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O
ptical observation of molecular
transport, suchasusingfluorescently
dyed molecules, is commonly used

in nanofluidic studies. However, the electrical
characterization is indeed a very complemen-
tary method, which also offers the possibility
to perform label free measurements on
such systems. Characterization of nanofluidic
channels,1�3 single molecule translocation4

anddetection,5 characterizationof nanofluidic
field effect transistors6,7 and diodes8,9 and
estimation of fluid temperature by electrical
conductancemeasurement10 are some of the
reported applications that used the electrical
measurements in nanofluidic studies.
The electrical conductivity of an electro-

lyte depends on its temperature since the
mobility of ions changes with temperature.
Aqueous solutions show an increase in elec-
trical conductivity with temperature since
the decrease of water viscosity makes it
easier for the ions to migrate. Different ions
have different mobilities and the sensitivity
of their mobility to temperature change is
different,11 too. The evolution of the elec-
trical conductivity of different solutionswith
temperature has been studied by many
research groups and reported to raise with
temperature.12

Moreover, the electrical conductance of
nanochannels is known to differ from the
bulk due the distinctive effect of nanochan-
nelwall that is electrostatically charged.1�3,6,8

The electrostatic field inducedby the charges
carried by the wall (wall electrostatic field)
leads to a charged layer called electric double
layer (EDL), where the concentration of coun-
terions is more than the bulk and this extra
concentration makes the nanochannel more
conductive than the bulk. Despite many
studies focused on modeling and testing
the influence of the wall effect on the elec-
trical conductance,13�15 less attention has
been devoted to the study of the influence
of temperature change on the nanochannel
conductance. Failing to understand how the
electrical conductance depends on tempera-
ture will result in errors in all related applica-
tions. Is the temperature sensitivity of nano-
channel conductance similar to the bulk?
That is the main question we try to answer
in this work.

RESULTS AND DISCUSSION

A set of temperature sensor embedded
nanochannels was designed and fabricated
as described in Materials and Methods and
shown in Figure 1a. The device consists of
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ABSTRACT Electrical measurement is a widely used technique

for the characterization of nanofluidic devices. The electrical

conductivity of electrolytes is known to be dependent on tempera-

ture. However, the similarity of the temperature sensitivity of the

electrical conductivity for bulk and nanochannels has not been

validated. In this work, we present the results from experimental

measurements as well as analytical modeling that show the

significant difference between bulk and nanoscale. The temperature

sensitivity of the electrical conductance of nanochannel is higher at

low ionic concentration where the nanofluidic transport is governed by the electrostatic effects from the wall. Neglecting this effect can result in significant

errors for high temperature measurements. Additionally, the temperature sensitivity of the nanochannel conductance allows to measure the enthalpy

change of surface reactions at low ionic concentrations.

KEYWORDS: nanofluidics . temperature sensitivity . surface charge density . electrical conductance . enthalpy change

A
RTIC

LE



TAGHIPOOR ET AL. VOL. 9 ’ NO. 4 ’ 4563–4571 ’ 2015

www.acsnano.org

4564

two microelectrodes close to the nanochannel open-
ings for measuring the electrical conductance of
nanochannel and a thin platinum electrode that was
calibrated and used as a nanochannel temperature
sensor. The device was then mounted on a tempera-
ture controlled mini cool/hot plate and the electrical
conductance of nanochannel was measured at differ-
ent temperatures. The schematic view of the measure-
ment setup is shown in Figure 1d and explained in
detail in Materials and Methods.
The electrical conductance of the nanochannel was

measured at a temperature range of 5�38 �C. The
variation of nanochannel conductance with tempera-
ture was then observed at different ionic concentra-
tions. Figure 2 depicts the variation of the normalized
nanochannel electrical conductance versus tempera-
ture at different ionic concentrations. The conductance
was normalized to its value at 10 �C. The electrical
conductance of nanochannel increases about 3.4 times
at 100 μM, while its increase at 1 M is only 1.5 times for
the same temperature change of 25 �C.
It is widely known that the electrical conductivity of

an electrolyte varies with temperature, which is the

case for a nanofluidic channel according to Figure 2. In
addition, the temperature sensitivity of electrical con-
ductivity of aqueous solutions varies slightly with ionic

Figure 1. (a)Schematic view of the experimental setup and the fabricated device. The temperature of the device is set by
controlling the temperature of amini cool/hot plate. The nanochannel temperature is measured by a platinum electrode that
is integrated 500 nm apart from the nanochannel wall. Two platinum electrodes are used for the nanochannel impedance
measurements. Scanning electronmicrograph (SEM) of the fabricated device is shown in (b) top view and (c) 30� tilted viewof
the entrance of a nanochannel. The impedancemeasurement electrodes are colored in purple and the temperature sensor in
yellow. (d) Schematic view of the measurement setup. The nanochannel conductance and temperatures are calculated in a
LabVIEW interface using the data acquired by a data acquisition card (DAQ).

Figure 2. Evolution of normalized electrical conductance of
a 45 nmheight nanochannel versus temperature at different
concentrations. At low ionic concentration, the electric
conductance of nanochannel is more sensitive to tempera-
ture change. The conductance is normalized relative to its
value at 10 �C for all ionic concentrations.
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concentration.16 The question that remains to be
answered is that why the temperature sensitivity of
nanochannel electric conductance is quite different at
different ionic concentrations.
At first glance, this can be related to the electric

double layer (EDL) effect, which is the cause of dissim-
ilarities among different nanofluidic transport regimes.
The electrical conductivity of aqueous solutions is
related to the number density of ions ni and their
electrical mobility μi. The number density of an ion
inside a nanochannel can be different from the bulk's
one depending on the ionic strength of the solution. At
higher ionic strength where the electric double layer
(EDL) is thin, the number density of ions inside the
channel is similar to the bulk whereas it can be several
times higher at low ionic strength due to EDL overlap.
Thus, at high ionic strength, the variation of electrical
conductance with temperature should be more similar
to the bulk while it can be different at low ionic
strength. At low ionic strength, the number density is
a function of the wall surface charge whose tempera-
ture dependence will influence the variation of the
electric conductance with temperature.
A detailed discussion about the influence of tem-

perature on the wall surface charge and the electrical
conductance of nanochannels is required. In the next
paragraphs, we use the analytical modeling to study
the effect of temperature on nanofluidic transport.
The nanochannel conductance can be written as a

superposition of a bulk conductance term GB and a
surface conductance term GS.

2,3

GB ¼ e
wh

d ∑i
μini (1)

GS ¼ 2μe
w

d
σn (2)

where e,w, h and d are the electron charge, nanochan-
nel width, height, and length, respectively. The two
parameters σn and μe are the charge per surface area
(in brief, charge density) and the effective ionic mobi-
lity inside the nanochannel, which were defined and
discussed in our previous paper.3 In brief, the charge
density σn is the net ionic charge inside the nanochan-
nel per surface area, which depends on ionic concentra-
tion, pH of the solution and temperature. The effective
ionic mobility μi is the concentration weighted average
of the ionic mobility of all ions presented inside the
nanochannel including Hþ and OH� ions.
For high ionic concentrations, GB is dominant and

the only parameter that depends on temperature is the
ionic mobility. Therefore, for a symmetric electrolyte,
the temperature sensitivity of the electrical conduc-
tance RGB

at neutral pH can be written as

RGB ¼ 1

∑ μi

D∑ μi
DT

(3)

The term ''temperature sensitivity'' of a variable v is
definedmathematically as its relative rate of changewith
respect to temperature difference (Rv � (1/v)(∂v/∂T)).
As mentioned before, RGB

is known thanks to several
works on conductivity meter calibrations. For instance,
the temperature sensitivity of potassium chloride
solutions has been studied by many research groups
and reported to raise between 1.8 and 2% per degree
Celsius at room temperature.12

On the other hand, at low ionic concentrations
where the surface effect is dominant and the EDL is
overlapped inside the nanochannel, the temperature
sensitivity has an extra term. This means that the
temperature sensitivity of the electrical conductance
can be different from the bulk which seems to be in
line with our measurements of Figure 2.

RGS ¼ 1
μe

Dμe
DT

þ 1
σn

Dσn

DT
¼ Rμe þRσn (4)

The extra term Rσn
is directly related to the wall

surface charge σs, which is an explicit function of
temperature according to the site binding model
developed by Yate et al.17

σs ¼ eΓs

Kþ [Hþ
B ] exp

�ej0

kBT

� �
� K�
[Hþ

B ]
exp

ej0

kBT

� �

1þ Kþ [Hþ
B ] exp

�ej0

kBT

� �
þ K�
[Hþ

B ]
exp

ej0

kBT

� �

(5)

where K� and Kþ are the equilibrium constants of the
reactions occur at thewall surface-electrolyte interface.
In the mentioned equation, the surface charge is a
function of an unknown electric potential and the
system needs more equations to be determined. Sub-
sequently, some more temperature dependent para-
meters contribute to determination of surface charge
density. Moreover, the equilibrium constants as well as
the wall electric potential are functions of temperature,
which makes the problem more complicated.
Some temperature dependent parameters that can

play a role in electrical conductance of a nanochannel
are introduced in Table 1. We discuss about these
parameters in the following paragraphs and use them
in the calculation of surface charge density of a nano-
channel wall.

Equilibrium Constant. The rate of chemical reactions is
significantly influenced by temperature variation. The
nanochannel wall reactions are not exceptions. The
equilibrium constant Keq of a reaction is related to
the standard Gibbs free energy of the reactionΔG� and
absolute temperature T via

ΔG� ¼ �RT ln Keq (6)

where R is the gas constant. Using the definition of
Gibbs free energy and eq 6, the temperature sensitivity
of the equilibrium constant is related to the tempera-
ture and the standard enthalpy change of the reaction
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ΔH� via Van't Hoff equation.

RKeq ¼ ΔH�
RT2

(7)

In this equation, the enthalpy and entropy change
of the reaction are assumed constant, which is a correct
approximation in the small temperature ranges.18

As for many nanofluidic devices, the enthalpy
change of reaction of a silica surface has been re-
ported to be in the range of ΔH� = �15 kJ mol�1 to
ΔH� = �90 kJ mol�1.19 Hence, the temperature sensi-
tivity of the equilibrium constant at room temperature
will be in the range of RKeq

= 2% to RKeq
= 12%. This

relatively high temperature sensitivity implies that the
electrical conductance of the nanochannel will be
different from the bulk when it is determined by
the wall surface charge.

Since the number of binding sites that contribute to
the surface reactions depends on the pH value, the
enthalpies of surface reactions might be pH depen-
dent, too. Some groups20,21 reported the dependency
of enthalpies of the surface reactions on the pH for
different metal oxides. Some others measured the
enthalpy of surface reactions only at the point of
zero charge (PZC)22 since the measurements outside
the PZC region cannot simply be justified by normal
stoichiometric calculations. In fact, the enthalpy
change of surface reactions can be expressed as a
summation of the standard and the electrostatic
contributions.21 As far as the temperature variation
can change the electrostatic properties of the surface,
the enthalpy change of the surface reactions might
be dependent on temperature, too. In this work, the
enthalpy change of surface reactions of silicon dioxide
was assumed constant since the temperature range is
small. However, different enthalpies can be utilized at
different pH values.

Ionic Mobility. The ionic mobility μi (m
2 V�1 s�1) of an

ion i is defined as its traveling velocity when a unit

electric field applies. It can be expressed as

μi ¼
jzije
6πriη

(8)

where zi, e, ri and η are the charge number of ith ion,
the electron charge, the ionic radius of ith ion, and
the dynamic viscosity of the electrolyte, respectively.
Since the viscosity of water decreases by increasing the
temperature,12 the ionic mobility of solvated ions and
consequently the conductivity of water increases. The
temperature sensitivity of water dynamic viscosity is
Rη = �2.1%12 and subsequently, the temperature
sensitivity of ionic mobility is Rμi = 2.1%. The tempera-
ture sensitivity of the ionic mobility is the cause of
the electrical conductance variations in bulk regimes
according to eq 3.

Electric Permittivity. The electric permittivity of liquid
water is known to decrease by increasing the tempera-
ture.12,23,24 The relationship suggested by Malmberg
and Maryott23 was used here to calculate the tempera-
ture sensitivity of the electric permittivity which is
given as

E ¼ 87:740 � 0:40008θþ 9:398(10�4)θ2

� 1:410(10�6)θ3 (9)

where θ is the temperature in degrees Celsius. The
temperature sensitivity is then Rɛ = �0.45% at 25 �C.

Dissociation Constant of Water. Autoprotolysis of water
and its dependence to the electric field was studied
numerically for a nanofluidic field effect transistor.13

Like any chemical reaction, the dissociation of water
molecule is temperature dependent and should be
considered in our study. At low ionic concentrations
where the salt concentration is of the same order as
the ionized water molecule concentration (i.e., Hþ

and OH� concentration) considering self-ionization of
water is necessary. Specially, in surface chemistry
studies, as the surface charge is strongly influenced
by the pH, neglecting the self-ionization of water can
result in errors. Additionally, the ionization of water,
like any other chemical reaction, is temperature de-
pendent and its dissociation constant pKw decreases
by increasing the temperature.12 Although the tem-
perature sensitivity of pKw is very small, its variation
with temperature is taken into account in ourmodeling
since the wall surface charge is strongly dependent on
the pH value of the solution.

Thermal Voltage. The thermal voltage is an expres-
sion of the thermal energy of ions in the solution
in terms of the electric potential. It is related to the
absolute temperature T and the electron charge
e via

VT ¼ kBT

e
(10)

where kB is the Boltzmann constant. It influences the
ionic distribution toward the wall and since it is

TABLE 1. Temperature Sensitivity of Important Physical

Parameters

parameter (p) relationship Rp (%)

Equilibrium constant K ΔG� ¼ �RT ln Keq 2�12

Ionic mobility μi μi ¼
jzije

6πriη(T )
2.1

Dielectric constant ɛf Malmberg and Maryott23 �0.45

Thermal voltage VT VT ¼ kBT

e
0.3

Debye length λD λD ¼ EfE0kBT
2e2I

� �1=2 �0.06
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explicitly related to the temperature, its variation with
temperature can influence the nanochannel electrical
conductance. At room temperature, the thermal vol-
tage is about VT ≈ 26 mV which is in the same order of
magnitude as the wall electric potential for a silica
surface in normal conditions. Its temperature sen-
sitivity is RVT

= 1/T, which is about 0.3% at room
temperature.

Debye Length. The Debye length is a characteristic
length that depends on the thermal energy and ionic
strength of the solution and is independent of the wall
electric field.

λD ¼ EfE0kBT
2e2I

� �1=2

(11)

where ɛf, ɛ0 and I are the relative dielectric constant of
electrolyte, dielectric constant of vacuum and the ionic
strength of the solution, respectively. Its temperature
sensitivity can be expressed as a function ofRɛ andRVT

.
The relative rate of change of the Debye length can
then be expressed as

RλD ¼ 1
2
(RE þRVT ) (12)

According to the estimated values, its temperature
sensitivity is RλD =�0.06%, which is relatively low. This
means that temperature has a minor effect on the
screening length of the wall electric field.

Figure 3 compares the normalized values of the
mentioned parameters in a temperature range of 10 to
70 �C. All the values are normalized by dividing by their
value at room temperature. As it is depicted, the
increase of the equilibrium constant K and the ionic
mobility μi are dominant. It means that increasing the

temperature will increase the electrical conductance
via the ionic mobility increase. Likewise, increasing
the temperature changes the electrical conductance
by changing the wall surface charge as discussed
before. However, according to the analytical model-
ing of the electrical conductance, having high
temperature sensitivity of a parameter does not ne-
cessarily show a significant impact of that parameter
on the temperature sensitivity of the electrical
conductance.

Taking into account the temperature dependency
of mentioned variables, the surface charge density of a
silica nanochannel wall was calculated in a tempera-
ture range of 0 to 70 �C using the analytical modeling
suggested in our previous work.3 Figure 4 shows the
evolution of calculated surface charge density versus

pH at different temperatures. A higher temperature of
the electrolyte leads to a higher magnitude of surface
charge density. It means that the additional term in
eq 4 should not be neglected. There is an exceptional
case when all the binding sites of the surface are
charged. In this condition, the temperature will not
have any effect like the situation of the maximum
surface charge density at high pH values.

Additionally, the point of zero charge (PZC) may be
shifted to the right or left if the values of enthalpy
change of the surface reactions are different.

DpHPZC

DT
¼ � 1

2RT
(ΔHΘ

� �ΔHΘ
þ ) (13)

ThePZC shiftwith temperature changewasobserved
previously and reported to approach the neutral point
with increasing the temperature for a TiO2 surface.

25

As it is shown in the inset of Figure 5, the variation of
surface charge density has a direct impact on the wall
electric potential. Some studies in surface chemistry26

Figure 3. Normalized physical properties value versus tem-
perature. The increase of the equilibrium constant K (Black
dash-dot line) and the ionic mobility μi (red dashed line) are
more dominant than other properties. In equilibrium con-
stant calculations, the enthalpy change of the reaction was
assumed constant and equal to ΔH� = �30 kJ mol�1. The
inset shows a zoomed view of the changes of Debye length
λD (green dash-dot), dissociation constant of self-ionization
of water pKw (yellow dashed), thermal voltage VT (pink solid
line) and the relative permittivity of water εf (blue solid line).

Figure 4. Evolution of modeled surface charge density
versus pH for a silicon dioxide surface (pK_ = �6.3, Ns =
1.5 site 3nm

�2, ΔH� = �30 kJ mol�1) at 1 mM concentration
of potassium chloride. The red solid line (T = 70 �C), the
orange dashed line (T = 40 �C), the green dash-dot line (T =
25 �C) and the blue dotted (T = 10 �C) show how the wall
surface charge changes at different temperatures. The
higher temperature of electrolyte leads to a higher magni-
tude of surface charge density.
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and geophysics19,27 and recently in microfluidics28,29

studied the effect of temperature change on the zeta
potential for different surface types. Generally, the
magnitude of the zeta potential has been reported to
increase by increasing the temperature for the case of
a silica surface. In the present analytical modeling,
as Figure 5 shows, the magnitude of the wall electric
potential increases with temperature, too. It shows that
normalized surface charge density σ0 and stern layer
potential j0 have positive slopes with respect to
temperature increase.

The variation of surface charge density is not similar
at all ionic concentrations. At low ionic concentration,
the surface charge density is more sensitive to tem-
perature change. Contrarily, the slopes of high ionic
concentration curves are lower for the electric poten-
tial of the nanochannel wall. The dependency of
temperature sensitivity of both surface charge and
electric potential to concentration implies that the
temperature sensitvity of nanochannel electrical con-
ductance can also be related to the concentration.

Considering the concentration dependency of sur-
face charge variation with temperature and taking into
account all the temperature dependent variables, the
analytical model was used to calculate the average
electrical conductivity of the solution (what we call
“nanochannel conductivity”) inside a 35 nm height
nanochannel at different concentrations. As it is shown
in Figure 6, a temperature rise makes the nanochannel
more conductive. That is due to the known fact that
water conductivity increases by increasing the tem-
perature (region B), which is related to the change in
the ionic mobility of salt ions. As expected, the nano-
channel ismore sensitive to the temperature change at
lower concentrations (region A) since the effect of wall

surface charge adds up to the bulk conductance
variation. This is the key point that has not been
considered in previous nanofluidic studies. The con-
ductance increasesmore than 1 order ofmagnitude for
a temperature rise of 65 �C at ionic concentrations
lower than 1mM. The conclusion is that the nanofluidic
transport at EDL overlapped condition is influenced
by temperature in a different way, as it is depicted
in Figure 7. At low temperature, the silica surface of
nanochannel is less charged and less number of ions
can pass. At high temperature, the surface charge is
higher, the concentration of counterions increases in-
side the channel, the water is less viscous and con-
sequently, the ionic transport occurs faster.30�32 This
results imply that for the caseof thermally nanoactuated
macromolecular gates,30�32 the temperature sensitivity
of wall surface charge should be taken into account.
Specially, for the case of small pore diameter nanocon-
duit whose electrical conductance is governed by the
wall surface charge, the role ofwall surface charge is not
ignorable. Additionally, this significant change of nano-
channel conductivity, especially at low concentrations,
provides the possibility of modulating the nanofluidic
transport by means of temperature change.

We also investigated the temperature sensitivity
experimentally. As presented in Figure 8, the slope
of the normalized conductance is higher at low con-
centrations and both experimental and analytical re-
sults are consistent. The enthalpy change of surface
reactions for a silicon dioxide surface was taken ΔH� =
�40 kJ mol�1 in analytical calculations. According to
this figure, because of the nonequal temperature
sensitivity of nanochannel conductance at different

Figure 5. Change in normalized surface charge density
σ/σ25 and normalized wall electric potential j0/j025 (inset)
versus temperature at 1 μM (blue line), 10 μM (green
dotted), 100 μM (red solid line), 1 mM (cyan dash-dot),
10 mM (pink solid), 100 mM (orange solid) and 1 M (black
dashed) potassium chloride concentrations at pH = 7. The
graph shows that the magnitude of surface charge and
electric potential increase with increasing the temperature
despite different slopes at different concentrations. The
arrows show the increase of ionic concentration direction.

Figure 6. Calculated conductivity change versus salt con-
centration at T = 75 �C (red solid line), T = 50 �C (orange
dashed), T = 25 �C (green dash-dot) and T = 10 �C (blue
dotted). It is obvious that the change of conductivity with
temperature is higher at low ionic concentrations (region A)
where it is governed by the wall surface charge. At high
concentrations (region B), a smaller increase of conductivity
is still observable since the ionic mobility of water increases
with temperature too. The solution is considered to be at
pH = 7 and the nanochannel surface is silicon dioxide (pK_ =
�6.3, Ns = 1.5 site 3nm

�2, ΔH� = �30 kJ mol�1).
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concentrations, different sensitivities should be speci-
fied for the applications that use the electrical con-
ductance measurement to estimate the temperature
inside the nanochannel.10

Figure 9 illustrates the temperature sensitivity of
the nanochannel conductance at different ionic con-
centrations. It compares the experimental results for
two devices of different geometries with the model. It
clearly proves that when the surface charge is themain
factor in conductance calculation, the temperature
sensitivity of the conductance is higher. According to
themeasured temperature sensitivity, an experimental
measurement with only two degrees Celsius of tem-
perature difference will have more than 8% error at
low concentrations, which should be noticed in all of
the nanofluidic applications that use the electrical
measurements for characterization, sensing or any
other purposes. The bulk temperature sensitivity
was also evaluated using the same experimental setup.
The result is 1.9%, which is consistent with the known
value from the literature.12 In analytical modeling, the

enthalpy change value was selected to be ΔH� =
�40 kJ mol�1 for silicon dioxide surface. As mentioned
before, the enthalpy change of silicon dioxide surface
reaction has been reported to be between �15 and
�90 kJ mol�1.19 The higher enthalpy change results in
higher temperature sensitivity of electrical conductance
at low concentrations as it is shown in Figure 10. In this
figure, the modeled temperature sensitivity of the
nanochannel electrical conductance for different en-
thalpy changes is compared with the measured data
for two different devices. According to the model, the
temperature sensitivity is higher at low concentrations
for all enthalpies. At high ionic concentrations, on the
other hand, the values are lower, close to thebulk values
and independent from the enthalpy change, which
confirms the independency of temperature sensitivity
from the surface. Comparing the experimental data
and the model provides the possibility of measuring
the enthalpy change of surface reactions. Although
calorimetry as the conventional method is normally
used to measure the enthalpy of surface reactions,21

this can also be introduced as a new method for
measuring the enthalpy change of metal oxide surface

Figure 7. Schematic explanationof the temperature effect on the electrical conductanceof nanochannel. At low temperature,
the silica surface of nanochannel is less charged and less number of ions can pass. At high temperature, the surface charge is
higher, the concentration of counterions increases inside the channel, the water is less viscous, and consequently, the ionic
transport occurs faster.

Figure 8. Evolution of natural logarithm of normalized
conductance (ln(G/G25)) from the measurements versus
temperature at c = 1 M (cyan circles), c = 100 mM
(green circles), c = 10 mM (blue circles) and c = 1 mM (red
circles). The colored lines are the modeled conductance
for a silicon dioxide surface (ΔH� = �40 kJ mol�1). The
slopes show the temperature sensitivity of the electrical
conductivity.

Figure 9. Comparison of temperature sensitivity of mea-
sured electrical conductivity (red and green bars show
different devices) with analytical model (blue bars) and bulk
value (cyan dashed line) at room temperature. The mea-
sured temperature sensitivity is higher at low ionic concen-
trations where the conductivity is governed by the wall
surface charge.
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reactions at solid-electrolyte interface. According to our
model, the enthalpy change is a linear function of RG

and can be easily used for this purpose in nanofluidic
studies as well as other related fields like geophysics.

CONCLUSION

The effect of temperature on nanochannel electrical
conductance was studied. The surface charge of

nanochannel walls depends on temperature, which
causes the temperature sensitivity of the nanochannel
conductance to be different from the bulk at low ionic
concentration. The temperature sensitivity of the elec-
trical conductance is higher at low ionic concentration
for a silicon dioxide nanochannel. This implies that
using the bulk values of the temperature sensitivity of
the electrical conductance in a nanochannel config-
uration leads to major errors at low ionic concentra-
tions. Wemeasured 8% error for only 2 �C temperature
difference at low ionic concentration in a silicon diox-
ide nanochannel filled with 1 mM potassium chloride
solution. This implies that different experiments that
use the nanochannel electrical measurements should
consider the temperature effect correctly.
The error is more considerable for temperature

changes of more than tens of degrees. At this condition,
neglecting the nanoscale effects may result in a mea-
surement error ofmore than1order ofmagnitudeat low
ionic concentrations. In this situation, using equations
that are valid for the bulk should be avoided for equiva-
lent temperature estimations inside the nanochannel.
The modeling predicts more than 1 order of magni-

tude increase in nanochannel conductance compared
to bulk values for a 60 �C temperature rise. This
influence of the temperature on nanochannel conduc-
tance suggests a new possibility of nanofluidic trans-
port modulation that we have planned to test.
According to our model, the temperature sensitivity

of nanochannels is a strong function of the enthalpy
change of surface reaction at low ionic concentrations,
which leads to a new method for measuring the
enthalpy change of different surface reactions.

MATERIALS AND METHODS

Fabrication. A set of 35 nm height nanochannels was fabri-
cated using the sacrificial layer approach. A 35 nm thick
amorphous silicon was sputtered on a fused silica wafer and
patterned to define the shape of nanochannels. Then, a 500 nm
silicon dioxide layer was deposited using low-pressure chemical
vapor deposition (LPCVD) followed by an annealing step.
Platinum electrodes were then deposited and patterned using
normal photolithography techniques and covered by another
low temperature oxide (LTO) layer. The microchannels were
then fabricated in the same chip by etching the oxide until the
amorphous silicon openings. The amorphous silicon was then
etched isotopically and the nanochannels got open. The device
was covered by a PDMS part that included the reservoirs.

Twoplatinumelectrodeswere embeddedclose to theopenings
of the nanochannel for nanochannel impedance measurements.

Experimental Setup. APeltier element (3.9 A, 37.9W, Laird)was
utilized and controlled by a computer controlled DC power
supply (Hewlett-Packard E3631A) in order to set the device
temperature. The device was mounted on top of an aluminum
adaptor that was in contact with the Peltier and its temperature
was controlled easily by controlling the current passing through
the Peltier element. A thermocouple was used to provide a
temperature feedback, whose data was collected by a data
acquisition card DAQ (National Instrument PCI-6251). A com-
puter interface (LabVIEW2013) was used to acquire the data and
produce a control command for the power supply.

Temperature Sensor. A platinum electrode that is insulated by
a 500 nm silicon dioxide layer was integrated over the nano-
channels and calibrated in order to be used as a nanochannel
temperature sensor (Figure 1a,b). The temperature was mea-
sured using a setup as sketched in Figure 1d. As it is shown in the
figure, a function generator applied a relatively low electric
potential AC signal to the temperature sensor in order to
eliminate the Joule heating and electrostatic effects. The cur-
rent was converted to voltage, which was read by DAQ. The
resistance of the platinum electrode was then calculated at
different temperatures and calibrated for measuring the nano-
channel temperature.

Impedance Measurement. The impedance of nanochannel was
measured at different frequencies using an impedance analyzer
(Agilent 4294A precision impedance analyzer). The impedance
spectrum was then analyzed to find the right frequency where
the impedance corresponds to the nanochannel resistance. The
nanochannel resistance corresponds to the impedance where
the phase is closest to zero, according to the equivalent electric
circuit of the nanochannel.

For the case of nanochannel impedance measurement,
a similar electric circuit as for the electrode was used. The only
difference was a low noise current preamplifier that was used in
nanochannel impedance measurements since the current is
very small and can be disturbed by different noises that may be
present. The whole experiment was conducted inside a Faraday
cage having the same ground as all the equipment.

Figure 10. Comparison of the measured temperature
sensitivity of the electrical conductivity with the results
from the model for ΔH� = �90 kJ mol�1 (black solid line),
ΔH� = �60 kJ mol�1 (red dashed), ΔH� = �30 kJ mol�1

(green dash-dot) and ΔH� = �15 kJ mol�1 (blue dotted).
The higher enthalpy change of the surface reaction leads to
a higher temperature sensitivity at low ionic concentrations.
Cyan squares andmagnetite diamonds represent the experi-
mental data for two different devices. The devices are of the
same height but different width and length. Two devices are
also different in terms of surface properties that can be the
result of processing uncertainties and different number and
type of adsorbed ions on the nanochannel wall.
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