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16 Abstract

17 Thermogalvanic cells, which convert low-grade heat into electricity, usually employ chemically-

18 homogeneous electrolytes that limit the Seebeck response to redox entropy alone. Here, we 

19 introduce a redox split thermogalvanic cell in which a temperature gradient drives localized 

20 oxidation of a nickel–bipyridine complex at the hot electrode only, creating chemical heterogeneity 

21 that augments thermopower via additional concentration gradient effects. We add weakly 

22 coordinating anions to stabilize the oxidized species, increase redox entropy change, and balance 

23 electrical and thermal transport, and the optimized cell delivers a Seebeck coefficient of 6.44 mV 

24 K−1; a maximum power density ~8 Wm−2; and ~0.5 V (open circuit) at a 75 K gradient. It 

25 furthermore supplies power for >8 days under load with ~8% relative Carnot efficiency and a 

26 figure of merit ZT ~ 0.8, offering a durable, efficient route towards waste heat recovery.

27
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2

1
2 Introduction

3 Thermogalvanic cells (TGCs) are electrochemical systems capable of converting thermal energy 

4 from temperature gradients directly into electrical power, through the interplay of one or more 

5 redox couples [1]. When a temperature gradient is applied across two electrodes in contact with a 

6 redox-active electrolyte, the resulting imbalance in electrochemical potentials gives rise to a 

7 thermally-induced voltage, the magnitude of which is typically quantified by the Seebeck 

8 coefficient (Se) [2-5].

9 Based on the Nernst equation, the Seebeck coefficient (Se) in TGCs arises from two principal 

10 thermodynamic contributions (see Supplementary Note 1 for theoretical treatment). One is the 

11 solvation-structural entropy difference (ΔS) between the oxidized and reduced states of the redox 

12 couple, governed by factors such as charge density, molecular geometry, and flexibility, which are 

13 reflected in the solvation shell surrounding the species. Subtle rearrangements of hydrogen-

14 bonding networks or solvation shells can strongly influence the entropy of each redox species (and 

15 the entropic difference between them), thereby amplifying the thermoelectric response[6-9].

16 The second contribution comes from the difference in reductant-to-oxidant concentration ratio 

17 within the electrolyte at the cold electrode vs. the hot (ΔCr). While non-zero ΔCr values represent 

18 chemical heterogeneity and typically decay spontaneously via diffusive mixing, leading to ΔCr ≈ 

19 0 at steady state, recent studies demonstrate that concentration differences can be engineered into 

20 thermogalvanic cells through various means, thereby producing Se values that surpass 

21 conventional limits by leveraging the additive contributions of chemical heterogeneity and 

22 reductant-oxidant entropy difference [10-14].

23 Despite these advances, most conventional TGCs fail to utilize chemical heterogeneity to their 

24 advantage, instead accepting spatially homogeneous distributions of redox species, which limit 

25 accessible entropy change and accordingly restrict the Seebeck response. Cells incorporating tough 

26 gel matrices or segregated crystalline phases present a notable exception to this trend, either  

27 slowing the equilibration of concentration gradients [15, 16] or sustaining them permanently by 

28 physical means [12, 17-19]. However, while these systems underscore the potential of exploiting 

29 ΔCr to exceed the intrinsic ΔS contribution of conventional redox pairs [12], production of stable 

30 chemical heterogeneity in fully-liquid thermogalvanic cells, which present the broadest canvas for 
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3

1 molecular design of the many other properties affecting thermogalvanic performance (e.g. thermal 

2 operating window [20-22], thermal conductivity, electrical conductivity), has not yet been reported 

3 [11].

4 Here, we utilize the nickel–bipyridine complex [Ni(bpy)₃]²⁺/[Ni(bpy)₃]³⁺ in a non-aqueous 

5 electrolyte to introduce a unique mode of stable thermal-to-electrical energy conversion based on 

6 temperature-dependent liquid-phase chemical heterogeneity, which we realize in a cell design we 

7 dub a Redox-Split Thermogalvanic Cell (RS-TGC). In our optimized RS-TGC, the reductant 

8 [Ni(bpy)₃]²⁺ is the dominant species in the nonaqueous electrolyte and the only redox species 

9 present under isothermal conditions, while application of a thermal gradient drives localized 

10 formation of the oxidant [Ni(bpy)₃]³⁺ only at the hot (negative) electrode. This thermally-induced 

11 redox partitioning defies the homogeneous character of conventional thermogalvanic systems, and 

12 generates a Seebeck-enhancing chemically heterogeneous state that appears only under a 

13 temperature gradient. We then couple this heterogeneity with entropy-regulating salts that both 

14 selectively affect and stabilize [Ni(bpy)₃]³⁺ (increasing both the redox entropy difference and the 

15 thermo-chemical heterogeneity) and enhance electrical conductivity, in a non-aqueous electrolyte 

16 chosen both for its solvation behaviors with [Ni(bpy)₃]²⁺/[Ni(bpy)₃]³⁺ and for its low thermal 

17 conductivity. This combination of stable electrode-to-electrode concentration gradients, 

18 selectively enhanced redox entropy differences, and favorable electronic and thermal transport 

19 properties yields a liquid-phase thermogalvanic cell with both remarkable efficiency and as-yet 

20 unreported longevity (able to operate under load for >1 week without change), establishing RS-

21 TGCs as a promising platform for low-grade heat harvesting. 

22 Results

23 In Fig. 1, we compare essential conceptual characteristics of conventional and redox-split 

24 thermogalvanic cells. As shown in Fig. 1a, given the comparable stability of the reductants and 

25 oxidants used in conventional TGCs, these cells maintain approximately homogeneous redox 

26 distributions under both isothermal conditions and thermal gradients, which limit contributions to 

27 the Seebeck coefficient to those that stem from redox entropy differences. By contrast, Fig. 1b 

28 illustrates that RS-TGCs undergo thermally-induced partitioning: while [Ni(bpy)₃]2⁺ is the only 

29 species stable under isothermal conditions [23-25], [Ni(bpy)₃]³⁺ is selectively stabilized at the hot 

30 (negative) electrode under a temperature gradient, creating chemical heterogeneity that increases 
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4

1 the entropy difference between electrodes and enhances thermopower. This effect originates from 

2 the distinct temperature-dependent solvation dynamics of [Ni(bpy)₃]²⁺ and [Ni(bpy)₃]³⁺, and may 

3 be further enhanced by entropy-regulating anions such as PF₆⁻ and TFSI⁻ (as we will demonstrate 

4 below), which provide a weakly coordinating, charge-diffuse environment that preferentially 

5 stabilizes [Ni(bpy)₃]³⁺, amplifying both the solvation-entropy difference (ΔS) between redox 

6 species and the concentration ratio difference (ΔCr) between electrodes.

7

8

9 Fig. 1 Comparison of thermogalvanic systems. (a) conventional TGCs typically have homogeneous distributions of 

10 redox species between electrodes, both under isothermal and gradient conditions. This limits the factors contributing 

11 to the Seebeck coefficient to only solvation-structural entropy differences between the reductant and oxidant. (b) RS-

12 TGCs have heterogeneous distributions of redox species between electrodes when under a temperature gradient  due 

13 to thermally-induced redox partitioning. This provides another contribution to the Seebeck coefficient (additional to 

14 the solvation-structural redox entropy differences) in the form of differences between redox concentration ratios at 

15 the two electrodes.

16 In Fig. 2a, we provide a more detailed operational illustration of our RS-TGC cell, absent additives 

17 beyond a non-aqueous electrolyte and the redox pair. We employ tris(2,2′-bipyridine)nickel(II) 

Page 4 of 23Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
36

:1
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5TA09239F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta09239f


5

1 bromide as the precursor of [Ni(bpy)₃]²⁺ in a non-aqueous solvents, where [Ni(bpy)₃]²⁺ persists as 

2 the predominant species in the absence of a temperature gradient [23, 25, 26]. When a gradient is 

3 applied, oxidation occurs preferentially at the hot (negative) graphite or platinum electrode to 

4 generate [Ni(bpy)₃]³⁺. In coordinating media with anions such as Br⁻, the Ni(III) state is unstable 

5 and rapidly relaxes back to [Ni(bpy)₃]²⁺ (see cyclic voltammetry in Fig. S1a; blue curve), 

6 restricting oxidation to the hot (negative) electrode interface. This transient and localized redox 

7 splitting generates both a ΔS and a ΔCᵣ between electrodes, producing a Seebeck effect greater 

8 than that of conventional thermogalvanic cells.

9 As illustrated in Fig. 2b, this effect may be enhanced further if the otherwise-ephemeral Ni(III) 

10 state may be additionally stabilized (facilitating both electrode-to-electrode redox exchange and 

11 increased ΔCᵣ), and if the characteristic entropy difference between this state and [Ni(bpy)₃]²⁺ may 

12 be further increased. To this end, we next investigated the addition of a variety of entropy 

13 regulating salts and the use of an array of non-aqueous solvents, the molecular structures of which 

14 are shown in Fig. 2c. Solvents investigated include Propylene carbonate (PC), N,N-

15 Dimethylformamide (DMF), Formamide (FA), Acetonitrile (MeCN), and Ethylene carbonate 

16 (EC), and salts include [BMIM][TFSI], [EMIM][TFSI], [TBA][TFSI], [BMIM][PF₆], 

17 [EMIM][PF₆], and [TBA][PF₆].

18 In Fig. 2d, we show the Seebeck coefficients of [Ni(bpy)₃]Br₂ at its optimal concentrations 

19 (established in preliminary work and reported in the Methods section) in different non-aqueous 

20 solvents, which range from 1.37 mV K⁻¹ at 0.05 M in PC to 2.83 mV K⁻¹ at 0.2 M in EC (see Fig. 

21 S2 for additional [Ni(bpy)₃]Br₂ concentrations in EC).  Consistent with previous observations in 

22 non-aqueous electrolytes [27-31], the general trends observed may be explained qualitatively by 

23 two dominant factors: (i) the strength of the solvation shell around [Ni(bpy)₃]²⁺ and [Ni(bpy)₃]³⁺ 

24 and (ii) the dielectric screening of charge. PC and DMF form weak solvation shells for both redox 

25 species, so entropy change upon redox is minimal. FA, despite being highly polar, stabilizes both 

26 redox states strongly, preventing desolvation and similarly suppressing the redox entropy change 

27 (ΔS). Furthermore, its high dielectric constant likely screens electrostatic interactions, reducing 

28 the potential for concentration imbalance (ΔCᵣ). MeCN and EC provide the most suitable 

29 environments, structurally stabilizing one redox species (Ni(II)) while still allowing partial 

30 desolvation of the other (Ni(III)), thereby providing maximal entropy change upon redox.
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1 Identifying EC as the most optimal non-aqueous electrolyte, in Fig. 2e, we demonstrate the role of 

2 entropy-regulating salts in this solvent, with 0.2 M [Ni(bpy)₃]Br₂ and 0.5 M salt shown for each 

3 solution. While every salt tested enhanced the Seebeck coefficient relative to baseline (0.2 M 

4 [Ni(bpy)₃]Br₂ in EC), [TBA][PF₆] provided exceptional enhancement, more than doubling Se to 

5 6.44 mV K⁻¹. Voltage vs. applied temperature differences curves are shown for all solvents and 

6 salts in Supplementary Fig. S3 and S4.

7 Anions such as PF₆⁻ and TFSI⁻ are large, weakly coordinating species in the formation shell, 

8 which can suppress ligand substitution and decomposition [32, 33]. The pairing of such ions 

9 reduces the number of strongly bound solvent molecules around redox molecules, leading to partial 

10 desolvation that may disrupt the ordered solvent structure and produce a positive entropy 

11 contribution. These effects are consistent with prior studies on transition-metal bipyridine 

12 complexes in ionic liquids, which reported sluggish yet stable Ni-based redox kinetics in 

13 electrochemical tests, attributed to large inner-sphere reorganization energies [34, 35].

14 We hypothesize in particular that PF₆⁻ exhibits superior performance by stabilizing [Ni(bpy)₃]³⁺ 

15 and enhancing entropy change through partial desolvation of the trication (Ni+3), while suppressing 

16 ligand substitution. We interrogate these effects in greater detail with the aid of molecular 

17 simulations in Fig. 3. In Fig. S5, we give UV–Vis spectra of [Ni(bpy)₃]²⁺ with PF₆⁻ in one 

18 nonaqueous electrolyte (ethylene carbonate), showing decreased absorbance intensity and slight 

19 broadening of the ~300 nm band, and indicating that PF₆⁻ perturbs the solvation environment and 

20 modifies the coordination shell. Cyclic voltammetry and UV-Vis spectra (Fig. S1, S6 and S7) 

21 provides additional direct evidence for the role of PF₆⁻ in facilitating the [Ni(bpy)₃]²⁺/³⁺ redox 

22 process and stabilizing [Ni(bpy)₃]³⁺ in nonaqueous electrolytes, consistent with previous studies 

23 that have shown that the presence of fluorinated anions creates coordination environments 

24 favorable for stabilizing this complex cation [27, 29-31, 34, 36]. We note that Fig. S1a also 

25 indicates that in the presence of this anion, while (Ni+3) is stabilized relative to its unstable baseline 

26 form, the oxidation reaction is still heavily favored over the reduction reaction, and thus will not 

27 disrupt (and may plausibly enhance) the chemical heterogeneity between electrodes. 

28 Fig. 2f shows the dependence of the Seebeck coefficient on [TBA][PF₆] concentration for varying 

29 concentrations of [Ni(bpy)₃]Br₂. The optimum range is between 0.25 and 0.5 M, where 

30 incorporation of PF₆⁻ into the coordination/formation shell of [Ni(bpy)₃]²⁺/³⁺ effectively disrupts 
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1 the shell structure and enhances ion mobility. At higher [TBA][PF₆] concentrations, however, 

2 excess PF₆⁻ anions accumulate in the solvation shell, reducing the ΔS and thereby lowering the 

3 Seebeck coefficient (Fig. S8). In Fig. 2g, we compare the open-circuit thermopower in our optimal 

4 RS-TGC (0.2 M [Ni(bpy)₃]Br₂ in EC) with and without [TBA][PF₆], with the cold side fixed at 

5 313.15 K to maintain the cell in its liquid phase at all times. The slopes of these curves correspond 

6 to the Seebeck coefficient,  and both the pristine and salt-enhanced RS-TGCs maintain linearity of 

7 voltage over a wide range of temperature deltas (up to dT = 75 °C). This range exceeds that 

8 available to most conventional thermogalvanic cells, and further demonstrates the stability of the 

9 RS-TGC mechanism. 

10 In order to contextualize the remarkable the thermopower of the optimized RS-TGC, we 

11 benchmarked its measured Seebeck coefficient against several conventional thermogalvanic cells 

12 (TGCs) in Fig. 2f, including cells based on Fe³⁺/Fe²⁺, Co³⁺/Co²⁺, benzoquinone/hydroquinone, 

13 I⁻/I₃⁻, Cu²⁺/Cu⁺, and Li⁺/Li. Most established systems exhibit Seebeck coefficients below 3 mV 

14 K⁻¹, and even entropy-enriched couples such as BQ/HQ or I⁻/I₃⁻ generally remain in the range of 

15 4–5 mV K⁻¹. By contrast, the [Ni(bpy)₃]²⁺/³⁺ system in EC with [TBA][PF₆] achieves 6.44 mV 

16 K⁻¹, representing one of the highest redox thermopower values reported for thermogalvanic 

17 systems. 

18 Furthermore, as detailed in the following sections, this system not only establishes a record 

19 Seebeck coefficient but also demonstrates operational stability (open circuit and under load) for 

20 periods ~100X times longer than most conventional TGCs. In Fig. S9, we also demonstrate the 

21 performance of the cell across different electrode materials (graphite sheet, graphite felt, carbon 

22 cloth, and platinum) at maximum ΔT (75 K), all of which show similarly high Seebeck values (~6–

23 6.44 mV K⁻¹, with graphite sheet electrodes performing best). 

24
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1

2 Fig. 2 Characteristics of a redox-split thermogalvanic cell based on [Ni(bpy)₃]²⁺/³⁺ in non-aqueous media. (a) 

3 Illustration of [Ni(bpy)₃]²⁺ oxidation at the hot electrode without salt, where Ni(III) remains unstable. (b) Illustration 

4 with [TBA][PF₆], where ligand substitution is suppressed and Ni(III) is stabilized. (c) Molecular structures of the 
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9

1 investigated non-aqueous solvents (PC, DMF, FA, MeCN, EC) and salts ([BMIM][TFSI], [EMIM][TFSI], 

2 [TBA][TFSI], [BMIM][PF₆], [EMIM][PF₆], [TBA][PF₆]). (d) Seebeck coefficients of [Ni(bpy)₃]²⁺/³⁺ measured in 

3 different solvents. e, Effect of salt additives in EC, comparing PF₆⁻ and TFSI⁻ based salts. (f) Dependence of the 

4 Seebeck coefficient on [TBA][PF₆] concentration for different concentrations of [Ni(bpy)₃]²⁺/³⁺ . (g) Voltage as a 

5 function of temperature gradient between cold and hot electrodes for the redox-splict thermogalvanic cell, measured 

6 with and without [TBA][PF₆]. (h) Comparison of Seebeck coefficients of [Ni(bpy)₃]²⁺/³⁺ with other redox couples 

7 under similar measurement conditions [6, 9, 12, 13, 20, 37-46].

8

9 To investigate the molecular origin of the significant entropy change of the [Ni(bpy)₃]²⁺/³⁺ couple 

10 in our RS-TGC, we performed molecular dynamics (MD) and density functional theory (DFT) 

11 simulations in an ethylene carbonate medium containing [TBA][PF₆]. Snapshots in Fig. 3a and 

12 Fig. 3b illustrate the first and second solvation shells surrounding [Ni(bpy)₃]²⁺ and [Ni(bpy)₃]³⁺. 

13 The PF₆⁻ ions approach the metal center, frequently displacing Br⁻ and disrupting the ordered 

14 network of EC molecules. At a trend level, this exchange weakens the structured solvation shells 

15 around both Ni(II) and Ni(III), with a particularly strong effect for the trivalent complex. As a 

16 result, specific Ni-Br interactions are diminished and solvent molecules that were previously 

17 constrained in the coordination shell are released back into the bulk, producing greater shell 

18 disorder and amplifying the configurational entropy difference between the two redox states. These 

19 trends are quantified in Fig. 3c-h. In Fig. 3c, we show radial distribution functions (RDF) between 

20 Ni and O(EC) with and without PF₆⁻. The addition of PF₆⁻ produces a substantial decrease in peak 

21 intensity, indicating reduction of strongly bound EC molecules and disordering of the solvation 

22 shell. Critically, this decrease is markedly more pronounced for Ni(III) (where PF₆⁻ pairing is 

23 strongest) as compared to Ni(II), suggesting differential solvation effects between oxidant and 

24 reductant that necessarily increase the redox entropy change. Fig. 3d shows the coordination 

25 number of Br⁻ ions located within the formation shells of [Ni(bpy)₃]²⁺ and [Ni(bpy)₃]³⁺ (Fig. S10). 

26 In the electrolyte without PF₆⁻, the average numbers of Br⁻ near the complexes are about five for 

27 [Ni(bpy)₃]²⁺ and about seven for [Ni(bpy)₃]³⁺ (within a radius of ~7 Å). When PF₆⁻ is introduced, 

28 these values decrease by nearly half, indicating that PF₆⁻ replaces Br⁻ in the near-metal region and 

29 leads to a more complete separation of the redox pair at the atomic scale. 

30 The disruptive effects of PF₆⁻ on the solvation shells [Ni(bpy)₃]²⁺ and [Ni(bpy)₃]³⁺ are furthermore 

31 evident in the formation energies of each species with Br⁻ ions and EC molecules (Fig. 3e,f), all 

Page 9 of 23 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
36

:1
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5TA09239F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta09239f


10

1 of which are reduced significantly in magnitude upon introduction of the salt. By weakening strong 

2 Ni–Br and Ni–O(EC) interactions, PF₆⁻ increases the configurational degrees of freedom of the 

3 system, and thereby the configurational entropy change possible upon redox. The characteristic 

4 signature of this enhanced configurational freedom may also be seen in the mean square 

5 displacement (MSD) of the redox species, from which diffusion coefficients may be extracted (Fig. 

6 3g,h). Diffusion coefficients of both [Ni(bpy)₃]²⁺ and [Ni(bpy)₃]³⁺ nearly double in the presence 

7 of PF₆⁻, implying not only that it disrupts the [Ni(bpy)₃]²⁺/3+ solvation shells and increases the 

8 redox entropy difference, as supported by Fig 3.g-h, but also yields  broadly faster transport 

9 kinetics for the redox pair, which may further benefit thermogalvanic performance.

10 We also note that [Ni(bpy)₃] complexes themselves, absent any additives, experience intrinsically 

11 large entropy changes upon redox, based on vibrational differences between reductant and oxidant. 

12 Our DFT calculations (Fig. S11) show that the transition from [Ni(bpy)₃]²⁺ to [Ni(bpy)₃]³⁺ 

13 corresponds to an electronic reorganization from (nd)⁶(ad)² (d⁸) to (nd)⁶(ad)¹ (d⁷), i.e., the removal 

14 of an antibonding electron. This orbital change produces a significant structural contraction of the 

15 coordination environment, with average Ni–N bond lengths decreasing from ~2.091 Å in 

16 [Ni(bpy)₃]²⁺ to ~1.985 Å in [Ni(bpy)₃]³⁺ ( Ni–N bonds contract strongly ≈ 0.11 Å, or a ~5% 

17 decrease) [47]. For comparison, For (Fe(CN)₆)³⁻, the Fe–C bond length is ~1.96 Å, whereas in 

18 (Fe(CN)₆)⁴⁻ it is ~1.94 Å, giving a much smaller contraction of ≈0.02 Å (a ~1% decrease) (Fig. 

19 S11). This bond shortening in the oxidation state intensifies vibrational contributions to the 

20 entropy, generating additional entropy change during the redox process. As such, we hypothesize 

21 that this synergy between solvation-shell disorder, driven by PF₆⁻ substitution, and vibrational 

22 reorganization of the Ni–N coordination bonds accounts for the unusually large entropy change 

23 (and accordingly Seebeck coefficient) observed in the system.

24
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1

2 Fig. 3  Molecular dynamics simulations and thermodynamic analysis of [Ni(bpy)₃]²⁺/³⁺ in ethylene carbonate with 

3 and without PF₆⁻. Snapshots of [Ni(bpy)₃]²⁺ and [Ni(bpy)₃]³⁺ (a,b) illustrate the first and second formation shells, 

4 showing that PF₆⁻ ions displace Br⁻ and disturb the ordering of nearby solvent molecules. Radial distribution 

5 functions of Ni–O(EC) distances.  (c) reveal weaker and less localized coordination in the presence of PF₆⁻, while 

6 coordination number analysis (d) confirms a reduction in Br⁻ occupancy near the complexes. Formation energy 

7 calculations for Ni-Br (e) and Ni-EC interactions (f) show a consistent reduction in binding strength under PF₆⁻ 

8 regulation, supporting disruption of rigid ion–solvent cages. Mean square displacement traces (e) and diffusion 

9 coefficients (f) demonstrate that PF₆⁻ loosens the solvation cages and enhances translational motion of the complexes 

10 in the bulk electrolyte. Together, these structural, dynamic, and energetic results establish that PF₆⁻ acts as an 

11 entropy-regulating anion, destabilizing compact solvation shells, promoting partial desolvation, and increasing 

12 molecular freedom, thereby amplifying the entropy difference between [Ni(bpy)₃]²⁺ and [Ni(bpy)₃]³⁺.

13

14
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1 This mechanistic molecular picture developed in Fig. 2 and 3 is directly reflected in device-level 

2 performance, which we evaluated via many-days-long testing of the optimized RS-TGC 

3 (containing 0.2 M tris(2,2′-bipyridine)nickel bromide and 0.5 M [TBA][PF₆] in EC). First, in Fig.  

4 4.a. we demonstrate long-term open-circuit stability for more than 9 days, maintaining ~0.32 V at 

5 ΔT = 45 K and ~0.50 V at ΔT = 75 K in a single cell without perceptible degradation. The observed 

6 ~0.50 V surpasses conventional TGCs such as Fe³⁺/Fe²⁺, Co³⁺/Co²⁺, and I⁻/I₃⁻, which generally 

7 achieve <= 0.2 V, and exhibits remarkable durability with time [20, 25, 48-50]. Under repeated 

8 short-circuit cycling (Fig. 4b), this voltage consistently recovers to its steady-state value, further 

9 confirming that the voltage is driven by stable redox, as opposed to ephemeral thermodiffusion 

10 processes. Fig. S12 shows that under ΔT = 75 K (open circuit), the cell exhibits a slow voltage 

11 build-up, requiring ~0.5–1 day to reach a plateau, and that when ΔT is removed, the voltage relaxes 

12 back to zero over ~2 days, consistent with the back-conversion of [Ni(bpy)₃]³⁺ to [Ni(bpy)₃]²⁺ and 

13 the dissipation of both concentration and entropy gradients. Performance characterization with 

14 increasing temperature gradient (Fig. 4c) demonstrates smooth scaling of current–voltage and 

15 power density characteristics, with the system reaching ~500 mV open-circuit potential, ~8 W m⁻² 

16 maximum power density, and ~65 A m⁻² peak current density at ΔT = 75 K. Electrode comparison 

17 further shows that graphite felt delivers the highest output (~8 W m⁻²), carbon cloth follows closely 

18 (~7.5 W m⁻²), while graphite plate and platinum electrodes achieve only ~3.5 W m⁻² due to their 

19 lower surface areas (Fig. S13). 

20 In order to demonstrate both the potential practical utility of the optimized cell and its continuous 

21 redox nature, we proceeded to conduct multi-day thermal-electric energy conversion under a 500 

22 Ω load. Fig. 4.d shows continuous delivery of ~0.45 V and ~0.9 mA for more than 8 days 

23 uninterrupted, far exceeding conventional thermogalvanic systems, where output typically decays 

24 within minutes(Table. S1). To our knowledge, Fig. 4d represents the longest demonstration of 

25 continuous thermogalvanic output under load yet presented in the literature, and the first to reach 

26 >1 week timescales.  We note that the in the absence of [TBA][PF₆], the cell exhibits 

27 comparatively poor stability, steadily declining from ~0.2V to ~0.060 V after eight days, with the 

28 current dropping from ~0.5 mA to ~0.1 mA (Fig. S14). This comparison highlights the critical role 

29 of PF₆⁻ in regulating the solvation environment. By stabilizing Ni(III), disrupting rigid 

30 coordination shells, enabling greater entropy change during redox cycling, and accelerating 

31 [Ni(bpy)₃]²⁺/³⁺ kinetics, it maintains efficient long-term thermogalvanic charge transfer. 
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1

2 Fig. 4  Multiday Operability and performance optimization of [Ni(bpy)₃]²⁺/³⁺ thermogalvanic cells. Thermogalvanic 

3 cells were prepared with 0.2 M tris(2,2′-bipyridine)nickel bromide and 0.5 M [TBA][PF₆] in ethylene carbonate and 

4 tested for long-term stability and practical performance. (a) Long-term voltage stability at ΔT = 45 K and 75 K, 

5 showing continuous operation for more than ten days. (b) Cycling stability under repeated short-circuit and recovery 

6 at ΔT = 75 K, demonstrating reproducible voltage response during repeated perturbations. (c) Current–voltage and 

7 power–density characteristics recorded at increasing temperature gradients, illustrating systematic enhancement of 

8 thermoelectric output as ΔT increases. (d) Charge–discharge performance under a 500 Ω load at ΔT = 75 K, 

9 highlighting continuous and stable power delivery maintained over extended operation.

10

11 Finally, in Fig. 5 we summarize the transport properties and efficiency metrics of the RS-TGC. 

12 The combination of the EC solvent and the added [TBA][PF₆] result favorably in both low thermal 

13 conductivity (~0.23 W m⁻¹ K⁻¹ at ΔT = 75 K) and high electrical conductivity (~13.2 S m⁻¹ at ΔT 

14 = 75 K), each of which furthermore trend desirably with ΔT (as expected based on increasing 
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1 average electrolyte temperature) across the wide window of evaluation (Fig. 5a). The low thermal 

2 conductivity is an intrinsic feature of non-aqueous carbonate solvents such as EC (Fig. S15) [51-

3 53], provides a particular advantage over most water-based thermogalvanic systems, which 

4 generally suffer from high thermal conductivity (>0.5 W m⁻¹ K⁻¹) and according parasitic 

5 heating[3, 9].

6 In Fig. 5b, we show the energy conversion efficiency and relative Carnot efficiency for the cell as 

7 a function of applied temperature gradient, which peak at ~1.5% and ~8.5%, respectively, at ΔT = 

8 75 K. Both efficiency and power density are observed to increase with applied temperature 

9 gradient (Fig. 5c), with Pmax growing from ~1.5 W m⁻² at ΔT = 30 K to ~8 W m⁻² at ΔT = 75 K. 

10 The exceptional Seebeck coefficient of the RS-TGC, coupled with its low thermal conductivity 

11 and high electrical conductivity, culminate in remarkably high thermoelectric figures of merit (ZT; 

12 ~0.5 – 0.83) across ΔT values, well above the typical ZT < 0.2 reported for aqueous TGCs. When 

13 compared against state-of-the-art systems (Fig. 5e), the RS-TGC reported herein occupies an as-

14 yet touched performance region, combining both uniquely high ZT and high relative Carnot 

15 efficiency, as compared to the low-ZT, low-efficiency regime occupied by most conventional 

16 TGCs (Table. S1).

17

18 Fig. 5  Transport properties, efficiency, and figure of merit of redox-split [Ni(bpy)₃]²⁺/³⁺ thermogalvanic cells. 

19 Thermogalvanic cells were prepared with 0.2 M [Ni(bpy)₃]Br₂ and 0.5 M [TBA][PF₆] in ethylene carbonate to 
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1 evaluate transport balance, efficiency, and performance metrics. (a) Thermal conductivity and electrical conductivity 

2 as a function of applied temperature difference, showing decreasing thermal conductivity and increasing electrical 

3 conductivity between ΔT = 30–75 K. (b) Energy conversion efficiency and Carnot-relative efficiency as ΔT increases, 

4 showing systematic improvement with higher temperature gradients. (c) Maximum power density and normalized 

5 Pmax/ΔT², demonstrating intrinsic performance enhancement with increasing ΔT. (d) Thermoelectric figure of merit 

6 (ZT) as a function of ΔT, showing steady improvement across the applied temperature range. (e) Comparison of ZT 

7 and relative Carnot efficiency across different thermogalvanic systems, where the [Ni(bpy)₃]²⁺/³⁺ couple lies in the 

8 high-ZT, high-efficiency regime relative to conventional aqueous redox couples[4, 12, 54-59].

9

10 Conclusion

11 This study employs the [Ni(bpy)₃]²⁺/[Ni(bpy)₃]³⁺ couple to introduce the concept of a redox-split 

12 thermogalvanic cell (RS-TGC), a new paradigm for liquid-phase thermoelectric systems. Unlike 

13 conventional TGCs, which remain constrained by homogeneous distributions of redox species 

14 both under isothermal and gradient conditions, RS-TGCs exploit thermally induced partitioning in 

15 which one redox species (here [Ni(bpy)₃]³⁺) is generated selectively at one electrode (here the hot), 

16 while the other redox species  ([Ni(bpy)₃]²⁺) dominates in bulk solution. This localized oxidation 

17 creates persistent chemical heterogeneity, amplifying both solvation-entropy and concentration-

18 ratio contributions to thermopower. 

19 To further enhance these effects, we also incorporate entropy-regulating anions, which 

20 spectroscopic and electrochemical evidence demonstrate disrupt rigid solvation cages, displace 

21 strongly bound Br⁻ ions, and promote partial desolvation, thereby stabilizing the Ni(III) state. 

22 Molecular dynamics and DFT calculations also confirm that this disruption enhances both 

23 configurational and vibrational redox entropy changes, lowers reorganization energies, and 

24 increases molecular mobility, directly linking microscopic solvation behaviors to macroscopic 

25 thermoelectric response. As a result, the system achieves a Seebeck coefficient of 6.44 mV K⁻¹, 

26 surpassing conventional redox couples including Fe³⁺/Fe²⁺, I⁻/I₃⁻, and BQ/HQ. Transport 

27 measurements further show that the optimized RS-TGC configuration developed herein 

28 overcomes the traditional trade-off between electrical and thermal conductivities by use of salt-

29 supplemented ethylene carbonate electrolytes. This optimization yields a thermoelectric figure of 

30 merit approaching 0.8 and a Carnot-relative efficiency of ~8%, positioning RS-TGCs among the 

31 highest-performing liquid thermogalvanic systems reported to date. Crucially, RS-TGCs also 
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1 demonstrate exceptional durability, sustaining both voltage and power output for more than ten 

2 days under continuous operation and maintaining stable responses under repeated cycling. This 

3 combination of high thermopower and multiday operability establishes RS-TGCs as an unusually 

4 durable and efficient potential platform for low-grade heat harvesting. 

5 Importantly, the redox-partitioning strategy demonstrated here with the [Ni(bpy)₃]²⁺/³⁺ pair 

6 can, in principle, be extended to other systems. The key requirement qualifying a given 

7 thermogalvanic electrolyte for potential redox splitting is that a single redox species must dominate 

8 in the bulk, while radical or reduced forms may be transiently generated. For example, one 

9 promising candidate fitting this description may be benzoquinone (BQ), which remains stable in 

10 the bulk, but may undergo transient redox conversion to semiquinone/dianion (SQ²⁻). Looking 

11 forward, the principles of redox partitioning and entropy regulation outlined herein provide a 

12 generalizable design strategy that can be extended to new redox couples, solvent systems, and 

13 interfacial architectures, enabling scalable advances in liquid thermoelectrics.

14

15 Methods

16 Materials

17 Tris(2,2′-bipyridine)nickel(II) bromide ([Ni(bpy)₃]Br₂, 95%), propylene carbonate (PC), N,N-

18 dimethylformamide (DMF), formamide (FA), acetonitrile (MeCN), ethylene carbonate (EC), and 

19 the ionic salts [BMIM][TFSI], [EMIM][TFSI], [TBA][TFSI], [BMIM][PF₆], [EMIM][PF₆], and 

20 [TBA][PF₆] were purchased from Ambeed and used as received. Graphite sheets (resistivity ~10 

21 µΩ·m, Graphite Material Co. Ltd.), carbon cloth electrodes (Hexcel IM7, ~15 µΩ·m), graphite felt 

22 (Fuel Cell Store, 200 mΩ·cm²), and platinum sheets (99.99% purity, StonyLab) served as electrode 

23 materials.

24 Cell Fabrication and Assembly

25 Thermogalvanic cells were fabricated by 3D printing with internal liquid chambers (10 × 10 × 35 

26 mm) and electrode–electrolyte contact areas of 1 cm². Graphite sheets were used for Seebeck 

27 coefficient measurements, whereas graphite felt electrodes were employed for power output 

28 experiments. Cells were sealed with silicone adhesive. Electrode temperatures were controlled by 

Page 16 of 23Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
36

:1
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5TA09239F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta09239f


17

1 two Peltier modules (4 × 4 cm), with thermocouples placed at each electrode. Insulating tape was 

2 applied to minimize heat loss, and electrical connections were made using copper tape and wires.

3 Electrolyte Preparation

4 For each solvent, the working concentration of [Ni(bpy)₃]Br₂ was set to the average solubility at 

5 which the complex dissolved uniformly and remained stable: 0.05 M in PC, 0.1 M in DMF, 0.1 M 

6 in FA, 0.05 M in MeCN, and 0.2 M in EC. These concentrations ensured [Ni(bpy)₃]²⁺ remained 

7 the dominant species while allowing controlled formation of [Ni(bpy)₃]³⁺ at the hot electrode (Fig. 

8 2d, Fig. S6a). Solutions were stirred at 323 K (150 rpm) for 12 h to ensure homogeneity upon 

9 preparation.

10 Among the solvents, EC containing 0.2 M [Ni(bpy)₃]Br₂ produced the highest Seebeck coefficient 

11 (Fig. 2e, Fig. S6b). To investigate the role of entropy-regulating anions, six supporting salts were 

12 introduced into EC at 0.5 M concentration: [BMIM][TFSI], [EMIM][TFSI], [TBA][TFSI], 

13 [BMIM][PF₆], [EMIM][PF₆], and [TBA][PF₆]. These mixtures were stirred at 50 °C for 6 h. The 

14 optimized electrolyte was identified as EC containing 0.2 M [Ni(bpy)₃]Br₂ and 0.5 M [TBA][PF₆]. 

15 To further probe concentration effects, [TBA][PF₆] was varied between 0.2 M and 1.0 M. Unless 

16 otherwise specified, all electrochemical tests employed this optimized electrolyte.

17 Temperature Control and Thermal Gradient

18 The maximum applied temperature difference (ΔT) was limited to 75 K, determined by the melting 

19 and boiling points of the solvents. For EC, the cold side was maintained at 313 K and the hot side 

20 raised to 388 K. Because EC solidifies near 311 K, only liquid-phase measurements were 

21 conducted; the addition of salts also depressed the freezing point to ~303 K, further ensuring 

22 stability during operation. For PC, DMF, and FA, temperature ranges were set at 298 K (cold side) 

23 to 373 K (hot side). For MeCN, with its lower boiling point, the range was set between 253 K and 

24 328 K. In all cases, ΔT was increased in 15 K increments.

25 Cell Characterization

26 Voltage and current outputs were measured with a Keithley 2000 multimeter, with continuous data 

27 acquisition performed using MATLAB scripts. Discharge experiments were monitored through a 

28 resistance board. For cycling measurements, the cell was maintained at constant ΔT until the open-
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1 circuit voltage stabilized, followed by either short-circuiting (R = 0) or connection to a fixed 

2 external load to simulate operating conditions. 
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