-CVs of WD solutions prepared in
different acetate buffers (Li*, Na*, K*, pH = 5.1). Seebeck coefficients of -0.23, -0.44, and -0.49 mV K-' for the first
redox feature and -0.72, -0.75, -0.89 mV K for the second redox feature were extracted for the Li-, Na- and K-
acetate buffers, respectively. This apparent increase in temperature-dependence and the overall shift to less
reducing halfway potentials (~20 mV for both redox features, Supporting Information, Figure S7) observed for the
Li*/Na*/K* series could possibly be explained by the differences in cation size and the typical coordination number
of each cation (Li* = 4, Na*/K* = 6), altering the solvation of the WD cluster, effectively following the same trend as

in the Hofmeister series.
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Figure 2. (a) A cyclic voltammogram of a 0.1 mM Wells-Dawson solution prepared in 0.1 M sodium acetate buffer
(pH = 3.40, T = 49 °C). (b) Variable-temperature cyclic voltammograms of a 0.1 mM Wells-Dawson solution

prepared in 0.1 M sodium acetate buffer (pH = 3.40) and the observed temperature-dependence of E1, for the four
redox features.

Across the range of studied aqueous conditions, Se values for the different redox features range from
approximately -0.23 to -1.66 mV K-, the largest being observed for the third redox feature in the K-acetate buffer
solution. Seebeck coefficients of similar magnitude was also observed in WD solutions made from N,N-
dimethylformamide and dimethyl sulfoxide (Supporting Information, Figure S9 and S10), yet focus was maintained
on aqueous solutions out of practical considerations. For the VT-CV data in Figure 2b, the ASc of each redox
process can be calculated following Equation 1, giving values ranging from -77 to -195 J mol' K-'. Such redox

entropy values are comparable and even higher than that of the well-studied ferro-/ferricyanide redox couple,
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Figure 3. Plot showing redox entropy change as a function of the difference in charge states of redox pairs for a
WD solution in 0.1 M sodium acetate buffer (pH = 3.40), showing an increase in redox entropy with higher charge
states.
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Fe(CN)s*3 (ASi; = 135 J mol' K).8 A plot of AS;. as a function of the difference in charge states, similarly to what
was presented by Hupp and Weaver for a range of metal complexes,” is shown in Figure 3. The trend of increasing
AS;. for redox pairs of higher charge, going from WD®- to WD'%, is possibly further amplified by the almost constant
radius as indicated by MD simulations of the -6 and -7 charge states. Additionally, previous findings for another
POM cluster, the Preyssler anion, [PsW300110M™](157)- (M = encapsulated cation), have shown that the radius of
gyration (Rg) of the anion remains constant independent of charge state, as studied using small-angle X-ray
scattering (SAXS) and potential-controlled electrolysis, indicating that any structural changes following
reduction/oxidation are too small to affect R,.2% As such, the observed relationship between AS,; and charge state
of the WD anion, as shown in Figure 3, as well as the MD results hint that the radius of the WD anion may, in a
similar manner, remain more or less constant throughout the consecutive reduction/oxidation steps, while the
hydration shell undergoes considerable restructuring to produce a large AS;c predictable by the charge state of the
cluster. Based on Equation 1 and assuming a constant radius for the WD redox pairs, an increase in Se should be
observed when going from the -6 state to states of a higher charge. Based on the VT-CV data, a general trend of
increasing Se for the for the highly charged redox couples can be observed, with Seebeck coefficients of e.g. -0.36
and -0.44 vs. -0.76 and -0.75 mV K for the first two redox couples in sodium acetate solutions with a pH of 4.80
and 5.07, respectively (Supplementary Information, Table S1). This indicates that the highly charged redox couples
generally yield not only higher AS,, but also larger Seebeck coefficients, owing to the more or less constant size

of the anion.
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Figure 4. (a) Schematic of thermogalvanic flow cell where the hot and cold sides are separated by a Nafion
membrane (for a detailed schematic, see Supporting Information). (b) Measured cell voltage of the thermogalvanic
flow cell, showing a cell voltage of ~12 mV with a temperature difference of 11.1 K between the hot and cold
solutions (1 mM WD solution made from 0.1 M sodium acetate buffer, pH = 5.5). (c) Observed cell voltage as a
function of temperature difference (AT) for the thermogalvanic flow cell, showing a linear relationship.
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To evaluate the possibility of converting heat into electrical energy using POMs, a thermogalvanic flow
cell was constructed to determine the practical Se of an aqueous WD solution (Figure 4a, see Supporting
Information for additional details). For the flow-cell experiments, a 1 mM WD solution prepared from 0.1 M sodium
acetate buffer (pH = 5.50) was used since WD solutions prepared with Na-acetate consistently showed well-
resolved redox features across a large range of conditions. Following an equilibration period of 2.5 h at ambient
conditions, the temperature difference across flow cell was raised to 5.7 K, 7.1 K and lastly 11.1 K in a step-wise
manner over the course of ~2 h (Figure 4b). This process yielded a final cell voltage of 12.2 mV with a temperature
difference of 11.K between the hot and cold side. The data in Figure 4b indicate a linear relationship between the
temperature difference and the measured cell voltage, corresponding to a Se of 1.10 mV K (Figure 4c). As a
control, a blank experiment was also carried out using a solution containing only Na-acetate, giving a Seebeck
coefficient of 0.18 mV K- (Supplementary Information, Figure S11). It should be noted that WD anions of different
redox states were not added to the solution, which has typically been used for thermogalvanic cell experiments
using the ferri-/ferrocyanide redox couple.® Instead, allowing the system to equilibrate prior to applying a
temperature gradient allows disproportionation to different redox states. These ease of cell preparation further
highlights the potential utility of POM electrolytes in designing TRECs and TGCs.

In conclusion, this combined experimental-computational study demonstrates the applicability of the Born
expression in identifying redox electrolytes for thermogalvanic devices competitive with state-of-the-art alternatives.
Variable-temperature cyclic voltammetry measurements show reversible yet temperature-dependent behavior for
aqueous WD solutions, exhibiting ASr in the range of -77 to -195 J mol! K" and Seebeck coefficients in the mV K-
' range at near-ambient temperatures using simple aqueous solutions of the WD anion. Additionally, a
thermogalvanic cell was assembled using a sodium-acetate based WD solution, showing a Seebeck coefficient of
1.10 mV K'. The observed S, could likely be further enhanced by altering any of the parameters readily accessible
in this system of solutions alone (concentration, pH, cation species), as indicated by the range of responses seen
when by altering the pH and varying the cation species. In addition to these modifications, the type of POM cluster
could also be varied, as many POM species are highly soluble in a range of solvents and have been shown to
undergo reversible reduction/oxidation. These include the well-known Keggin anion, [PW1,040]*, and the
aforementioned Preyssler anion.®%37 The richness of POM chemistry and the possibility of using lacunary or
transition-metal functionalized POMs opens vast possibilities for altering thermogalvanic activity through tunable
redox behavior and solvent interactions. From a general perspective, the high aqueous solubility observed for POM
anions and the increasingly favorable solvation of POM anions with increasing charge, as well as their overall
strong solvation,3 render them particularly well suited for use in applications such as thermogalvanic cells. Taken
together, these findings show that highly charged redox couples can be used to create thermogalvanic cells with
Seebeck coefficients in the mV K-' range by effectively maximizing the difference of Zo?-Z:eq?, giving a high AS;.

and, in turn, a large S..

https://doi.org/10.26434/chemrxiv-2024-0x0bt ORCID: https://orcid.org/0000-0002-8014-7904 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0x0bt
https://orcid.org/0000-0002-8014-7904
https://creativecommons.org/licenses/by-nc-nd/4.0/

Supporting Information

The Supporting Information is available free of charge at http://pubs.acs.org.

All experimental details, spectroscopic data (IR, 3'P NMR), cyclic voltammetry data, and thermogalvanic flow cell

data.
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