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In brief

The charge selectivity of a nanopore for

ion transport also causes local cooling

analogous to the Peltier cooling effect

found in semiconductors. The authors

present the theoretical framework and

experimental observations of Peltier

cooling in a nanopore. The temperature of

a nanopore can be increased or

decreased by the electric field-driven ion

flow depending on the ionic strength

conditions. The heating/cooling transition

occurred when the Dukhin length became

longer than the nanopore diameter,

where the charge-selectivity dominates

the counter-cation conduction.
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THEBIGGERPICTURE Thermodynamics at the nanoscale can be very different frommacroscopic systems
because certain heating/cooling effects can play a much larger role. We report on observations of Peltier
cooling in a nanopore analogous to that observed in semiconductors. We discovered that the temperature
of the nanopore can be adjusted either up or downby using an electric field to drive the flowof ions, depend-
ing on the concentration of the ions present. The transition between heating and cooling happens when the
Dukhin length becomes greater than the diameter of the nanopore. This change indicates that the counter-
cation conduction at the pore wall plays a significant role in the local cooling of the nanopore. The findings
have implications for a wide range of systems, from designing the thermal management of nanofluidic os-
motic power generators, to understanding the temperature regulation mechanism in ion channels of living
cells.
SUMMARY
Permselectivity is a fundamental property of ion channels that enables one-way flow of specific cations or
anions through cell membranes. Although energy dissipation phenomena in these ion channels involving
thermoelectricity have been thoroughly investigated, heat transport for these channels at the nanoscale re-
mains relatively unexplored. Here we report on nanofluidic thermoelectric cooling via the Peltier effect driven
by charge-selective ion transport. We discovered that, when the ion concentration was high, the local tem-
perature increased with the input electrical power via non-selective ion flow-mediated heat dissipation. In
contrast, the nanopore temperature decreased with increasing transmembrane voltage in low-salinity water,
where the negative surface charges at the channel wall rendered cation selectivity to allow heat pumping via
the counter-ion flux. This ionic refrigeration may be used for thermal management in nanofluidic devices and
shows insights into temperature regulation mechanisms within ion channels of live cells.
INTRODUCTION

Electrically driven ion flow in an isothermal nanopore involves

collisions with water molecules that induce local heating analo-

gous to Joule heating by electron conduction in a solid-state

matter.1–4 While the ionic heat dissipates through the aqueous

media by convection and conduction, ions themselves also

carry heat as they move along the electric field.5,6 The associ-

ated heat transport is predicted as isotropic in macroscopic

channels due to the equal contributions of cations and anions

flowing in opposite directions under transmembrane voltage.

In contrast, the fluidic channel becomes permselective as its

diameter reaches a lower limit.7,8 For instance, biological pores

in transmembrane proteins are capable of gating the transport
Device 1, 100188, Dec
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of specific ions via the ingenious molecular mechanism.9,10

Solid-state nanopores can implement charge-selectivity by ex-

ploiting the electrostatic repulsions at the wall surface charges

to admit only cations or anions to pass through the nano-

confined space.7,11 The resulting ion flow generates electric po-

tential difference under a temperature gradient,12 allowing

various functions such as thermosensation in living organisms13

and thermoelectric energy conversions for blue energy harvest-

ing.14 There may also be a way to reverse engineer the phenom-

enon of ionic heat pump to enable nanopore refrigeration (i.e.,

Peltier cooling using ion-selective transport),15 which can be

used for thermal management at the nanoscale. Such a function

can be used to control heat dissipation in nanoporous mem-

brane osmotic power generators and integrated iontronic
ember 22, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Measurements of local ionic en-

ergy dissipation at nanopores

(A) Schematic of the measurement configuration.

The ionic current Iion through the nanopore in

electrolyte buffers wasmeasured under the applied

transmembrane voltage Vb. The voltage Vt at the

embedded nanowire thermocouple was monitored

to evaluate the influence of the ion transport on the

local temperature.

(B) SEM image of a thermocouple-embedded

nanopore. The Au and Pt nanowires formed a point

contact near the 50-nm-sized nanopore, which

served as a thermocouple. The nanowires were

coated with a thin SiO2 layer to avoid cross-talk

with Vb.

(C) The ionic current versus transmembrane

voltage characteristics of the nanopore in 1.37 M

NaCl.

(D) The thermovoltage at the thermocouple.

(E) The nanopore temperature Tpore deduced from

Vt in (D). The linear increase in Tpore with the input

electric power Peff = IionVb indicates nanopore

temperature increase by ionic Joule heating.
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circuits, where ionic heating from higher ion flux density poses a

technological bottleneck.

RESULTS

Experimental set up of the thermocouple-embedded
nanopore
We created a junction of Au and Pt nanowires in the form of a

thermocouple to address the thermoelectricity-mediated energy

transport in an ion-carrying nanopore with a 50-nm diameter in a

dielectric membrane of 50-nm thickness (Figures 1A and 1B).

The ionic current (Iion) through the pore and the thermovoltage

(Vt) at the thermocouple were simultaneously measured under

ramps of the transmembrane voltage (Vb) in PBS containing

NaCl (salt) at various concentrations (pH is 7.4 unless stated

otherwise) (Figures S1 and S2). When the salt concentrations

on both the cis (ccis) and trans (ctrans) sides of the pore were

the same at 1.37 M (Figure 1C), the Iion – Vb characteristics

were linear with the ionic conductance Gpore of 213 nS fairly

agreeing with theMaxwell-Hall’s expression16Gpore = s(1/dpore +

4Lmem/pdpore
2)�1 within 4%,where s = 10S/m is the conductivity

of the electrolyte buffer, dpore (=50 nm) is the pore diameter, and

Lmem (= 50 nm) is the thickness of the membrane. This result in-

dicates diffusive transport of ions under negligible influence of

the negative surface charges at the pore wall due to screening

of the electrostatic potential in the high-ionic-strength solution

(Debye length lDebye is 0.26 nm at 1.37 M NaCl).17 Because the

electromigration of ions involves energy dissipation as they

collide with water molecules, the associated Joule heating raises

the local temperature Tpore at the nanopore,1–4 which is sensed
2 Device 1, 100188, December 22, 2023
by the thermocouple as a rise in Vt

(Figure 1D) (calibrated to change with

Tpore as Vt = 1.7 3 10�7 Tpore).
4 Under

such a condition, the nanopore is a simple

resistive heater with its temperature
increasing linearly with the input electric power Pin = IionVb at

the same rates under different voltage directions (Figure S3)

signifying the steady-state energy flow under the balance

between the ionic heating and the associated heat transfer by

ions and water convection (Figure 1E).18,19

Observed ionic refrigeration in ion-selective nanopores
Asymmetry can be induced in the ionic current characteristics by

a salinity difference across the membrane (Figure 2).20 Reducing

the salt concentration at the cis, Iion showed rectifying behaviors

under negative Vb, which is attributed to two distinct mecha-

nisms: electroosmosis-driven ion concentration modulations21

and cation-selective transport in the synthetic nanopore with

negative charges at the wall surface22 (shown in Figures 2A

and 2D, where the ionic current is plotted as a function of the

effective voltage Veff = Vb – Vele, where Vele is the redox potential

at the electrodes under the salinity conditions tested23). The

electroosmosis-driven ion concentration modulations arise

from the electroosmotic flow at the negatively charged wall24

that pumps the saline water into the pore, varying the local olu-

teion conductivity in a Vb-dependent manner.21 Meanwhile, the

cation-selective transport stems from the charge selectivity of

the nanopore due to the electrostatic repulsion of anions by

the surface charge of the membrane that brings higher or lower

flows of cations depending on the polarity of the voltage.22 These

two distinct mechanisms yielded more pronounced diode-like

characteristics under larger salt gradients (Figures S3–S10).

Relatively smaller power is dissipated under negative Vb demon-

strating asymmetry in the Tpore – Peff characteristics, where Peff =

Iion(Vb – Vele) is the effective power dissipated at the nanopore.



Figure 2. Ionic cooling of nanopores

(A and B) The ionic current (A) and nanopore temperature changes (B) against the transmembrane voltage under a 10-fold salinity difference (cis: 137 mM; trans:

1370 mM) across the membrane. Red and blue plots denote the data at positive and negative transmembrane voltage Vb – Vele, respectively, where Vele is the

redox potential.

(C) Tpore plotted as a function of Peff indicating the temperature increase by ionic heating irrespective of voltage polarity.

(D–F) Results under 105-fold salinity difference (cis: 0.0137 mM; trans: 1370 mM) demonstrating nanopore refrigeration at negative Vb.
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Yet, the rates of temperature change a = Tpore/Peff are found to

be almost the same regardless of the voltage polarity at moder-

ate salinity difference of rsalt (=ctrans/ccis) % 1,000 (see

Figures 2B, 2C, and S3–S5) for the amount of heat generated

per field-accelerated ions, and the dissipation efficiency through

water also remain unaltered. At rsaltR 10,000, in contrast, the ion

transport caused refrigeration. The nanopore temperature

increased at a constant rate of around 7 K/mW under positive

Vb, Tpore, but decreased below the ambient at a rate up to

�208 K/mW under negative voltages (see Figures 2E, 2F, and

S6–S8).

This electrical cooling phenomenon is ascribable to the ionic

thermoelectricity in the permselective nanopore. The negative

native charges at the dielectric surface in the buffer24 electro-

statically attract cations to the channel wall. The dense coun-

terions become the major carriers in dilute electrolyte solution,

giving rise to the cation-selective transport in the nanopore. As

ions carry heat,5,6 the electromigration of the dense counter-

ions is expected to induce temperature difference across the

nanopore analogous to the Peltier effect in a semiconductor,

thereby leading to the refrigeration when the ionic cooling is

more effective than the Joule heating. Dukhin length (LD) char-

acterizes the contribution of this surface conduction mecha-

nism, which becomes significant when dpore < LD = swall/2ecion,
where swall, e, and cion are the pore wall surface charge density,

the elementary charge, and the salt concentration, respec-

tively.25,26 Diluter salt solution, therefore, anticipates more

prominent cooling with Vb, which is seen as smaller a at lower

ccis (Figure 3A). Quantitatively, LD is about 57 nm at cion =

1.37 mM and swall
24 = �15 mC/m2 predicting the non-selective

nature of the in-pore ion transport,25 and hence ineffective ionic

cooling, at rsalt % 1,000. Under these salinity conditions, we

observed nanopore Joule heating irrespective of the direction

of the transmembrane voltage. Meanwhile, the Dukhin length

becomes much longer than dpore with cion % 0.137 mM (LD
R 570 nm), thus enabled to decrease Tpore to below the sur-

rounding temperature by the pronounced ionic Peltier effect

(Figure 3B).

We note the indirect role of electroosmosis on the energy

dissipation in the nanofluidic channel. Negative Vb generates

cis-to-trans electroosmotic flow that pushes the low-salt-con-

centration solution into the nanopore.21 The depleted ion density

leads to the ionic current rectification, as also observed in the

finite element simulations (Figure 3C). At the same time, the

dilute ion concentration enhances the counterion effect25,26 to

allow the nanopore cooling. Thewater flows in an opposite direc-

tion under positive voltage serving to enrich ions in the channel.

In this case, no notable contribution of the surface conduction is
Device 1, 100188, December 22, 2023 3



Figure 3. Nanopore cooling efficiency

(A) Tpore – Peff plots under various ion concentration ratio rsalt = ctrans/ccis across the membrane. Dashed lines are linear fits to the data. The slopes a denote the

efficiencies of the ionic heating/cooling under the ionic conditions tested.

(B) a as a function of rsalt and the Dukhin length LD. Dashed line denotes a= 0. Gray line points at LD = 50 nm. Cooling effects were observed for LD < dpore when rsalt
R 104.

(C) Salt concentration distributions around a nanopore at rsalt = 103 under �1 V (left) and +1 V (right) obtained by finite element simulations. The electroosmotic

flow pushes the high- and low-ion concentration water into the nanopore in a voltage polarity dependent manner. The high ionic strength at positive voltages

brings weak charge-selectivity of the nanopore via Debye screening and weakens the counterion transport-mediated heat pumping. On the contrary, the pore is

filled with more dilute salt solution under negative Vb that leads to enhanced cation selectivity and more pronounced ionic Peltier cooling.
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expected giving rise to the increase in Tpore by the ionic heat

dissipation.4

The nanopore cooling was confirmed as reversible upon

changing the direction of Vb scans (Figure S11). Changing the

transmembrane voltage slowly from �1.0 to �1.5 V at a rate of

around 12 mV/s, Tpore decreased steadily below the room tem-

perature. Reversing the scanning direction resulted in a gradual

increase in the nanopore temperature upon returning Vb from

�1.5 V to �1.0 V. The Vb – Tpore plots were completely the

same during the two processes without any transient behaviors

suggesting the steady-state change of the nanopore tempera-

ture via the ionic cooling.

The effect of permselectivity on the ionic cooling
The importance of the ion selectivity on the local ionic cooling was

verifiedbyexamining theTporemeasurements inalkaline solutions.

The Iion – Vb curves at rsalt of 10
5 displayed larger short circuit cur-

rent upon increasing pH from 7 to 11 (Figure 4A; see also

Figures S12 and S13). It suggests stronger cation-selective trans-

port in the more basic liquids as they provide higher charge den-

sities at the pore wall surface.11,27 Accordingly, nanopore cooling

behaviors were found as more evident in alkaline pH (Figure 4B).

The efficacy of the ionic cooling was further examined with a

micrometer-scale channel. Although the counterion transport

gives negligible contribution to the transmembrane ion flow,

the electroosmotic pumping mechanism21 led to clear Iion recti-

fication characteristics in a 3-mm-diameter pore under rsalt of

105 (Figures S14–S17).21 Nevertheless, unlike the case for the

nanopores, Tpore increased at both positive and negative trans-

membrane voltages without showing signs of the Peltier cooling

partly due to the relatively high ion concentration in this micro-

pore that makes dpore > LD (Figure S15). The result corroborates

the role of the ion selectivity on the nanopore refrigeration.
4 Device 1, 100188, December 22, 2023
Local cooling is anticipated to occur without a salt gradient. To

confirm this, we carried out the Tpore measurements of a 50-nm-

sized nanopore without salinity difference. The Iion – Vb charac-

teristics revealed weak rectification behaviors upon decreasing

ccis and ctrans down to 0.137 mM (Figure 4C; see also

Figures S18 and S19) due presumably to the charge asymmetry

in the SiO2-covered SiNx membrane surfaces making the top

layer more negatively charged in the electrolyte buffer.28 As ex-

pected, nanopore refrigeration was observed in dilute salt solu-

tions satisfying dpore < LD with enhanced cooling efficiency at

lower ionic strengths (Figure 4D; see also Figures S17 and S18).

The present results are consistent to support the influence of

ionic thermoelectricity in charge-selective nanofluidic channels.

We detected increasing open circuit voltage Vtherm upon

imposing larger temperature difference DT across the mem-

brane with a 50-nm-diameter pore at cion = 0.137 mM (Fig-

ure 5A).12 The sign of the thermovoltage was found to be nega-

tive, which suggested cation-selective transport via thermal

diffusion.11 This was not the case for a micropore, where the

Vtherm remained low under the applied thermal gradients due to

the absence of charge-selectivity along with the little difference

in the Soret coefficients29 of Na+ and Cl�, as well as the relatively

small thermogalvanic effect for the electrochemical reactions at

the Ag/AgCl electrodes30 (Figure S20). The observation of the

thermoelectric voltage in the cation-selective nanopore, there-

fore, anticipates the contribution from the reverse phenomenon

of Peltier cooling under bias voltage.

The linear dependence of Vtherm on DT gives the thermopower

S (= –Vtherm/DT) of 3.5 mV/K, from which the Peltier coefficientP

(= ST) of around 1.0 V is deduced at the environmental temper-

ature T of 293 K (Figure 5B).31,32 With this P, the thermoelectric

transport in the nanopore is simulated at 0.137mMNaCl by solv-

ing Poisson-Nernst-Plank and Navier-Stokes equations in a



Figure 4. Nanopore refrigeration under

various conditions

(A) pH dependence of the ionic current character-

istics of a 50 nm-sized nanopore under 105-fold

salinity difference. The larger negative open circuit

voltage at higher pH from 7 to 11 indicates stronger

charge-selectivity due to larger surface charge

densities at nanopore wall surface in more alkaline

environments.

(B) Tpore – Peff characteristics exhibiting more pro-

nounced nanopore cooling under higher pH. Error

bars denote the standard deviations in the nano-

pore temperatures measured three times.

(C) Nanopore temperature in a dilute electrolyte

solution without salinity difference demonstrating

Peltier cooling effects at negative Vb.

(D) Tpore in (c) plotted as a function of Peff. Color

coding is the same as that in (C).
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framework of a finite element method.2,4 It revealed the thermal

flux near the wall surface stemming from the heat transport via

the voltage-driven counter-cations under Vb = ±1 V (Figures 5C

and 5D). Moreover, being a counterion effect, the Peltier cooling

can be made more efficient by enlarging the nanopore surface

charge density (Figure 5E), thereby enabling thermal manage-

ment at nanoscale.

DISCUSSION

Byexploiting the Peltier cooling effect, thermoelectric refrigeration

canbe realizedbycharge-selective ionflow inananopore for spot-

cooling at the nanoscale space. The cooling nanopores can be

scaled up by extending the nanofluidic channel into multipore ar-

rays. It would also be compatible with nanopipette techniques to

enable a thermoelectric probe for scanning and manipulating the

local temperature at nanoscale in liquid. To guide future efforts,

there is room to refine the structure and material designs for

more efficient and precise temperature control, and to explore

how these nanopores can be integrated in real world devices.

Considerations for the ionic cooling efficiency
The electromigration of counter-cations may involve dehydra-

tion, the process of which anticipates nanopore cooling via

heat consumption upon the disruption of the hydrogen bonds.

Nevertheless, the ion dehydration is primarily driven by the steric

effect. Previous work on dehydration of sodium ions in nano-
channels focused on cases where the

channel sizes are close to their hydrated

radius.33 For larger channels, a prior mo-

lecular dynamics study on electroosmosis

in a single-digit nanochannel, which is one

order of magnitude smaller than the nano-

pores studied here, shows that the dehy-

dration of potassium ions, whose hydrat-

ed radius is approximately 3.7 Å, only

appears within 5 Å near the channel

wall.34 Away from this region, the hydra-

tion number of ions is close to the satura-
tion value, despite the application of an external electric field an

order of magnitude higher than that in our experimental system.

Furthermore, the dehydration free energy of sodium ions, 388 kJ/

mol,35 is much higher than the enthalpy of vaporization (44 kJ/

mol) and hydrogen bond enthalpy of water molecules (23.3 kJ/

mol), making it difficult for dehydration of ions to be triggered

by an external electric field or local heating. Therefore, it is less

likely that ion dehydration played a notable role on the energy

dissipation in the ion-carrying 50-nm-sized nanopore.

The ionic cooling efficiency is expected to vary by nanopore

geometries. In principle, the rate of heat carried by the coun-

terion transport is anticipated to be given by the product of the

ionic current and the Peltier coefficient.15 The Peltier coefficient

is expected to be proportional to the Seebeck coefficient, which

is determined by the ion selectivity in the nanopore for the given

ion species and their concentration in the fluid. In this regard,

nanopores smaller than 50 nm persist to be charge-selective in

higher ionic strength solutions allowing to leverage the stronger

heat transfer via the enriched counterions at the pore wall sur-

face. At the same time, the volume of water, and equivalently

the heat capacity, relevant to the energy dissipation becomes

smaller. The overall changes anticipate more efficient tempera-

ture control via the ionic refrigeration in smaller nanopores.

Meanwhile, making the pores longer than 50 nm would benefit

from the more prominent surface charge effects to render stron-

ger ion selectivity7; however, pores that are too long would lower

the ionic conductance36 and impair the cooling efficiency by the
Device 1, 100188, December 22, 2023 5



Figure 5. Nanopore cooling mechanism

(A) Iion – Vb characteristics of a 50-nm-sized nanopore under transmembrane temperature gradients. The temperature at the trans (Ttrans) was kept at 283 K while

that at the cis (Tcis) was increased to create temperature difference DT = Tcis – Ttrans at the pore. The open circuit voltage Vtherm describes the thermovoltage

induced by the cation-selective thermal diffusion transport in the nanopore under the applied DT.

(B) Vtherm plotted against DT. Dashed line is a linear fit giving the Seebeck coefficient S of 3.5 mV/K. Error bars denote the standard deviations of three mea-

surements.

(C) Finite element simulations of the thermoelectric transport in the nanopore withS = 3.5mV/K assumed for water. The red and blue arrows are the heat flux vectors.

(D) Variation in the Peltier effect-derived heat fluxQt inside the nanopore.Qt is larger near the wall surfacemanifesting themajor contribution of the counter-cation

flow on the nanopore cooling.

(E) The average heat flux Qpore in the nanopore plotted as a function of the pore wall surface charge density swall. Larger surface charge densities bring stronger

counter-cation flows that enable more significant Peltier effects to cool down the nanopore.
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counterion flow. In this regard, low length-to-diameter aspect-

ratio nanochannels such as 2D nanopores37 are anticipated to

be a promising system that can provide enhanced ion permeabil-

ities, and hence more efficient heat transfer by counterion flows,

let alone the ambiguous contribution of the access resistance on

the ionic thermoelectricity.

Potential applications for nanofluidic cooling
Beside the structure of channels, surface engineering may also

be useful to tailor the membrane surface charge density through
6 Device 1, 100188, December 22, 2023
molecular functionalization and dielectric coatings38 to tune the

permselectivity39 for better ionic control of the nanopore temper-

ature. Solution properties can also be arranged by mixing

organic solvents, for instance, to reduce the heat capacity.4

Since the selective ion transport is the only prerequisite, the

nanofluidic cooling is expected to take place in various forms.

Nanopore diodes and transistors, for example, can regulate

the ionic current via voltage control of charge-selective ion trans-

port through asymmetric channels.40,41 By exploiting the Peltier

effect, one may design devices that can self-cool, such as for
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managing the heat dissipation in the integrated iontronic

circuits.42,43

Solid-state nanopore sequencing is another potential applica-

tion,44 where the local ionic cooling can serve to slow down the

translocation dynamics of nucleotide and peptide chains for reli-

able single-base detections via the increased local viscosity,45

as well as the thermophoretic forces.46 For these applications,

one should consider the low ionic strength requirement for

exploiting the thermoelectric phenomenon that would limit

the signal-to-noise ratio when used for the single-molecule

analyses by the ionic current. The ionic cooling method is thus

more compatible with the electrode-embedded nanopore ap-

proaches,47,48 where one can even benefit from the low ion con-

centration conditions to reduce noise in the transverse electric

current.

Nanoporous membrane osmotic power generators exploit the

ion selectivity to generate electricity from the transmembrane

salinity difference.49,50 The involved diffusion-driven migration

of cations or anions may cause a substantial change in nanopore

temperature to the osmotic energy conversion efficiency via the

heat pumping mechanism considering the large power densities

with the high porosity designs. Alternatively, the local tempera-

ture control can be utilized in the multipore reactors for control-

ling the translocation motions of reactants to in-pore chemical

reaction kinetics.51,52

It is also noticeable that similar systems exist in biological

membranes known as ion channels, where the present findings

suggest a possible role of the permselective transmembrane

ion flow to regulate the local temperature in a cell.

EXPERIMENTAL PROCEDURES
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Methods

Thermocouple-embedded nanopore fabrications

AZ5206 photoresist (MicroChemicals) was spin-coated on a 4-inch silicon

wafer (both sides of the mirror-finished surfaces coated with low-pressure

chemical vapor deposition-grown SiNx layers of 30 nm thickness). After

baking, electrode patterns were delineated by photolithography (Samco). After

development, a 20-nm-thick Au film with a 5-nm-thick Cr adhesion layer was

deposited by radio-frequency magnetron sputtering (Samco). The wafer was

then immersed in N,N-dimethylformamide (Wako) overnight followed by ultra-

sonication for lift-off. As a result, we obtained microelectrodes in 9 regions of

20mm3 20mmarea. Subsequently, the wafer was diced into 25mm3 25mm

chips by a dicer. On each chip, ZEP520A resist was spin-coated and heated on

a hot plate for baking. Cross-shaped Au markers of nanoscale sizes were

formed by electron-beam lithography (125 kV, Elionix) followed by the Ti/Au

sputtering and lift-off processes. Using these metallic markers, the electron

beam lithography process was repeated to delineate a hole of diameter

70 nm at a specific position. After development, a 70-nm-sized nanopore

was sculpted by reactive ion etching with HCF3 etchant gas (Samco) via the

residual resist serving as a mask. The lithography/sputtering processes were

further performed twice to form a point contact of Au and Pt nanowires at
5 nm from the edge of the nanopore (used as a thermocouple to measure

the nanopore temperature), where the markers were used to align the struc-

tures at a precision better than 5 nm. The whole structure was then covered

with 50-nm-thick Cr by sputtering. The SiNx layer on the other side was

partially removed by reactive ion etching through a 10 mm 3 10 mm window

in an aluminum film. The exposed Si surface was exposed to heated 20%

KOH aq. For anisotropic wet etching that created a deep trench with a

40-nm-thick SiNx membrane at the bottom. During wet etching, the Cr layer

served to protect the nanopore as well as the thermocouple. After rinsing in

hot distilled water, the chip was dipped in an etchant solution consisting of

tetra ammonium cerium(IV) sulfate dihydrate, perchloric acid (Aldrich), and

distilled water to dissolve the Cr layer. Finally, the thermocouple and the nano-

pore were coated with 20-nm-thick SiO2 by chemical vapor deposition, which

shrunk the pore diameter by approximately 20 nm. Through these processes,

we acquired a 50-nm-sized nanopore with an embedded Au/Pt thermocouple.

Flow cell preparations

SU-8 3000 photoresist (MicroChem) was spin-coated on a 4-inch Si wafer with

thermally grown oxide layers. Millimeter-scale patterns were drawn by photo-

lithography. After development, we obtained I-shaped SU-8 structures. Using

the SU-8-pattered Si wafer as amold, we prepared fluidic channels for pouring

the electrolyte buffers into the thermocouple-embedded nanopores. This was

done by pouring Sylgard 184 (Dow) on the mold and heating it in an oven at

90�C for 10 h. The polydimethylsiloxane (PDMS) on the mold was cut by

hand with a surgical knife. Prior to bonding to the nanopore chip, three holes

were punched in the PDMS block. The bonding was carried out by treating

its surface, together with the nanopore chip, with oxygen plasma for surface

activation. The activated surface was attached to each other for strong adhe-

sion of the polymeric block to the SiNx surface. These processes were

repeated to bond another PDMS flow cell to the other side of the nanopore

chip.

Simultaneous measurements of ionic current and nanopore

temperature

The flow cell-integrated thermocouple-nanopore chip wasmounted on a sam-

ple stage. Metal rods were contacted to the electrode pads connected to the

Au/Pt thermocouple. PBS (Wako) of specific ion concentrations was poured

into the nanopore through the holes in the PDMS blocks. Ag/AgCl rods were

inserted into one of the three holes in each flow cell. The transmembrane ionic

current measurements were performed by applying the voltage Vb through one

of the Ag/AgCl and recording the output current via the Ag/AgCl at the other

side using a source-picoammeter unit (Keithley6487, Keithley). At the same

time, the thermovoltage at the thermocouple was measured through the elec-

trode pads using a nanovoltmeter (Keithley2182A, Keithley).

Thermocouple calibrations

The thermocouple was calibrated by heating the structure with an external

heater andmeasuring the voltage change with the nanovoltmeter. The temper-

ature dependence of the thermocouple voltage Vt gave the expression of

Tpore = 5.9 3 106 Vt as reported in previous literature.4

Finite element analyses

Theoretical estimations of the spatial temperature distributions around a nano-

pore were performed by solving Poisson-Nernst-Planck, Navier-Stokes, and

heat equations in a framework of a finite element method. The temperature

dependence of the electrolyte buffer was obtained experimentally, from which

we calculated the ion mobilities. Nernst-Planck equation,

V$

�
� ua;ckBT

e
Vna;c � za;cna;ceua;cVf

�
+ u$Vna;c = 0

was used to estimate the number density distribution of anions na and cations

nc, where kB, e, za,c, and f are the Boltzmann constant (1.38 3 10�23 J/K),

elementary charge (1.603 10�19 C), ionic valence, and electrostatic potential,

respectively. F was obtained from the Poisson-Boltzmann equation,

V2f= �rQ

εw

= � e

εw

X
a;c

za;cna;c exp

�
� za;cef

kBT

�

where rQ and εw are electric charge density and water permittivity. The heat

convection induced by the electroosmotic flow from the force rQE was
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simulated by the incompressible Navier-Stokes equation for hydrodynamic

pressure p and fluid velocity field u

�Vp + hV2u+rQE = 0:

Meanwhile, the steady-state heat flow in solids is expressed as

V $ ðkVTÞ+ J$E = 0;

while that in liquids is given as

V $ ðkVTÞ+ J$E = rdCpu$VT;

with J, E, k, T, rd,Cp, and u denoting, respectively, the current density, applied

electric field, thermal conductivity, temperature, density, heat capacity, and

fluid velocity field. The current density in these equations was coupled to the

continuity equation

V $ J = 0:

These equations were simultaneously solved by using a software package

for finite element methods of COMSOL Multiphysics 6.1 (COMSOL, lnc.,

Stockholm, Sweden).
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