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Low-grade heat harvesting has emerged as a promising strategy to recover waste heat into usable energy.

However, most of the thermo-electrochemical approaches are limited to redox reactions involving metal

ion complexes and halide species, which often exhibit low heat-to-electricity conversion efficiencies. We

demonstrate a heat harvesting approach based on a non-redox reaction; water formation driven by

a net-zero hydrogen redox process. Under standard conditions, its positive entropy change enables the

interconversion of nearly 30% of surrounding heat into electrical energy, resulting in a thermodynamic

efficiency greater than unity. This water formation-based galvanic–thermogalvanic device demonstrated

a temperature-insensitive maximum power density as high as ∼33.55 mW m−2 K−2. Notably, this figure

of merit is ∼70 times higher than the state-of-the-art ferrocyanide–ferricyanide-based thermogalvanic

devices, thereby extending the scope of electrochemical heat harvesting beyond conventional redox

processes.
Introduction

The growing global energy requirement, accelerated by pop-
ulation and industrial expansion, has made the need for
sustainable and efficient energy solutions inevitable.1–6 Tradi-
tional energy sources, such as fossil fuels, not only have limited
reserves but also contribute signicantly to environmental
challenges like greenhouse gas emissions and climate
change.7–11 Not only limited energy stock but also the wastage of
energy in the form of heat drives this energy imbalance to
a different level.12 Due to these factors, low-grade heat har-
vesting has emerged as a promising approach to utilize or store
waste heat for energy recovery and conversion.13,14 Low-grade
heat harvesting deals with converting dissipated heat from
industrial power plants, natural heat gradients, and daily
energy dissipation into usable energy forms.15–17 Electro-
chemical heat harvesting capitalizes on the thermodynamic
properties of electrochemical processes to convert dissipated
thermal energy directly into electrical energy in a thermo-
galvanic cell.18–20 Based on the Seebeck effect, the thermo-
galvanic cell mainly focuses on the generation of additional
overall cell potential due to a temperature gradient (DT)
between two temperature-dependent redox half cells.21–23 When
one side of the thermogalvanic cell is raised to a higher
f Science Education and Research, Pune,
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the Royal Society of Chemistry
temperature than the other half, the temperature gradient
drives a difference in the reaction potentials of the two elec-
trodes, which causes the redox couple to generate a voltage.24

The potential (DE) generated, the temperature difference (DT)
and the Seebeck coefficient (a) are related to the equation DE =

aDT.22–24 Solid-state thermoelectric devices can show durability
at high temperatures but have high costs and limitations of
suitable materials.25 Non-aqueous Li-ion-based thermogalvanic
systems have good conversion efficiency, but electrolyte degra-
dation at high temperatures and ammability of the non-
aqueous solvent are a barrier for their implementation.26,27

Organic redox electrolytes with high Seebeck effects are also
utilized to improve the efficiency of thermogalvanic systems,
but they lack conductivity, mass transport, and non-toxic
traits.28–30 Due to these reasons, aqueous thermogalvanic
systems have emerged as a potential electrochemical heat har-
vesting device due to their low cost, safe, non-toxic electrolytes,
superior ionic conductivity, high mass transport, and avail-
ability of a variety of redox systems.20,31,32 However, electro-
chemical heat harvesting through aqueous thermogalvanic
systems faces several challenges, including low heat-to-power
conversion efficiency, limited partial molar entropy change,
reduced solubility of redox couples, lower potential output, the
low boiling point of electrolytes, and temperature-induced
electrolyte degradation.19,33–35

In this study, we present an approach to heat harvesting
using a non-redox reaction, specically the water formation
reaction resulting from the recombination of H+ and OH− ions,
which can extract heat from the surroundings and convert it
into an electrochemical driving force due to its positive entropy
Chem. Sci., 2025, 16, 7751–7758 | 7751
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change and positive Seebeck coefficient, Calculation S1, ESI.†
However, the non-redox nature of the water formation reaction
poses a critical challenge for its harvesting as an electrical
driving force. We have recently shown that the introduction of
a hydrogen redox can aid the direct harvesting of water forma-
tion energy as an electrical driving force without a net redox.36–39

Our thermodynamic analysis (Calculation S1, ESI†) indicates
that the positive entropy change associated with the water
formation reaction allows for the harvesting of approximately
30% of the energy from the surroundings during its intercon-
version. We demonstrate that, for electrochemical water
formation driven by hydrogen redox reactions, there is an
inherent asymmetry in the temperature dependence of the
electromotive force for the corresponding half-cell reactions.
This asymmetry presents opportunities to harness heat gradi-
ents as an electromotive force in a non-isothermal electro-
chemical water formation cell. The incorporation of
temperature gradient in a water formation cell maximizes the
overall electrical energy output of the thermogalvanic device
with a temperature-insensitive maximum power density as high
as ∼33.55 mW m−2 K−2, which is around 70 times higher than
the state-of-the-art ferrocyanide–ferricyanide-based thermo-
galvanic devices. This method overcomes several challenges
associated with previously reported thermogalvanic devices,
including low power and voltage outputs, reduced heat-to-
electricity conversion efficiency, solubility issues with the
redox couples, and an extremely low temperature-insensitive
maximum power density.

Results and discussion

The general conguration of the non-isothermal water forma-
tion reaction-based thermogalvanic device consists of a cold
anodic alkaline half-cell and a hot cathodic acidic half-cell.
These half-cells are ionically separated by a Naon-117 cation-
conducting membrane, Scheme 1. In the anodic half-cell, Pt
Scheme 1 Schematic diagram of electrochemical water formation assis

7752 | Chem. Sci., 2025, 16, 7751–7758
supported on carbon (Pt/C) is the anodic electrocatalyst, while
in the cathodic half-cell, platinum electrodeposited on a tita-
nium mesh (using a constant current of 4 mA cm−2 for 5
minutes) is used as the electrocatalyst. Due to the non-redox
nature of the water formation reaction, we employed
a hydrogen redox reaction within an acid–alkali decoupled
architecture to harness water formation energy as an electrical
driving force, all without a net redox process. In an alkaline
medium, hydrogen redox reactions exhibit a relatively negative
potential, whereas they show a relatively positive potential in an
acidic medium (Fig. S1, ESI†). Based on the pH dependence of
these reactions, we utilized the alkaline side as the anodic half-
cell and the acidic side as the cathodic half-cell for the direct
extraction of energy from water formation. This setup indicates
that when hydrogen oxidation occurs in the alkaline half-cell
(eqn (1)), the released electrons ow through the external
circuit to power the load, while a corresponding hydrogen
evolution reaction (HER) takes place in the cathodic half-cell
(eqn (2)). The overall reaction (eqn (3)) does not consume
hydrogen; instead, it results in the formation of water mole-
cules. Consequently, the energy associated with water forma-
tion acts as the driving force for the operation of this
electrochemical device.

Anodic half-cell reaction: H2 + 2OH− % 2H2O + 2e− (1)

Cathodic half-cell reaction: 2H+ + 2e− % H2 (2)

Overall cell reaction: 2H+ + 2OH− % 2H2O (3)

The electrochemical device designed to harvest the water
formation energy via a hydrogen redox exhibits a peak power
density of approximately 43 mW cm−2 at a peak current density
of ∼107 mA cm−2 under room temperature and pressure, as
shown in Fig. 1a (Blue trace). The polarization plot (orange trace
ted galvanic–thermogalvanic device for waste heat recovery.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Polarization curve for water formation energy harvesting device with and without H2 as anodic feed gas stream (10 mL min−1). (b)
Galvanostatic polarization at a constant current density of 40 mA cm−2 for water formation energy harvesting device with H2 as anodic feed gas
stream (10 mL min−1) (c) correlation between the charge passed and the remaining amount of H+/OH− dual ion concentrations in the specific
half cells after the long-term operation. (d) Consumption of H+ (catholyte) andOH− (anolyte) with respect to the amount of charge passed during
galvanostatic discharge at a constant current density of 40 mA cm−2. (e) In situ electrochemical mass spectrometry of the cathodic half and the
anodic half of the water formation cell. (f) Quantification and faradaic efficiency of the produced hydrogen.
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in Fig. 1a and S2, ESI†) reveals that, without an H2 supply at the
anodic half-cell of the device, no signicant power or current
density is generated. The galvanostatic polarization data, at
a constant current density of 40 mA cm−2 (Fig. 1b) shows
promising voltage output for a long duration. During galvano-
static discharge, the concentrations of H+ in the catholyte and
OH− in the anolyte were monitored over time, and the post-
operation concentrations of the anolyte and the catholyte
were measured via acid–base titration (Fig. 1c). As the current is
drawn from the device, the H+ and the OH− are consumed in
accordance with the amount of charge passed during the
discharge, Fig. 1d. Consequently, the cell potential decreases
with time, as it is directly related to DpH between the two half-
cells of the water formation energy harvesting device,
© 2025 The Author(s). Published by the Royal Society of Chemistry
Calculation S2, ESI.† Fig. 1b and c show that the electromotive
force diminishes to nearly zero aer∼12.5 hours of operation at
a constant current density, and the pH gradient converges to
nearly zero. Notably, under open-circuit conditions, the
concentration changes of H+/OH− ions were negligible over 48
hours (Fig. S3, ESI†), suggesting the self-discharge via the
chemical recombination between the two half-cells is negli-
gible. During the chronopotentiometry for the device (Fig. S4,
ESI†), the in situ electrochemical mass spectrometry of the
device's cathodic half-cells revealed H2 gas evolution at the
cathodic exhaust, orange trace in Fig. 1e. When the cell is ON,
the partial pressure of the H2 gas rises in the cathodic half-cell
of the water formation energy harvesting device, Fig. 1e.
Commensurately, when the cell is ON, the anodic half-cell
Chem. Sci., 2025, 16, 7751–7758 | 7753
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demonstrates a decrease in the partial pressure of hydrogen,
blue trace in Fig. 1e. These attest to the fact that there is no net
hydrogen consumption during the operation of the device.
Further, the quantity of generated hydrogen gas during the
galvanostatic polarization (Fig. 1b) is∼331mL (13.5 millimoles)
with ∼96.2% faradaic efficiency, Fig. 1f (Calculation S3, ESI†).
Overall, these behaviours underscore the inevitability of H+/
OH− gradients and the H2 redox in the operation of this water
formation device.

As already shown in Calculation S1, ESI,† the electro-
chemical water formation route has a positive entropy change;
hence, this reaction can harvest heat from the surroundings
directly as an electromotive force. A thermodynamic calculation
shows that nearly 30% of the cell voltage or free energy is
derived from the surroundings at room temperature and pres-
sure, Calculation S1, ESI.† To investigate the inuence of
temperature on the water formation reaction, the temperature
dependence of each half-cell reaction of the water formation cell
is investigated. In the case of the acidic cathodic half-cell, it can
be observed that the potential of hydrogen redox increased
commensurately with the rise in temperature, (brown trace in
Fig. 2a). When the surrounding temperature is increased from
298 K to 358 K, the potential of hydrogen redox in the acidic
medium is commensurately increased by nearly 90 mV, Fig. S5,
ESI.† This leads to a positive Seebeck coefficient of 1.62 ±

0.11 mV K−1 for the cathodic half-cell, which holds the potential
Fig. 2 (a) The variation of the potential of hydrogen redox in acidic
surrounding temperature. (b) The net cell voltage of the device at non-iso
The temperature dependency of open circuit voltage (OCV) for the wa
Seebeck coefficient and partial molar entropy change for the water form

7754 | Chem. Sci., 2025, 16, 7751–7758
to be utilized in a thermogalvanic cell. On the other hand, the
alkaline hydrogen redox shows a moderate increment of
potential with the rise in temperature (blue trace in Fig. 2a and
S6, ESI†), resulting in a Seebeck coefficient of 0.42 ± 0.06 mV
K−1. This indicates an inherent asymmetry in the temperature
dependence of half-cell reaction voltages, likely due to the
signicantly higher mobility of protons compared to hydroxide
ions.40,41 Conversely, the viscosity of the acidic solution
decreases more signicantly with rising temperature compared
to that of the alkaline solution, which is expected to further
enhance the ionic mobility and the voltage output. This
increased proton mobility may contribute to a rise in entropy,
subsequently enhancing the Seebeck coefficient. This ulti-
mately provides us the opportunity to fabricate a water forma-
tion reaction-based galvanic–thermogalvanic device if the
alkaline anode and acidic cathode are kept in cold and hot
environments respectively (Fig. 2a). The open circuit voltage for
the water formation device with a temperature gradient (DT =

55 K) is superior to the open circuit voltages under isothermal
conditions, Fig. 2b. Although the open circuit voltage of the
water formation cell increases with the surrounding tempera-
ture (pink trace in Fig. 2c), providing the ability to draw energy
from the environment—unlike traditional H2–O2 fuel cells
(green trace Fig. 2c and S7, ESI†), which lose energy as heat
during operation. The inherent asymmetry in the temperature
dependence of the half-cell reactions suggests that the voltage
(brown trace) and alkaline half-cells (blue trace) with respect to the
thermal conditions (DT= 55 K) and isothermal conditions (DT= 0 K). (c)
ter formation cell and an H2–O2 fuel cell. (d) The comparison of the
ation cell (WC) and the H2–O2 fuel cell (FC).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Open circuit voltages for the water formation-based thermogalvanic devices when kept at non-isothermal conditions (TA = 298 K, TC
= 353 K) and isothermal conditions (TA and TC = 298 K). (b) Polarisation curves, (c) thermal and galvanic power output contributions, (d)
chronopotentiometry at 40 mA cm−2, and (e) in situ electrochemical mass spectra of the cathodic half-cell of the water formation-based
thermogalvanic device under non-isothermal conditions (TA = 298 K, TC = 353 K) and isothermal conditions (TA = TC = 298 K). (f) Hydrogen gas
quantification and charge passed during the operation of the water formation-based device under non-isothermal conditions (DT = 55 K) and
isothermal conditions (DT = 0 K).
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output of the device can be maximized in a non-isothermal
conguration. This can be achieved by maintaining a tempera-
ture gradient, as indicated in Fig. 2a and b, rather than in an
isothermal conguration.

The water formation cell has a positive Seebeck coefficient
value of 1.30 ± 0.12 mV K−1 along with partial molar entropy
change of around 251 J mol−1 K−1 (Fig. 2d, Calculation S4,
ESI†), which consolidates the fact of a thermodynamic
© 2025 The Author(s). Published by the Royal Society of Chemistry
efficiency value greater than 1, Calculation S1, ESI.† On the
other hand, the H2–O2 fuel cell possesses a negative Seebeck
coefficient with a magnitude of −1.96 ± 0.06 mV K−1 with
a negative entropy change of – 756.43 J mol−1 K−1 (Calculation
S4, ESI†), Fig. 2d. This attests to the fact that electrical energy
output from a water-formation cell will increase with an incre-
ment in the temperature, which is not the case for the H2–O2

fuel cell. The whole cell OCV (voltage) vs. T (temperature) plot
Chem. Sci., 2025, 16, 7751–7758 | 7755
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(Fig. 2c) is derived for both the devices by subtracting each
potential value of the half cells (Fig. 2a, S6, and S7†) at
respective temperatures. Nevertheless, as discussed before, in
a non-isothermal conguration, the voltage output can be
further enhanced (Fig. 2a and b). In order to experimentally
validate this in the device mode, the open circuit voltage of the
water formation cell was measured with, and without
a temperature gradient between the two half cells, Fig. 3a. The
temperature gradient (DT = 55 K) in the water formation cell
leads to a rise in the open circuit voltage of the device with
a magnitude of 73 mV, Fig. 3a. The polarization curve with
a temperature gradient of 55 (orange trace in Fig. 3b) for this
hybrid galvanic–thermogalvanic device based on water forma-
tion reaction exhibits superiority over the isothermal water
formation cell, (blue trace in Fig. 3b). The peak power density
has risen from 43 mW cm−2 to 53 mW cm−2 with the inclusion
of a temperature gradient of 55, Fig. 3b. The overall energy
output from this galvanic–thermogalvanic device, which relies
on the water formation reaction, comprises both thermal and
galvanic contributions. As illustrated in Calculation S5, ESI,†
Fig. 4 (a) The temperature dependency of the potential for the ferrocyan
I3
−) redox systems and their corresponding open circuit voltages und

demonstrating the thermal contributions of the ferrocyanide/ferricyanid
thermogalvanic device. The thermal contribution of the water formation
power density under non isothermal conditions (DT = 55 K) and isothe
ferricyanide and iodide/triiodide systems are multiplied by 50 for co
maximum power density for the non-isothermal water formation cel
system-based thermogalvanic devices. For the water formation cell, the
subtracting the peak power density under non-isothermal conditions (D
device performance comparison of water formation cell with state-of-t
(I−/I3

−), quinone/hydroquinone (Q/HQ), and the ferrocyanide/ferricyanid

7756 | Chem. Sci., 2025, 16, 7751–7758
these contributions can be decoupled, revealing approximately
20% from thermal sources and 80% from galvanic sources, as
shown in Fig. 3c (Calculation S5, ESI†). This suggests that
a water formation-based hybrid galvanic–thermogalvanic device
can boost the power density by nearly 24% with the inclusion of
a temperature gradient (DT = 55 K), Calculation S5, ESI.† The
galvanostatic polarization at a constant current density of 40
mA cm−2 also reects higher performance metrics when there is
a temperature gradient, Fig. 3d. The cathodic exhaust of the
thermogalvanic cell has been investigated by in situ electro-
chemical mass spectrometry at a constant current of 40 mA
cm−2, and in both cases, there is an evolution of pure H2 in the
cathodic exhaust, Fig. 3e. It should be noted that an almost
similar amount of hydrogen gas has evolved, however, with
a higher potential output for the non-isothermal device, Fig. 3e
and f.

To demonstrate where this water formation reaction-based
thermogalvanic cell stands, it is compared rst with a state-of-
the-art aqueous thermogalvanic device based on the
ferrocyanide/ferricyanide (Fe2+/Fe3+). Initially, the temperature
ide/ferricyanide (0.4 M Fe2+/0.4 M Fe3+) and iodide/triiodide (0.8 M I−/
er isothermal and non-isothermal conditions. (b) Polarisation curves
e system, iodide/triiodide redox system, and water formation-based
device is obtained from Fig. 3b by subtracting the current density and
rmal conditions (DT = 0 K). The power contributions of ferrocyanide/
mparative purposes. (c) Comparison of the temperature-insensitive
l, iodide/triiodide redox system, and ferrocyanide/ferricyanide redox
temperature-insensitive maximum power density was calculated by
T = 55 K) and isothermal conditions (DT = 0 K). (d) Thermogalvanic

he-art systems reported in the literature, including the iodide/triiodide
e (Fe2+/Fe3+) redox systems (ref. 22, 28, 30 and 42–44).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dependence was investigated with the equimolar ferrocyanide/
ferricyanide (0.4 M Fe2+/0.4 M Fe3+) system, which shows a drop
in the electromotive force with respect to a rise in temperature,
Fig. S8, ESI.† The Seebeck coefficient of this system turns out to be
negative in nature with a magnitude of −1.49 ± 0.13 mV K−1,
which is opposite in nature with respect to the water formation
reaction. The device consisting of a ferrocyanide/ferricyanide
(Fe2+/Fe3+) system shows no appreciable open circuit voltage
(OCV) under an isothermal state (DT= 0 K), black trace in Fig. 4a.
Introduction of a temperature gradient of 55 K, in this
ferrocyanide/ferricyanide redox system, led to the development of
an open circuit voltage of nearly 47 mV for the (blue trace in
Fig. 4b). The performance of the water formation cell is also
compared with iodide/triiodide (I−/I3

−) redox system and under
a temperature gradient of 55 K, it demonstrated an OCV of nearly
30 mV (orange trace in Fig. 4b). The polarization curve for
ferrocyanide/ferricyanide-based (Fe2+/Fe3+) thermogalvanic
system provides a peak power density of ∼0.15 mW cm−2 at
a peak current density of 6 mA cm−2, blue trace in Fig. 4b and S9,
ESI.† Similarly, the thermogalvanic device based on iodide/
triiodide (I−/I3

−) redox system delivers a peak power density of
∼0.04 mW cm−2 at a peak current density of 2.43 mA cm−2,
orange trace in Fig. 4c and S10, ESI.† A comparison of the thermal
contributions of the studied thermogalvanic devices shows that
the water formation-based galvanic–thermogalvanic device has an
upper hand in interconverting heat to electricity, Fig. 4b. It should
be noted that the performance metrics of the thermogalvanic
devices based on the ferrocyanide/ferricyanide (Fe2+/Fe3+) and the
iodide/triiodide (I−/I3

−) redox system are displayed with a multi-
plication of 50, Fig. 4b and c, for comparative purposes.
Furthermore, the thermal contribution of the water formation
device is obtained from Fig. 3b by subtracting the current density
and power density under non-isothermal conditions (DT = 55 K)
and isothermal conditions (DT = 0). The temperature-insensitive
maximum power density,18,22 which reects the true performance
metrics of a thermogalvanic device, is determined for the studied
thermogalvanic systems, Fig. 4c (Calculation S6, ESI†). For the
water formation cell, the temperature-insensitive maximum
power density was calculated by subtracting the polarization curve
under non-isothermal conditions (DT = 55 K) and isothermal
conditions (DT = 0 K), which corresponds to the area of the
shaded portion in Fig. 3b. This is expected to provide perfor-
mance only due to the temperature gradients. Comparing the
systems, the thermogalvanic device based on the water formation
reaction outperforms the ferrocyanide/ferricyanide and the
iodide-triiodide-based systems, Fig. 4c. The water formation-
based thermogalvanic device exhibits a temperature-insensitive
maximum power density of ∼33.55 mW m−2 K−2, which is
nearly 70 times greater than the better-performing state-of-the-art
ferrocyanide–ferricyanide based thermogalvanic system, Fig. 4c.
The performance of this water formation reaction-based ther-
mogalvanic device is also compared with various thermogalvanic
devices reported in the literature,22,28,30,42–44 which demonstrate
signicance performance enhancement for heat harvesting
through the water formation reaction, Fig, 4d and Table S1, ESI.†
This enhancement in temperature-insensitive maximum power
density and performance metrics is majorly attributed to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
signicantly higher solubility of H+ and OH− dual ions, their
anomalously high ionic conductivities, and the higher entropy
change values associated with the water formation reaction.
Taken together; the water formation reaction-based thermo-
galvanic system holds promise for efficiently interconverting low-
grade heat to electrical driving force via a pH gradient.
Conclusions

Electrochemical heat harvesting through thermogalvanic cells
exploits temperature gradients (DT) to generate electrical energy
based on the Seebeck effect. The water formation reaction in an
electrochemical cell has a positive Seebeck coefficient of nearly
1.30 mV K−1, which creates an opportunity for heat harvesting by
decoupling the direct acid–alkali chemistry. The pH-dependent
hydrogen redox has an inherent asymmetry in their temperature
dependent response that in turn provide amble opportunities for
waste heat recovery. An alkaline hydrogen redox at cold temper-
atures and an acidic hydrogen redox at hot temperatures notice-
ably boost voltage and electrical energy output in a non-
isothermal water formation cell. This thermogalvanic device has
a high temperature-insensitive maximum power output of∼33.55
mWm−2 K−2, which is nearly 70 times higher than state-of-the-art
ferricyanide-based heat harvesting devices, thereby holding
promise for enhanced waste heat recovery. Since the proposed
system is an aqueous thermogalvanic device, sustaining
a temperature gradient, in the long run, is challenging due to heat
dissipation at the membrane junction. In this context, the
development of gel-based electrolytes may serve as a promising
approach for limiting heat dissipation.32
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