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Yatsuzukac, Nobuo Kimizukab, Hongyao Zhoua

The Seebeck coefficient of a thermo-electrochemical cell consisting 
of vanadium complexes reaches −3.2 mV K−1 in water and −3.8 mV 
K−1 in a mixed solvent. The solvation entropy of the proton achieves 
the high Se. The ZT and electrochemical cooling effect outperform 
that of the benchmark electrolyte, [Fe(CN)6]3−/4−. 

Energy harvesting technology is one of the most significant 
issues for our sustainable future society because the effective 
use of primary energy can reduce CO2 emissions. For waste-heat 
harvesting, thermo-electrochemical cells (TECs) are an 
alternative to semiconductor thermoelectrics.1–3 TECs are liquid 
thermoelectric conversion devices. Thanks to recent 
developments in electrolytes4, electrodes5–7, redox species4,8–17, 
redox systems18,19, and thermoresponsive phenomena20–24, a 
drastic improvement in the thermoelectric conversion 
efficiency has been made. In addition, the integration with the 
flow system18,19 paves the way for their practical application. 
Hexacyanoferrate (II/III) ([Fe(CN)6]3−/4−) shares a dominant role 
as a redox couple used in TECs.8,9,11 They have small ionic radii 
and high charge states, increasing the hydration entropies. The 
redox reaction of [Fe(CN)6]3−/4− significantly changes the 
hydration entropy and results in the high Seebeck coefficient 
(Se) of −1.4 mV K−1. The high solubility of [Fe(CN)6]3−/4− ions also 
leads to the high carrier concentration, ionic conductivity, and 
high figure-of-merit (ZT) of the TECs. Recently, the addition of 
chaotropic reagents was reported to induce a drastic increase 
in Se.7

For the further development of TECs, a persistent search for 
novel redox species is necessary. Recently, the proton-coupled 
electron transfer (PCET) reaction of ruthenium complexes was 
reported to show a high Seebeck coefficient.25 PCET reaction is 
an electron-exchange reaction associated with adding or 
eliminating protons. The large solvation entropy of the proton, 
which is strongly coordinated by water molecules, provides an 

arguably high Seebeck coefficient of 3.7 mV K−1. However, these 
compounds are unsuitable for practical application due to the 
high cost of the ruthenium complexes. Moreover, the solubility 
of these complexes is extremely low (approx. 1 mM in the 
mixture of water and acetonitrile), which results in low carrier 
concentration, low carrier conductivity and low ZT value.

As an alternative redox pair that undergoes the PCET 
reaction, we focused on a vanadium aqua complex (Fig. 1). The 
vanadium aqua complex can be prepared by simple mixing of 
tetravalent (V4+) and pentavalent vanadium (V5+) salts. These 
vanadium complexes are widely used for redox-flow 
batteries26,27 because of their high solubility and stability. 
Furthermore, the Pourbaix diagram of the vanadium complex 
(Fig. 2a) shows that the 1-electron-3-protons PCET reaction 
takes place in a pH range from 3 to 4 (Eq. 1).

[VO(H2O)3]2+ ⇄ [VO(OH)3]0 + e− + 3H+ (Eq. 1)
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Figure 1. Schematic illustration of a TEC consisting of an aqueous electrolyte of V4+/5+ that 
shows the 1e−/3H+ PCET reaction at pH 3–4. The temperature difference between the 
two electrodes of TEC promotes an entropy-increasing reaction on the hot side, and an 
entropy-decreasing reaction on the cold side, respectively. Reduction of the V5+ aqua 
complex causes protonation of the vanadium complex, which is promoted at the cold 
side electrode. The reverse reaction associated with the deprotonation of the complex 
occurs on the hot side.a.Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo 7-3-

1, Bunkyo-ku, Tokyo 113-0033, Japan.
b.Department of Chemistry and Biochemistry, Graduate School of Engineering, 
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Figure 2. (a) Pourbaix diagram of vanadium aqua complex highlighting the two types of redox reactions of V4+ species (VO2+) with V5+ species: i) with VO2
+ at pH < 3; ii) with VO(OH)3 

at pH 3–4 (b) Plot of open-circuit voltage (ΔVoc) and the temperature difference (ΔT) of a TEC containing 100 mM of V4+/5+ ions in 3 M NaHSO4 buffer at pH 3.2. The pH dependence 
of (c) Seebeck coefficient (Se) and ionic conductivity (σ) and (d) σSe

2 of the vanadium aqua TEC. The phase diagram is modified from the one reported in the literature28.

According to the results and discussion of the previous 
report25, the 1-electron-3-proton (1e−/3H+) provides tripled 
entropy change for the proton solvation per elemental charge, 
and thus high Se is expected. Despite such a simple structure, 
there is no report on TECs using the vanadium aqua complex. In 
this manuscript, we report that the vanadium aqua TEC shows 
a high Seebeck coefficient due to the large change in entropy of 
the PCET reaction and high ionic conductivity (σ) because of the 
high carrier concentration. The estimated ZT value of the 
vanadium aqua TEC surpasses that of [Fe(CN)6]3−/4−, showing 
that the vanadium aqua complex is a promising material that 
could replace the benchmark redox pair used for TEC.

The redox equilibrium of the vanadium complexes was 
prepared by mixing vanadium oxide sulfate (VOSO4) and 
vanadium oxide (V2O5) in an aqueous 3 M sodium hydrogen 
sulfate (NaHSO4) buffer solution. The pH of the solution was 
adjusted by the addition of NaOH. The solution was filled in a 
custom-made H-shaped glass tube, and the two compartments 

were immersed in cold or hot water baths, respectively, and the 
temperature difference (ΔT ) was recorded (Fig. S2). Two 
platinum wires were inserted into each cell compartment, and 
the potential difference between the wires was measured by a 
source meter. The cell's open-circuit voltage (ΔVoc) increased 
with the increasing temperature difference between the two 
electrodes (Fig. 2b). The Se of the TEC was evaluated from the 
slope of the fitting line as −3.2 mV K−1, comparable to the PCET 
redox pair of the ruthenium complex.25

The elimination of three protons from the vanadium 
complex is associated with one electron oxidation in the 
reaction (Eq. 1). In fact, the protons were captured by the base 
in the buffer solution, and sulfate is protonated and becomes 
hydrogen sulfate:

 (Eq. 2)H + +SO2 ―
4 ⇌HSO ―

4

The above equation can be rewritten as: 
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 (Eq. 3)[VO(H2O)3]2 + +3SO2 ―
4 ⇌[VO(OH)3] + e ― +3HSO ―

4

The divalent SO4
2− anion shows stronger solvation with 

water compared to the monovalent HSO4
−. Thus, the oxidation 

reaction is more entropically-favorable and is promoted at a 
higher temperature. The oxidation reaction at the hot electrode 
should result in negative ΔVoc values, which agrees with the 
experimental observation. The entropy change associated with 
Eq. 2 is 111.7 J mol−1 K−1,29 corresponding to Se of −1.2 mV K−1 
per elimination of one proton. Because Eq. 3 is the 1e−/3H+ PCET 
process, the tripled value (i.e., −3.6 mV K−1) is expected and 
agrees with the experimental result (−3.2 mV K−1).

The pH dependency of the Se was investigated by varying the 
pH of the electrolyte. As shown in Fig. 2c, the Se gradually 
increases with increasing pH from ca. −1 to ca. −2 mV K−1 up to 
approximately pH 3. According to the Pourbaix diagram of 
vanadium (Fig. 2a), 1e−/2H+ type PCET reaction is dominant in 
the lower pH region, as shown in Eq 4. 

 (Eq. 4)[VO(H2O)]2 + ⇌[VO2] + e ― +2H +

The smaller number of protons is associated with the 
reaction at that pH region, which results in a small Se value. The 
Se increased drastically to a maximum of −3.2 mV K−1 above pH 
3, where the 1e−/3H+ type PCET reaction takes place. 

We previously reported that mixing of acetonitrile into the 
aqueous buffer solution increases Se of the ruthenium PCET 
system.25 A similar experiment was conducted using a mixture 
of water and acetonitrile solvents to compare the effect of the 
solvent on the Se. The acetonitrile concentration varied from 0% 
(i.e. pure water) to 50% and 67%. The concentration of redox 
species was readjusted for each solution due to the change in 
solubility. For all the mixing ratios, a drastic increase of the Se 
was observed from pH 2 to around pH 3 (Fig. S1, Supporting 
Information, SI). The increment of Se became more pronounced 
with the higher concentration of acetonitrile. The maximum Se 
of −3.8 mV K−1 was observed at acetonitrile concentration of  
67%. This solvent dependence of Se is comparable to that of the 
ruthenium TEC. These results indicate that the Se of PCET 
reactions is strongly influenced by the solvent. Moreover, the 
solvation entropy is generally greater for smaller ionic radii of 
the redox ions, and structurally simple and small ligands such as 
water or ammonia can yield higher Se than large organic ligands. 
However, our results show that the increment of Se is 
comparable between the ruthenium complex with organic 
ligand and the vanadium aqua complexes. Therefore, the 
enhancement of Se by PCET reaction is a versatile strategy 
regardless of the types of ligands.

The dimensionless figure of merit, ZT value, is regarded as 
the performance indicator and determined by the Se, σ, and 
thermal conductivity (κ): 

 (Eq. 5)𝑍𝑇 =
𝜎𝑆2

𝑒𝑇
𝜅

The σ of the TECs depends on the conductivity of both the 
oxidant and the reductant. The total conductivity was evaluated 
by the simple two-probe method as ca. 100 mS cm−1 at pH 3.2 
(Fig. 2d). This high conductivity is nearly two orders of 

magnitude higher than that in the previous report with the 
ruthenium complex. This high conductivity reflects the increase 
in the concentration of redox species. The current–voltage (I–V) 
curve shows that the maximum power is ca. 180 nW (Fig. 3a), 
which is more than ten times higher than the previous result 
obtained with the ruthenium complex in the same setup, 
indicating that the improved ionic conductivity results in higher 
power output. The κ was evaluated as 0.62 W m−1 K−1, agreeing 
with the value of common aqueous solutions. The ZT value is 
estimated as 4.7 × 10−1, which is 25 times greater than the 
previously obtained result with the ruthenium complexes. 
Moreover, it is 2.5 times higher than the ZT of [Fe(CN)6]3−/4− 
(Table S1, SI). When we compare the parameters, the 
concentration of redox species in the conventional 
[Fe(CN)6]3−/4− TEC is higher than that in the vanadium aqua TEC, 
resulting in a conductivity twice that of the vanadium system. 
On the other hand, the Se of the [Fe(CN)6]3−/4− TEC is less than 
half of the value of vanadium aqua TEC. Therefore, the overall 
value of ZT and the power output of the vanadium system is 
more than twice that of [Fe(CN)6]3−/4− because the ZT value is 
proportional to the square of Se. This result suggests that the 
vanadium TEC could be considered as a novel benchmark of 
TECs. It is to note that the vanadium TEC has a limit in the 
applicable pH region. A mild acidic condition is necessary for a 
1e−/3H+ type PCET reaction. The applicable pH range of the 
vanadium TEC is different from the conventional [Fe(CN)6]3−/4− 
TEC, which can decompose and release toxic hydrogen cyanide 
gas under acidic conditions. Therefore, these two TECs find 
application in different pH ranges where they can make use of 
their respective characteristics.

The electrochemical Peltier effect is the reverse process of 
the TEC, where electrode temperature changes by applying 
constant external current.30,31 The aqueous V4+/5+ electrolyte 
was adjusted to pH 2.8 because of the better stability of the 
solution, compared to the same electrolyte at pH 3.2, in which 
a small amount of precipitation was observed after a few hours. 
The temperature of the platinum electrode was reduced by −10 
mK after 40 seconds of application of 1 mA cm−2 (Fig. 3b). This 
cooling effect was comparable to or even slightly greater than 
the benchmark [Fe(CN)6]3−/4− redox pair, showing that the 
aqueous V4+/5+ solution is a promising electrolyte for the 
electrochemical refrigeration.
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Figure 3. (a) Current–voltage (top) and power–voltage (bottom) plots of 1e−/3H+ PCET 
reaction of vanadium aqua TEC. ΔT was maintained at c.a. 10 K. (b) Electrochemical 
Peltier cooling of aqueous V4+/5+ redox pair (50 mM, pH 2.8). A constant current of ±1 mA 
cm−2 was applied with the current direction switched every 40 seconds, and the ΔT of 
the electrode after 500 cycles was averaged. The result of [Fe(CN)6]3−/4− redox pair (400 
mM) is supplied for comparison.

In summary, we investigated the thermoelectric conversion 
performance of TEC consisting of a vanadium aqua complex. 
The vanadium aqua TEC shows a high Se of −3.2 mV K−1 in water 
and −3.8 mV K−1 in a mixture of acetonitrile and water. The Se is 
dependent on pH, indicating that the 1e−/3H+ type PCET 
reaction plays an important role. In contrast to the previous TEC 
system using the ruthenium complexes, the vanadium aqua 
complex exhibits higher solubility in water, resulting in arguably 
high ionic conductivity. As a result, the ZT value of this vanadium 
system exceeds that of the [Fe(CN)6]3−/4− system in terms of the 
physical parameters of the electrolyte (i.e., the combination of 
Se, σ, and κ). With regards to the recent drastic improvement in 
the output power of [Fe(CN)6]3−/4− system achieved by using 
high-surface-area electrodes5, such a significant improvement 
in power is also expected in the present system. The double ZT 
value compared to [Fe(CN)6]3−/4− is expected to be a critical step 
toward the practical application of TECs.
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