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Abstract

An application of the so-called acid-base diode would be the sensitive detection of nonhydrogen cations in an acidic medium based 

on salt-effects. For diode purposes different connecting elements between the acidic and aqueous reservoirs of the diode were 

developed, namely a polyvinyl alcohol (PVA) hydrogel cylinder, and a polyvinyl butyral (PVB) membrane. During the measurement of 

the voltage – current characteristic (VCC) of the diode, it was found, that in the case of PVA gel cylinder an overshoot (a local maximum 

followed by a local minimum) appeared in the time vs. current curve, while the diode was switched between modes (open or closed), 

that is the direction of the applied voltage was reversed. The overshoot did not appear in PVB membrane.

The existence of overshoots was studied by numerical simulations. The time response of the diode with different hypothetic connecting 

elements was investigated, when the diode was switched between modes via changing the polarity of applied voltage. We found that 

larger diffusion coefficients of hydrogen and hydroxide ions explain the appearance of overshoots. By examining the concentration 

and potential profiles a qualitative explanation of this phenomenon was given.
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1 Introduction
1.1 Concept of an acid-base diode
An acid-base diode (electrolyte diode) is a reaction-dif-
fusion-electric migration system [1–3]. Main parts of an 
acid-base diode are shown in Fig. 1 [4]: an alkaline (e.g. 

0.1 M aqueous KOH) and an acidic (e. g. 0.1 M aqueous 
HCl) reservoirs are connected by a hydrogel or membrane 
(connecting element). Constant and homogeneous electro-
lyte concentrations are maintained in the reservoirs (both 
are continuously fed by fresh solutions), while the con-
necting element is an unstirred zone. Within the connect-
ing element diffusion, ionic migration and chemical reac-
tions are allowed, it restrains any advection or convection.

The voltage – current characteristic (VCC) of the diode 
obtained by applying electric potential between the res-
ervoirs is similar to the characteristic of a semiconduc-
tor diode (see Fig. 2) [4, 5]. In the forward biased direc-
tion potassium (K+) and chloride (Cl−) ions migrate into 
the connecting element, where a well-conducting salt 
(in this case KCl) is formed. On the other hand, in the case 
of opposite polarity the electric field pulls hydrogen and 
hydroxide ions into the connecting element, where they 
react and form water.

During the previously carried out experiments two 
types of connecting elements were used for diode purposes: 

Fig. 1 Schematic view of a strong acid-base diode: an acidic 
reservoir (containing e.g. 0.1 M HCl solution) is attached to an 

alkaline one (containing e.g. 0.1 M KOH solution) via a connecting 
element (hydrogel or membrane). If Δϕ > 0 the diode is reverse 
biased, otherwise it is forward biased. This figure is mainly the 

reproduction of our previously published figure [4].
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a PVA-based gel cylinder, and a PVB membrane. The PVA 
gel contains fixed weakly acidic groups, their dissociation 
leads to fixed negative ions [6, 7]. (FA− denotes the fixed 
charge, and HFA is its protonated form.)

1.2 Motivation of the research
Due to the slow time response of the diode when PVA 
gel cylinder is used as a connecting element, a much 
thinner (and faster) PVB membrane was developed [8]. 
It was observed that during periodic switching of voltage 
between forward and reverse modes, an overshoot (a local 
maximum followed by a local minimum) appears in the 
measured current, when PVA gel cylinder is used as con-
necting element. A similar transient response of the diode 
was observed with PVA hydrogel in [9, 10]. This overshoot 
is missing, if PVB membrane is applied instead [7, 8]. 
For more details about these earlier experimental results 
see the Appendix.

We hypothesize that this difference in the characteris-
tics observed in different gels is primarily caused by differ-
ent diffusion of H+ and OH− ions in those media. The PVA 
hydrogel is assumed to be an aqueous medium, thus due to 
the Grotthus mechanism the hydrogen and hydroxyl ions 
have unusually high diffusion coefficients compared to 
other ions (like K+ and Cl−), causing increased mobilities. 
In the PVB membrane there is no Grotthus mechanism, 
because it is a non-aqueous medium. Thus, diffusion coeffi-
cients of H+ and OH− are roughly equal to that of K+ and Cl−.

The aim of this research is to investigate the time 
response of the diode for voltage modification if the diode 
is switched from closed to open mode in different types 
of hypothetic connecting elements via model calculations. 
In the simulation study the diffusion coefficient of hydro-
gen and hydroxyl ions is altered.

We would like to mention, that during the last decade 
far fewer publications were written about this topic, than 
in previous years. The cited publications contain all rele-
vant historical information, on which the current investi-
gation is based.

2 Methods
2.1 The model
The mathematical model of the acid-base diode is the 
same as previously used [4, 5]. A system of one-dimen-
sional partial differential equations describes the behav-
ior of the diode [11–14], during a model calculation this is 
solved with different boundary conditions. The previously 
described simplifications and assumptions are kept (one 
dimensional model, concentration polarization and ohmic 
potential drop on the reservoirs are neglected) [5, 6].

The concentration profile of the i-th component can 
be calculated from the mass-balance equation [15, 16], 
in which the total flux of the i-th component is obtained 
from the Nernst-Planck equation: 

∂ ∂ = −∂ ∂ − ∂ ∂ − ∂ ∂( ) +c t x D c x c z D F RT xi i i i i i iφ σ ,  

where Di , ci and zi denote the diffusion coefficient, concen-
tration and charge number of the i-th component (H+, OH−, 
K+, Cl−, FA−, HFA), respectively. R is the molar gas con-
stant, F is the Faraday constant, T is the temperature, Φ is 
the space dependent potential and x denotes the space coor-
dinate along the gel cylinder. σi denotes the reaction rate 
(accumulation and consumption) of the i-th component:

σ
H H OH HFA H FA
+ + − + −= −( ) + −( )k K c c k K c c cw w f f ,  

σ
OH H OH

− + −= −( )k K c cw w ,  

σ σ
K Cl
+ −= = 0,  

σ σ
FA HFA HFA H FA

− + −= − = −( )k K c c cf f ,  

in which kw is the rate constant of water recombination, 
and Kw is the equilibrium constant of water dissociation. 
kf denotes the kinetic constant and Kf is the dissociation 
constant of the fixed charge.

The potential profile of the diode is calculated from the 
Poisson equation

∂ ∂ − ∂ ∂( ) = ( )∑x x F z ci iε φ ,  

where ε denotes the permittivity of water.
For stationary investigations the concentration of the 

fixed anions can be calculated from the equilibrium,

Fig. 2 Calculated voltage – current density characteristic of a strong 
acid-base diode. The characteristic of the diode was previously 

published [4, 5].
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c c c Kf fFA H
− += +( )1 ,  

where cf denotes the total concentration of the fixed groups.
Therefore, the mass balance equation must be set only 

for mobile species. This assumption of quasi-stationarity 
was considered to be valid and was applied to solve the 
time-dependent model. The applied values of the parame-
ters are found in Table 1 [17].

2.2 Solution method
The simulation framework was developed in Java using 
COMSOL Multiphysics (version 4.3) software package, 

which provides the FEM1 algorithms. To define the model 
the "Transport of Diluted Species" (chds) interface and the 
predefined "Classical PDEs/Poisson equation" interface 
were used [4].

After the calculation of the boundary conditions 
(Dirichlet boundary conditions regarding the Donnan 
equilibrium), the model was solved for stationary state 
to get the initial conditions. The time-dependent study 
is performed with a time-dependent boundary condition. 
In COMSOL GUI the time-dependent boundary condi-
tion is defined with a STEP function under the Model/
Definition node (see Fig. 3), where the value of the transi-
tion time ( ttr ) can also be set.

For the time-marching the BDF method with the 
SPOOLES linear solver (crosswind diffusion stabilization 
technique, automatic scaling) was used. The time interval 
of the time-dependent simulations was 400 s to achieve 
the new stationary state. The absolute tolerance value was 
set to Atol = 10−5.

The mesh usually contained 30000 second order 
Lagrangian elements, the wide environment of the reac-
tion zone (including all places where it can possibly 
appear) was covered by much finer elements, than other 
parts of the gel cylinder.

During a model calculation space and time dependent 
current densities are calculated along the gel cylinder. 
Further investigations are required to figure out, how the 
calculated current densities are related to the measured 
diode current in a real device. For now, the space average of 
current density along the gel cylinder is used, as it provides 
a quantity depending only on time, and showing qualita-
tively similar behavior than the current in a real diode.

3 Results and discussion
Our work is presented in three subsections. First, the tran-
sient response of the diode was investigated for voltage mod-
ification from 10 V to −2 V, which switches the diode from 
closed to open mode. After that, the influence of transition 
time ( ttr ) was studied, it was changed between le-7 s and 2 s. 
In the case of small transition times the effects are more pro-
nounced and easier to understand, for this reason we exam-
ined such small and experimentally hard to realise ttr values. 
Finally, the influence of smaller diffusion coefficients of H+ 
and OH− on the transient response of the diode was studied.

1 Finite element method is a variational method to approximate the 
solution of the discretized model by minimizing an associated error 
function.

Table 1 Model parameters [17]

Parameter (unit) Description Value

cKOH ( mol dm−3 ) Concentration of base 0.1

cHCl ( mol dm−3 ) Concentration of acid 0.1

D
aqH

+
,

 ( m2 s−1 )
Diffusion coeff. of protons 

in water 9.31 × 10−9

D
aqOH

+
,

 ( m2 s−1 )
Diffusion coeff. of hydroxyl 

ions in water 5.28 × 10−9

D
K +  ( m2 s−1 )

Diffusion coeff. of potassium 
ions 1.96 × 10−9

D
Cl

−  ( m2 s−1 )
Diffusion coeff. of chloride 

ions 2.04 × 10−9

D
FA

−  ( m2 s−1 )
Diffusion coeff. of the fixed 

charge 0

DHFA ( m2 s−1 ) Diffusion coeff. of the 
protonated fixed group 0

l (m) Length of the gel 1 × 10−3

z
H+  Charge number of protons 1

z
OH

−  
Charge number of hydroxyl 

ions −1

z
K+  

Charge number of potassium 
ions 1

z
Cl

−  
Charge number of chloride 

ions −1

z
FA

−  
Charge number of the fixed 

charge −1

zHFA
Charge number of the 
protonated fixed group 0

F ( Cmol−1 ) Faraday constant 9.6487 × 104

R ( J mol−1 K−1 ) Molar gas constant 8.314

T (K) Temperature 298.15

ε ( A s V−1 m−1 ) Permittivity of water 6.954 × 10−10

kw ( m3 mol−1 s−1 ) Kinetic constant of water 
recombination 1.3 × 108

Kw ( mol2 m−6 ) Ionic product of water 1 × 10−8

cf ( mol m−3 ) Concentration of the fixed 
charge 4

kf ( m
3 mol−1 s−1 ) Kinetic constant of the fixed 

charge 6 × 106

Kf ( mol m−3 ) Dissociation constant of the 
fixed charge 1 × 10−1
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3.1 Transient response of the diode in PVA hydrogel
The time-dependence of current density is shown in Fig. 4, 
while the diode is switched from closed to open mode. 
The time – current density curve depends on ttr signifi-
cantly only in the first few seconds, after that the curves 
are basically the same. In this subsection we concentrate 
on the common part.

In the initial stationary state (closed mode) there are 
three distinguishable zones in the gel cylinder: an alkaline 
zone next to the alkaline reservoir, an acidic zone next to 
the acidic one, and between them a depletion zone, which 
is weakly acidic due to the presence of fixed charges. 
Because of the small amount of ions in the depletion zone, 
it has high ohmic resistance.

If the diode is switched from closed to open mode, 
as the result of the electric field's polarity change the H+ 
and OH− ions move out from the gel cylinder, simultane-
ously K+ and Cl− ions enter it, and the three zones merge. 

Approaching the new stationary state, the whole gel cylin-
der gets filled by K+ and Cl− ions forming a well-conduct-
ing salt, which leads to a linear potential profile and high 
diode current. For the profiles see Figs. 5 and 6.

3.2 The alteration of transition time
If the transition time is small enough, an overshoot (a local 
maximum followed by a local minimum) appears in the 
first few seconds (see Fig. 7). Its size depends on ttr , the 
smaller it is, the higher the overshoot becomes. In the case 
of ttr = 2 s, no local maximum is observable, the diode cur-
rent increases monotonically. In our study the ttr is altered 
between 1e-7 s to 2 s.

For a qualitative explanation of this overshoot it is eas-
iest to consider the case of ttr = 1e-7 s. This very short 
period of time is not enough to move the ions (for the pro-
files see Fig. 8), thus the concentration profiles at t = 1e-7 s 
are still the same as in the initial steady state (t = 0 s). 
The applied voltage has however completely changed. 
In the initial stationary state, most of the applied potential 

Fig. 3 The time-dependent boundary condition is defined with a STEP 
function in COMSOL. In the depicted case the size of the transition 

zone is ttr = 0.001 s, the location is at t = 0.0005 s, the initial potential 
value is 10 V (corresponding to the initial stationary state, closed 

mode), and its final value is −2 V (open mode).

Fig. 4 Simulated time – current density curve of the diode in case of 
different ttr values, if the diode is switched from closed (U = 10 V) to 

open mode (U = −2 V).

Fig. 5 Simulated concentration and potential profiles of the diode, if it 
is switched from closed (U = 10 V) to open mode (U = −2 V), ttr = 0.1 s. 

Part I.

Fig. 6 Simulated concentration and potential profiles of the diode, if it 
is switched from closed (U = 10 V) to open mode (U = −2 V), ttr = 0.1 s. 

Part II.
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drops on the depletion zone. It results in a mostly nega-
tively charged region between the alkaline and depletion 
zones, and in a positively charged one on the border of 
the acidic and the depletion zones. These charged regions 
remain almost intact at t = 1e-7 s, when the applied voltage 
has completely changed. They distort the potential pro-
file in such a way, that significant amount of the applied 
voltage drops on the well-conducting alkaline zone. 
This causes an increased current density corresponding to 
the local maximum. The interesting point is, that the abso-
lute value of current density at t = 1e-7 s (U = −2 V) is even 
higher than in the initial state (U = 10 V).

The resulting currents decrease the charge density of 
these regions, causing more of the potential to drop on 
the depletion zone leading to decreased current. On the 
other hand, the depletion zone shrinks, and well-conduct-
ing ions slowly fill the gel. These opposing effects cause 

a local minimum (around t = 0.4 s) in the current density 
curve. After that the concentration of K+ and Cl− increases 
further in the gel cylinder (see Subsection 3.1).

Increasing the ttr time, during the voltage change 
the concentrations can already change somewhat. As a 
result, the potential drop on the alkaline zone is smaller 
due to already decreased charge densities at the borders. 
Thus, the local maximum occurs later, and its current 
decreases as well. If ttr is further increased, the overshoot 
even disappears. For the potential profiles in the cases of 
different ttr see Fig. 9.

3.3 Reducing the diffusion coefficients of H+ and OH−

The PVA gel cylinder, which is a hydrogel, can be approx-
imated by an aqueous medium regarding transport prop-
erties. For this reason, in the model calculations the aque-
ous diffusion coefficients of H+ and OH− ions are used. 
The measurement of the voltage – current characteris-
tic of the diode with PVB membrane suggested [8], that 
this approximation is not applicable to the PVB mem-
brane. In [8] it was measured that ( )D D

H OH
+ −+  is about 

3–3.5 times bigger in PVA than in PVB because of the dif-
ferent mechanism of diffusion.

Let us introduce a new variable p, with which the aque-
ous diffusion coefficients of H+ and OH− can be divided 
leading to diffusion coefficients in a hypothetic medium. 
It is assumed, that modifying the medium reduces the dif-
fusion coefficients of H+ and OH− with the same ratio:

D D p
aqH H

+ +=
,

,  

D D p
aqOH OH

− −=
,

.  

Fig. 7 Simulated time – current density curve of the diode in case of 
different ttr values, if the diode is switched from closed (U = 10 V) to 

open mode (U = −2 V), Fig. 4 magnified between t = 0 to t = 4 s.

Fig. 8 Simulated concentration and potential profiles of the diode, 
if it is switched from closed (U = 10 V) to open mode (U = −2 V), 

ttr = 1e-7 s. t = 1e-7 s belongs to the local maximum (overshoot) of the 
time – current density curve, and t = 0.4 s to the local minimum after 

the overshoot, respectively. Please note, that the concentration profiles 
in case of t = 0 and t = 1e-7 s are very similar.

Fig. 9 Simulated potential profiles belonging to the overshoot of the 
diode in case of different ttr values. (In the case of ttr = 2 s, where 

no local maximum is observable, the depicted potential profile was 
chosen from t = 2 s.)
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In this simulation study, the p value was varied between 
1 and 3, and with these hypothetic connecting elements 
the response of the diode for voltage change was studied. 
The case of p = 1 corresponds to an aqueous medium like 
PVA, and p = 3 was used to estimate the PVB membrane. 
In the case of ttr = 0.1 s the time – current density curves 
for various p are shown in Fig. 10. The bigger the p value 
is, the smaller transition time is required for the overshoot 
to disappear ( ttr,crit ). (If p = 1, ttr,crit is between 1 and 2 s, 
if p = 1.5 ttr,crit is between 0.1 s and 1 s and in the cases of 
p = 2 and p = 3 ttr,crit is between 0.01 s and 0.1 s.)

If ttr is small enough, there is overshoot even with 
p = 3, but its amplitude decreases as p increases (Fig. 11). 
It has two different causes. One, smaller diffusion coef-
ficients result in smaller ion mobilities, which decreases 
the current. Two, this effect is further enhanced by differ-
ent potential profiles having smaller potential drop in the 
well-conducting region. In case of ttr = 1e-7 s the potential 
profiles for different p values are shown in Fig. 12. If the 
diffusion coefficients of H+ and OH− differ significantly 
from that of K+ and Cl− (p = 1), due to the complex interac-
tion of reaction, diffusion, and electric migration the local 
charge density becomes significantly larger at t = 1e-7 s, 
than in the initial state. In the case of p = 3 the local charge 
density remains similar to the initial state at t = 1e-7 s (cor-
responding to the local maximum). Because of the smaller 
local charge density, the potential distribution between the 
zones is more even, which certainly means less potential 
drop on the well-conducting region. 4 Conclusion

Our main aim was to study by model calculations the time 
response of the acid-base diode for polarity change (when 
the diode is switched from closed to open mode). In the 
simulation study various hypothetic connecting elements 
differing in the diffusion coefficients of hydrogen and 
hydroxide ions were modeled. We found that these diffu-
sion coefficients have an impact on the time – current den-
sity curves, depending on the transition time ( ttr ) an over-
shoot (local maximum followed by a local minimum) 
on the time – current density curve can exist. The big-
ger the diffusion coefficients are, the more pronounced the 
overshoot becomes. This is in agreement with the experi-
ments, where overshoot was found in PVA hydrogels, but 
not in PVB membranes.
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Fig. 10 Simulated time – current density curve of the diode (magnified 
between t = 0 to t = 4 s) in case of different p values, if the diode is 

switched from closed (U = 10 V) to open mode (U = −2 V), ttr = 0.1 s. 
As a result of increasing p, the local maximum (overshoot) disappears.

Fig. 11 Simulated time – current density curve of the diode (magnified 
between t = 0 to t = 1e-6 s) in case of different p values, if the diode is 
switched from closed (U = 10 V) to open mode (U = −2 V), ttr = 1e-7 s.

Fig. 12 Simulated potential profiles belonging to the overshoot of the 
diode in case of different p values, ttr = 1e-7 s.
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Appendix
A couple of years ago a new connecting element for the 
diode was developed: a PVB membrane [8]. During the 
measurement of the characteristic of the diode, when 
voltage was switched, overshoots were observed in the 
case of PVA gel cylinder and were not observed in the 
case of PVB membrane (see Fig. 13). The transients were 

investigated by switching the voltage between forward 
(0.2 V) and reverse (−2 V) mode periodically (see Fig. 13). 
Overshoots appeared when switching from forward to 
reverse mode. In the case of PVA gel cylinder a similar 
rapid response of the diode with overshoots was observed 
by Slouka et al. [9], when the diode was switched from 
0 V to 10 V or −10 V.

Fig. 13 Scaled transient current after the voltage is switched from forward (0.2 V) to reverse (−2 V) mode, three periods are shown together. The period 
time is about 20.5 min. The concentrations in the reservoirs are: [KOH] = [HCl] = 0.1 M. For this figure three periods are shifted to a common starting 

point, and the currents are scaled. First, the current of PVB is scaled to give the same steady-state current in forward mode as the PVA, then both 
currents are normalized with the same factor to give a minimum scaled current of −1 for PVA. This figure was originally published in [8].
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