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This study employed a combination of experimental characterization and simulation to investigate the influence of electrolyte
concentration on the electrochemical performance and thermoelectric conversion efficiency of nickel hexachloroferrate (NiHCF)

electrodes.
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ABSTRACT: Thermal regenerative electrochemical cycles (TRECs) represent a highly promising technology for the direct
conversion of low-grade thermal energy (<373 K) into electrical energy. This study investigates the impact of electrolyte
concentration on the electrochemical performance and thermoelectric conversion efficiency of nickel hexacyanoferrate (NiHCF)
electrodes. The findings demonstrate that decreasing the electrolyte concentration not only increases the reaction entropy, but
also reduces the interstitial water content within the NiHCF lattice, thereby amplifying the vibrational energy of the cyanide
ligands. Ultimately, the synergistic effect of these two mechanisms yields an enhanced temperature coefficient (a). Leveraging
the theory of concentration-driven temperature coefficients, a highly efficient TREC Zn—NiHCF flow cell was developed. Notably,
this study represents the first elucidation of how supporting electrolyte concentration influences Prussian blue analogues in
thermal energy recovery applications, offering a critical insight into the viability of TREC systems and establishing new avenues
for optimizing their energy-harvesting capabilities.

KEYWORDS: energy storage, low-grade heat harnessing, redox flow batteries, prussian blue analogues, hydration entropy,

structural vibration entropy

1 Introduction

The depletion of fossil fuels has spurred significant
interest in energy conversion systems capable of harnessing
waste energy to reduce consumption [1-3]. Low-grade
thermal energy is widely available from sources including
solar thermal, geothermal, and industrial waste heat [4-6].
However, its utilization remains challenging owing to low-
grade heat's characteristically small temperature gradients
and dispersed nature [7]. Conventional approaches,
including solid-state thermoelectric generators (TEGs) [8-10]
and organic Rankine cycle (ORC) systems [11, 12], have
demonstrated potential for low-grade thermal energy
harvesting, but their performance is fundamentally
constrained by the limited temperature differences available.

Given these limitations, the isothermal energy-conversion
technology would be more feasible compared with
temperature-gradient-based technologies [13]. The thermal
regenerative electrochemical cycle (TREC) has emerged as a
promising technology for harvesting low-grade thermal
energy by leveraging the temperature dependence of
electrode potentials within an isothermal cycle. By
strategically designing and controlling the system's
temperature coefficient (a). By exploiting the distinct
temperature coefficients of the cathode and anode, TREC
systems can generate an additional voltage difference from a

temperature differential, thereby enabling supplementary
electrical energy output that directly originates from low -
grade thermal energy conversion. [14-17]. As a directly
determines the theoretical voltage response to a
temperature gradient, it is a critical parameter governing the
thermoelectric performance of TRECs.

In a TREC system, the electrochemical temperature
coefficient (@) can be defined as:

a=4E/) =85, (1)

where AE is the voltage difference, AT is the temperature
difference, AS is the entropy change, n is the number of
electrons transferred in the reaction, and F is Faraday’s
constant [18]. For high-performance TREC systems, the
temperature coefficient o is the most critical variable.
Beyond modulating o through adjustments in ionic activity, a
thorough understanding of the factors governing entropy
change is equally essential for the rational design and
development of electrode materials with larger temperature
coefficients. [19, 20]. Prior studies indicate that modulating
AS represents a viable strategy for significantly increasing
the a. For example, Yu et al. developed a TGC using
[Fe(CN)6]3/*-GdmCl aqueous electrolytes, which could
achieve a Seebeck coefficient of -3.73 mV K'! through the
formation and dissolution of thermosensitive crystals [21].
Lee et al, by leveraging the coordination properties of anions
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to modulate entropy changes from desolvation and
reorganization, demonstrated a full-cell temperature
coefficient of -3.04 mV K™! in an aqueous electrochemical
system [22].

Recently, metal organic frameworks (MOFs) are
increasingly applied in electrochemical systems. Their
advantages, including a tunable porous structure, high
specific surface area, and structural controllability, make
them highly suitable for applications such as energy storage
[23-25]. Prussian blue analogues (PBAs), a prominent
subclass of MOFs [26, 27], have been actively investigated
for their capacity to achieve higher a through the
modulation of AS during intercalation reactions [28-32].
Consequently, the design of electrode materials with high «
must prioritize the factors governing A4S, a critical
relationship established in prior studies [33, 34]. However,
when applied to solid-electrode systems, entropy values
reveal more nuanced behavior. The observed temperature
coefficient is governed not only by ion activity but also by
significant entropy contributions emerging from the
electrode/electrolyte interface. These factors include:

AS:ASion+Asphn+Asconf+ASe'+ASother (2)

where ASjon is the ion entropy, ASpn: is the phonon vibration
entropy, AScns is the configuration entropy, 4S. is the
electron entropy, and AS.wer is related to other factors that
affect the electrochemical reaction. A comprehensive
understanding of the distinct entropy contributions is
critical for manipulating the reaction entropy and thereby

maximizing the thermal response of electrochemical systems.

Studies have already shown that a of PBAs can be
significantly enhanced by modulating hydration entropy via
ionic coordination and varying the cationic species in the
electrolyte. Lee et al. demonstrated through electrolyte
testing that chaotropic anions ClO4 induces a higher
thermoelectric potential in PBAs than hydrophilic anions
such as NO3” and SO4+%. And they further showed that, when
the thermoelectric properties of PBAs were measured in
electrolytes containing different cations, larger cation radii
were associated with higher hydration entropy. [22, 28, 35,
36].

Here, to clarify how electrolyte concentration influences
the temperature coefficient of PBAs, the thermoelectric
performance of a representative electrode material, nickel
hexacyanoferrate (NiHCF), in NaCl electrolytes is evaluated
across a range of concentrations. Electrochemical
measurements reveal an inverse proportionality between
the NaCl concentration and the a value of NiHCF. This
relationship is further explained by using a combination of
molecular dynamics (MD) simulations and density functional
theory (DFT). Guided by this theoretical framework, we
construct a TREC cell to convert thermal energy into
electricity by pairing NiHCF cathode (negative temperature
coefficient) and Zn%?* anolyte (positive temperature
coefficient, Fig S1 in the Electronic Supplementary Material
(ESM)). In a TREC system, the theoretical overall a is
governed by the difference between the temperature
coefficients of the cathode and the anode. Consequently, to
maximize the thermal-to-electrical conversion, it is highly
advantageous to pair electrodes with temperature
coefficients of opposite signs. The cell operates through a

four-step thermal cycle comprising heating, charging,
cooling, and discharging (Fig 1(a)). The temperature-
entropy (T-S) curved in Figs 1(b), 1(c) and Fig S2 in the ESM
depict the thermodynamic evolution and the voltage-
temperature relationship of the cathodic and the anodic side
during TREC cycling. In step 1, the cell which is initially in
the discharged state is heated up from T, to Tn at open
circuit. This thermal input increases the entropy of the
NiHCF, an effect pronounced in low-concentration
electrolytes, since that the a associated with this entropy
contribution can be approximated as concentration-driven a.
Given the negative a of NiHCF, the cathode potential
decreases as temperature rises. Consequently, pairing this
cathode with a Zn anode (positive a) causes the full cell’s
open-circuit voltage (OCV) to decrease significantly, as
shown in the potential-capacity (P-C) curve. In step 2, the
cell is charged at low voltage at Ty, and its entropy increases
via endothermic electrochemical reactions. During step 3,
the cell is disconnected and cooled from Ty to Ti, which
increases the TREC system OCV. Finally, the cell discharges
at Ty, returning the system to its initial state to complete the
cycle.

Based on the principle that tuning the concentration-driven
temperature coefficient could enhance low-grade heat
recovery, a full-cell @ of -1.08 mV K is attained. Under a
temperature difference of 30 K, the full-cell’s electrical
efficiency (1) approached 0.71% (equivalent to 7.41% of
Carnot efficiency, nC). This result demonstrates that NiHCF
in a low-concentration NaCl electrolyte is a promising
electrode material for high-efficiency TREC system.

2 Experimental

2.1 Chemicals and Materials Preparation

Nickel nitrate hexahydrate (Ni(NOz)2:6H20), Sodium
ferrocyanide decahydrate (NasFe(CN)e10H20), sodium
chloride (NaCl), and N-methylpyrrolidone (NMP) were
purchased from Aladdin. Zinc chloride (ZnCl;) was
purchased from Sinopharm Chemical Reagent Co., Ltd.
Acetylene black and polyvinylidene fluoride (PVDF) were
purchased from Canrd. All reagents were of analytical grade
and were used without additional purification. 5 mm thick
carbon felt was purchased from Gansu Hao's Carbon Fiber
Co., Ltd. Nafion 115 membranes and 0.3 mm zinc sheets
were purchased from SCI Materials Hub. Pumps were
purchased from Kamoer. Furthermore, all experiments
utilized deionized water (DI water).

2.2 Synthesis of NiHCF Nanoparticle

A quantity of 100 mL of 20 mM Ni(NO3)2:6H20 and 100 mL
of 10 mM NasFe(CN)s-10H,0 were dissolved in deionized
water. A stirring bar was settled in the 250 ml beaker with
the speed of 500 RPM. Then, these two solutions were
dropped at the speed of 1 mL s into the beaker. After aging
for a night, the NiHCF powder was separated from water and
washed by deionized water three times, and washed by
ethanol in a centrifuge to remove the ions on the surface.
Then, the powder of NiHCF was dried in a vacuum oven at
363 K for a night. Finally, the green color NiHCF powder was
synthesized.

2.3 Electrochemical tests
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Cyclic Voltammetry (CV) measurements were performed
using a three-electrode construction composed of a platinum
electrode clip working electrode, a carbon plate counter
electrode, and an Ag/AgCl reference electrode (the «a is
approximately 0.11 mV K1). For CV test of NiHCF, the
working electrode was a carbon paper coated with NiHCF
powder, with carbon black as conducting additive and PVDF
as binder at mass ratio of 7:2:1. Galvanostatic intermittent
titration technique (GITT) was used to determine the
overpotentials during charge and discharge. The GITT
procedure consists of a series of current pulses, each with 2
minutes of galvanostatic charge/discharge, the current
density was set to 0.2 mA cm?, followed by 5 minutes of
relaxation. The electrochemical tests were conducted with
an Autolab electrochemical workstation (CHI660E).

2.4 Characterization of materials
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acquired using a Horiba LabRAM HR Evolution spectrometer
equipped with a 532 nm laser. All samples were analyzed
using the same instrumental parameters. X-ray
photoelectron spectra (XPS) were obtained using a Thermo
Scientific K-Alpha spectrometer with monochromatic Al Ka
radiation (hn % 1486.6 eV).

2.5 Thermal test

The specific heat capacity (Cp) of the electrolyte and the
NiHCF powder was measured using differential scanning
calorimetry (DSC). For each measurement, a 10 pL aliquot of
the electrolyte solution or a 5 mg sample of NiHCF powder
was hermetically sealed in a Tzero pan. Two sample pans
were loaded into the DSC furnace, with an empty Tzero pan
used as the reference. The DSC furnace was equilibrated at
293 K and subsequently heated from 278 K to 343 K at a
constant rate of 5 K min™. The specific heat capacity of the
solutions was calculated based on the heat flow of the
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Figure 1. (a) Schematic of the thermal regenerative electrochemical cycle (TREC), comprising four consecutive steps: heating to the higl
temperature (Ty), charging at Ty, cooling to the low temperature (7.), and discharging at T;. (b) Temperature-entropy (T-S) and (c) potential
capacity (P-C) diagrams illustrating the thermodynamic and electrochemical processes of the cathode during the TREC cycle.

Fourier-transform infrared (FTIR) measurement was carried
out with a PerkinElmer Frontier MIR/FIR system by the
Attenuated Total Reflection (ATR) model. X-ray diffraction
analysis (XRD) measurements were conducted on a Powder
XRD Diffractometer System (DX-2700, China, Cu Ko, 26=10°-
60°). The morphology and structure of the NiHCF
nanoparticle were observed by field emission scanning
electron microscopy (FE-SEM, JSM-7900F) and transmission
electron microscope (JEOL JEM-F200). Raman spectra were

solution and water at different temperatures and the specific
heat capacity of water, as shown in Fig S17 in the ESM. The
moisture content of the NiHCF was determined by
thermogravimetric analysis (TGA). In this analysis, the
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Figure 2. (a) XRD pattern, (b) SEM image and (c) TEM image of NiHCF. CV curves of the NiHCF electrode measured in (c) 1 M, (d) 2 M, and (e) 3 M
NaCl solutions across a temperature range of 293 to 323 K at 1 mV s.. (g) Potential hysteresis and (h) temperature coefficient of the NiHCI
electrode measured in three solutions. (i) Comparison of the NiHCF electrode in solutions of varying concentrations in terms of temperature

coefficient a, specific heat capacity (cp), and Figure of Merit (V).

sample was heated to 473 K at a rate of 1 K min~ under a N,
atmosphere.

2.6 Flow cell Tests

The slurry for the NiHCF electrode was prepared by mixing
70 wt% NiHCF powder, 20 wt% carbon black, and 10 wt%
PVDF binder in NMP solvent. This slurry was drop-cast onto
a carbon cloth substrate and subsequently dried under
vacuum at 373 K for 10 hours. The resulting electrode had a
geometric area of 5 cm? and a NiHCF active material mass
loading of approximately 2 mg cm. In the NiHCF/Zn flow
cell, the active electrode area was 5 cm? Graphite felt
electrodes were used for both the positive and negative
sides. These electrodes were thermally treated at 773 K in
air for 10 hours prior to use. Peristaltic pumps circulated the
catholyte and anolyte at a flow rate of 25 mL min™!. The
catholyte consisted of n M NaCl (n = 1, 2, 3), and the anolyte
was 0.2 M ZnCl, with n M NaCl. A Nafion 115 membrane
(127 pm thick) separated the catholyte and anolyte

compartments. To improve the selective permeability of
Nafion-115 to Na*, Nafion-115 membranes were treated
prior to use. First, the membrane was treated with 5.0%
H:02 under 353 K for 0.5 h and then transferred to 5.0%
H2S04 at 353 K for 0.5 h. Next, 1 M NaOH aqueous solution
was used to change the membranes from H-type (proton
conductive) to Na-type (Na* conductive) under 80 C for 2 h.
After that, the membrane was transferred to 3 M NaCl at
80 C for 2 h to further enhance the conductivity of Na*. The
membrane was rinsed in deionized water for 30 min to wash
away the chemicals after each step. For the cycling stability
test, galvanostatic measurement was performed with an
Arbin battery tester. A chiller (Huber cc 805) was used to
control the temperature of the battery. A thermal imager
was used to monitor the actual temperature of the battery.

2.7 Computational method
In this study, we employed the CP2K software package to
perform first-principles calculations aimed at investigating
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the entropy changes and unit cell deformations associated
with the dehydration of sodium ions as they enter the
Prussian Blue structure. For specific test methods, please
refer to Supplemental Note 2 in the Electronic
Supplementary Material.

3 Result and discussion

NiHCF powder was synthesized using a straightforward
coprecipitation method [37, 38]. The X-ray diffraction (XRD)
pattern (Fig 2(a)) confirms the highly crystalline monoclinic
structure of the synthesized NiHCF (JCPDS card 04-008-
9477) [39]. Scanning and transmission electron microscopy
(SEM and TEM) images reveal that the NiHCF particles are
quasi-spherical, with an average diameter of approximately
50 nm (Fig 2(b, c)). These particles exhibit uniform size
distribution and dense packing. This monodispersity is
attributed to the relatively low precursor concentration used
during synthesis; this condition suppresses the nucleation

(a)
o

o

Na O

Na* intercalate

Em—

o0

growth of the Fe3* signature indicate the oxidation of Fe?* to
Fe3*. In contrast, the Ni 2p spectra remain unchanged across
the charge-discharge process, confirming that Ni%* is
electrochemically inactive, consistent with previous studies
[42,43].

To evaluate the influence of electrolyte concentration on
the a, cyclic voltammetry (CV) is performed on NiHCF
electrodes in NaCl solutions (1, 2, and 3 M) across a range of
temperatures. The CV curves (Figs 2(d-f)) show a positive
shift in equilibrium potential with increasing NaCl
concentration. As evidenced in Fig 2(g), higher electrolyte
concentrations reduce voltage hysteresis due to enhanced
ionic conductivity and mitigated electrode polarization. The
reaction kinetics of NiHCF also show slight improvement at
higher concentrations. However, linear fitting of the
equilibrium potential derived from CV curves (Fig 2(h))
reveals that the temperature coefficient (a) of NiHCF
decreases markedly from -1.06 mV K-! to -0.70 mV K~! with
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Figure 3. (a) Schematic of the dehydration mechanism accompanying the electrochemical intercalation of Na* with varying hydration states int
the NiHCF framework. (b) Raman spectra of OH stretching bands for three different concentrations of NaCl solution. (c) TGA under an inert (N2
atmosphere for NCF-1R, NCF-2R and NCF-3R. (d) MD of the electrochemical intercalation of Na+ with varying hydration states into a NiHCI

framework, and (e) the calculated entropy value.

rate and promotes homogeneous nucleation and uniform
crystallization, ultimately yielding densely clustered
particles [40, 41].

X-ray photoelectron spectroscopy (XPS) is conducted on
the NiHCF electrodes at 100% and 0% states of charge (SOC,
Fig S3 in the ESM) to probe the redox behavior. The
electrodes are fabricated from a slurry containing 70 wt%
NiHCF powder, 20 wt% carbon black, and 10 wt% PVDF in
NMP solvent. At 0% SOC, the Fe species primarily exist in the
Fe?* state, as evidenced by characteristic peaks at 708.3 eV
(2p3/2) and 721.3 eV (2p1/2). Upon charging to 100% SOC,
the attenuation of the Fe?* peaks and the concomitant

increasing electrolyte concentration. Thus, although elevated
concentrations provide a modest kinetic advantage, this
benefit is outweighed by the substantial reduction in the
thermoelectric response. Therefore, low-concentration
electrolytes present a more viable pathway for efficient
thermal energy conversion in TREC systems. To quantify the
thermoelectric performance of the redox couple TREC
system, we employ its Figure of Merit (Y), defined by the
following expression:
Y=Ly 3)

p

where q. is the specific charge capacity of the cathodic or
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anodic redox couple, cp is the specific heat capacity of the
whole system, and Y’ is the Figure of Merit of the redox
couple in electricity-assisted TREC systems [15, 44]. A larger
|Y] indicates better thermoelectric conversion performance.
Fig 2(i) presents a comparison of the temperature coefficient,
specific heat capacity, and Y for NiHCF in both low-
concentration and high-concentration NaCl solutions. The
data reveal that the NiHCF electrode achieves significantly
enhanced thermoelectric performance in the low-
concentration electrolyte, which suggests a larger entropy
change under this condition.

It has been established that the hydration number of Na*
decreases with increasing NaCl electrolyte concentration
[45]. The restricted channel dimensions of the NiHCF
framework necessitate partial desolvation of Na* for
insertion during the reduction process (Fig 3(a)). The
associated change in hydration entropy (4swa) arises from
the disruption of hydrogen-bond networks upon ion
dehydration [22, 46]. This dehydration process increases
molecular freedom, enhancing rotational, vibrational, and
exchange dynamics of water molecules and ions, thereby
generating a high entropy change. Solutions characterized by
higher hydration numbers will exhibit more substantial
entropy changes during dehydration. Consequently, Na* in
low-concentration electrolytes, which maintain higher
hydration numbers, are expected to yield a larger A4Sk upon
dehydration. This hypothesis is corroborated by analyzing
the Raman spectra of aqueous NaCl solutions across a range
of concentrations. The OH stretching vibration band of water
is deconvoluted into three component bands centered at
approximately 3250, 3450, and 3600 cm™, which
correspond to strongly hydrogen-bonded, weakly hydrogen-
bonded, and non-hydrogen-bonded water species,
respectively (Fig S4 in the ESM) [47]. As evidenced in Fig

3(b), increasing NaCl concentration results in a blue-shift of
the spectrum, indicating a significant reduction in the
population of strongly hydrogen-bonded water species. This
spectral evolution suggests that in low concentration NaCl
solutions, water molecules and ions exhibit enhanced
rotational, vibrational, and exchange freedom. This
increased molecular mobility facilitates the release of water
molecules during desolvation, thereby generating larger
entropy changes.

The influence of electrolyte concentration on « is further
investigated for both its oxidized and reduced states of
NiHCF. Samples eletrochemically oxidized or reduced in
NaCl solutions of different concentrations (x = 1, 2, or 3 M)
are denoted as NCF-xO or NCF-xR, where “0” and “R” stand
for the oxidized and reduced states, respectively. To assess
how Na* intercalation affects the internal water
environment, thermogravimetric analysis (TGA) is
performed on electrochemical reduced (Na-intercalated)
NiHCF samples (NCF-1R to NCF-3R) (Fig 3(c)). At lower
temperatures, the mass-loss profiles showed noticeable
difference, which is attributable to distinct distributions of
water molecules within the host structure. Once the samples
are heated above 423 K, where both surface-adsorbed and
interstitial water are removed, the curves converged [48].
The final weight losses recorded at 473 K for NCF-1R to NCF-
3R are 17.54%, 17.60%, and 17.64%.

FTIR spectra of the reduced samples (NCF-1R to NCF-3R)
exhibit no notable shifts as electrolyte concentration
increases (Fig S5 in the ESM), indicating that the reduction
process in electrolytes of varying concentration does not
substantially alter the internal water environment of the
PBA lattice. To further elucidate the effect of concentration,
DFT is employed to investigate Na* insertion
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thermodynamics under varying electrolyte concentrations
and temperature gradients (Fig 3(d)). The simulation
results reveal that, regardless of electrolyte concentration,
Na* universally undergoes varying degrees of desolvation
during framework insertion. And the insertion of Na* into
NiHCF in low-concentration electrolytes yields a consistently
larger AS across all tested temperatures (Fig 3(e)), thereby
corroborating the proposed concentration-dependent ion-
framework interaction mechanism.

Here, TGA analysis of NiHCF following complete Na*
removal (specifically, NCF-10, NCF-20, and NCF-30)
consistently revealed a progressive increase in residual
moisture content with rising NaCl electrolyte concentration,
despite the overall magnitude of variation remaining
relatively small. The sample NCF-10 exhibits a smaller
overall weight loss of 14.01%, compared to 14.41% and
14.61% for the other samples, suggesting that a larger
proportion of moisture is co-removed during the Na*
extraction process (Fig 4(a)). This phenomenon may be
attributed to a spontaneous association between
intercalated Na* and interstitial water molecules within the
NiHCF framework. During Na* desorption, these weakly
bound water molecules are co-desorbed. Conversely, at
higher Na* concentrations, Na* ions with more stable
solvation structures can slightly shield water molecules [49],

system comprising a NiHCF host structure and solvated Na*
is constructed. Molecular dynamics simulations of Na*
deintercalation from NiHCF at varying concentrations of
NaCl yielded water co-desorption rates of 234 nmol/s (low
concentration) and 169 nmol/s (high concentration).

Figure 4(b) presents the Raman spectra of NCF-10 to NCF-
30. The data indicate that as the NaCl concentration
increases, the E; peak intensity rises while the A4 intensity
decreases. Consequently, the Aiy/E; peak intensity ratio
exhibits a gradual decrease (Fig 4(c)). Structural vibration
entropy is considered a key variable parameter that
significantly influences the PBA temperature coefficient,
with its value being markedly affected by the internal
moisture content of PBAs. The mechanism involves
interstitial water molecules surrounding transition metal
ions, which amplifies the influence of coordinated water.
This effect alters the stretching vibrations of cyanide ligands,
specifically the E; and A;; modes. Lower water content
increases the covalent character of the Fe-C bonds, which
enhances the overall symmetry of the PBA structure. This
higher symmetry induces intense A;y vibrational modes. The
energy of these A;; modes exceeds that of the E; modes
(activated by water), resulting in a net change in the phonon
vibrational entropy, which is closely related to structural
vibration.[50] This trend suggests that at lower NaCl
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Figure 5. (a) Setup of the NiHCF/Zn%?2* full cell. (b) GITT profile of a flow cell consisting of NiHCF as cathode, 1 M NaCl as catholyte, Zn metal as
anode, 0.2 M ZnClz/1 M NaCl as anolyte during one TREC cycle at 283 K and 313 K. The current density was 0.2 mA cm™2 (¢) Comparison of
temperature coefficients for full cells utilizing three different electrolyte concentrations. (e) The voltage plot of the above flow cell versus the
specific capacity of the cathode. (e) Comparison of temperature coefficients, polarization, and thermoelectric efficiency in NiHCF/Zn TREC flow

cell at different NaCl electrolyte concentrations.
thereby inhibiting their co-desorption, reserving the
interstitial water in the PBA. Consequently, NiHCF retains
moisture more effectively at elevated NaCl concentrations.
To validate this theory, we conduct MD simulations to model
sodium ion dehydration (Figs S6, S7 in the ESM). A model

concentrations, Na* desorption promotes a transition to a
higher-symmetry state in NiHCF, a change that is correlated
with a reduction in internal water content. Figure 4(d)
illustrates the FTIR spectra for samples NCF-10 to NCF-30.
Here, the cyanide stretching peaks for Fe(Il) (2097 cm™) and
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Fe(Ill) (2173 cm™) display systematic redshifts. This shift
indicates a corresponding decrease in CN bond strength,
revealing an inverse relationship between bond strength and
NaCl concentration. As the Ti, vibration mode is not directly
associated with the covalent character of the framework, the
observed spectral shift is likely attributable to a higher CN
bond energy in samples with desorbed Na* ions at lower
concentrations [51]. This enhanced CN bond energy suggests
an increase in the local symmetry of the NiHCF framework at
low Na* concentrations. To verify the above findings, we
calculated the integrated Crystal Orbital Hamilton
Population (ICOHP) values to examine how variations in
trace water content influence the bonding characteristics of
the Ni-N and Fe-C bonds in the vicinity of NiHCF vacancies
(see Note S2 in the ESM for further information). As shown
in Figure S8, under conditions of slightly reduced water
content, the average -ICOHP value of the Fe-C bonds
decreased, while that of the Ni-N bonds increased in the
region surrounding the vacancy. Specifically, the covalency
of the Fe-C bonds is weakened, whereas that of the Ni-N
bonds is enhanced. This gives rise to a more uniform
distribution of bond strengths [36], which in turn drives the
vibrational modes to shift toward the A;; mode.
Consequently, the system exhibits a higher structural
vibrational entropy, further corroborating the
aforementioned conclusions.

The lattice volume of NiHCF exhibits a strong positive
correlation with its internal water content. Figure 4(e)
demonstrates the lattice dilation of the NiHCF framework
resulting from increased water content. The theoretical
lattice volume of NiHCF versus its hydration degree is
determined using DFT. As shown in Fig 4(f), the escape of
water molecules from highly hydrated NiHCF induces a
greater volumetric change, which corresponds to a larger
entropy change (Figs S6, S7 in the ESM). Consequently, this
pronounced volumetric change underlies the material's
enhanced temperature coefficient at lower NaCl
concentration electrolyte. It is consistent with the trend of
lattice parameter measurements from ex-situ XRD analysis of
NCF-10 to NCF-30 (Fig S9 in the ESM). Collectively, these
results demonstrate that elevated electrolyte concentrations
suppress the escape of water from the NiHCF framework, the
water content within the NiHCF remains elevated following
the reaction. Based solely on the temperature coefficient,
NiHCF demonstrates superior thermoelectric conversion
performance in low-concentration electrolytes.

A complete TREC flow cell with a negative temperature
coefficient is fabricated (Fig 5(a)) to verify the feasibility of
thermal energy conversion. The system consists of a Zn
anode and a NiHCF cathode (0.1 g NiHCF on carbon cloth)
separated by a Nafion 115 membrane. The anolyte is 0.2 M
ZnCl; and n M NaCl (n=1, 2, 3), while the catholyte is simply
n M NaCl. The system demonstrates stable operation and
sustains extended cycling at room temperature (Fig S10 in
the ESM).

The galvanostatic intermittent titration technique (GITT)
is employed to determine the overpotentials during charge
and discharge. Figure 5(b) depicts the cell voltage as a
function of time during a single thermal cycle. The
temperature first increases from 298 K to 313 K. Owing to

the system's negative temperature coefficient, the open-
circuit voltage (OCV) consequently decreases. Subsequently,
the cell is charged galvanostatically at 0.2 mA cm™ (step 2),
during which [Fe(CN)e¢]* is fully oxidized to [Fe(CN)e]3".
Following charging, the temperature is reduced to 283 K
(step 3), resulting in an OCV increase of 14.5 mV. Finally, the
cell is discharged galvanostatically until its voltage returns
to the initial value measured at the beginning of step 1 (step
4).

Figure S11 in the ESM presents the IR-corrected cell
voltage as a function of the SOC, demonstrating that the
discharge voltage at 283 K is markedly higher than the
charge voltage at 313 K. And the calculated temperature
coefficient of the full cell in a 1 M NaCl solution is
approximately —1.08 mV K. The temperature coefficient of
the full cell is also measured across a range of
concentrations (Figs S12, S13 in the ESM). As illustrated in
Fig 5(c), the coefficient decreases markedly with increasing
electrolyte concentration, the measured full-cell
temperature coefficients in 2 M and 3 M NaCl solutions are
merely -0.72 mV K and -0.41 mV K, respectively.

Although higher concentrations enhance electrolyte
conductivity, thereby marginally reducing full-cell
polarization, the associated precipitous drop in the

temperature coefficient ultimately inhibits the effective
conversion of thermal energy into electrical energy (Fig S14
in the ESM). Therefore, optimal performance of the TREC
system is best achieved by operating at low current densities
within a low-concentration electrolyte solution.

In principle, a larger temperature differential promotes a
greater voltage divergence between the charge and
discharge curves, which enlarges the area enclosed by the
hysteresis loop and thus enhances the net energy output.
However, at elevated temperatures, parasitic side reactions
cause the observed charging capacity to fall substantially
below the theoretically predicted value, and the subsequent
discharge capacity is substantially lower than the preceding
charge capacity, yielding a reduced Coulombic efficiency for
the thermal cycle. Consequently, a temperature range of
283-313 K is chosen to accommodate both cell operation
and thermoelectric conversion. Figure 5(d) illustrates the
practical operation of the TREC, wherein low-grade heat is
harvested through a cycle of charging at 313 K and
discharging at 283 K at a current density of 1 mA cm,
thereby converting thermal energy into electrical energy.

Previous analyses indicate that electrolyte concentration
has a comparatively minor influence on electrochemical
hysteresis during isothermal charge-discharge cycles (Fig
S15 in the ESM). However, its effect on the temperature
coefficient is more substantial, becoming the dominant
factor under large thermal gradients. Consequently, the
temperature coefficient’s influence on system performance
is greatest at lower concentrations. At elevated
concentrations (2 M and 3 M), the low temperature
coefficient is insufficient to overcome the significant ohmic
polarization, thereby precluding efficient thermal energy
conversion. At a 1 M NaCl concentration, the NiHCF
electrode yields a net output of 2.91 ] g'! over the full SOC
range (0-100%), and the TREC system achieved an absolute
thermal energy conversion efficiency of 0.71% without heat
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recuperation, which corresponds to a relative efficiency of
7.41% of the Carnot efficient (Note S1).

Fig 5(e) compares the full-cell temperature coefficient (o),
electrochemical polarization, and the thermoelectric
efficiency for the NiHCF/Zn flow cells at three electrolyte
concentrations. Since polarization is dominated by the ion
permeability of the separator, its value remains similar
across all three concentrations. Consequently, the 1 M cell,
with its significantly higher temperature coefficient, is the
only configuration that achieves effective thermoelectric
conversion. Furthermore, the system demonstrates stable
cycling capacity, indicating that the influence of electrolyte
concentration on the entropy change of NiHCF is both
reversible and persistent, rather than a transient effect (Fig
S16 in the ESM). While the NiHCF cathode demonstrates a
favorable thermal response and a high temperature
coefficient, it experiences a certain degree of capacity decay.
We attribute this to localized structural degradation from
lattice distortions and active material shedding under flow-
cell conditions. Furthermore, system efficiency and power
density can be improved by mitigating zinc side reactions
and utilizing advanced membranes with low polarization.
Consequently, the NiHCF/Zn TREC system exhibits
significant potential for low-grade thermal energy
harvesting compared to other thermoelectric systems (Fig
S18 in the ESM), particularly at low electrolyte
concentrations.

4 Conclusion

In summary, this work demonstrates that electrolyte
concentration is a decisive parameter governing the
thermoelectric  conversion performance of NiHCF.
Comprehensive characterization reveals that electrolyte
concentration not only increases the reaction entropy but
also modulates the hydration state of intercalating cations
and the water content within the NiHCF framework. To
elucidate the mechanism through which electrolyte
concentration drives the temperature coefficient of NiHCF,
combined MD and DFT simulations are employed to model
the electrochemical environment across a range of
temperatures and concentrations, enabling  the
quantification of changes in lattice parameters and entropy.
To verify the practical effect of this concentration-driven
temperature coefficient on TREC performance, flow cells
incorporating NiHCF cathode and Zn anode are constructed
and evaluated using electrolytes of different concentrations.
When at a lower concentration, the system achieves an
absolute thermal energy conversion efficiency of 0.71%,
corresponding to 7.41% of the Carnot efficiency, under an
applied AT of 30 K. However, at a high electrolyte

concentration, efficient thermoelectric conversion is
hindered. = Therefore, optimizing  the electrolyte
concentration enhances the electrode's temperature

coefficient, thereby improving low-grade heat harvesting.
This work underscores the critical role of electrolyte
concentration in amplifying the thermoelectric potential of
electrode materials to achieve efficient TREC systems. These
findings provide a valuable foundation for the future
development of TREC systems.

Electronic Supplementary Material: Supplementary
material (structural characterization, simulation calculations,
electrochemical testing of the control group).
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Figure S1. Cyclic Voltammetry (CV) curves of 0.2 M ZnClz/1M NaCl at different temperatures.
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Figure S2. (a) Temperature-entropy (T-S) diagram and (b) potential-capacity (P-C) diagram of the TREC cycle for anodic side.
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Figure S3. Ex-situ X-ray photoelectron spectra (XPS) spectra of (a) Fe 2p, and (b) Ni 2p of the NiHCF electrode at different states

of charge (SOC).
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Figure S6. (a-f) Molecular dynamics (MD) simulation snapshot of Na* deintercalation from NiHCF framework into high concentration

NaCl solution. (Co-desorption rate: 169 nmol/s)

Low-concentration NaCl solution

°

"
(@ ——% (c)'«d{:‘fd)'"'
o o e WO ¥
g i '\'i ! E o
.&, O . b 4?-‘V
1{"’:1 3.0 Y e
ey P top 0
o vy 3 ¥
b, & LSl ,«f‘

R b5,
0@-?—0-9 -0 0 v—?—oc ﬂ'—ﬁg"\ah—‘v 0
c- d ‘L G\ .c -] i § F ‘f. o o 3 ; )
w;*e_%_oo o oo w—n—@-%-&&--oq oo @0 P

-] Q ‘?, 9 9 9 i “‘_ ]

.

% et 19
O °

s T
¥ o ¥
ow—l—‘b o{;(-iAc

co-desorption rates = 234 nmol/s

Figure S7. (a-f) MD simulation snapshot of Na* deintercalation from NiHCF framework into low concentration NaCl solution.

(Co-desorption rate: 234 nmol/s)

)

Nano Res.



Nano Res.

(a) low water content high water content

8 bonding 8+ bonding NCF-10 () ° 7 ]
anti- bonding| anti- bonding| &
- g
4 al NCF-30 M— e
g T P SR SRR DU
=3 &
g (e)
8 4 = 4t
low water | high water
q content content
8 s
Ni-N* 2.310278 2.3091929
12 | a2 . . . Fe-C* 3.1626933 | 3.4294515
-100 0 100 -100 0 100
-pCOHP -pCOHP

(Unit: eV (-ICOHP value))

Figure S8. (a) Structural model of NiHCF with different water contents. Projected Crystal Orbital Hamilton Population (-
pCOHP) diagrams of NiHCF with (b) low and (c) high water content. The Fermi level is set to 0 eV. (d) Schematic illustration o
the effect of water molecules on the bond covalency of Ni—N and Fe—C bonds. (e) Effect of water content on the bonc
covalency of NiHCF (-ICOHP, eV). The average -ICOHP values of Ni—N and Fe—C bonds under two conditions are presentec

for comparison.

(b)

NCF-10 NCF-20
Chi 5.074 Chi 5.100

o
o
~—

Intensity (a.u.)
Intensity (a.u.)

ok

L 1 1 L 1 L L 1 L 1 1 L

10 20 30 40 S50 60 70 80 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)
(c)
NCF-30
Chi 5.10

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)
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Figure S12. (a) Galvanostatic intermittent titration technique (GITT) profile of a flow cell consisting of NiHCF as cathode, 2 M NaCl as
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and 313 K. (b) OCV-SOC plot of the cell after IR correction during one TREC cycle.
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NOTE S1 Efficiency calculation of the TREC

The absolute thermoelectric conversion efficiency of this TREC flow cell (assuming the coulombic efficiency of the system is 100%) is
n= Wrre Wrre S1
On+Onx  THlacenlgc+epAT(1-npx)

Where Wrre (TTE means “thermal-to-electrical”) is the work generated by harnessing low-grade heat in one TREC cycle. Qg is the heat
absorbed at high temperature (7#), Quyx is the external energy required to heat up the system. AT is the temperature difference between Ty
and T;. ¢, is the specific heat capacity of the system. g. is the theoretical total charge of the redox couple. |ocn | is the temperature
coefficient of the full cell. #uyx is the efficiency of the heat recuperation system, which is the ratio of the thermal energy recuperated by the
heat recuperation system and the whole thermal energy rejected in the cooling process. Note that the efficiency reported here is an intrinsic
cell-level metric used to evaluate thermodynamic performance, and it intentionally excludes auxiliary energy losses such as pumping power
(about 1 W). A comprehensive system-level efficiency evaluation for practical applications would necessarily need to incorporate these
pumping and balance-of-plant energy consumptions. [4, 5]

In this work, 1M NaCl is the catholyte and NiHCF is cathode, while 0.2 M ZnCl»/1 NaCl is used as the anolyte and Zn metal is anode.
The measured density of the catholyte and anolyte is 1.1 and 1.12 g/mL, and specific capacity of catholyte, cathode, anolyte and Zn plate is
3.89, 1.09, 3.83 and 0.39 J/(g K), respectively. Based on the theoretical voltage profile of the NIHCF/Zn based TREC cell during TREC in
Fig Se. The utilized capacity is 37.2 mAh/g, corresponding to 37.2 mAh for 1 g NiHCF. The volume of the required anolyte is 3.47 mL,
then the required catholyte (1M NaCl) is 2.78 mL.

CP =mcaﬂwlyt(’CPcatholyte +mcathad"cpcathode +ma”01ytecpanolyte + ma’Wd(’cPanor[e
=2.78%1.1*3.89 + 1*1.09 + 3.47*1.12*3.83+0.35*0.39
=28.01 J/K

WTTE:ATlacelllqc

=30%*0.00108*0.0372*3600

=4.347]
QH=TH|acell|qc

=313*0.00108*0.0372*3600

=45.271]

4.34

———=0.49%
45.27+28.01x30

So without heat recuperation, #=

The Carnot efficiency is 176,=%=9.58%

The relative efficiency is 17,=g'—:z=5.12%

Note: The NiHCF mass of 1 g was used only as a normalization basis for the efficiency calculation. This value does not represent the actual
cathode mass used in a single experimental cell.

NOTE S2 Computational Method

In this study, we employed the CP2K software package to perform first-principles calculations aimed at investigating the entropy
changes and unit cell deformations associated with the dehydration of sodium ions as they enter the Prussian Blue structure. The
calculations were rooted in the framework of density functional theory (DFT), utilizing the PBE functional to handle electron
exchange and correlation effects. This functional has demonstrated both good accuracy and reliability in studies involving
transition metal complexes and ion transport phenomena. A plane-wave basis set with an energy cutoff of 400 Ry was employed
to ensure an adequate description of the electron density.

The Brillouin zone integration was carried out using the I'-point sampling method, which is well-suited for the periodic system
sizes under investigation. The interactions between ionic cores and valence electrons were effectively described using the
Goedecker-Teter-Hutter (GTH) pseudopotentials. All calculations were performed under periodic boundary conditions to mimic
an infinitely extended crystalline environment. During the geometry optimization process, both atomic positions and unit cell
parameters were fully relaxed until the Hellmann-Feynman forces converged to less than 0.0004 Hartree/Bohr.

To simulate the dehydration process of sodium ions, a model system was constructed that included both the Prussian Blue host
structure and solvated sodium ions. By progressively constraining the distances between the sodium ions and the surrounding
water molecules, umbrella sampling in conjunction with the weighted histogram analysis method (WHAM) was employed to
compute the free energy changes associated with the entry of sodium ions from an aqueous solution into the Prussian Blue lattice.
Particular attention was given to the entropic contributions during this process. The unit cell deformations were analyzed by
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comparing the lattice parameters and volume changes before and after the incorporation of sodium ions. Unless otherwise
specified, all computational parameters adhered to the default settings of the CP2K software to ensure the reproducibility and
comparability of the results.

And for ICOPH simulation, all the calculations are performed in the framework of the density functional theory with the
projector augmented plane-wave method, as implemented in the Vienna ab initio simulation package[6]. The generalzied
gradient approximation proposed by Perdew, Burke, and Ernzerhof is selected for the exchange-correlation potential [7]. The cut-
off energy for plane wave is set to 600 eV. The energy criterion is set to 10—7 eV in iterative solution of the Kohn-Sham equation.
The spin polarizations are applied to elements due to the magnetic nature of Ni and Fe. For bulk calculations, Brillouin-zone
integrations were carried out using a Monkhorst-Pack k-point mesh, while a reduced k-point grid was 2*2*2. All the structures
are relaxed until the residual forces on the atoms have declined to less than 0.01 eV/A.

The bonding information was derived from the electronic wavefunctions using a I'-centered 3 x 3 x 3 k-point grid. The
LOBSTER (Local Orbitals Basis Suite Toward Electronic—Structure Reconstruction) code was used to calculate the Crystal
Orbital Hamilton Population, which allowed for evaluating the contributions of electrons to individual bonds [8-10].

NOTE S3 Temperature coefficient tests

Cyclic voltammetry (CV) was employed to determine the temperature coefficients of NiHCF and the Zn/Zn?>" redox couple. All
measurements were conducted using a three-electrode configuration, comprising a platinum mesh electrode as the working
electrode, a carbon plate as the counter electrode, and an Ag/AgCl electrode as the reference. For NiHCF characterization, the
working electrode was prepared by coating carbon paper with a slurry of NiHCF powder, conductive carbon black, and PVDF
binder at a mass ratio of 7:2:1.

To evaluate the temperature coefficient of the TREC system, the overpotential during charge and discharge was quantified via
the galvanostatic intermittent titration technique (GITT). The GITT protocol consisted of repeated current pulses, each involving
2 min of constant-current charge or discharge followed by a 5 min open-circuit relaxation period, thereby allowing the cell to
reach a quasi-equilibrium potential unaffected by resistive (IR) drop contributions.

The slight deviation between the measured and theoretically derived o may originate from non-ideal full-cell effects.
Specifically, the CV-derived half-cell temperature coefficient characterizes NiHCF only at a specific SOC and thus primarily
serves to illustrate the overall trend across different electrolyte concentrations. In contrast, the full-cell temperature coefficient
represents an average over all SOCs and may therefore be lower than that obtained from half-cell measurements.
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