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A B S T R A C T   

Diverse ionic current rectification methods for nanofluidic chips have recently emerged. Herein, we theoretically 
demonstrate that by applying a temperature gradient to the aqueous solution, the ionic rectification property of a 
tapered nanochannel can be manipulated by applying temperature gradients from the tip to base and vice versa. 
Our modeling results reveal that the rectification ratio can be significantly enhanced by applying a temperature 
increment from the base to tip, whereas the rectification ratio is significantly suppressed by applying a reverse 
temperature gradient. In addition to the solution temperature, we also investigated the influence of bulk ionic 
strength and tip height on the rectification ratio, thereby providing overlapping and non-overlapping regimes of 
electrical double layers. We demonstrate that the rectification behavior of a tapered nanochannel is determined 
by the overlapping regime of the electrical double layer at the tip of the nanochannel. Moreover, we propose a 
semi-analytical solution that can capture numerical results with the same order of magnitude. We expect that the 
modeling results of this contribution can provide a direction for understanding ionic transport across geomet
rically and thermally asymmetrical media, which could find applications from energy conversion to logical 
nanofluidic chip components.   

1. Introduction 

Ion transport through nanometer-sized channels or porous mem
branes has attracted interest owing to the unexpected phenomena that 
have been observed on this small scale [1]. The governing of ion 
transport by surface charge [2], assisting biological modification for 
manipulating electrical conductance [3], electrostatically controlling 
ion transport [4–7], energy conversion [8–11], water treatment [12], 
DNA translocation through nanoslits [13] and thermal manipulation of 
the electrical conductance [14,15] are examples of the promising and 
breakthrough applications of this new field of science and technology. 
Among these nanofluidic applications, imitating the ion transport 
functionality of ionic channels in biological membranes is the source of 
nanofluidic diodes, which resembles the function of electrical diodes 
[16]. The first typical design of nanofluidic diodes was based on a 
conical nanochannel that mimicked an ionic channel and provided an 
asymmetric distribution of ions, resulting in a nonzero variation of the 
electrical double layer (EDL) thickness along the nanochannel [16–20]. 
Siwy et al. [21] found that the ionic strength and pH of a solution 

significantly influenced the rectifying ratio (ratio of forward to reverse 
bias current). They experimentally demonstrated that by decreasing the 
ion concentration to 0.1 mM, the rectification ratio of the conical 
nanochannel was enhanced to four. The ion rectification effect can be 
achieved by introducing asymmetric reservoir concentrations into a 
homogeneous straight nanochannel. Clearly, the ion concentration in 
one reservoir should be sufficiently low to overlap the EDL [22]. The 
overlapping of the EDLs alongside the nanochannel walls results in 
asymmetric electrostatic effects, where the overlapped region will be 
counter-ion-selective. Cheng and Guo [22] demonstrated that by 
increasing the nanochannel height (H = 20nm), the rectification ratio of 
the nanochannel increased to 3.5 when the right and left reservoirs were 
subjected to bulk ion concentrations cR = 0.1M and cL = 10− 4M, 
respectively. To obtain stronger ion rectification effects, Daiguji et al. 
[6] theoretically and later Karnik et al. [23] experimentally demon
strated a nanofluidic diode that acquired positive–negative and pos
itive–neutral surface charges, respectively. Following the idea of 
inhomogeneous material design, different methods have been proposed, 
such as modifying the surface chemistry of conical PET membranes [24] 
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and utilizing different solid oxide materials with different isoelectric 
points [25,26]. Very recently, a novel design of nanofluidic diode was 
presented by Li and Li [27] that controlled the nanochannel size and 
surface charge by layer-by-layer deposition of charged polyelectrolytes 
on the PDMS channel walls. This novel method of nanofluidic diode with 
heterogenous wall’s materials demonstrated a significant impact on the 
rectifying ionic current. The main bottleneck for this nanofluidic diode 
type is the manufacturing process of inhomogeneous materials along the 
nanochannel. To address this challenge, researchers have attempted to 
impose surface charge inhomogeneity along the nanochannels by uti
lizing highly asymmetric pH values for both reservoirs [28–31] or solute 
concentration gradients as mentioned above. Another important 
parameter that not only manipulates the ion distribution [14,32] but 
also the acquired surface charge on the solid–aqueous interfaces [14, 
33–36] is the temperature of the solution. Venditti et al. [33] experi
mentally demonstrated that the zeta potential of a microchannel is a 
function of the solution temperature. They demonstrated that the 
sensitivity of the zeta potential to the variation of the solution temper
ature at the glass– or polydimethylsiloxane –aqueous interface decreases 
by decreasing the bulk ion strength. The temperature effects on the ac
quired surface charge have been recognized as the main reason for the 
temperature-dependent measured ionic currents and nanochannel 
conductance [14,37–39]. Imposing a temperature gradient on the 
micro/nanochannel interfaces [40] and the uniform electrically gated 
nanochannel [38,41] has demonstrated that the ion selectivity could be 
enhanced because of the variation in solution viscosity and, conse
quently, the ionic diffusivity (Stokes–Einstein relation). Exploiting the 
temperature-dependent surface charge could be an interesting idea to 
study the influence of the temperature gradient on the ionic rectification 
phenomenon in such a homogeneously fabricated conical nanochannel. 
Despite the numerous ionic rectification methods in nanofluidic chan
nels that have been discussed, to the best of the authors’ knowledge, no 
work has been reported on the temperature gradient effects on the ionic 
rectification phenomenon in nanofluidic devices related to the temper
ature effects on the surface charge. 

In this work, we employ a temperature-dependent electrical quad- 
layer (EQL) model [39] based on a recently proposed EQL model [42] 
to obtain the surface charge and zeta potential at the silica–aqueous 
interface as a function of the local solution properties such as temper
ature, ion concentration, and pH. Successively, by solving the 
temperature-dependent EQL model (see Supporting information) 

coupled with the Poisson–Nernst–Planck and Navier–Stokes equations, 
we theoretically study the temperature-regulated ion rectification phe
nomenon in tapered nanochannels. To this objective, two temperature 
gradients (∇T > 0 and ∇T < 0) as well as an isothermal temperature 
field (∇T = 0) are applied to the nanochannel under forward and reverse 
bias electrical fields and two bulk ionic strengths (nb = 0.1 mM and nb =

1 mM) to investigate the selectivity of the tapered nanochannel. The two 
bulk ionic strengths allow the study of the influence of different 
temperature-regulated surface charge sensitivities [33]. The coupled 
Poisson–Nernst–Planck and Navier–Stokes equations are solved using 
coupled lattice Boltzmann models. Finally, we propose a simple 
semi-analytical solution to discuss the ion selectivity of the nanofluidic 
channels. 

2. Problem definition 

Fig. 1 displays the schematic of a tapered nanochannel (θ = 10◦) with 
HL = 10nm, HR = 80.53nm, LC = 0.2μm, and L = 0.52μm designed for 
the present study (Fig. 1(a)). The reservoir heights are assumed to be H 
= 17HL, which provides sufficiently large reservoirs compared to the 
nanochannel tip for our numerical study. In this setup, we assume that 
the ion concentration and pH of the solution at both reservoirs are equal. 
According to the above discussion, the temperature can manipulate the 
acquired surface charge and consequently, the zeta potential [33,39] of 
the silica–aqueous interface. Venditti et al. [33] experimentally 
demonstrated that the sensitivity of the zeta potential to the temperature 
is directly related to the bulk ion concentration. Thus, applying a tem
perature gradient accompanied by a different bulk ionic strength can 
provide interesting ion rectification effects. This temperature-regulated 
ion rectification must be investigated in the presence of an applied 
external electric field. Fig. 1(b) and (c) indicate that we considered two 
temperature gradients, where ∇T < 0 and ∇T > 0; Fig. 1(d) displays the 
isothermal scenario ∇T = 0. 

In this contribution, we assume that (i) the two reservoirs, which 
include the solution and walls, are sufficiently large to be considered as 
thermal energy reservoirs and (ii) the nanochannel’s wall temperature 
linearly changes from left to right. These assumptions guarantee the 
provision of a cross-sectionally constant and steady-state temperature at 
the inlet and outlet of the nanochannel. Conversely, ignoring the con
vection heat transfer because of the extremely low Reynolds (Re ≈ 0.01, 
see Supporting information) fluid flow allows using the average cross- 

Fig. 1. (a) Schematic depiction of tapered homogeneous 
nanochannel with applied electric field for forward bias as φL >

φR, and reverse bias φL < φR. The two reservoirs have the same 
concentrations of ions nb,L = nb,R and assume that the walls are 
electrically charged because of the chemical reaction with bulk 
solution (ψL,w = ζ(nb,L, TL), ψR,w = ζ(nb,R, TR)). The zeta po
tential on the nanochannel walls is a function of the local 
temperature and ion concentration ζ = f(T(x), cK+ (x)). (b) 
Tapered nanochannel under nonzero temperature gradient TL 
> TR, which decreases from left to right. (c) Increasing from 
left to right TL < TR. (d) Zero temperature gradient TL = TR. 
The blue and red colors represent the low (30 ◦C) and high 
solution temperatures (50 ◦C), respectively.   
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section temperature of the nanochannel, which justifies the linear dis
tribution of the temperature along the nanochannel as T(x) = TL +
(TR − TL)x

L (see Supporting information). To obtain the local ion concen
tration, we solve the modified Nernst–Planck equations [32] 

∂ci

∂t
+ u⋅∇ci = Di∇

2ci + ziDi

(
∇⋅
(

ci∇
(

ψ +ϕ
))

−
ci

T
∇T⋅∇

(
ψ +ϕ

))
(1) 

For each ionic species, where ci, Di, and zi denote the ith ion con
centration, diffusion, and valance number, respectively. ψ = ψ

VT 
and ϕ =

ϕ
VT 

are the dimensionless electric potential and applied electric potential 
(E = − ∇φ), respectively, where VT = kBT

e is the thermal voltage, kB =

1.38 × 10− 23 JK− 1 is the Boltzmann constant, and e = 1.602 × 10− 19 C is 
the basic charge of an electron. Considering the right-hand side of Eq. 
(1), the last term represents the thermo-electrochemical migration 
phenomenon [32] which provides the influence of thermal and electrical 
gradients on the ionic transport through an applied temperature 
gradient. Clearly, this term is dropped for an isothermal scenario, 
whereby Eq. (1) is reduced to the conventional format of the modified 
Nernst–Planck equation. However, in the presence of a temperature 
gradient and zero potential difference on the electrodes (∇φ = 0), the 
temperature gradient as an external source induces an internal electric 
field (∇ψ) owing to the temperature effects on the surface charge of the 
nanochannel walls. This effect is different from the well-known ther
mo-diffusion phenomenon, which is identified as the Soret effect [43] 
and is negligible for even the lowest applied electric fields [41]. Thus, in 
this study, we ignore the Soret effect in our modeling results. Moreover, 
we do not consider the influence of temperature on the ionic diffusivity 
because it has been demonstrated that temperature-dependent diffu
sivity does not significantly change the ionic rectification ratio [41]. 
This assumption allows us to solely elucidate the influence of the 
temperature-regulated surface charge on the rectification ratio of the 
tapered nanofluidic channel. 

In Eq. (1), we decompose the electric field into the internal electric 
potential (ψ) due to the influence of EDL on the distribution of the ionic 
species and external electric field (E). In this study, the nanochannel 
walls acquire a local electric charge because of the chemical reaction 
with the bulk aqueous solution, which is considerably less than the 
applied external electric field. Conversely, we assume that the nano
channel walls are insulated to the applied external electric field and that 
the nanochannel walls can only be electrically charge through the zeta 
potential. This inconsistency in the boundary conditions for the two 
electric fields imposes formidable difficulty in solving the Poisson 
equation [38,41,44]. Consequently, the electric field can be decomposed 
to obtain the internal electric field by solving the Poisson equation as 
[28] 

∇2ψ = −
ρe

ε0εr
, (2)  

where ρe, ε0 = 8.854 × 10− 12CV-1m-1, and εr = 305.7exp
(

− Tave
219

)

[45] 

are the free net electric charge density 
(

ρe =
∑

i
zieci

)

, vacuum electrical 

permittivity, and ratio of water permittivity to vacuum for an average 
temperature (Tave = (TL + TR)/2), respectively. To solve Eq. (1), it is 
subjected to zero ionic flux boundary conditions (ji = 0) at the walls and 
Dirichlet-type boundary conditions at the inlet (ci,L = nb,L) and outlet (ci, 

R = nb,R). For Eq. (2), we assume that the nanochannel walls acquire 
surface charge exclusively owing to local thermo-chemical properties 
(ζ(x), σ0(x) ∕= 0), whereas the reservoirs acquire a homogeneous surface 
charge solely because of the reservoir solution temperature and bulk 
ionic strength. 

To obtain the zeta potential as a boundary condition for Eq. (2), we 
employ a temperature-dependent surface-complexation model [39]. In 
this model, after introducing temperature-dependent parameters such as 

solution electrical permittivity and chemical equilibrium constants into 
the surface complexation model, the surface charge and zeta potential 
are obtained based on the local thermochemical properties of the solu
tion. Hence, the typical chemical reactions on the silica surface are 
considered as [39]  

(3)  

(4)  

(5) 

where M+ denotes the local concentration of the cation, and Kint
a1, Kint

a2, 
and Kint

M are the inert chemical equilibrium constants. In this model, the 
local effective bulk ion concentration is obtained based on the local 
solution properties [46]. Once the thermochemical properties of the 
solution are obtained, the local zeta potential and surface charge can be 
obtained. Fig. 2 illustrates the employment of the 
temperature-dependent EQL model for our nanochannel walls. This 
model considers three series capacitances near the silica surface, which 
represent the layers of the EDL where a flexible buffer layer is added to 
the Stern and diffuse layers. Adding the buffer layer facilitates deter
mining the position of the zeta potential plane as a function of the so
lution concentration and temperature. 

The applied external electric field generates an electroosmotic flow 
through the nanochannel. To obtain the flow field, we solve the modi
fied incompressible Navier–Stokes equations 

(a) : ∇⋅u = 0,

(b) :
∂(u)

∂t
+ u⋅∇(u) = −

1
ρ∇p +∇⋅[υ∇(u)] +

F
ρ ,

(6)  

where ρ(kgm-3) is the density of the electrolyte, u(ms-1) is the flow ve
locity, p(Pa) is the fluid pressure, υ (m2s− 1) is the kinematic viscosity, 
and F = − ρe(∇φ + ∇ψ) is the electrical body force density with a 
dimension of Nm-3. Note that we did not apply a pressure gradient to 
drive the solution. Therefore, the fluid flow is triggered only by applying 
an external electric field. To solve the governing equations Eqs. (1), ((2) 
and (6)), we employ the lattice Boltzmann method, which is discussed in 
detail elsewhere [28,32,47–49]. Here we must point out that we wrote a 

Fig. 2. Schematic illustration of employing EQL model [39] to obtain zeta 
potential on nanochannel walls. 
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Fig. 3. Zeta potential as function of tapered nanochannel length for (a) forward and (b) reverse bias electric fields. The solid lines represent the low applied voltage 
(|Δφ| = 10− 4V) and the dashed lines the high voltage (|Δφ| = 5V). 

Fig. 4. Contour of counter-ion concentration to demonstrate influence of bias electric field, bulk ionic strength, and temperature gradient on distribution of counter- 
ions in nanochannel. 
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code to solve the governing equations coupled with the EQL model 
equations in FORTRAN. The code has been numerically verified for 
several previous studies [39,42,46] in terms of comparing the surface 
charge, zeta potential, ionic concentration, and fluid flow with the 
available experimental and analytical results. 

3. Results and discussion 

We solved the governing equations Eqs. (1)–((3)) coupled with the 
proposed temperature-dependent EQL model [39] to obtain u(x, y), ψ(x, 
y), ci(x,y), ζ(x), and σ(x). Fig. 3 displays the absolute value of the zeta 
potential along the nanochannel length for y = H/2, where the y-axis is 
placed on the lower left corner of the system and H denotes the reservoir 
height (Fig. 1. In Fig. 3, we intentionally presented three applied tem
perature fields TL − R = 30○C − 30○C, TL − R = 50○C − 30○C, and TL − R =

30○C − 50○C, where the subscript L − R represents the temperature from 
the left to right reservoir. Note that the applied external electric fields 
for both forward and reverse bias vary from zero to 5 V. Moreover, we 
considered two different bulk ion concentrations to study the coupled 
influence of the temperature gradient, applied electric field, and bulk 
ion concentration on the physicochemical properties inside the nano
fluidic channel as well as the electrokinetic transport phenomena. Fig. 3 
indicates that the temperature gradient has a significant influence on the 
acquired electric potential of the solid-liquid interface. The slope of the 
absolute value of the zeta potential distant from the tip and base of the 
nanochannel is directly related to the slope of the temperature variation 
along the nanochannel (d|ζ|

dx ∝dT
dx), which is consistent with the experi

mental measurements for a microchannel [33]. Fig. 3 indicates, in 
general, that temperature has a dominant role in determining the zeta 
potential. For instance, increasing the bulk ionic strength and temper
ature have diverse influences that decrease and increase the zeta po
tential, respectively. Nonetheless, as Fig. 3 indicates, the slope of the 
zeta potential is determined by the solution temperature. Moreover, our 
modeling results demonstrate that the zeta potential is not only a 
function of the solution temperature and bulk ionic strength but also the 
applied external electric field. Regarding the bulk ionic strength, as 
expected, by increasing the bulk ionic strength, the absolute value of the 
zeta potential decreases significantly. This zeta potential behavior was 
identified by different experimental measurements [50–52]. Regarding 
the influence of the external electric field, Fig. 3(a) indicates that for the 
forward bias electric field (electric potential decreasing from tip to 
base), by increasing the external electric field, the absolute value of the 
zeta potential increases, whereas for the reverse bias electric field (Fig. 3 

(b)), by increasing the applied external electric field, the absolute value 
of the zeta potential decreases. The modeling results reveal that this 
behavior of the zeta potential as a function of the applied external 
electric field is independent of the applied temperature gradient (∇T =
0 or ∇T ∕= 0). This phenomenon can be interpreted by considering the 
influence of the direction of the applied external electric field on the 
concentration of counter-ions near the tapered nanochannel walls. 

As displayed in Fig. 4(a), the forward bias electric field induces a 
lower counter-ion concentration near an inclined electrically charged 
wall because of the pulling of counter-ions away from the nanochannel 
walls. Conversely, the reverse bias electric field (Fig. 4(b)) induces a 
greater local counter-ion concentration because of the interaction with 
the external electric field, which pushes the counter-ions to move closer 
to the nanochannel walls. Consequently, as mentioned above, by 
increasing and decreasing the local counter-ion concentration, the ab
solute value of the zeta potential decreases (reverse bias) and increases 
(forward bias), respectively. Furthermore, we present the influence of 
increasing the applied external electric field (Fig. 4(c) and (d)), applying 
a temperature gradient (Fig. 4(d)–(f)), and increasing the bulk ionic 
strength (Fig. 4(g) and (h)) by the contour of the counter-ionic species. A 
comparison of Fig. 4(e) and (f) reveals that the temperature gradient has 
the most significant influence on the distribution of the counter-ion 
species inside the nanochannel. Conversely, by increasing the bulk 
ionic species, Fig. 4(g) and (h) indicate that the nanochannel bulk region 
and solution near the nanochannel walls becomes less positively 
charged. 

As mentioned above, the zeta potential at the tip and base of the 
nanochannel demonstrates nonlinear behavior as a function of the 
nanochannel length. Considering the tip of the nanochannel, Fig. 3 
demonstrates that for all temperature gradients, bulk ionic concentra
tions, and applied external electric fields, the absolute value of the zeta 
potential decreases to a local extremum by moving from the tip to base 
of the nanochannel. In fact, this extremum point can be considered as an 
energy barrier for ionic species to pass through the tip; nevertheless, this 
energy barrier is a function of the applied temperature field, which is 
stronger for ∇T > 0, or that is, when the solution temperature is 
increasing from the tip to base of the nanochannel. The main reason for 
the formation of this extremum point at the tip of a tapered nanochannel 
is explained later. 

3.1. Surface charge at solid–liquid interface 

The EQL model provides detailed data regarding the EDL properties 
including the surface charge (σ). Fig. 5 displays the absolute value of the 

Fig. 5. (a) Forward and (b) reverse bias electrical surface charge versus nanochannel length for different temperature gradients, bulk ionic concentration, and 
applied external electric field. 
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surface charge for the (a) forward and (b) bias-applied electric fields. 
Similar to the zeta potential, the surface charge is a function of the bulk 
ionic strength, temperature field, and applied external electric field. 
Considering the bulk ionic strength, our modeling results demonstrate 
that by increasing nb from 0.1 mM to 1 mM, the absolute value of the 
surface charge increases despite the values of the applied external 
electric and temperature fields. Moreover, the slope of the surface 
charge increment along the nanochannel is mainly a function of the 
applied temperature gradient. For instance, as Fig. 5(a) and (b) indicate, 
the surface charge on the nanochannel walls (distant from the tip and 
base) is directly related to the solution temperature (∇σ∝∇T). 
Furthermore, a comparison of Fig. 5(a) and (b) indicates that the ab
solute value of the surface charge is a function of the amount and di
rection of the applied external electric field. To interpret this behavior of 
the absolute value of the surface charge, we can refer to the same 
explanation as the zeta potential (Fig. 4). When we apply a forward bias 
electric field, fewer counter-ions are available near the nanochannel 
walls and vice versa for the reverse bias electric field. According to the 
experimental measurements and EDL theories, the acquired surface 
charge is directly related to the local counter-ion concentration. 
Consequently, when we apply a forward bias electric field, the local 
absolute value of the surface charge must be decreased compared to the 
lower or reverse applied electric fields. 

3.2. Ionic concentration and internal electric field 

Thus far, we have presented the electrical boundary conditions on 
nanochannel walls that have a crucial influence on the transport of ionic 
species through nanofluidic channels [2]. To discuss the temperature 
gradient on ionic transport through a tapered nanofluidic channel, we 
must investigate the electrokinetic parameters along the nanochannel. 
Fig. 6(a) and (b) display the co- and counter-ion concentrations for ci(x, 
H/2); the shaded gray area depicts the nanofluidic channel region. As 
Fig. 6(a) and (b) indicate, the maximum counter-ion concentration is 
placed inside the nanochannel and near the tip for all temperature field 
scenarios despite the direction of the applied external electric field 
(forward or reverse) and bulk ionic strength. However, the maximum 
peak area of the counter-ion concentration decreases by either 

increasing the bulk ionic strength or employing a nonzero temperature 
field. Considering the bulk ionic strength, this is an expected phenom
enon because the selectivity of the nanofluidic channel decreases at the 
tip owing to a weaker EDL interaction. The temperature gradient has 
two distinct influences on the peak counter-ion concentration, which 
depend on the temperature gradient direction. For forward and reverse 
bias electric fields (Fig. 6(a) and (b)), when a temperature gradient from 
the base to tip (∇T < 0) was applied, the maximum amount of the 
counter-ion concentration at the tip of the nanochannel significantly 
decreased compared to the isothermal and temperature increasing from 
the tip to base (∇T > 0) scenarios. This temperature gradient effect can 
be explained by recalling the variation in the surface charge on the 
nanochannel walls (Fig. 5). As discussed above, we demonstrated that 
the absolute value of the surface charge at the peak area of the nano
channel for ∇T < 0 is the minimum among the other scenarios. There
fore, the concentration of counter-ions that can be attracted to the tip of 
the nanochannel to balance the acquired surface charge on the nano
channel walls is decreased. Considering the influence of the strength and 
direction of the applied external electric field, Fig. 6(a) and (b) indicate 
that by increasing the applied bias electric field, the extremum point of 
the counter-ion concentration at the centerline of the nanochannel is 
moved to the base of the nanochannel for the forward bias electric field, 
whereas it approaches the tip of the nanochannel for the reverse bias 
electric field. Furthermore, applying higher electric fields influences the 
extremum of the counter-ion concentration curve at the tip of the 
nanochannel such that the forward bias electric field decreases the 
accumulation of counter-ion concentration, whereas the reverse bias 
electric field increases beyond the lower applied external electric fields. 

The electric field (ψ(x, H/2)) induced by the EDL is indicated for 
forward (Fig. 6(c)) and reverse (Fig. 6(d)) bias electric fields. Interest
ingly, at the centerline of a tapered nanochannel, the energy barrier that 
we discussed for the zeta potential (Fig. 3) appears, which is stronger for 
the isothermal and ∇T > 0 temperature fields. For ∇T < 0, our modeling 
results indicate that the absolute value of the internal electric potential 
inside the nanochannel is always decreasing. This means that ∇T <
0 eliminates the energy barrier inside the tapered nanofluidic channel, 
which induces a stable internal electric field variation from the base to 
tip of the nanochannel. Consequently, the induced internal electric field, 

Fig. 6. Normalized concentration of K+ and Cl− at centerline and along nanofluidic channel for (a) forward and (b) reverse bias electric fields. The internal electric 
field at the centerline and along the nanofluidic channel for (c) forward and (d) reverse bias electric fields. 
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which is mainly independent of the forward or reverse bias electric field, 
weakens or strengthens the influence of the external electric field. Later, 
we discuss the extent to which this phenomenon influences the ionic 
current through the nanofluidic channel. 

As expected, by increasing the bulk ionic strength, the absolute value 
of the internal electric potential decreases, which is a consequence of the 
decrease in zeta potential due to the increase in the bulk ionic strength 
(Fig. 3). Moreover, the internal electric potential for isothermal (30○C −
30○C) and ∇T > 0 (30○C − 50○C) at the tip of the nanochannel is 
approximately the same because of the reduced selectivity of the 
nanochannel tip at a lower solution temperature (lower zeta potential 
and therefore weaker EDL interaction). 

3.3. Electroosmotic velocity 

In the previous sections, we presented the influence of the temper
ature gradient as well as the applied external electric field and bulk ionic 
strength on the distribution of the ionic species and internal electric 
potential field (Fig. 6). The other parameter that has a role in the ionic 
current is the electroosmotic velocity, which is obtained by solving the 
Navier–Stokes equations (Eq. (6)). Fig. 7 displays the absolute value of 
the electroosmotic velocity versus the nanochannel length for forward 
(solid line) and reverse (dashed line) bias electric fields under the in
fluence of diverse temperature fields and bulk ionic strengths, wherein 
as in Fig. 6, the shaded gray area represents the tapered nanochannel. 
For all scenarios, the electroosmotic velocity sharply increased at the tip 
of the nanochannel, which is reasonable because the cross-sectional area 
decreases from the reservoir to the tip. Interestingly, the electroosmotic 
flow could be significantly manipulated by the applied temperature 
gradient. Our modeling results reveal that for a solution with ∇T < 0, 
the electroosmotic velocity decreased more than with ∇T > 0. This 
behavior of the nanochannel can be interpreted by considering the zeta 
potential and internal electric field, which we presented in Figs. 3, 6(c) 
and (d). To explain this behavior of the electroosmotic flow, we consider 
the simple one-dimensional analytical solution of the Navier–Stokes 
equation (Eq. (6)) and non-slip boundary conditions on the channel 
walls [53,54] 

u(y) = −
ε0εrE

μ ζ
[

1 −
cosh(κy)
cosh(κH)

]

, (7)  

where κ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
2e2nb

ε0εrkBT

)√

denotes the inverse of the EDL characteristic 

length [55]. Whereas solving Eq. (7) for different amounts of zeta po
tential and channel height indicates that the electroosmotic velocity 
increases by increasing the height of the nanochannel or decreasing the 
bulk ionic strength [45]; conversely, increasing the absolute value of the 
zeta potential increases the characteristic length of the EDL. Conse
quently, the electroosmotic velocity is decreased. Although the present 

study focuses on the nanochannels with low ionic strength which jus
tifies the overlapping of the EDL, but Eq. (7) can still provide the trend of 
EOF velocity with the channel parameters such as height and zeta po
tential. Fig. 7 indicates the same trend, wherein for ∇T < 0 and a 
specified bulk ionic strength, the electroosmotic velocity has a minimum 
amount compared to the isothermal and ∇T > 0 scenarios. Note that the 
minimum amount of the electroosmotic velocity belongs to the smaller 
bulk ionic strength with ∇T < 0, where we have the maximum absolute 
value of the zeta potential and internal electric field (Figs. 3 and 6). The 
maximum electroosmotic velocity can be obtained by increasing the 
bulk ionic strength and applying an isothermal temperature field 
(electroosmotic velocity for nb = 1 mM and ∇T = 0). Regarding the 
influence of the bias electric field direction, Fig. 7 indicates that we can 
assume that the absolute value of the electroosmotic velocity is an in
dependent parameter of the forward or reverse bias electric fields. 

3.4. Influence of nanochannel height 

We have demonstrated that the temperature gradient and bulk ionic 
strength can significantly influence the physicochemical properties of 
tapered nanochannels. One influential phenomenon that determines the 
ion selectivity of a nanochannel is the overlapping of the EDLs. The 
overlapping of the EDLs could occur by decreasing the nanochannel 
height, decreasing the bulk ionic strength, or increasing the solution 
temperature. In this section, we aim to vary the tip height while 
retaining the nanochannel inclination angle (θ = 10◦). Fig. 8 displays the 
zeta potential for nanochannels with HL=5, 10, 20, and 40 nm, which 
were subjected to TL − R = 50 ◦C–30 ◦C, |Δφ| = 0.5 V, and nb= 1 mM. The 
modeling results indicate that the zeta potential did not change signif
icantly when we increased the tip height from 5 to 10 nm, whereas 
further increasing the tip height to 20 and 40 nm significantly decreased 
the absolute value of the zeta potential. This trend of the zeta potential 
can be explained by considering the overlapping of the EDL, which can 
be identified by determining the ratio of the EDL thickness and tip height 
as κHL → 5nm = 0.52, κHL → 10nm = 1.05, κHL → 20nm = 2.1, and κHL → 40nm 
= 4.2. As Fig. 9(a) indicates, for fully overlapped EDLs (κHL = 0.52 and 
1.05), by decreasing the tip height from 10 to 5 nm, the counter-ion 
concentration did not change as significantly as when the tip height 
varied from 20 to 10 nm. This finding supports the argument that by 
further decreasing the tip height, there is not a significant change in 
counter-ion concentration; therefore, the zeta potential remains 
approximately unchanged. As we have previously alluded to the source 
of internal electric potential, Fig. 9(b) indicates that following the 
counter-ion concentration behavior for tip heights of 5 and 10 nm, the 
internal electric potential does not significantly change ( ψHL=5nm

ψHL=10nm
= 1.14) 

Fig. 7. Absolute value of electroosmotic velocity through nanochannel for 
forward (solid lines) and reverse (dashed lines) bias electric fields with |Δφ|=
5 V. 

Fig. 8. Influence of nanochannel height on zeta potential for bulk reservoir 
concentration nb = 1 mM, TL − R= 50 ○C–30○C, |Δφ|= 0.5 V, and nb= 1 mM. 
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at the tip of the nanochannel compared to the 20 and 40 nm (ψHL=20nm
ψHL=40nm 

=

2.36) scenarios. 

3.5. Ionic current and rectification ratio 

The ionic current through the nanochannel is triggered by the 
advection, diffusion, and electromigration of the ions, which is defined 
as 

I(x) = w
∫
H(x)

2

− H(x)
2

{
u
∑

ezici − e
∑

Dizi∇ci − e∇
(

ψ +ϕ
)∑

z2
i Dici

}
dy, (8)  

where w, H(x), and u denote the width of the nanochannel (w = 60μm), 
height of the nanochannel (H(x) = HL + xtan(θ)), and fluid flow velocity 
along the nanochannel length, respectively. We can rewrite Eq. (8) as 

I(x) = w
∫
H(x)

2

−
H(x)

2

{
uρe − D̃∇ρe − D̃∇

(
ψ +ϕ

)∑
ez2

i ci

}
dy, (9) 

By introducing the definition of the net electric charge density (ρe =

∑

i
ezici) into Eq. (8) and defining the average ionic diffusion coefficient D̃ 

=
(DK++DCl− )

2 . The first term on the right-hand side of Eq. (9) represents the 
ionic current due to advection, the second term represents the diffusion, 
and the last term represents the ionic current due to electromigration. 
Using Eq. (9) to calculate the ionic current for different temperatures 
and applied external electric fields, we can obtain the rectification ratio 

(R ), which is defined as 

R = |Imax||Imin|
− 1
. (10) 

Furthermore, we were interested in the direction of the maximum 
ionic current. Thus, we define the ratio of the forward ionic current to 
the reverse as 

I =
⃒
⃒If
⃒
⃒|Ir |

− 1
. (11) 

Fig. 10(a) displays the rectification ratios and Fig. 10(b) indicates the 
ratio of forward to reverse ionic current versus the absolute value of the 
applied potential difference (|Δφ|) for three temperature fields and two 
bulk ionic strengths. As Fig. 10(a) and (b) indicate, the applied tem
perature gradients can significantly manipulate the rectification ratio of 
the tapered nanofluidic channel. Note that by increasing the bulk ionic 
strength, the influence of the temperature gradient on the rectification 
ratio is strengthened (comparing the isochromatic solid and dashed 
lines). Interestingly, the direction of the applied temperature gradient 
could significantly increase or decrease the ionic rectification ratio. For 
instance, if we apply a decreasing solution temperature from the tip to 
base of the nanochannel (∇T < 0), our modeling results reveal that the 
rectification ratio is significantly enhanced compared to other applied 
temperature fields (∇T = 0 and ∇T > 0) with the same bulk ionic 
strength (solid and dashed lines in Fig. 10(a)). Furthermore, by 
increasing the bulk ionic strength, the increasing solution temperature 
from the tip to base (∇T > 0) demonstrates a reverse influence on 
rectification ratio compared to ∇T = 0 and ∇T < 0. As Fig. 10(a) in
dicates, for greater bulk ionic strength, the increasing temperature from 
the tip to base (dashed blue line) suppresses the ionic rectification 
property of the tapered nanochannel, which is even less than the recti
fication ratio of the isothermal scenario (dashed red line). This 

Fig. 9. Centerline amounts of (a) normalized concentration of K+ and Cl− and (b) − ψ (mV) along nanochannels with tip heights of HL = 5 nm, 10 nm, 20 nm, and 40 
nm for bulk reservoir concentration nb = 1 mM, TL − R = 50○C–30○C, |Δφ|= 0.5 V, and nb= 1 mM. 

Fig. 10. (a) Ionic rectification ratio (R ) and (b) ratio (I ) of absolute value of forward (|If|) to reverse (|Ir|) ionic current for three temperature fields (∇T = 0, ∇T >
0, and ∇T < 0) and for two ionic strength (nb = 0.1 mM and nb = 1 mM). (c) the influence of the nanochannel tip height on R for HL = 5, 10, 20, and 40 nm. 

A. Alizadeh et al.                                                                                                                                                                                                                               



International Journal of Mechanical Sciences 210 (2021) 106754

9

significant influence of the direction of the temperature gradient can be 
reversed when we apply a decreasing solution temperature from the tip 
to base (∇T < 0, black dashed line), which increases the rectification 
ratio by 2.5 compared to the same bulk ionic strength (nb = 1 mM) with 
∇T > 0. 

Considering the ratio of the forward to reverse ionic current, Fig. 10 
(b) indicates that the maximum ionic current occurs mainly in the 
reverse direction, except for the solution with ∇T > 0 and nb = 0.1mM 
(blue solid line). 

As mentioned previously (Eq. (8)), three transport phenomena are 
responsible for generating an ionic current, which is represented as (i) 
advection ρeu, (ii) diffusion D̃∇ρe, and (iii) electromigration D̃∇(ψ +

ϕ)
∑

ez2
i ni. A simple dimensional analysis of the three ionic current 

terms indicates that for the tip of the nanochannel, the order of the 
advection and electromigration terms is O (uρe) = O (D̃∇(ψ +

ϕ)
∑

ez2
i ni) ∼ 104, whereas the order of the diffusion terms is O (D̃∇ρe)

= ∼ 103. Although the contribution of the advection term in the ionic 
current is on the order of the electromigration term, the nonsignificant 
influence of the electrical bias direction on the electroosmotic velocity 
(Fig. 7) and net electric charge density (Fig. 6(a) and (b)) justifies the 
argument that the rectification ratio of the nanochannel can be deter
mined based on the competition between the diffusion and electro
migration terms. On the other word, the ionic rectification behavior of 
the present work nanochannel will be solely determined based on the 
contribution of two other transport phenomena which are diffusion and 
electromigration. Therefore, a simple analysis based on the ionic con
centrations (Fig. 6(a) and (b)) and internal electric field (Fig. 6(c) and 
(d)) indicates that for the forward bias electric field (∇φ < 0) and 
reverse bias electric field (∇φ > 0), we have ∇ψ |x<xψ ,m

> 0 and ∇ψ|x>xψ ,m 

< 0, where xψ,m denotes the extremum point for the internal electric 
field inside the nanochannel. The contribution of the electromigration 
term in ionic current depends on the applied external electric field, 
which could be |∇(ψ + ϕ)f | = |∇(ψ + ϕ)r| for ∇φ = 0 and 
|∇(ψ + ϕ)f | < |∇(ψ + ϕ)r| or |∇(ψ + ϕ)f | > |∇(ψ + ϕ)r| for ∇φ ∕= 0. 
Selecting the highest applied electric field in this contribution (|Δφ|= 5 
V), clearly, the contribution of the electromigration in the reverse bias 
electric field is greater than the forward the bias electric field, which 
means that |∇(ψ + ϕ)f | < |∇(ψ + ϕ)r|. Moreover, as indicated in Fig. 6 
(a) and (b), we have a greater amount of 

∑
ez2

i ni for the reverse bias 
electric field compared to the forward bias. Therefore, the contribution 
of the electromigration term in the reverse bias electric field is greater 
than that in the forward bias. Regarding the diffusion contribution in the 
ionic current, Fig. 6(a) and (b) demonstrate that ∇ρe|x<xc1 ,m

> 0 and 
∇ρe|x<xc1 ,m

< 0, where xc1 ,m represents the extremum point for the 
counter-ion concentration inside the nanochannel. Conversely, the 
gradient of the net electric charge density for forward and bias electric 
fields are ∇ρef < ∇ρr. Therefore, the contribution of the diffusion in the 
reverse bias electric field is more significant than that in the forward bias 
electric field. 

Considering the influence of tip height on the ionic rectification 
behavior of the nanochannel, Fig. 10(c) indicates that by increasing HL 
from 5 to 10 nm, R increases from 1.5 to 2.5, and further increasing HL 
to 20 and 40 nm, the rectification ratio decreases to 1.93 and 1.7, 
respectively. Consequently, it can be deduced that decreasing the tip 
height of a tapered nanochannel does not always increase the rectifi
cation ratio. To interpret this behavior of nanochannels with HL= 20 and 
40 nm, Fig. 9(a) and (b) indicate that by increasing the height of the 
nanochannel beyond 10 nm, wherein the EDLs do not overlap at the tips, 
the value of ∇ψ and ∇ρe for x > xm is decreasing. Therefore, the ionic 
current in the reverse bias electric field decreases and finally decreases 
the rectification of the ionic current. Unlike the non-overlapped regime, 
for the overlapped EDL regime, increasing the tip height from HL = 5 to 
10 nm increases the ionic rectification of the nanochannel. Our 

modeling results (Fig. 9(b)) revealed the interesting fact that ∇ψ inside 
the nanochannel is greater for HL = 10 nm. Therefore, the contribution 
of the electromigration term is greater than that of HL= 5 nm. 

4. Semi-analytical solution 

In this section, we propose a simple one-dimensional (1D) semi- 
analytical solution to understand the physics underlying ion transport 
through a tapered nanochannel with a temperature gradient. As 
mentioned in the previous section, the ionic current rectification 
behavior is determined based on the interplay of the diffusion and 
electromigration transport phenomena. Consequently, it is reasonable to 
neglect the convection term uρe in the proposed semi-analytical solution 
and simplify the steady-state Nernst–Planck equations for both counter- 
and co-ions as 

a) : Counter − ion : 0 = ∇2c1 +∇⋅
[
c1∇

(
ψ + ϕ

)]
,

b) : Co − ion : 0 = ∇2c2 − ∇⋅
[
c2∇

(
ψ + ϕ

)]
.

(12) 

If we sum Eq. (12) a and b and define ns =
(c1+c2)

2 and nd =
(c1 − c2)

2 , we 
have 

0 = ∇2ns +∇⋅
[
nd∇

(
ψ +ϕ

)]
. (13) 

Because we are studying a tapered nanofluidic channel, the zero flux 
of the ionic species along the y-direction is no longer valid. However, the 
zero-flux condition remains available perpendicular to the nanochannel 
walls, which justifies employing the n − t (normal-tangential coordi
nate) as the reference coordinate that stands on the lower nanochannel 
wall. Hence, Eq. (13) can be written as 

0 =
∂2ns

∂n2 +
∂2ns

∂t2 +
∂nd

∂n

(∂
(

ψ + ϕ
)

∂n

)

+ nd

(∂2
(

ψ + ϕ
)

∂n2

)

+
∂nd

∂t

(∂
(

ψ + ϕ
)

∂t

)

+ nd

(∂2
(

ψ + ϕ
)

∂t2

)

. (14) 

Recalling the zero-flux of ionic species normal to the nanochannel 
walls, we have two relations 

J1,n = 0→
∂c1

∂n
+ c1

∂
(

ψ + ϕ
)

∂n
= 0,

J2,n = 0→
∂c2

∂n
− c2

∂
(

ψ + ϕ
)

∂n
= 0.

(15) 

If we sum Eq. (15)a and b, then we have 

J1,n + J2,n = 0→
∂ns

∂n
+ nd

∂
(

ψ + ϕ
)

∂n
= 0. (16) 

Taking the gradient of Eq. (16) (∇(J1,n + J2,n)) and introducing the 
result into Eq. (14), we obtain 

0 =
∂2ns

∂t2 +
∂ns

∂t

(∂
(

ψ + ϕ
)

∂t

)

+ ns

(∂2
(

ψ + ϕ
)

∂t2

)

. (17) 

Considering the lower half of the nanochannel, we can relate the 
differential in the t-direction to the x- and y-directions as dx = (cosθ)dt 
and dy = (sinθ)dt. If we introduce these relations into Eq. (17), we have 
two separate mass conservation equations in the x- and y-directions. For 
the x-direction, we introduce the former relation and the dimensionless 
format of the parameters y =

y
HL

, x = x
L, n = n

nb
, and ψ = ψ/Vt to Eq. (17) 

yielding 

0 =
∂2ns

∂x2 +
∂nd

∂x

(

−
EL
Vt

+
∂ψ
∂x

)

+ nd
∂2ψ
∂x2 . (18) 
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Note that the mass conservation equation can be solved in the y-di
rection, as we have a locally nonzero flux of ionic species. However, the 
integral of the cross-sectional y-direction ionic fluxes is zero because of 
the symmetry (the ionic fluxes in the y-direction for the upper and lower 
parts of the nanochannel cancel each other). To simplify Eq. (18), we 
assume that the tapered nanofluidic channel is covered with overlapped 
EDLs. Clearly, the overlapping of the EDLs is considerably stronger at the 
tip than at the base of the nanochannel. This assumption occurs in a 1D 
Poisson equation (Eq. (2)), which is written as ∂

2ψ
∂x2 =

− ρeL2

Vt ε . If we integrate 
from both sides of this 1D Poisson equation along the nanochannel cross 
section and define 

〈ψ〉 =
∫ H(x)

0 ψdy
H(x)

(19)  

then, we have 
〈

nd

〉

= −
Vtε

enbL2

d2〈ψ〉
dx2 , (20)  

where H(x) = 1+

(

tan(θ) L
HL

)

x. 

To eliminate any complexity due to solving coupled differential 
equations, we assume that 

ψ = ζexp
(
− κHL

(
H(x) − y

))
, (21)  

where 

〈ψ〉 = ζ
H(x)HLκ

[
exp
(
− κHLH(x)

)
− 1
]
. (22)  

where for nb = 0.1 mM, we have ζ = 10− 3( − 0.06T − 107.4), and for nb 
= 1 mM, the zeta potential is ζ = 10− 3( − 0.44T − 78.2) according to the 
experimental measurements [33]. In Eq. (22) we non-dimensionalize the 
zeta potential with the thermal voltage as ζ = ζ/Vt, where Vt = kBTave/e 
and Tave = 0.5(TL + TR) + 273.15 K. Considering the temperature dis
tribution, we assume that the temperature is T(x) = TL + (TR − TL)x/L. 
To provide a 1D model, we integrate Eq. (18) through the cross section 

of the tapered nanochannel and define 〈ns〉 =

∫ H(x)

0
nsdy

H(x)
and 〈nd〉 =

∫ H(x)

0
nddy

H(x)
, yielding 

d2
〈

ns

〉

dx2 = −

(
1

H(x)

)(

−
EL
Vt

+
d〈ψ〉

∂x

) d
(

H(x)
〈

nd

〉)

dx
−

d2〈ψ〉
dx2

〈

nd

〉

.

(23) 

Introducing the relations for 〈ψ〉 and 〈nd〉 into Eq. (23) yields d
2〈ns〉

dx2 =

f(H(x), aexp(bx + c) + d), where the right-hand side is a complex 
function of the nanochannel width and an exponential function. This 
differential equation cannot be analytically solved. To address this 
challenge, we found that the right-hand side of Eq. (23) can be 
approximated by an exponential function f(H(x), aexp(bx + c) +
d) ≈ a1exp(b1x + c1), where a1, b1, and c1 are obtained by least squares 
fitting with the original function f. This fitting permits us to solve Eq. 
(23) analytically, yielding 
〈

ns

〉

=
a1

b2
1

exp(b1x+ c1) + C1x + C2, (24)  

with the boundary conditions 〈ns〉x=0 = α, 〈ns〉x=1 = β, which we bor
rowed from our numerical model. Fig. 11 represents the 〈ns〉 for (a) nb=

0.1 mM and (b) nb= 1 mM, as well as the fitting functions in Table 1. 
Several interesting points can be inferred: (i) the value of 〈ns〉 at the tip 
of a tapered nanochannel demonstrates a linear relation with the applied 
potential difference for all temperature fields and ionic strength sce
narios; (ii) the values of 〈ns〉 at the base of the nanochannel are expo
nential functions of the applied electric potential difference; (iii) for 
both ionic strength scenarios, it has been demonstrated that applying 

Fig. 11. Non-dimensionalized 〈ns〉 versus applied external electric potential for ionic strengths (a) nb= 0.1 mM and (b) nb = 1 mM. The circle and square symbols 
represent the outlet and inlet amounts of 〈ns〉 from our numerical modeling, respectively, whereas the lines (dashed and solid) represent the fitting curves. 

Table 1 
〈ns〉 Fitting functions for temperature fields and bulk ionic strengths.   

Temperature 
(◦C) 

nb= 0.1 mM nb= 1 mM 

Inlet 
x =
0  

TL = 30, TR =

30 
〈ns〉 = − 1.2891Δϕ +

15.557  
〈ns〉 = − 0.4123Δϕ +

6.424  
TL = 50, TR =

30 
〈ns〉 = − 0.2746Δϕ +

4.9645  
〈ns〉 = − 0.1488Δϕ +

3.171  
TL = 30, TR =

50 
〈ns〉 = − 0.9771Δϕ +

13.711  
〈ns〉 = − 0.3804Δϕ +

6.6717  
Outlet 

x =

1  

TL = 30, TR =

30 
〈ns〉 = 10.195e− 0.125Δϕ  〈ns〉 = 6.7614e− 0.123Δϕ  

TL = 50, TR =

30 
〈ns〉 = 9.2211e− 0.123Δϕ  〈ns〉 = 7.1892e− 0.12Δϕ  

TL = 30, TR =

50 
〈ns〉 = 3.5199e− 0.086Δϕ  〈ns〉 = 2.991e− 0.087Δϕ   
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temperature gradient ∇T < 0 makes the tip of the nanochannel less 
sensitive to the applied potential difference, which results in (iv) 
increasing the 〈ns〉x=1 − 〈ns〉x=0 from a forward to reverse bias electric 
field. 

Because we already have 〈ns〉 (Eq. (24)) and 〈nd〉 (Eq. (20)), we can 
determine the ionic current as 

I(x) = −
4wD̃eHL

L
nb

⎛

⎝
d
(

H(x)
〈

nd

〉)

dx
+

(
− EL

Vt
+

d〈ψ〉
dx

)

H(x)
〈

ns

〉
⎞

⎠. (25) 

Fig. 12 displays the ionic rectification ratio R obtained by averaging 
the ionic current (Eq. (25)) over the length of the nanochannel versus 
the applied external potential difference. It has been demonstrated that 
the proposed semi-analytical solution predicts the rectification ratios on 
the same order of magnitude and trend as the numerical results (Fig. 10 
(a)). As indicated in Fig. 12, for a greater applied electrical potential, Eq. 
(25) predicts rectification ratios less than one (beneath the dashed green 
line in Fig. 12). This prediction contradicts the numerical rectification 
ratio, which can be explained by considering the simplifying assump
tions related to the zeta potential and 1D Poisson equation. 

5. Conclusions 

In this study, we theoretically demonstrated that a temperature- 
regulated surface charge can manipulate the ionic rectification of a 
single-material tapered nanochannel. Our modeling results indicate that 
the ionic current can be actively manipulated by applying temperature 
gradients from the tip to base and vice versa while changing the bulk 
ionic strength and tip height. The key influence of temperature and bulk 
ionic strength on the surface charge and therefore, on the ionic current, 
was determined by calculating the surface charge and zeta potential 
based on a temperature-dependent EDL model. It was revealed that 
applying a decreasing temperature from the tip to base associated with a 
greater bulk ionic strength could significantly enhance the ionic recti
fication ratio of the nanochannel, whereas applying a temperature 
gradient in the reverse direction significantly suppressed the rectifica
tion behavior of the nanochannel. Moreover, we demonstrated that the 
rectification behavior of the tapered nanochannel is mainly determined 
by the overlapping of the EDLs at the tip of the nanochannel. Finally, we 
developed a semi-analytical solution and obtained a rectification ratio 
that supported the numerical modeling results with the same order of 
magnitude and corroborated our argument that the surface charge in
homogeneity due to the temperature gradient could significantly 

enhance the rectification ratio. 
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