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Inversely polarized
thermo-electrochemical power
generation via the reaction

of an organic redox couple

on aTiO,/Ti mesh electrode

Hiroto Eguchi?, Takashi Kobayashi?, Teppei Yamada?3", David S. Rivera Rocabado®,
Takayoshi Ishimoto**" & Miho Yamauchi®/67"

We demonstrate thermo-electrochemical (TEC) conversion using a biocompatible redox couple

of lactic acid and pyruvic acid on earth-abundant TiO,. The TEC cell exhibited a positive Seebeck
coefficient of 1.40 mV K. DFT calculations figured out that the adsorption of intermediate species
and protons on TiO, controls both the redox reaction and current polarity.

The thermoelectric conversion is a powerful tool to upgrade widely distributed low-grade heat energies, which
are characterized by temperatures lower than 200 °C, such as waste heat, geothermal source, and solar heat, into
electricity'. In the past, solid-state materials have been applied for the thermoelectric conversion, e.g., inorganic
materials?, polymer matters®, and organic-inorganic hybrid materials*. Recently, thermo-electrochemical (TEC)
cells, which produce electric power using the temperature differences of an electrochemical cell containing a
redox couple, have attracted considerable attention due to their high Seebeck coefficient (S,) in the relatively
low-temperature region. Electric potential is generated via the redox reaction described as:

A+ne” — B (1)
with a S, value expressed by**

_AV Sg — Sa

= )

Se = ——
AT nF

where V is the electric potential, T is temperature, S, and Sy are the partial molar entropies of A and B, n is the
number of electrons involved in the reaction, and F is the Faraday constant. High S, values in the order of mV
K™ are achievable due to the large temperature dependence of equilibrium potentials for the reaction involving
a multielectron redox reaction. Ferri/ferrocyanide (Fe(CN)¢*"/Fe(CN),*"), which has a S, value of — 1.4 mV K™ is
one of the typical redox couples’. Moreover, various redox couples were investigated, e. g., iodide/triiodide(I7/1;7)?
and cobalt(II/I1I) tris(bipyridyl) (Co*/** (bpy)s)° redox couple. The reported S, value are listed in Table S1. Due
to the increasing demand for the thermoelectric conversion, TEC cells with inexpensive and abundant materials
are required. Until now, organic redox couples such as quinone/hydroquinone (quinhydrone)'® and acetone/
isopropanol!! have been applied to TEC applications and large negative S, values in organic redox couples system

!Department of Chemistry, Graduate School of Science, Kyushu University, Motooka 744, Nishi-ku,
Fukuoka 819-0395, Japan. Division of Applied Chemistry, Graduate School of Engineering, Kyushu University,
Motooka 744, Nishi-ku, Fukuoka 819-0395, Japan. *Center for Molecular Systems, Kyushu University, Motooka
744, Nishi-ku, Fukuoka 819-0395, Japan. “Graduate School of Nanobioscience, Yokohama City University, Seto
22-2, Kanazawa-ku, Yokohama 236-0027, Japan. *Smart Innovation Program, Graduate School of Advanced
Science and Engineering, Hiroshima University, Kagamiyama 1-4-1, Higashi-Hiroshima, Hiroshima 739-8527,
Japan. SInternational Institute for Carbon-Neutral Energy Research (WPI-I2CNER), Kyushu University, Motooka
744, Nishi-ku, Fukuoka 819-0395, Japan. 7Advanced Institute for Materials Research (WPI-AIMR), Tohoku
University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan. ““email: teppei@chem.s.u-tokyo.ac.jp; tishimo@
hiroshima-u.ac.jp; yamauchi@i2cner.kyushu-u.ac.jp

Scientific Reports |

(2021) 11:13929 | https://doi.org/10.1038/541598-021-93269-7 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-93269-7&domain=pdf

www.nature.com/scientificreports/

HO

Reduction Oxidation

Figure 1. A scheme of thermo-electrochemical (TEC) cell using pyruvic acid and lactic acid as a redox couple
and TiO,/Ti mesh electrodes. Oxidation (or reduction) reaction proceeds at the cold (or hot) side.
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Figure 2. Difference in the open-circuit potential (AV - V;) and temperature difference (AT) of the TEC cell
using TiO,/Ti mesh electrodes (red) and Pt wire electrodes (black). Vj is the initial open-circuit potential
differences, as shown in Table S2. The initial concentration of pyruvic acid, lactic acid, and sodium sulfate were
20, 20 and 50 mM, respectively. Seebeck coefficients were calculated by the least-square fitting of a dotted line.

were obtained, e.g. —0.63 to—9.9 mV K1.!%!! However, the carcinogenicity of quinhydrone or air sensitivity of
isopropanol are drawbacks of these systems.

Considering the high efficiency of TEC cells in the low-temperature range, e.g., systemic temperatures, TEC
conversion using body heat is a promising application'?. In this regard, high biocompatible redox couples are
needed, although few works for biocompatible couples have been performed. Herein, we focus on the TEC
conversion using an organic redox couple composed of pyruvic acid and lactic acid. These compounds are
ingredients in the metabolic system and intrinsically non-toxic. Recently, we have reported that a-keto acids are
electrochemically reduced into corresponding a-hydroxyl acids on TiO, electrocatalyst with high efficiency'*-°.
In this report, we demonstrate TEC conversion employing a biocompatible redox couple of pyruvic acid and lactic
acid, with the support of TiO, catalysts grown on a Ti mesh electrode (TiO,/Ti mesh electrode)'>~** as shown in
Fig. 1. TEC cells were generally composed of expensive materials such as carbon nanotubes® and platinum.?!
Utilization of earth-abundant materials such as TiO, will accelerate the application of TEC cells.

Results and discussion

The TiO,/Ti mesh electrode was prepared according to our previous report'®. The XRD pattern shown in Fig. S1
represents that anatase type TiO, is contained in the electrode. The red plot in Fig. 2 and Fig. S2 show a differ-
ence in open-circuit potential (AV - V,) plotted to the temperature difference between two electrodes (AT) in
the TEC cell, where V,, is the initial open-circuit potential difference at AT=0. AV -V, was calculated using the
difference in the potential between two electrodes (Fig. S3). The larger AT resulted in the larger AV-V,, which
ensures conversion from heat energy to electrical power. We estimated the S, value by the least square analysis
of AV -V, varying with AT (dashed line in Fig. 2) to be 1.40 mV K1, which is a positive S, value. In contrast
to the TEC conversion as shown in Fig. S4(a), the proportional relationship between AV -V and AT was not
observed without pyruvic acid and lactic acid as indicated in Fig. S4(b). The deviation in the experiments without
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Figure 3. Vibrational entropies of the isolated and adsorbed pyruvic and lactic acid molecules. The green and
blue paths correspond to the entropies without and with solvent effects, respectively.

the organic acids reflects the instability of the redox potential with the very low concentration of the redox mol-
ecules. The black plot in Fig. 2 displays AV -V, plotted to AT of a TEC cell consisting of platinum electrodes. We
observed a proportional relationship between AV -V, and AT and determined the S, to be 0.67 mV K™!, which
is less than one half of the S, value for the cell using TiO,/Ti mesh electrode, indicating catalytic natures of TiO,
give positive effects on the TEC conversion.

Equation (2) represents that the electric potential change on electrodes resulting from the temperature dif-
ference is ascribed to entropy change in a common redox reaction. The redox reaction involving pyruvic acid
and lactic acid is described as the following equation.

CH3;COCOOH + 2H" + 2~ = CH3C(OH)HCOOH 3)

Equation (3) suggests that the entropy decreases along with the progress of the reduction of pyruvic acid. The
standard Gibbs energies of formation for pyruvic acid and lactic acid are —351.18 and — 314.49 k] mol™%, and
standard enthalpies of formation for pyruvic acid and lactic acid are — 596.84 and — 687.88 k] mol ', respectively?.
From these thermodynamic parameters, the S, value for the TEC system employing the redox reaction between
pyruvic acid and lactic acid was estimated to be —2.20 mV K. This negative S, leads to the progress of oxida-
tion (or reduction) reaction at the hot (or cold) side, which is in contrast to the positive S, value obtained in
this system. Consequently, oxidation of lactic acid (or pyruvic acid reduction) proceeds at the cold (or hot) side
in our TEC system. Previously, we recognized that the TEC cell with Pt electrodes resulted in the different S,
values from that with TiO,/Ti electrodes, which suggests that the reaction mechanism depends on the materials
used for the electrodes.

To investigate the reaction mechanism that shows the positive S, value in this TEC system, density functional
theory (DFT) calculations with solvent effect were performed and the reaction energy change between lactic
acid and pyruvic acid on the TiO, surface was investigated. As a reaction field of pyruvic acid, the TiO,(001)
surface (Fig. S5) with two adsorbed H atoms is assumed. The thermodynamically stable interaction of two H
atoms with two of the Ti0,(001) surface twofold coordinated O (O,.) atoms leads to the formation of two OHs,
as shown in Fig. S6a. Then the pyruvic acid reduction reaction is studied on the TiO,(001) surface with the pre-
adsorbed H atoms as an initial state. The most stable interaction of the pyruvic acid molecule on the protonated
Ti0,(001) surface is the molecule with each of its uncoordinatedly saturated O atoms interacting with two
surface Ti atoms closest to the already formed OHs. The relative energy of the adsorption of pyruvic acid on the
protonated TiO, is—0.816 eV. The reaction pathway of the pyruvic acid adsorption and its reduction to lactic
acid by the sequential association of H atoms from the protonated TiO,(001) surface is shown in Fig. S7. The
first H association leading to the formation of CH;COHCOOH is an exothermic process with relative energy
of —0.846 eV. The association of the remaining H atom on the surface to the CH;COHCOOH leads to lactic
acid formation. Compared to the first association, the second association is an endothermic process; the relative
energy corresponding to the lactic acid formation is —0.180 eV. The energy changes during the reaction were
larger when the solvent effect is not considered, as shown in Fig. S7. Figure 3 shows the vibrational entropies
of the isolated and adsorbed substrate molecules with and without solvent effects. The calculated vibrational
entropies of the isolated pyruvic (0.608 meV K™) and lactic (0.620 meV K™!) acids are larger than the values of
the adsorbed molecules, 0.442 meV K™! for the pyruvic acid and 0.519 meV K™ for the lactic acid. The entropy
difference between isolated and adsorbed molecules is just a reflection of the conversion of free translational/
rotational/vibrational degrees of freedom into bound motions*. Based on these theoretical results, the positive
relative energy, 0.636 eV, the oxidation of lactic acid is more energetically feasible than the pyruvic acid reduction.

Scientific Reports |

(2021) 11:13929 | https://doi.org/10.1038/s41598-021-93269-7 nature portfolio



www.nature.com/scientificreports/

(@) (b)

80 6
® pH205 14+
o pH224 ° .
pH2.57
pH3.61 12 P ]
60 - pH 4.21 g 14
® pH8.85 10k g
s °l z ]
£ ° = 8| 0. &
=40 ° & 128
3 £ 6 - &F
< L4 S =
20} ® 4 r =
e & o v do3
° e 2 e—>|
°
ole ¢ e o o, ° 0 '
1 1 1 1 1 1 1 1 1 1 _
0 5 10 15 20 25 30 -1.0 -0.5 0.0
AT (K) Current density (mA m2)

Figure 4. (a) pH dependence of AV -V, and AT of the TEC cell. V, is the initial open-circuit potential
difference, as shown in Table S2. The initial concentration of pyruvic acid, lactic acid, and sodium sulfate was
20, 20, and 50 mM, respectively. (b) Current output and the corresponding power output. The temperature
difference was 10 K. (cold side at 291 K, hot side at 301 K). Dotted curves are inserted as an eye guide.

On the other hand, the vibrational entropy difference, 0.077 meV K1, between the adsorbed pyruvic and lactic
acids was obviously positive, although isolated molecules are almost the same. Based on the vibrational entropy
difference, the calculated S, can be approximated to a value of 0.038 mV K. The positive S, value was obtained
from the DFT calculations as well as from the experimental results. This result indicates that the existence of
TiO, plays an essential part in showing a positive S, sign. Additionally, one of the roles of the TiO, surface is the
H donor/acceptor during the oxidation/reduction reactions. However, the large difference between the experi-
mental and calculated S, values remains. Although we found the importance of the solvent effect during the
reaction. A reason for the discrepancy between theoretical and experimental results is that the solvent is treated
as a structureless continuum with certain dielectric and interfacial properties.?* In an explicit solvent model, the
molecules can contribute over 90% of atoms in a simulated system, as a result, the number of interacting particles
and the number of degrees of freedom of a system, and hence the entropy in the implicit models are significantly
reduced.”® Moreover, leaving out the explicit description of the solvent comes at the cost of lacking hydrogen
bonds with solvent, overstabilized salt bridges, and hydrogen bonds within the solute, etc?>?. Other sources of
discrepancy can be due to the homogeneity of the slab model considered in this work compared to the hetero-
geneity of the nanoparticles as the reaction might occur at ridge, vertex, or different facets. In the same line, the
surface roughness, such as defects, is unclear for TiO, catalyst in our experiment. The presence of pre-adsorbed
species, i.e., the coverage effect, also affects the change in entropy; for the carbolac-ethyl chloride system, at the
start of the adsorption, there is an increase in entropy as the molecules are adsorbed in a disorderly array. In our
calculation, we also found that when using TiO, surface without H adsorption, the calculated S, value between
adsorbed pyruvic and lactic acids is smaller, 0.027 mV K. Then, as the surface becomes covered by a monolayer
and the molecules are very orderly arranged, the entropy decreases. Finally, in the region of multilayer adsorption,
there is a small entropy decrease that approaches zero. These three regions have been observed for the entropy
changes in a variety of adsorption systems?.

Figure 4a represents the pH-dependence of AV - V. The slope of the lines increases with a decrease in pH
values. At low pH conditions, a large number of protons interact with the TiO, surface and pyruvic acid mol-
ecules are associated with the protonated TiO, surface, according to the reaction pathway proposed in the DFT
study (Fig. 3). In contrast, in the high pH region, the number of adsorbed protons possibly decreases and the H
associations, which are illustrated in Fig. 3, hardly occur, resulting in a low S, value. Thus, we conclude that the
S. value relates to the interaction between substrate molecules and the protonated TiO, surface.

The output power was evaluated from the I-V curve. Figure 4b reveals a relationship between current density
(or power density) and the cell potential. AT between the electrodes was kept to be 10 K. A linear relationship
was observed between the cell voltage and the current. The obtained power density was 5 uW m™2 in the TEC cell
and smaller than the reported values for the other TEC cells'% To clarify the reason for the small power density,
cell resistance was measured. The resistance of the cell was 0.015 MQ, which is smaller than that estimated from
the I-V plot (0.40 MQ). Then, we attribute the small power density to the large resistance resulting from a high
barrier for the transformation of redox species in our TEC cell and concentration polarization due to the smaller
generation rate of pyruvic acid than that of lactic acid. Therefore, a large power density is probably achievable
by optimizing electrolyte and cell design.

To evaluate the long-term stability, we continuously monitored current density and power density for 24 h,
as shown in Fig S8. The power density gradually decreased for the first 2 h and then the constant value was
maintained. The small power density is due to the slow oxidation reaction compared to that in cathodic side,
according to the cyclic voltammogram shown in Figs. S9 and S10. The large power density will be maintained
by the enhancement of the oxidation reaction.

The versatility of the redox species was also investigated. Fig. S11 shows the AV -V, and AT between two
electrodes in the TEC cell employing oxalic acid and glycolic acid as the redox couples. The AV -V} increased
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as the AT increased. Therefore, this result opens the perspective that various a-keto acids might be utilized as a
redox couple for the TiO,/Ti mesh electrode.

Conclusions

In summary, we first demonstrate the TEC conversion using a biocompatible organic redox couple, i.e., pyruvic
and lactic acids, and the TiO,/Ti mesh electrode with 1.40 mV K™ of a positive S, value. The DFT calculation
revealed that the positive S, value is ascribed to the difference in stability between lactic acid and pyruvic acid,
which are adsorbed on the protonated TiO, surface. Furthermore, the TiO, surface acting as a proton donor
(or acceptor) plays a critical role in determining the polarity of the generated potential. This result indicates
that the interaction between redox species and electrode surface is considerably important in redox-based TEC
conversion systems. Our findings suggest that favorable energy conversions will be achievable by designing redox
couples and the electrode surface.

Experimental

Materials. Lactic acid, pyruvic acid, and glycolic acid were purchased from Tokyo Chemical Industry Co.,
Ltd. (TCI). Oxalic acid and sodium sulfate, anhydrous were purchased from Kishida Chemical Co., Ltd. Ti
meshes (100 mesh) were provided by Manabe Industry Co., Ltd. All chemicals were used without purification.

Preparation of electrode. TiO,/Ti meshes were prepared by two-step hydrothermal reactions that we
reported previously'. 1 M NaOH solution was transferred to a 50 mL Teflon-lined stainless steel autoclave.
Then titanium meshes (2 x 2.5 cm?) were placed at Teflon-lined stainless steel autoclave. The hydrothermal treat-
ment was conducted at 220 °C for 12 h. After the reaction, the autoclave was cooled to room temperature and
the obtained titanate mesh was immersed in 0.1 M HCI solution for 10 min. Then, titanate mesh rinsed with
deionized water. The deionized water was transferred to a 50 mL Teflon-lined stainless steel autoclave and titan-
ate meshes were placed at Teflon-lined stainless steel autoclave. The hydrothermal treatment was conducted at
200 °C for 24 h. After the reaction, the autoclave was cooled to room temperature and the obtained TiO, meshes
were rinsed with deionized water.

Characterization of electrode. X-ray diffraction (XRD) pattern was measured using Rigaku SmartLab
diffractometer equipped with a Cu-Ka X-ray source (1=1.5418 A).

Measurement for the open-circuit potential of TEC cells. A typical method of measurement for
open-circuit potential is described below. As an electrolyte, lactic acid (20 mM), pyruvic acid (20 mM) were
introduced into an H-shaped glass cell (Fig. S12 and sodium sulfate (50 mM) was added as a supporting electro-
lyte. The temperature of each branch was controlled by using a water bath. The solution was stirred by a magnetic
stir bar. Two TiO,/Ti mesh electrodes were separately soaked into the cell as shown in Fig. S12. The open-circuit
voltage was measured as the potential difference between the two electrodes by Keithley 2401 source meter. The
pH value of the solution was adjusted by introducing the aqueous solution of NaOH and/or sulfuric acid. The
TiO,/Ti mesh electrodes used for the measurement were put into pure water overnight with connected with the
chips and wire before use.

Evaluation of long term stability. The long term stability was evaluated using an H-shaped glass cell. As
an electrolyte, lactic acid (20 mM), pyruvic acid (20 mM), and sodium sulfate (50 mM) were introduced into the
cell. The temperature of each branch was controlled by using a water bath. The hot side was kept at 306 K and the
cold side was kept at 296 K. Two TiO,/Ti mesh electrodes were separately soaked into the cell, and the voltage of
8 mV was applied by the VersaSTAT 3 potentiostat (Princeton Applied Research).

Cyclic voltammetry (CV) measurement. Cyclic voltammetry measurement was conducted using Ver-
saSTAT 3 potentiostat (Princeton Applied Research) and a Teflon-caped glass cell. As an aqueous electrolyte,
lactic acid (20 mM), pyruvic acid (20 mM), and sodium sulfate (50 mM) were introduced into the cell. TiO,/Ti
mesh, Ag/AgCl, and coiled Pt wire were soaked into the glass cell and used as working, reference, and counter

electrodes, respectively. The current was recorded under a swept potential at a scan rate of 10 mV s

Computational details.  All calculations performed in this study are based on the plane wave DFT method
implemented in the Vienna Ab initio Simulation Package (VASP 5.4.4)%-%°. Perdew — Burke — Ernzerhof para-
metrization under the generalized gradient approximation was employed as an exchange-correlation functional
together with the projector augmented wave method?'. Spin-polarized calculations were performed throughout
the study with a plane wave cutoff energy of 500 eV. The convergence criteria for all calculations were set until
the difference in total forces between two ionic steps was less than 0.02 eV/ A, and 1073 eV/atom for the self-con-
sistent field iterations. In this work, to correctly estimate the electronic properties of the Ti atoms, the GGA +U
approximation with Hubbard parameter for Ti of 3.0 eV was selected, as it showed to fit the redox properties
of TiO,.** The optimization of the bulk TiO, anatase phase was performed with 15x 15x 6 Monkhorst — Pack
k-point mesh for the Brillouin zone integration where all the atoms and the crystal volume were allowed to
relax. After the optimization, the calculated lattice parameters of bulk TiO, (a=b=3.882 A, and ¢=9.663 A),
and the length of the Ti—O apical bond (d=2.008 A) are in good agreement with the experimental values
(a=b=3.782 A, ¢=9.502 A, and d=1.979 A)*. Subsequently, the nine layers TiO,(001) slab containing a total
of 108 atoms was modeled. The TiO,(001) surface was selected as it was suggested that the shape of the anatase
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nanocrystallites is a truncated bipyramid exposing the (101) and (001) surfaces®. The slab was optimized with
3x3x 1 Monkhorst—Pack k-point mesh. To avoid dipole — dipole interaction between the sides of the slab, the
coordinates of the atoms in the middle three layers of the slab were kept frozen while the coordinates of the
atoms in the three top layers for both sides of the slab were fully relaxed. The vacuum was set to span a range of
15 A to ensure no significant interaction between the slabs, as shown in Fig. S5. To incorporate the effect of the
presence of solvent, the self-consistent implicit solvation model incorporated in the VASPsol 2.0 software pack-
age was employed*>*®. The dielectric constant of water was set to 75.70, which corresponds to the experimental
dielectric constant at a temperature of 303 K.*”**The H atoms binding energy, Ep;,g, was defined as:

Epind = Estab+1 — [Estab + 2EH atom] (4)

where Egap+H> Eslab, and Eg qrom are the total energies of the H atoms interacting with the TiO,(001) surface,
the pristine TiO,(001) surface, and the isolated H atom, respectively. The two H atoms interaction leading to the
formation of two OHs on the TiO,(001) surface is thermodynamically favored with a binding energy of - 5.89 eV,
and -5.86 eV when the solvent effect is considered. The pyruvic acid adsorption, E,4,, energy was calculated as
follows:

Eads = slab+H+pyruvic — [Esiab+H + Epyruvic] (5)

where Egapt H4pyruvies a0d Epyruvic are the total energies of the pyruvic acid molecule interacting with the pro-
tonated Ti0,(001) surface, and the isolated pyruvic acid molecule, respectively. The adsorption energy of the
pyruvic acid on the protonated TiO,(001) surface is—1.33 eV and —0.82 eV if the solvent effect is considered.
The relative energy, E,j, of the intermediates formed was calculated as follows:

Erei = Eint — [Eslab+H+pymvic] (6)

where Ej,;, corresponds to the total energies of the reaction intermediates after the H atom association occurred.
In all cases, a negative value of the binding, adsorption, and relative energies denotes a stable interaction. To
assess the trend in stability change of the overall chemical reaction, the intermediate states were calculated
without the transition state search.
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