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研究成果の概要（和文）：この研究では、温度勾配によって誘導されたナノチャネル内のイオンナノ流体輸送に
基づく熱電変換を実証しています。シリコン(Si)基板と酸化アルミニウム(Al2O3)膜において、2種類の高周期性
と高アスペクト比を持つナノチャネルが作製されました。シリコンナノチャネルは、直径100 nm、高さ300 μm
の寸法で、金属支援化学エッチングプロセス（MACE）によって作製され、一方、直径10 nm、高さ3 μmのナノチ
ャネルは、陽極酸化アルミニウム(AAO)プロセスによりAl2O3;膜に作製されました。さらに、新しい熱ナノ流体
エネルギー収集のアプローチが提案され、実施されました。

研究成果の概要（英文）：This work demonstrates thermal-to-electric energy conversion based on ionic 
nanofluidic transport in nanochannels inducted by a temperature gradient. Two types of highly 
periodic and high aspect ratio nanochannels have been fabricated in a silicon (Si) substrate and in 
an aluminium oxide (Al2O3) membrane. Silicon nanochannels with diameter of 100 nm and height of 300 
μm have been produced by metal-assisted chemical etching process (MACE), while nanochannels with 
the dimensions of the 10 nm and 3 μm respectively, were fabricated in a Al2O3 membrane by the 
anodic aluminum oxidation (AAO) process. Moreover, a novel approach of thermally nanofluidic energy 
harvesting was proposed and conducted. This investigation may open new opportunities for the future 
thermoelectric generators based on ionic transport in nanochannels. 

研究分野： Nanoengineering

キーワード： Nanochannels　Energy harvesting　IoT sensing systems　Thermoelectric generator

  ２版

令和

研究成果の学術的意義や社会的意義
The harvested power in this work could be used as a green energy source to power wireless IoT 
sensing systems. Between 2020 and 2023, I published 15 peer-reviewed journal articles, 1 book 
chapter and result achievement has been presented at over 10 international conferences. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通） 
１．研究開始当初の背景 

 Thermal energy, a renewable resource, can be harvested for human use when temperature variations 

occur over space or time. Despite its abundance, less than a third of thermal energy in the environment is 

currently utilized. Converting thermal energy from sources like industrial waste heat, solar heating, 

ocean thermal energy, geothermal reservoirs, data centers, or even human body heat into electricity 

could provide major sustainable energy sources and help mitigate global warming. Thermoelectric 

generators (TEGs) have been proposed for waste-heat recovery due to their energy efficiency and 

commercial potential. They convert thermal energy into electricity without moving parts, making them 

suitable for IoT sensing applications. Various TEGs have been developed using materials such as 

bismuth telluride, antimony telluride, and carbon black nanoparticles. These solid-state TEGs are used in 

wearable devices, electronic power sources, and IoT sensing devices. However, they face challenges like 

expensive raw materials, toxicity, low Seebeck coefficients, and manufacturing difficulties. Thus, new 

thermoelectric materials with low cost and high performance are needed. 

 Recent research has focused on organic materials, such as carbon nanotubes and polymers, which 

offer advantages like mechanical flexibility, low cost, and low toxicity. However, their performance is 

still limited, with low figures of merit (ZT). In addition to electronic thermoelectric effects, ionic 

Seebeck effects in electrolytes have shown much higher Seebeck coefficients, reaching the mV/K range. 

Ionic thermoelectric materials work via the thermogalvanic effect and the Soret effect, involving 

electrodes and electrolytes to generate power. Enhancing factors such as electrode materials and 

electrolyte properties can significantly improve performance. 

 Here, we report a novel approach to converting low-grade waste heat into electricity using ionic 

nanofluidic transport in nanochannels induced by temperature gradients. This method is simple and 

cost-effective, using non-toxic, inexpensive, and durable ionic electrolytes. Our recent work 

demonstrated a thermoelectric power battery based on Al2O3 nanochannels, but further investigations 

are needed for practical applications. In this work, we propose a thicker nanochannel membrane (300 

µm) to improve mechanical strength. We evaluate the output power and internal resistance dependence 

on electrolyte concentration and compare the system's performance with and without nanochannels. The 

effect of nanochannel materials on power density is also investigated. 

 

２．研究の目的 

    This work aims to demonstrate a prototype module of an electrolyte thermoelectric power 

battery. The proposed structure is not only able to harvest thermal energy to electric energy but also 

to storage the generated energy in a single device proof of concept based on a combination of 

fluidic transport in nanochannels and thermal charging of metal oxide electrode material which is 

induced by a temperature gradient using monovalent KCl electrolyte.   

    The proposed device contains several electrolyte thermoelectric cells connected by Cu wires in series, 

as illustrated in Figs. 1 (a) and (a’). In the single cell (Fig. 1 (b)), it consists of hot and cold reservoirs for 

Potassium Chloride (KCl) electrolyte, electrodes on the hot (Metal oxide (MO) electrode material) and cold 

(Platinum - Pt) sides, and separated by a membrane containing Al2O3 nanochannels.  



 

Figure 1. (a) A prototype module. (a’) Close-up of two cells. (b) Cross-sectional view of one cell. (b’) K+ 

ions will move from the cold side to the hot side owing to hydrophilic nanochannels. (c) High concentration 

K+ ions in hot reservoir. (c’) Redox reaction at electrode material enhanced by temperature.  

Working principle of fluidic transports in nanochannels is based on surface charge (electrical 

double layer or Debye length) and thermo-osmotic flow in nanochannels. At no temperature gradient, by 

using nanochannels with the sizes, at least of the same or smaller than the thickness of the electrical 

double layer to repel the K+ ions thus blocking the flow of K+ ions from cold to the hot reservoirs, but 

still keeping the ion conductivity. When there is a temperature difference between the hot and cold 

reservoirs, the electrical double layer becomes thinner and the thermo-omostic flow in nanochannels as a 

driving force is created which migrate K+ ions from the cold to the hot sides, as shown in Fig. 1 (b’). 

Therefore, the large difference concentration of K+ and Cl- separation in hot and cold reservoirs creates 

the potential. Almost all K+ ions can be stored in the hot reservoir (Fig. 1 (c)). In the hot reservoir, the 

redox reaction occurs on the metal oxide electrode material, as shown in Fig. 1 (c’).  

Temperature-induced electrode material effect generates which enhances the chemisorption of K+ ions. 

Also, thermo-diffusion at material electrode could provide the force for more ions to access deeper into 

electrode materials. Therefore, not only output voltage can be enhanced but also the storage energy 

could be achieved in the single device proof of concept.  

 
３．研究の方法 

In this research we used two low-cost and simple technologies to fabricate high-aspect ratio 

nanochannels. Metal-assisted chemical etching (MACE) was used for the fabricated of silicon 

nanochannels and an anodic aluminum oxidation process was used for the fabrication of Al2O3 

nanochannels.  

The mechanism of MACE involves using hydrofluoric acid (HF) and hydrogen peroxide (H2O2) as the 

etching solution, with a noble metal film or particles as the catalyst. When the noble metals, such as Ag, Au, 

Pt, or Pd, patterned on the silicon substrate are immersed in the etching solution, the oxidant is catalytically 



reduced on the metal surface, generating holes (h+), which form a SiO2 layer around the metal catalyst. This 

layer is then removed by HF in the etchant, allowing the metal catalyst to move into the vacated space and 

continue the etching process to form nanochannels. In previous studies, Ag nanoparticles were formed on 

silicon by the de-wetting method, which achieved nano-sized particles but had low density and required 

high temperatures. Here, MACE was used to fabricate high-density silicon nanochannels. A 4-inch silicon 

wafer, 300 µm thick, was diced into small pieces and cleaned. A negative photoresist layer was applied to 

the backside to prevent etching from that side. The silicon substrate was then immersed in a mixture of HF 

and silver nitrate (AgNO3) to produce Ag nanoparticles via electroless plating. Afterward, it was immersed 

in an etching solution of HF, H2O2, and water. The MACE process took about 90 minutes to form 

nanochannels through the silicon substrate. Post-etching, the photoresist was removed, and the wafer was 

cleaned and baked to form a natural SiO2 film. Cross-sectional and top views of the substrate revealed 

nanochannels with a diameter of around 100 nm and a high aspect ratio. The density of nanochannels 

decreased from top to bottom due to varying Ag nanoparticle sizes. Porosity was controlled by adjusting Ag 

deposition time, with higher deposition times resulting in higher porosity but larger nanochannel diameters. 

The cost for fabricating nanochannels on a 2 x 2 x 0.3 mm³ silicon wafer was approximately $1.00, 

excluding labor costs. 

The anodized aluminum oxide (AAO) process is gaining attention due to its self-ordering porous 

structure with pore diameters ranging from a few hundred nanometers to several micrometers, useful in 

various applications like chemical analysis and biological processes. Anodization, an electrochemical 

method, can be performed in different aqueous electrolytes, each requiring specific potentials. For example, 

phosphoric acid requires 160-195 V, sulfuric acid requires 10-27 V, and oxalic acid requires 30-100 V. In 

this research, a 300 µm-thick silicon substrate was used, with a 300 nm-thick SiO2 film and a 3 µm-thick 

aluminum film deposited on it. The SiO2 layer electrically isolates the silicon substrate from the aluminum 

film during anodization and acts as a stop layer during silicon etching. The substrate was immersed in an 

electrolyte with 0.1 M H2SO4 and anodized at 5 V. Anodization continued until the anodic current dropped 

to nearly 0 mA, indicating complete anodization. To create a freestanding Al2O3 nanochannel membrane, 

the silicon layer was partially etched, leaving some silicon to support the membrane. The SiO2 layer was 

then removed by ion beam milling. Micrographs revealed vertically aligned nanochannels with 10 nm 

diameters and 3 µm lengths. However, these thin membranes are prone to fracturing due to low mechanical 

strength. A thicker 60 µm Al2O3 nanochannel membrane with 100 nm diameter pores, produced by a 

company, offers a more robust alternative. This thicker membrane will be used for energy harvesting 

applications, demonstrating the practicality of this approach for various advanced applications. 

 
４．研究成果 

 This work demonstrates simple fabrication technologies of nanochannels in silicon and Al2O3 

membranes, and also experimental measurements of output power for thermoelectric generator based on 

ionic electrolyte. Nanochannels have been successfully produced in silicon substrate and Al2O3 

membrane by metal-assisted chemical etching and anodic aluminum oxidation processes, respectively. 

The ultra-high aspect ratio structure of silicon nanochannels reached 3000, which may be useful in many 

different fields. Moreover, a novel approach for energy harvesting based on ionic nanofluidic transport 

in nanochannels inducted by a temperature gradient was demonstrated. The ionic Seebeck coefficient of 

the energy harvesting system with silicon nanochannels was 7.3 times larger than without nanochannels. 



In addition, its power density reaches 1.47 mW/m2 which was 13.3 times improvement. The effect of the 

presence and absence of nanochannels in the thermoelectric generator cell has been studied. The 

importance of selecting nanochannel materials was verified. The findings in this work reveal attractive 

points in the fabrication of nanochannels as well as thermally ionic nanofluidic energy harvesting. 

Furthermore, this work could facilitate the development of high-performance ionic nanofluidic 

thermoelectric generator, based on other kinds of ionic electrolyte materials.  

 
 
※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実

施や研究成果の公表等については、国の要請等に基づくものではなく、その研究成果に関する

見解や責任は、研究者個人に帰属されます。 
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