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� Depending on the operating con-

dition, the interfacial pH changed

up to 9 units.

� Finite element method can be used

to investigate water splitting

behavior.

� The use of pulsed current show

superior energy efficiency.

� High temperature electrolysis at-

tenuates the interfacial pH

changes.
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a b s t r a c t

Electrochemical water splitting is a well-known reaction, investigated since 1869 due to its

wide applicability for different purposes. Despite occurring at the electrode/solution

interface, this set of reactions can be governed not only by interfacial properties but also by

reactant transport from the solution toward the electrode surface. For water splitting

specifically, the reaction mechanism itself leads to a pH change at the interface although

the bulk value remains constant. In this work, we simulated such pH variations using the

finite element method. The results show an interfacial pH change of up to 9 pH units. This

modification in the reaction condition affects many related parameters such as electric

power consumption, which increases. Thence, we investigated the effect of using an AC

perturbation. In the conditions we have studied, it is observed an important delay in the pH

change, although it always occurs.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
eira).

ons LLC. Published by Els
evier Ltd. All rights reserved.

mailto:ernesto@ufscar.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2021.02.195&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2021.02.195
https://doi.org/10.1016/j.ijhydene.2021.02.195
https://doi.org/10.1016/j.ijhydene.2021.02.195


Nomenclature

Abbreviations

ipH Interfacial pH

FEM Finite Element Method

HER Hydrogen Evolution Reaction

OER Oxygen Evolution Reaction

Symbols

ai Activity of specie i

h Total overpotential (V)

hac Activation overpotential (V)

ha Anodic overpotential (V)

hbub Bubble overpotential (V)

hconc Concentration overpotential (V)

hc Cathodic overpotential (V)

hR Resistance overpotential (V)

u Pulse frequency (Hz)

Di Diffusion coefficient of specie i (cm2 s�1)

DC Duty Cycle

E0 Standard potential (V)

E0
a Anodic standard potential (V)

E0
c Cathodic standard potential (V)

Ea Anodic cell potential (V)

Ecell Cell potential (V)

Ec Cathodic cell potential (V)

fi Fugacity of specie i

ipHa Interfacial pH at anode surface

ipHc Interfacial pH at cathode surface

japp Applied current density (mA cm�2)

q Charge (C)

T Temperature (�C)
t Time (s)

toff Pulse off time (s)

ton Pulse on time (s)

ttot Cycle time (s)

Physical constants

F Faraday constant 96485.3329 C mol�1

R Ideal gas constant 8.3144621 J K�1 mol�1
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Introduction

The increasing energy demand, along with the environmental

concern, has fueled the search for renewable and sustainable

energy sources [1e5]. In this context, the use of hydrogen has

been pointed out as a promising alternative to replace fossil

fuels, due to its high energy density (120 MJ kg�1) [6e8] as well

as the fact of being more environmentally friendly. However,

some issues must be overcome for this technology to become

feasible. Currently, hydrogen production takes place mainly

from natural gas in a process of efficiency between 50e75%

[9,10] that also releases CO2. In this scenario, water electrolysis

stands out as the most sustainable H2 production methodol-

ogy, since does not generate toxic by-products, uses renew-

able energy sources, and leads to a high purity gas [11,12]. For

industrial applications, concentrated KOH is the most used
medium for water electrolysis, although this reaction can be

performed in acidic or alkaline media [13e15].

The following chemical equations describe the anodic and

cathodic charge transfer reactions for water electrolysis.

For acidic media:

2Hþ
ðaqÞ þ 2e�#H2ðgÞ E

0 ¼ 0:000V (1)

H2Oð1Þ#
1
2
O2ðgÞ þ 2Hþ

ðaqÞ þ 2e� Е0 ¼ 1:229V (2)

And, for alkaline media:

2H2Oð1Þ þ 2e�#H2ðgÞ þ 2OH�
ðaqÞ E 0 ¼ � 0:828V (3)

2OH�#O2ðgÞ þH2Oð1Þ þ 2e� Е0 ¼ 0:401V (4)

Then, there is the production or the consumption of Hþ

and/or OH� species at the electrode/electrolyte interface,

which causes a concentration gradient near the electrode

surface resulting in an interfacial pH change [16,17]. Consid-

ering a non-polarizable interface, the cell potential Ecell in the

HER [18,19], is the sum of the Nernst potential E0, different

overpotentials h for the anodic and cathodic reactions, as

shown by Equation (5), as follows.

Ecell ¼E0
rxn þ h ¼ E0

c � Е0
a þ hc � ha (5)

Besides, according to Leistra et al. [20], h is, by itself, the

sum of eight components: concentration overpotential hconc,

activation overpotential hac, resistance overpotential hR, and

bubble’s formation overpotential hbub. There are four terms for

the cathodic reaction and four for the anodic one. Equation (6)

is valid for any electrochemical process, and one important

issue is that the overpotential components are not indepen-

dent of each other. Each of these components is related to the

water-splitting reaction and is influenced by an interfacial pH

change [21,22].

h¼hconc þ hac þ hR þ hbub (6)

The concentration overpotential occurs due to the pres-

ence of a concentration gradient which is related to the con-

sumption and production of Hþ and OH� species at the

electrode surface, then it is related to any interface pH change

which could occur. The activation overpotential is the focus of

recent research in the literature [23e25], and it is mainly

related to the development of new electrode materials [26].

Also, it is important to point out that the catalytic activity of

anymaterial can also be strongly affected by the interfacial pH

value and/or changes, as described by Hamann [27]. The

resistance overpotential is the cause of an important part of

energy consumption in electrolyzers. Then, both cell geome-

try and electrolyte conductivity have already been optimized

to reduce their value. The bubble’s overpotential influences all

of the overpotentials described above for different reasons

[28]. One aspect is that the gas evolution blocks part of the

electrode surface, decreasing the active sites availability, and,

then, it could be associated with the activation overpotential.

The dissolved gas near the electrode surface could act during

the bubble’s growth, then, decreasing the amount of hydrogen

formed at the electrode surface, modifying the concentration
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Fig. 1 e Profile of the general continuous (a) and pulsed (b)

methods showing the investigated changeable
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overpotential. The presence of bubbles also affects the

displacement of reagents in the solution, leading to the for-

mation of a solvent flux, which could affect different compo-

nents of the overpotential [29]. For HER reaction, the bubble

characteristics also depend on the interfacial pH.

The variation in the interfacial pH can also change the

mechanisms of water splitting, causing an increase in the

E0
rxn. For example, for a given acidic pH value, the cathodic

reaction is predominantly the proton reduction [30]. But if a

negative current density flowing through the interface is

high enough, the consumption of protons leads to an in-

crease in the interfacial pH at the cathode [31]. Thus,

depending on the experimental conditions, water (and not

proton) reduction becomes significant. This transition

mechanism is followed by a change in the formal potential of

the reaction. The same reasoning is valid for water oxidation

in alkaline media. Taking into account these points, an effi-

cient form to investigate all these possibilities together or

even give special attention to some of them is the use of

computational methods [32,33].

Computational simulations are a valuable tool to guide,

evaluate, and even give quantitative information about the

system’s properties that cannot be easily accessed experi-

mentally [34]. Multiphysics modeling by the Finite Element

Method (FEM) is a well-established technique to describe

many engineering problems. In the last years, electrochemical

processes have also been studied using this approach [35e40],

summarizing a lot of fundamental discussions without the

need to obtain analytical solutions for the partial differential

equations necessary to describe them. It allows the study of

the mechanism(s) in a multitude of boundary conditions [41].

In previous work, we proposed a model for the calculation

of interfacial pH changes during HER [42]. The proposedmodel

considers the transport only by diffusion, which is reasonable

in voltammetric and chronoamperometric experiments. But

when it is necessary to model high current values, the trans-

port viamigration dominates, and it is necessary to simulate a

tertiary current distribution, which includes parameters

describing each ion, and for the supporting electrolyte, i.e., to

use the Nernst-Planck equation and even consider the ohmic

drop in the electrolyte. To validate the model we show in the

Supplementary material comparison between the experi-

mental interfacial pH variation reported by Zimer et Al [43],

and the results obtained by a 2D axisymmetric simulation for

the rotating ring-disk electrode.

It is also proposed in the literature that pulsedmethods can

change the characteristics of electrochemical processes, and

it is commonly used in electrodeposition to control the deposit

morphology [44e47]. In general, these are mass-transfer

limited processes, then the use of pulsed methods with

changeable parameters allows the restitution of the reactant

to the diffusion layer. In the HER field, someworks describe an

improvement in efficiency by decreasing the cell potential

using pulsed methods [48e52]. As well as in the electrodepo-

sition, the choice of parameters is of main importance to

improve this energy efficiency increase. As an example, ultra-

short pulses can be strongly affected by the electrode double

layer charging, spending energy with polarization instead of

with a faradaic reaction [53].
Taking into account the need to develop new methods for

obtaining sustainable energy, and aiming to increase the en-

ergy efficiency for this reaction, in this work we use a

computational model to simulate pulsed electrolysis, and

thereby demonstrate the increase in the energy efficiency of

the hydrogen evolution reaction compared to conventional

non-pulsed methods. In this sense, one of the main goals of

this work is to investigate a large set of parameter values that

influence interfacial pH during water electrolysis.
Theory and simulation procedure

As our focus is on the local pH variation, we have kept the

model as simple as possible to capture the phenomenon of

interest. Therefore, we considered a one-dimensional elec-

trolyte bounded by two non-porous electrodes. The tertiary

current distribution (Nernst-Planck Poisson equations)

assuming a stationary solution and a binary electrolyte was

calculated. The electrode reactions 1e4 were modeled by the

Butler-Volmer equation and the recombination of electro-

active species, Hþ and OH�, was considered. The model

implementation was similar to our previous work [42] modi-

fied as follows. Considering the high concentrations and cur-

rent densities to be modeled, the migration of electroactive

species under electric potential gradient was admitted. To

carry out the simulations in the galvanostatic mode, the

applied potential was calculated to match the sum of all the

contributions of formal potentials and overpotentials for a

given applied current density. This is done by solving a weak

expression for each electrode in which the variable to be

minimized is the applied potential corresponding to each

operating condition, which is analogous to the electronic

control used in potentiostats to perform a galvanostatic

experiment [34].
parameters.
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Fig. 2 e Comparison between interfacial pH at the anode

(red) and cathode (blue) surfaces and the cell potential

(black) during the water electrolysis at 1 mA cm¡2 in (A,B)

alkaline (pH ¼ 11) and (C,D) acid (pH ¼ 3) media. (For

interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this

article.)
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Fig. 1 is a generic representation of the studied current

profiles in continuous and pulsed experiments. In the first

case it is possible to control only the current density, and in

the second case two additional parameters, defined by Equa-

tions (7)e(9), can be varied. The frequency u and the duty

cycle, DC, determine the pulse time ðtonÞ and the open-circuit

time ðtoff Þ.

ttot ¼ ton þ toff (7)

u¼ 1
ttot

(8)

DC¼ ton
ttot

(9)

To simulate the increase in the mass transport with the

temperature, we modify the diffusion coefficients of OH� and

Hþ to the values reported by Lee et Al [54]. at 20 and 50�C. Table

1 shows the chosen parameters which were investigated

using a factorial design procedure. For comparison, the

continuous experiments were also carried out in both tem-

peratures, keeping the total charge constant.

The set of differential equations for a tertiary current dis-

tribution was solved by a time-dependent solver from the

software COMSOL Multiphysics 5.2 with the Electrochemistry

module, in a computer operating with Ubuntu 18.04.2 LTS

with 1 physical processor Intel(R) Core(TM) i7-8700 and 32 Gb

of RAM. The computational time to perform the simulations is

dependent on the number of pulses, where shorter time steps

are necessary to evaluate the pH along with the domain.

While the continuous experiments took only a fewminutes to

perform the calculations, the longest experiment studied in

this work (Fig. 6, pulsed) lasted 14 h.
Fig. 3 e Comparison between interfacial pH at (A) anode for

alkaline experiments and at (B) cathode surface for acid

media at different values of bulk pH. (pH ¼ 1, 2, 3 and 5 to

figure A; pH ¼ 10, 11, 12 and 13 to figure B), during the

water electrolysis at 1 mA cm¡2.
Results and discussion

Continuous experiment

Fig. 2 shows the interfacial pH at the anode and cathode in

acid (pH ¼ 3) and alkaline media (pH ¼ 11) during 1 s of the

electrolysis and the consequent cell potential required to keep

the current density constant. It is worth noting the sharp in-

crease in the interfacial pH at the cathode for acid media, and

at the anode for alkaline media, while only a moderate pH

variation at the cathode (alkaline) and the anode (acidic) oc-

curs. As a consequence, the sharp increase in the cell potential
Table 1 e Chosen pulse parameters (u ¼ frequency;
DC ¼ Duty Cicle; ton; toff ) and electrolyte temperature (T).

Exp. u (Hz) DC T (�C) ton (s) toff (s)

1 1 0.1 20 0.1 0.9

2 1 0.1 50 0.1 0.9

3 1 0.5 20 0.5 0.5

4 1 0.5 50 0.5 0.5

5 10 0.1 20 0.01 0.09

6 10 0.1 50 0.01 0.09

7 10 0.5 20 0.05 0.05

8 10 0.5 50 0.05 0.05
is driven by the concentration overpotential respectively at

the cathode for alkaline electrolysis and the anode for acidic

electrolysis. Due to the difference in the diffusion coefficient

between Hþ and OH�, the transition time is shorter in alkaline

media. In both cases, there is a dramatic change of almost 9

pH units. This means, that the pH value at the interface is

completely different from the bulk value. The first important

consequence is an increase in the electrical energy con-

sumption since the cell potential increases, whose experi-

mental evidence was reported by Baniasadi et al. [16]. Second,

this pH change could turn the electrode materials chemically

unstable since they were designed for a different experi-

mental condition [22,55,56].

https://doi.org/10.1016/j.ijhydene.2021.02.195
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Fig. 4 e Influence of the current density on the interfacial

pH for bulk pH levels pH 3 (A) and 11 (B).

Fig. 5 e Interfacial pH profile as a function of charge for the

8 pulsed experiments in comparison to the continuous

electrolysis in the same conditions for each case (varying:

frequency, Duty Cycle, and temperature) (j ¼ 1 mA cm¡2).

Fig. 6 e Interfacial pH at the anode surface during water

electrolysis for continous and pulsed experiment

(j ¼ 1 mA cm¡2, u ¼ 10 Hz, DC ¼ 0.1).
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Fig. 3 shows the influence of bulk pH on the interfacial pH

profile. Before the transition, the pH varies slowly due to the

self-buffering action of the recombination reaction. Therefore,

the closer the bulk pH is to the neutral value, the faster the

transition, owing to the lower excess of Hþ or OH�. When the

bulk pH reaches extreme values, a large period of time and/or

larger currents are necessary to observe an interfacial pH

transition, but it still occurs. It implies that every non-buffered

electrolysis that involves Hþ or OH� species has a fast change

in interfacial pH. It is also important to note that the self-

buffering action of the recombination reaction is also pre-

sent after the transition and at the electrode that does not

undergo the transition, causing moderate but significant

variation of pH. Since the self-buffering action decreases as

the bulk pH approaches the neutral value, the changes

become progressively more uniform in both electrodes (see

Fig. S1 in the supplementary information). It is important to

stress out that in all the cases presented in Fig. 3, an important

change in the cell potential is also observed, i.e., the energy

cost increased.

Fig. 4 shows that an increase in the current density can

drive a faster interfacial pH variation, as expected. For

example, using 10 mA cm�2 causes the changes to reach 9 pH

units at approximately 10 ms. This abrupt change occurs due

to the concentration of Hþ ions being only 10�3 mol L�1 and, to

maintain the reaction rate corresponding to 10 mA cm�2,

there is a rapid consumption of these ions at the interface,

causing their concentration to reach 10�9 mol L�1, occasion in

which the diffusion and migration transport mechanism and

the water autoionization process start to supply the demand

for species at the interface generated by the imposed reaction

rate.

Considering what was exposed in the text above, we will

now discuss the application of pulsed current during water

electrolysis.

Pulsed method

Fig. 5 shows some representative pH and potential profiles

comparing pulsed and continuous electrolysis at different

temperatures, DC and u. The recovering of the OH� interfacial

concentration during the open circuit period can be clearly

distinguished in the pulsed electrolysis. Comparing different

DC, there is no pH transition for DC ¼ 0.1 until the charge of

1 �C cm�2, and the transition occurs for DC ¼ 0.5, in both

frequencies. This effect could be related to the total relaxation

time, which becomes larger as the DC decreases. The conse-

quence of an increase in the frequency and a decrease in the

DC is a smaller variation in the interfacial pH, and then, in the

cell potential. Some electrolyzers work at high temperatures,

and, in this case, the heat is another energy source to support

the water electrolysis. Then, we decide to simulate the tem-

perature effect on the interfacial pH modifying the diffusion

coefficients of Hþ and OH� species. At high temperatures, the

process is favored by reducing the ohmic drop in the solution

[57], since lowering the solution viscosity makes the transport

of species in the solution faster, and, finally, the activation

barrier to perform the process is slightly reduced. A rise in the

temperature always delays the transition time, as a result of

the increase in transport (diffusion coefficients). This is a way

https://doi.org/10.1016/j.ijhydene.2021.02.195
https://doi.org/10.1016/j.ijhydene.2021.02.195


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 7 6 4 4e1 7 6 5 2 17649
to understand the greater efficiency of high-temperature

electrolysis. It also decreases the pH variation in all pulsed

experiments, delaying the transition.

We represented separately experiment number 5 for a

greater charge interval in Fig. 6 to show that the transition

occurs at a high charge. Comparing with continuous elec-

trolysis, a charge 3 times higher has evolved before the pH

transition which immediately implies less energy

consumption.

In a real electrolyzer some factors, such as electrolyte cir-

culation can decrease the pH variation, while others, such as

electrode porosity, can increase the effect. However, some

reported potential profiles show the abrupt transition in the

cell potential as predicted in the present work (see Figure 9 of

Vincent et al. [48], for example), showing that, despite the

simplicity of our approach, it captures an essential feature of

the system. Furthermore, it is conceptually very important

because it shows that avoiding such a transition is a funda-

mental technological challenge.

Fig. 7A shows the electrical energy spent (dissipated)

during the water electrolysis reaction. When the interfacial

pH (Fig. 5) has a transition, a significant raise in the needed

power to perform the electrolysis is observed. The pulsed

method can retard the transition, decreasing the energy

spent to produce the same product quantity. In experiments

1, 2, 5, and 6 (DC ¼ 0.1), where the pH transition is not

observed, the dissipated power is much lower when using

lower duty cycle values. Experiments 3 and 7 (DC ¼ 0.5, 20 �C)
present a higher dissipated power than experiments 4 and 8

(DC ¼ 0.5, 50 �C). In this case, an increase in the temperature
Fig. 7 e (A) Dissipated power as a function of charge for

each pulsed experiment (1e8) in comparison with the

continuous electrolysis (to 20 and 50 �C); (j ¼ 1 mA cm¡2,

q ¼ 1 �C cm¡2), (B) Bar graph of pulsed experiments (1e8) in

comparison to continuous (9e10), (C) Probability graph of

significant effects of the variables on pulsed experiments.

DP ¼ Dissipated Power ENV ¼ Expected normal value.
avoided the pH transition, and consequently, the dissipated

power was lower probably related to the increase in themass

transport in the solution. Fig. 7B shows a bar representation

of the dissipated power for electrolysis of 1 �C cm�2 for

Experiment 6 compared to the continuous current pertur-

bation at the same temperature. This result shows the

importance of interfacial pH control in the energy spent. The

continuous experiment presents an interfacial pH transition,

and as a consequence, spends more energy during the elec-

trolysis. Under the same charge, there is no pH transition,

and, therefore, the dissipated power is a linear function of

the charge. These data are summarized in Fig. 7B. Here, the

dissipated power for all experiments is presented. As can be

observed, pulsed experiments have up to 10% of the contin-

uous ones. Finally, Fig. 7C presents the Pareto plots about the

effect of the control variables (frequency, duty cycle, and

temperature) over the dissipated power during the reaction.

As can be easily observed, the most important parameters

are the duty cycle (parameter B) and the temperature

(parameter C). The duty cycle increase leads to an increase in

the dissipated power. This is an expected result because as

DC increases, the pH transition occurs in a shorter time. On

the contrary, the temperature decreases the power con-

sumption which is also an expected result because as the

temperature increases, the solution viscosity decreases

leading to an increase in the rate of mass transport in the

solution. A third effect is important which is the cross effect

between the temperature and the duty cycle. It is important

to stress out that this is not a direct effect in the dissipated

power itself, instead, it means how the expected value is

different from the simulated one. That is, if there is not a

significant cross effect, its value is near zero, as is observed

for the value of the cross effects A*C, A*B, and A*B*C. In this

case, the explanation for the observed result is that the in-

crease in the temperature is more important than an in-

crease in the duty cycle.
Conclusions

The present work demonstrates that interfacial pH control

has a strong importance in the energetic consumption to

produce hydrogen gas. An explanation about the higher effi-

ciency of pulsed and high-temperature electrolysis in terms of

interfacial pH is presented. Even for low current densities,

there are significant pH variations in both electrodeswhen the

bulk pH is near neutral. In intermediate bulk pH, the use of

pulsed current can postpone the pH transition and, when it

occurs, the cell potential is lower than in continuous experi-

ments. The increase in frequency u reduces the pH changes

without changing the experiment time, and reducing the duty

cycle, the electrolysis has more time to relax, and it reduces

considerably the concentration overpotential.
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