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Abstract

Proton transport in confined spaces plays a crucial role in many biological processes as
well as in modern technological applications, such as fuel cells. To achieve active control of
proton conductance, we investigate for the first time the gate modulation of proton transport
in a pH-regulated nanopore by a multi-ion model. The model takes into account surface
protonation/deprotonation reactions, surface curvature, electroosmotic flow, Stern layer, and
electric double layers overlap. The proposed model is validated by good agreement with the
existing experimental data on nanopore conductance with and without a gate voltage. Results
show that the modulation of proton transport in a nanopore depends on the concentration of
the background salt and solution pH. Without background salt, the gated nanopore exhibits an
interesting ambipolar conductance behavior when pH is close to the isoelectric point of the
dielectric pore material, and the net ionic and proton conductance can be actively regulated
with a gate voltage as low as 1 V. The higher the background salt concentration, the lower is

the performance of the gate control on the proton transport.

Keywords: Nanofluidics; Ion Transport; Gated Nanopore; Charge Regulation; Field Effect

Transistor
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1. Introduction
There has been growing interest in studying the ion transport in confined spaces, such as
nanopores and nanochannels,'™ owing to the tremendous potential of using these nanofluidic

4-10

devices to control ion, fluid, and nanoparticle transports™ ~ as well as in the applications of

11-13 15

energy conversion and single molecule biosensing.'* Many experimental and
theoretical results showed that the ion transport in such fluidic devices exhibits distinct
characteristics that deviate apparently from bulk properties. For example, when the
characteristic dimension of pores (or channels) shrinks to a length scale comparable to the
Debye length, several unique transport behaviors, such as ion selectivity,'® " local

18, 19

enrichment/depletion of ion concentrations, and rectification of ion transport,’*** begin to

emerge. It has been demonstrated that these behaviors depend exquisitely on the surface

charge property of nanopore (or nanochannel) wall.'> "%

2425 a5 well

Proton transport (transport of H"™ ions) plays essential roles in life processes
as in many modern technological applications, such as fuel cells® and electrochemical

27 . . e
sensors,”’ to name a few. Compared with the significant number of researches on the

transport of background ions (mainly focusing on, for example, K", Na®, and CI" from
background salts),16’ 24 little is known about the proton transport in confined spaces.
Although Fan et al.* investigated experimentally the gated proton transport in aligned

mesoporous silica thin films, and Chang et al.* modelled the equilibrium proton distribution

in a nanochannel with a rectangular cross-section of 410x405 nm’, a systematical
theoretical study on proton transport in small nanopores (or nanochannels) under the
condition of overlapped electric double layers (EDLs) has still not been reported. This might
be due to the significant dependence of the proton transport on the surface charge property of
nanopores, originating from the surface chemical reactions between the functional groups on

the pore wall and protons. The highly coupled relationship between the mobility of protons,
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surface charge properties, interfacial chemistry reactions, and local proton concentration on
the pore wall significantly increases the complexity of the problem. Moreover, the presence
of the other ionic species might play a role on the proton transport behavior in nanopores.

In this study, the proton and net ion transports of aqueous HCI solution in a pH-regulated
nanopore gated by a field effect transistor (FET) with a gate electrode embedded outside the
dielectric pore layer is investigated for the first time. It has been verified that the FET is
capable of regulating the surface charge property of nanopore by modulating the gate voltage

imposed on the gate electrode,” **!

thus attaining the active control. A simple model is
developed with taking into account many practical effects of the multiple ionic species,
electroosmotic flow, surface curvature, surface protonation/deprotonation reactions, Stern

layer, and EDL overlap. In addition, the effects of an added background salt on the gate

modulation of the proton and net ion transports in the nanopore are also explored.

2. Mathematical Model

The investigated system is depicted in Fig. 1, where an aqueous solution comprising four
major ionic species, H", OH", Cl",and K", in a long nanopore of radius R , length L,

and dielectric layer thickness o, is driven by an uniformly applied axial electric field

E =V /L, with V' being the voltage bias across the nanopore. A FET, comprising a gate
electrode encircling entirely surrounding the dielectric layer of the nanopore, is used to
regulate the zeta potential (¢, ), and the ion and fluid transport in the nanopore by controlling
the gate voltage, V,;, imposed on the gate electrode. Due to axial symmetry, the cylindrical

coordinates, » and z, are adopted with the origin fixed at the center of the nanopore.
The analysis of the considered problem is based on the following assumptions. (i) The

nanopore length is sufficiently long (i.e., L, >> R ) so that the effect of ion concentration
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polarization'® " is neglected and a uniform axial electric field is used. (ii) The thickness of

Stern layer, &, is very thin, and ions and fluid inside that layer are immobile. (iii) The

viscosity, u, and permittivity, &,, of fluid, and the diffusivity of the i™ jonic s ecies, D.,
Y, H p Y, & y P

1

in the nanopore are position-independent, and the EOF velocity, u_, is fully developed. (iv)
The applied electric field E, is relatively weak compared with the equilibrium electric field

established by the charged nanopore. Therefore, it can be assumed that the equilibrium
electric potential within the nanopore will not be disturbed apparently by the applied potential
bias.’> >

Based on these assumptions, the electrical potentials within the dielectric layer, Stern

layer, and liquid, ¢, y,and ¢, respectively, and the flow field can be described by

li(r@):o (R, <r<R,+6,), =
rdr r

rdr r

li(’/ﬁj:_& (0<r<Rn_§s)’ (3)
rdr\ dr &,

1d( du 1d( d¢

——|r—=|-¢E ——|r—=|=0 (0<r<R,-9,). !
urdr(rdrj gfzrdr(rd’”j et N

4
In the above, p, = iZFZI.CI.0 exp(—%j is the mobile space charge density;”* z, is the
& =

valence of ionic species i; R F,and T are the universal gas constant, Faraday constant,
and absolute fluid temperature, respectively. C,,, i=1, 2, 3, and 4, denotes the bulk
concentration of H", OH, Cl,and K" ions, respectively. Due to the electroneutrality of

bulk solution in the reservoirs far away from the charged nanopore, eqn (3) can be further

simplified to (see the detailed derivation in the ESI)
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2
L, 48)_RIE g (2F6) 5
rdr\ dr zF RT

172

where z=z =-z,=-z,=z, and k' = (ngT/2ZZF2CtO) is the Debye length with
c,=C,+C, =C,, +C,, being the bulk concentration of net cations (or anions). Note that
the present analysis is based on the Poisson-Boltzmann model, which has been demonstrated
to be sufficiently accurate for capturing the underlying physics of the ion transport in long
nanochannels with overlapped EDLs.** Moreover, the effect of surface curvature is taken into
account by considering the variations of ¢, v, ¢,and u_ along the radial direction (7 ) in
eqn (1)-(5).

The boundary conditions for eqn (1), (2), (4), and (5) are

o=V, at r=R +6,, (6)

p=y =y, at r=R, (7)
dy do

8./,-?—6}1;:05 at I":Rn, (8)

l//=¢=¢d at ran_é‘s’ (9)

do_dv g s (10

dr dr

u =0 at r=R -0, (11)

ﬁzo at r=0, (12)
r

.0 at r=0. (13)
r

Here, v, and o, are the surface potential and the surface charge density of the nanopore,

respectively. Equation 12 implies that the effect of EDLs overlapping is taken into account in

the present study since we did not assume the potential at the center of the nanopore to be

. . . . .o . 40.41.48
zero, which was the assumption made generally in previous similar studies.” "

6
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The fully developed EOF velocity, u_, can be obtained exactly by solving eqn (4) subject

to eqn (11) and (13),

_E e
=—=(¢-4,)- (14)

Solving eqn (1) and (2) subject to eqn (6), (7), and (9), we obtain

? (R (+V5 v.) Dn ~In(R,) ]+, (15)
y/zl( () lnR =y [In(r)-In(R,)]+v,. (16)

From eqn (16), we obtain the difference between . and ¢,, which can be described by the

basic Stern layer model by letting the surface capacitance of the Stern layer C, =¢, /9, >

dl//| _ (l//s_¢d) ~(l//s_¢d)_cs(l//s_¢d)

- ~ = . a7
dr r=R, Rn ln Rn §s gf
Rn - é‘s

Suppose that the wall of dielectric nanopores in contact with aqueous solution is charge

regulated due to the following two surface equilibrium chemistry reactions,

MOH <> MO +H" and MOH+H" <> MOH; . If we let K, and K, are the equilibrium

constants of these two reactions, o, in eqn (8) can be described by23
Fy 2

107" —107% | C,, x107 exp| ———=
{ o ( RT ﬂ

2
] F ) ) F
1077 {cwxlo exp( R‘/;v ﬂﬂo Py [cwxw 3exp(—];//]jﬂ

Here, pK =-logK (x=a and b); e is the elementary charge; I', (in the unit of

=—(10"xer,) (18)

sites/nm?) is the total site density of functional groups on the dielectric nanopore wall.
Because the thickness of the Stern layer is very thin, substituting eqn (16) into eqn (10)

gives
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d¢

dr

_dy
r=R,—0J; dr

s Ln(R,,(;V—Sl; e )MR,, )
"I Rn(l/:sljjeZ—@ }[Rinj:il_l/r/
{ (R,)-In(R,-5,)

Submitting eqn (15), (18), and (19) into eqn (8), we obtain

T fgf?en J{m(&(f?; )Qﬁ)nm,,)}

2
8 107" 107 | C,yx10° exp(— F ‘/’s) » (20)
_(10 xel, RT

o) z
/ 10775 + {cw x107 exp(—I;‘/’Tsﬂ +1077% {Cw <107 exp(— Fv, ﬂ

RT

(19)

r=R,

d¢
dr

where y_, based on eqn (17) and (19), can be replaced by

_irdy
C, dr

_&rdg

+ =
& C, dr

r=R,

4 €2y

r=R,~0

v,

For given conditions (pK,, pK,, I',, C,, V,;, 6,, L,, R ,and C,, i=1,2, 3, and
4), the distributions of ¢, and d¢/dr within the liquid phase (0<r<R -, ) can be

easily obtained by solving eqn (5) subject to eqn (12) and (20) using, for example, the Matlab

function BVP5c.

Once ¢, and d¢/dr are determined, u_, ¢,, v,, and o, can be evaluated by eqn

(14), (9), (21), and (18), respectively. Then the net ionic conductance, G (contributed from

the transport of all ions),”® can be calculated by

_ 4
G _L_1he KZFZI.NJZm’}dr
A2t
R, =5, F
A |(DCo+D,Cy) | exp(——¢jr dr )
2rF 0 RT 27e;
= +| —
RTL,

R, 5, F uL,
+(D,Cy +D3C30)J. [GXP(R_;JF}#

0

. (22)

SEES
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where N, =—>=2zD.C,+u_C, is the ionic flux of ionic species i in the z-direction in the

1

absence of axial concentration gradient.”’ To investigate the proton transport in the nanopore,

we further define the proton conductance, G, (contributed only from the transport of

protons), as

27Z'D1C10F2 R,=6; F¢ 27[8 'Fcl() R,=6; F¢
G,= (TL}TJL {exp [_Ej r} er{,Lj—Ln]L [exp[—ﬁj@—@)r} dr (23)

3. Results and Discussion
In typical experiments, the pH of a electrolyte solution can be adjusted by adding an acid,

HCI, or a base, KOH, and its ionic strength can be determined by a background salt, KCl, of

concentration C

salt *

In the present study, we focus on the proton transport in a nanopore and,
therefore, the solution pH is limited at an acidic environment. If pH <7, electroneutrality of

the bulk solution yields C, =107, C, =107MP03 € =C_ +107P"3 10 (4P

salt

and C,=C

salt

2% In subsequent sections, in addition to the model validation by the
experimental data available from the literature, the influences of pH and the gate voltage, V.,

on the gate modulation of proton transport in a nanopore in the absence (C, , =0) and

salt

presence (C_, # 0) of a background salt (KCI) are thoroughly discussed. At 7 =298 K, the

salt

ionic diffusivities of H* (D,), OH  (D,), CI" (D,), and K" (D,) are fixed at 9.31,

5.30,2.03, and 1.96 (x10~°m?/s), respectively.”
3.1. Model Validation by Experimental Data

The model verification is conducted by fitting its prediction to the experimental data of
Joshi et al. ®, where the FET modulation of the net ionic conductance (G ) of an array of 25

cylindrical nanopores in an aqueous HCI solution (i.e., C,, =0) for the cases of both active

salt
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(V; =0.3 V) and inactive (¥, =0 V) FET was performed. The geometry of the cylindrical
nanofluidic FET is R =17nm, L, =340nm, and o6, =60 nm. Fig. 2 shows the variations
of modulated G and surface charge density o, as a function of the molar concentration of

protons, [H*], =10", in the range of 10° ~107 M (corresponding to pH from 6 to 2). As
depicted in Fig. 2a, for both active and inactive FET, the results predicted from the present
model at pK,=7.7, pK,=0, T, =8 sites/nm>, and C, =0.15F/m’ (lines) are in good

160

agreement with the experimental data of Joshi et al.”” (symbols). Note that especially in the

low regime of [H"], (or high regime of pH), in which the EDLs are overlapped, the
nanopore conductance slowly and nonlinearly decreases with decreasing [H"],, which can

be excellently described by the present model. The nonlinear dependence of G on [H'],

at low proton concentration shows the typical nanopore conductance behavior."*** This is
because under the condition of overlapped EDLs, the nanopore conductance becomes

governed by the surface charge of nanopore.”® Because the negative o, increases slightly
with decreasing [H"], (Fig. 2b), the slight decrease of G with decreasing [H'], at low
[H"], (Fig. 2a) is primarily dominated by the decreasing proton concentration. Note that

H™ ions are the sole counterions for the system under consideration.

As demonstrated in Fig. 2, our model taking into account the EDL overlap, interfacial

chemistry reactions on the pore wall, and the presence of H* and OH™ ions, is capable of
capturing the underlying physics of the gate control of ion transport in a nanopore. Therefore,

the developed model along with the above fitted parameters of pK,, pK,, I',, and C, is
then used in the following investigations on the gate modulation of proton transport in a
nanopore. For illustration, we fix the geometry of the gated nanopore at R =5nm,
L,=1pm,and 6, =40 nm.

10
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3.2. Gate Modulation of Proton Transport

Fig. 3 depicts the influence of pH on the gate modulation of the net ionic conductance G,

proton conductance G, relative percentage of G, /G, and enhanced ratio of protons, «,,,
in the nanopore without a background salt (C,, = 0), which implies that only three kinds of

ionic species, H", OH™,and CI, are considered at pH <7. We define «,, as

R,—0; R,
IO (C27r)dr N IO (C27r)dr

~ , 24
Cloan Cloan 24)

CZH:

where C, =Cexp(-F¢/RT). If a,>1 (<1), the more significant deviation of «,

from 1 indicates the more significant enhancement (depletion) of protons by the gated
nanopore. Fig. 3a shows that the gate modulation of G depends on the levels of pH. For
example, the modulated G is nearly independent of the gate voltage at extremely low pH

(e.g., 1), has a local minimum as ¥, varies at moderately low pH (e.g., 2 and 4), and
decreases monotonically with V. ranging from —15 to 15 V when pH is further increased
(e.g., 6). However, Fig. 3b shows that G,, regardless of the levels of pH, decreases
monotonically with the variation of ¥, from —15 to 15 V. Fig. 3c shows that G,/G is
nearly 100% for pH=4 and 6 with negative V. However, for V; >0, the ratio G,/ G
gradually decreases for pH=6 and becomes nearly 0 for pH=4 as the positive V
increases. For pH=1 and 2, the ratio G,/G monotonically decreases as V,, increases

from —15 to 15 V. Fig. 3d shows that protons inside the nanopore are slightly depleted for
pH=1, and are enriched (depleted) for negative (positive) V. at pH=2 and 4. For
pH =6, protons are significantly enriched when V, is smaller than a critical value, beyond

which protons are depleted. Clearly, the modulation of the proton conductance by the gate

potential depends on the solution pH.

11
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If pH is extremely low (e.g., pH=1 and the corresponding xR, =5.20 ), the

dependence of G on the gate voltage at extremely high proton concentration can be

44, 60

attributed to the bulk conductance behavior, implying that the behavior of G is nearly

independent of the surface charge property (e.g., zeta potential, ¢@,) of a nanopore modulated
by V. shown in Fig. S1 of the ESI. At pH=1 the nanopore is positively charged, and its
zeta potential increases as V, increases from —15 to 15 V, as shown in Fig. S1. Thus

protons are depleted from the positively charged nanopore. However, since the corresponding
EDL is very thin, the cross-section averaged proton concentration is only slightly below its

bulk value, yielding «,, slightly below 1 as shown in Fig. 3d. Mainly due to the thin EDL,
the net ionic conductance, G, is carried by the ions in the bulk region of the nanopore,
which is independent of the gate voltage, as shown in Fig. 3a. As V. increases, more

protons are depleted, resulting in a decrease in «,, G,, and G,/G as shown in Fig. 3.

For example, G,/G reduces from about 80% at V; =—15V to about 51% at V;,=15V.
Although the nanopore is positively charged, since the diffusivity of protons is much higher
than those of anions, the ratio of Gp /G is still larger than 50% as shown in Fig. 3c,

implying that the net ionic conductance in the nanopore is dominated primarily by the proton
conductance, and the ionic flux of protons dominates over that of other anions.
As pH increases, the ionic concentration decreases and the degree of EDL overlapping

increases. The dependence of G on V, is due to the emergence of the surface

charge-governed phenomenon®® and can be explained by the gate modulation of the zeta

potential (@, ) shown in Fig. S1 of the ESI. For example, the behavior that G decreases with
V. at pH=2 and 4 seen in Fig. 3a can be attributed to the decrease of the negative ¢,

(Fig. S1). On the other hand, the increase of G with increasing positive V. arises from the

12
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increase of the positive ¢, (Fig. S1), which reduces the transport of protons (coions) but

enhances the transport of OH™ and CI” (counterions). Note that the interesting ambipolar

behavior of G with ¥ % only occurs when pH is close to the isoelectric point (IEP) of
considered dielectric pore material ((pK, —pK,)/2=3.85), which makes its zeta potential

much easier to be tuned from negative to positive by gate voltage,*® as shown in Fig. S1. This

explains why G shows a local minimum with V, at pH=2 and 4, as shown in Fig. 3a.
In the range of ¥, with a negative surface charge, the trend of G, with V, is the same as
that of G . However, in the range of V. with a positive charge, due to more significant
depletion of protons with an increase in the positive ¢, tuned by a positive V, the proton
conductance decreases as V, increases, as shown in Fig. 3b. At pH =4 (the corresponding
xR =0.16), protons are significantly enriched (depleted) with negative (positive) ¥, and
the concentration of protons exhibits a sharp variation with V, ranging from -1 and 1V,
as shown in Fig. 3d. In addition, the diffusivity of protons is much higher than those of OH"™
and CI". These two factors result in G,/G ~100% for negative V,; and O for positive
Vi - The change of G,/G with V, for pH=2 (the corresponding xR, =1.64) is also
due to the modulation of surface charge and proton concentration by V. However, since the
EDL at pH=2 is not overlapped, the concentration of protons only gradually decreases
with ¥, as shown in Fig. 3d. Thus variation of G,/G with ¥, for pH=2 is not as

significant as that for pH=4. Results clearly show that the transport of protons can be

actively modulated by the FET with a gate voltage as low as 1 V when pH is close to the IEP

of the nanopore, which is different from the reported experimental results in the presence of a

29, 46, 62

background salt, in which a higher gate voltage (typically on the order of ten volts) is

required and a modest variation can be realized.

13
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At pH=6 (the corresponding xR =0.02), the nanopore wall remains negatively
charged and the magnitude of the negative zeta potential decreases as V increases from

—15 to 8 V. Due to the EDL overlap and the surface charge-governed ion transport, both the

net ion conductance (G ) and the proton conductance (G, ) decrease monotonically as V;

varies from —15 to 8 V, as shown in Fig. 3a and 3b. The nanopore becomes slightly

positively charged when ¥, exceeds 8 V, and further increase in ¥, results in a decrease
in proton concentration, yielding the decrease in both G and G,. The significantly
enriched proton concentration yields G,/G ~100% for negative V. For positive V,

G,/G gradually decreases with V, which is attributed to the decrease in the proton

concentration, as shown in Fig. 3d.

We further investigate the influence of the molar concentration of protons, [H"],, on the
net ionic conductance G, proton conductance G,, relative percentage of G,/G, and
enhanced ratio of protons, ¢, , for various gate voltages V., as depicted in Fig. 4. Fig. 4a
and b reveals that both G and G, decrease linearly with decreasing [H"], for higher
[H"], and gradually plateau with a further decrease in [H"], for relatively lower [H'],.
Moreover, both G and G, are independent of V,; when [H"], is sufficiently high,
exhibiting a bulk conductance behavior, and vary remarkably with ¥, when [H'], is

relatively low, exhibiting the expected surface charge-governed conductance behavior.

Fig. 4c indicates that if [H"], is sufficiently low, G,/G at any level of ¥

approaches unity, implying that the behavior of G is dominated approximately entirely by

that of G,. This can be explained by Fig. 4d, in which the proton concentration in the

nanopore is remarkably enhanced as a result of the significant EDL overlapping effect and

14
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high negative zeta potential (see Fig. S2 of the ESI). Therefore, the proton transport behavior

dominates absolutely the net ion transport behavior in the nanopore. As [H'], increases,
G, / G, regardless of the level of V,,, first decreases, attains a minimum, and then increases.
The decrease of G, /G with [H"], can be attributed to the decrease in the degree of EDL

overlapping and the magnitude of the negative zeta potential with an increase in [H'], (Fig.
S2), both of which yield a decrease in the proton concentration inside the nanopore (Fig. 4d).

The increase of G,/G with [H"]; is due to the decrease in the degree of EDL overlapping

and an increase in the bulk concentration of protons inside the nanopore. If [H'], is
extremely high (e.g., kR [l 1), the nanopore is filled with abundant protons like its bulk
state (Fig. 4d) and its zeta potential is very small (Fig. S2). Therefore, the gate voltage has
negligible effect on the variation of G, /G, implying that the net ionic conductance in the
nanopore contributes mainly from its proton conductance no matter if the FET is active or
not.

3.3. Influence of Background Salt on the Gate Modulation of Proton Transport

Fig. 5 summarizes the influence of the concentration of background salt C

salt

on the gate
modulation of the net ionic conductance G, proton conductance G, relative percentage of
G,/ G, and enhanced ratio of protons, «,,, at pH =3.5. Note that the choice of pH=3.5

is due to better performance of gate control when the solution pH is close to the IEP of the

dielectric pore material as mentioned previously. As seen in Fig. 5a, if C

salt

is relatively
high (e.g., 100 mM), G is nearly independent of the gate voltage V,, (bulk conductance
behavior); however, if C_, 1is relatively low, G shows a local minimum as ¥, varies

(ambipolar conductance behavior), which is similar to the results shown in Fig. 3a (pH =2

and 4) and can be explained by the same reasoning of bipolar charge properties at different

15
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polarities of V. Fig. 5a also indicates the performance of the gate modulation of G

decreases with an increase in C

salt *

This is due to the decrease in the EDL thickness, yielding

more counterions confined near the nanopore surface. Under this condition, the FET is harder
to effectively tune the zeta potential of the nanopore (see Fig. S3 of the ESI) and, therefore,

the nanopore conductance.

Fig. S5b shows that the proton conductance, G,, decreases monotonically with the gate
voltage, V., varying from —15 to 15 V, which is inconsistent with the gate modulation of
the net ionic conductance, G, depicted in Fig. 5a. If V,; <0, the decrease of Gp is due to
the decrease in both the magnitude of negative ¢, (Fig. S3) and the proton concentration
(Fig. 5d). When V; >0, a further decrease of G, with increasing ¥, arises from the more

significant exclusion of protons with increasing positive ¢, (Fig. S3). Apparently, Fig. 5b
indicates that the performance of the gate modulation of proton conductance in the nanopore
becomes less significant as the added background salt concentration increases, which is in
accordance with the result of G shown in Fig. 5a.

Fig. 5c shows that if V; <0, the proton conductance, G,, plays a dominate role on the

net ionic conductance, G, for relatively low background salt concentration, C_,, and the

salt >
contribution of G, to G decreases with an increase in C,,. The former arises from the
significant enhancement of protons (see Fig. 5d) by the modulated negatively charged
nanopore. The latter can be attributed to the excluded effect of protons by the other increased
amount of counterions, K", dissociated from the background salt.® On the other hand, if
V. >0, since the nanopore becomes positively charged (see Fig. S3), Fig. Sc reveals that the
proton conductance, regardless of the background salt concentration, plays negligible role on

the net ionic conductance (G,/G —0), implying that the nanopore conductance is

16
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dominated majorly by anions (n-type transistor). Consequently, the proton concentration in
the nanopore is down off below its bulk value (pink region), as shown in Fig. 5d. Because the

magnitude of the zeta potential decreases as C_, increases (see Fig. S3), Fig. 5d reveals that

salt

the enhanced (or reduced) effect of protons for V, <0 (V, >0) decreases accordingly.

To further investigate the background salt effect, the dependence of G, Gp , Gp /G,

and «, on C

salt

for various levels of V, at pH=3.5 are shown in Fig. 6. As expected,

Fig. 6a reveals that if C

salt

is sufficiently high, the nanopore exhibits a bulk conductance

behavior and G is independent of V., . However, if C is low, the

sal
surface-charge-governed conductance behavior emerges and G becomes highly dependent
on V. Similar phenomena can also be found in the gate modulation of G, shown in Fig.
6b, suggesting that the lower the background salt concentration, the more significant the gate

modulation of ion and proton transports. It should be noted in Fig. 6b that for inactive FET

(V;=0V), the proton conductance increases with increasing C_,, while decreases with

salt >

increasing C

salt

for active FET with a negative gate voltage (7, <0). These behaviors can

be explained by the gate modulation of ¢, as depicted in Fig. S4 of the ESI. Because the
considered solution pH is lower than the IEP (e.g., 3.85) of dielectric pore material, the
nanopore is positively charged with ¢, >0, repelling coions, including protons, outside the
nanopore when V. =0. An increased background salt results in a decreased zeta potential of
the nanopore (Fig. S4) and, therefore, a mitigated effect of retarding proton transport. This

also explains the behavior shown in Fig. 6d that «, <1 (pink region) and increases with

increasing C

salt

for ¥V, =0 V. Furthermore, the zeta potential (¢,) of the nanopore can be
modulated from positive to negative, which attracts more protons into the nanopore and thus

yields a higher proton conductance, if a negative gate voltage (¥, <0) is applied to the gate

17
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electrode. Similarly, the negative ¢, decreases as C

. 1Increases (see Fig. S4), yielding a
decrease of the proton conductance (Fig. 6b) and the enhanced ratio of protons (Fig. 6d) in

the nanopore.

It is worth noting in Fig. 6c¢ that if a small negative gate voltage (-1 V<V,<-02V)
is applied to the gate electrode, the relative percentage of G,/ G decreases significantly

from over 80 % to nearly 0 % as C

., Increases from 0.1 to 10 mM. This implies that
protons dominantly contribute to the net ionic conductance of the nanopore for

C

salt

<0.1 mM, but contribute little when C,, >10 mM . This arises from the fact that the

proton concentration at pH =3.5 is comparably higher than other ions for C , <0.1 mM

salt
and the ionic mobility of H® is apparently larger than the other cations K from
background salt KCl. Because the nanopore is negatively charged when -1 V<V, <-02V,
the ion transport in the nanopore is primarily dominated by the transport of major cations,

H", if the concentration of background salt is low. Because the proton concentration is

normally high at pH =3.5, Fig. 6¢c shows that the net ionic conductance in the nanopore for

sufficiently low C

salt

is still dominated by the proton conductance (e.g., G,/G>60%)

even though the nanopore is positively charged at V., =0V.

4. Conclusions

In summary, a model, taking into account the effects of multiple ionic species,
electroosmotic flow, surface curvature, surface protonation/deprotonation reactions, Stern
layer, and electric double layers overlap, is developed to investigate the gate modulation of
proton transport in a pH-Regulated nanopore. To validate the proposed model, we compare
its predictions to the existing experimental data of the nanopore conductance in the absence

and presence of a gate voltage, and both cases obtain good agreement. Further parametric
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studies show that the gate modulation of proton transport in the nanopore depends
significantly on the solution pH and the concentration of an added background salt. For
example, if a background salt is absent, the ion transport behavior in the nanopore is
dominated primarily by its proton transport when pH is extremely low and sufficiently high.
However, when pH is close to the isoelectric point of the dielectric pore material, the
modulated ion transport behavior is dominated majorly by the transport behavior of protons
(the other anions) at negatively (positively) gate voltage bias, and an interesting ambipolar
conductance behavior can be observed. The presence of a background salt affects
significantly the gate modulation of ion and proton transports in the nanopore. Typically, the
higher the background salt concentration, the lower the performance of the gate modulation
behavior. It is worth noting that in the absence of a background salt both the net ionic and
proton conductances can be actively controlled with a gate voltage as low as 1 V at
sufficiently high pH near the IEP of the nanopore material, which has potential applications

on the gated nanofluidic devices for regulating ion and biomolecular transports.
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List of Figures

Gate Electrode

Fig. 1. Schematic of the gate control of ion and fluid transport in a long, pH-regulated,
cylindrical nanopore filled with an aqueous solution comprising multiple ionic species, H",

OH", Cl',and K". V, is the gate voltage applied to the gate electrode, which can be used

to regulate the surface potential (i, ) and zeta potential (¢, ) of the nanopore.
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Fig. 2. Gate modulation of the nanopore conductance G, (a), and surface charge density o,

(b), as a function of the molar concentration of protons, [H"],, adjusted by the background

HCI solution. Triangles and spheres in (a) denote, respectively, the experimental data of Joshi

et al.*’ for an inactive (V;=0V)andactive (V; =03V )FETat R =17nm, L =340nm,

and &, =60 nm. Lines denote the present results at pK, =7.7, pK, =0, T, =8 sites/nm?,

and C, =0.15F/m’.

24

Page 24 of 28



Page 25 of 28

Physical Chemistry Chemical Physics

2

10 15 -15 -10 -5 0 5 10 15

5 10

15 10 5

Fig. 3. Gate modulation of the net ionic conductance G, (a), proton conductance G, (b),
relative percentage of G,/G, (c), and enhanced ratio of protons, a, =G, /Cy, as a

=0 mM ). The pink region in

salt

function of ¥V, for various pHs without background salt (C

(d) highlights where the proton concentration inside the nanopore is depressed (¢, <1).
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Fig. 4. Gate modulation of the net ionic conductance G, (a), proton conductance G, (b),
relative percentage of G,/G, (c), and enhanced ratio of protons, «, =C,/Cy, as a

function of the molar concentration of protons, [H'],, for various levels of V. without

background salt (C

salt

=0mM ). The pink region in (d) highlights where the proton

concentration inside the nanopore is depressed («,, <1).
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Fig. 5. Gate modulation of the net ionic conductance G, (a), proton conductance G, (b),
relative percentage of G,/G, (c), and enhanced ratio of protons, a, =C,/C,, as a

function of V, for various background salt concentrations C

salt

at pH=3.5. The pink
region in (d) highlights where the proton concentration inside the nanopore is depressed

(a, <1).
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Fig. 6. Gate modulation of the net ionic conductance G, (a), proton conductance G, (b),
relative percentage of G,/G, (c), and enhanced ratio of protons, a, =C,/Cy, as a

function of the background salt concentration C

salt

for various levels of V, at pH=3.5.

The pink region in (d) highlights where the proton concentration inside the nanopore is

depressed (a, <1).
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