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� The current during a pulse on-time is higher than the current of DC electrolysis.

� During the off-time of a pulse, a change in polarization is observed.

� Pulses with a 50% duty cycle and widths <1 ms are mainly capacitive.

� Pulses with a 99% duty cycle result in an increase in average current.

� Forced electrolyte flow has a positive effect on faradaic pulses.
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The present study investigates the effect of applying voltage and current pulses during

alkaline water electrolysis using 3-D Ni-based electrodes. The pulses had a square shape

and alternated hydrogen production and resting time. When voltage pulses were applied, it

was observed that the current at on-time was systematically higher than the current

during DC electrolysis. However, during off-time, a change in polarization was observed,

which decreased the overall voltage pulse performance. For pulses with a 50% duty cycle

and a pulse width of 1 ms, the current response was mainly capacitive and almost no

hydrogen production occurred. Current pulses on the other hand were proven to be much

more promising in improving the energetic process efficiency. In that case, a pulse period

of 2 ms resulted in an overpotential reduction of 17% for a 50% duty cycle. This reduction

further increased to 28% when decreasing the duty cycle to 20%. Finally, in all cases where

faradaic processes were dominant, applying a forced electrolyte flow was shown to be

beneficial.
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Introduction

It is a scientific consensus that anthropogenic activities are

the main causes of global warming [1]. By the end of the past

century, global temperature has increased by 0.6� relative to

the pre-industrial climate. This raise is mainly a consequence

of carbon dioxide emissions from the burn of fossil fuels. As a

response, in 2015 195 countries signed the Paris Agreement to

reduce CO2 emissions to limit global warming to below 2� [2].
With global warming threatening environmental safety, sub-

stitutes for fossil fuels must emerge. One possibility is to use

hydrogen gas as a fuel for transportation, industry, and house

heating. The advantages of using hydrogen include that (i) it

has the highest energy density of any known fuel, (ii) the only

exhaust product is water at conversion to energy, (iii) it is non-

toxic, and (iv) it is sustainable [3]. However, unlike fossil fuels,

hydrogen gas is not readily found on Earth. This is a conse-

quence of the low density of this substance, so that the

gravitational field of our planet is not high enough to keep it

[4]. On the other hand, the element hydrogen is present in

many chemical compounds and it is the most abundant

element on the universe [5]. Therefore, hydrogen gas can be

produced through chemical reactions. In this condition,

hydrogen works as an energy carrier, just like electricity [6].

Hence, it can be produced to store energy from renewable and

clean sources, which are intrinsically variable and intermit-

tent. As a consequence, the increase in their penetration in

the energy grid demands a large-scale energy storage system.

It is in this context that hydrogen becomes essential [7]. The

method that allows hydrogen production using the electrical

energy coming from green sources is called water electrolysis.

It is a mature technology based on the application of a direct

current to an aqueous electrolyte to dissociate it into

hydrogen and oxygen gas. The hydrogen produced in this way

has a high purity that can reach up to 99.999 vol% [8]. Despite

its environmental advantages, electrolytic hydrogen is not yet

widely used as a consequence of its production cost, still more

elevated than other techniques/fuels [9]. As a result, water

electrolysis still needs research efforts to reach economic

viability [10].

Within these efforts, some promising studies have shown

an improvement in the hydrogen generation performance of

water electrolysis by the substitution of DC (direct current) by

a pulsed power supply. For instance, Vanags et al. have pub-

lished some articles about inductive pulsed water electrolysis

[11]. This group created a set-up with inductive voltage pulses

that could enhance hydrogen production efficiency. The sys-

tem consisted of two electric circuits. In the first, a pulsed

voltage was created by the on/off switching of a transistor. A

coil in the first circuit then induced a voltage pulse in the coil

of the second circuit. The resulting induced voltage pulse had

a high voltage and a short width followed by a long tail. The

authors explained that at the first stage, the double layer was

charged and the cell worked as a capacitor with a high

charging factor. Then, the energy accumulated was dis-

charged slowly through water electrolysis, with an enhanced

process efficiency. Shimizu et al. [12] also used inductive

voltage pulses as a way to improve the process efficiency.

These authors claimed that in their system, electrolysis was
controlled by electron transfer, and not by diffusion as in

conventional DC water electrolysis. Demir et al. [13] used

transistors to create voltage pulses. According to these au-

thors, the application of pulses facilitated the removal of

bubbles from the electrode surface, hence improving the

electrolysis performance by increasing the electrode active

surface area. Huang et al. [14] in turn used current pulses

during the electrolysis of aqueous ammonium sulfite solu-

tions to produce hydrogen gas. Their results showed a better

efficiency for pulsed electrolysis as well. Lin et al. [15]

observed higher currents densities for pulsed voltage elec-

trolysis. According to these authors, this was a result of the

acceleration in bubble movement and improved mass trans-

fer. Dob�o et al. studied the impact of current [16] and voltage

[17] fluctuations on the water electrolysis efficiency. The au-

thors observed a loss in performance with current fluctua-

tions. Voltage fluctuations, on the other hand, showed a better

performance under specific conditions.

The use of pulsed power has also been studied extensively

in electrochemical applications other than water electrolysis.

For instance, Chao et al. [18] have studied pulsed discharge

electrolysis for the degradation of organic compounds for

wastewater treatment. Their results showed a reduced energy

cost of the process using pulses. Othmani et al. [19] has

studied the substitution of a direct current by an alternate

current during the anodic oxidation of organic compounds in

wastewaters. These authors observed an increase in the

electrode's lifetime and a decrease in energy consumption.

A more generic interest in the use of pulsed power is

related to the intermittent nature of renewable sources, which

implies that electrolyzers must handle frequent start-stop

cycles and allow partial load operations. In this context, Sir-

acusano et al. [20] studied the effect of load and thermal cycles

at high current densities (3 A/cm2) in a membrane-electrode

assembly based on a proton exchange membrane (PEM) and

low catalyst loadings. Galvanostatic cycles of 2 s, 10 s, and

1800 s were studied. The authors observed an increase in

voltage over time at direct current due to the accumulation of

gases within the electrode micropores and due to the modi-

fication of the oxidation state at the anode surface. This

voltage increase was lower for cycled operation due to bubble

escape and catalyst regeneration at the rest (zero-current)

stage. Furthermore, a more pronounced membrane thinning

was observed when direct current was used.

Along the same lines, in view of a better managing of un-

stable power inputs coming from renewable sources which

my result in hydrogen/oxygen gas mixing, there is an

increasing interest in decoupling the hydrogen evolution

(HER) from the oxygen evolution reaction (OER), so that they

can occur at different times. In this respect, Symes and Cronin

[21] introduced the concept of electron-coupled-proton

buffers (ECPB) to separate the two water electrolysis half-

reactions. In a first step electricity was used to oxidize

water, while protons and electrons were stored in a solution

containing the ECPB (phosphomolybdic acid in their case).

Then, the reduced ECPB was re-oxidized and protons were

reduced, producing hydrogen. This method prevented gas

mixing and increased the equipment flexibility with respect to

the choice of the membranes and electrode materials. An

interesting application of such ECPB's is that solar energy
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could then be used to produce hydrogen during the day while

during the night windmills would be producing oxygen [22].

Still in order to facilitate gas separation and to deal with

variable energy inputs, Rausch et al. [23] developed an elec-

trolysis system with a redox mediator to decouple the two

water electrolysis half-reactions. In their case, water was

oxidized at the same time a redox mediator (silicotungstic

acid) was reduced. Then, the solution containing the reduced

redox-mediator was transferred to a chamber containing

catalysts for spontaneous hydrogen evolution. With this

method, the HERwas no longer coupled to the OER, increasing

the rate of H2 evolution by a factor of 30 compared with state-

of-the-art PEM electrolyzers. Chen et al. [24] used nickel hy-

droxide (Ni(OH)2/NiOOH) as a redox mediator in a set-up

without any membrane. In the first step, electricity was used

to reduce water and to oxidize Ni(OH)2. After that, the power

supply was used to reduce NiOOH and to oxidize the hydroxyl

ion. This system could also be coupled with a zinc anode to

form a NiOOHeZn battery to produce H2 during electrolysis

and to provide electricity during battery discharge. Coupling

this system with solar panels, one could imagine a hydrogen

production at noon (higher power input) and oxygen produc-

tion at dusk. Alternatively, during the day, hydrogen could be

produced and the discharge of the NiOOHeZn battery could

provide electricity during the night. The same solid-state

nickel (oxy)hydroxide redox mediator was used by Dotan

et al. [25]. They created a membrane-free two electrodes

electrolyzer set-up. The authors claimed to have improved the

energy efficiency of the decoupled process using cobalt addi-

tives to catalyze the Ni(OH)2/NiOOH reaction and inhibit ox-

ygen evolution during HER. In their set-up, hydrogen was

produced at a platinized nickel-coated stainless-steel cathode

at the same time that a Ni0$9Co0$1(OH)2 anode was oxidized to

Ni0$9Co0$1OOH. Then, a solution of hot electrolyte (95 �C) was

circulated in the cell, causing the reduction of Ni0$9Co0$1OOH

and oxygen production. Photoelectrochemical cells have been

tested as well in an ECPB decoupled system [26]. Moreover,

redox mediators can also be used to drive chemical reactions

other than HER/OER in the other half-cell. For instance, Xiao

et al. [27] created a battery at which oxygen was produced

during charging and hydrogen at the discharge in a dual-

electrolyte set-up having FeOx as redox-mediator.

Finally, using a decoupled system with MnO2 as a redox

mediator, Vincent et al. [28] claimed to have achieved a better

efficiency by a decrease in the diffusion layer thickness,

caused by the quick alternation in the hydrogen/oxygen pro-

duction (alternation period between 2 and 200 ms). Frensch

et al. [29] studied the influence of the operation mode in the

degradation of a proton-exchange membrane for water elec-

trolysis. Among the analyzed options were constant current,

constant voltage, and constant cycling operations. The latter

consisted of current pulses switching between 0 and 2.0 A/cm2

with a 50% duty cycle and relatively large pulse widths of 10,

60, and 100 s, chosen because close to a solar PV power profile.

It was found that faster dynamic cycles improved the cell

performance due to a decrease in total ohmic resistance. The

authors suggested as possible explanation that the observed

decrease in cell potential resulted from an acceleration of

bubble detachment and a change in bubble growth behavior,

reducing both cell resistance and membrane dehydration.
Returning to more classical water electrolysis, which is the

topic of interest for the current paper, Rakousky et al. [30]

observed an increase in cell voltage over time (time scale of

1000 h). Around 60% of the observed increasewas attributed to

reversible losses related to mass transport and ohmic resis-

tance, which the authors claimed could be lowered to zero if

the current was interrupted. In a follow-up paper [31], the

same authors showed that cell degradation could indeed be

reduced by the periodic reduction of the current, and could

decline even further with the periodic interruption of the

current. Finally, besides the better energetic efficiency and

lower degradation offered by pulsed electrolysis, and the

recent interest in decoupling the two half-reactions and pro-

duce hydrogen in cycles, pulsed water electrolysis presents

yet another important advantage: it helps to prevent gas

mixing at low current densities, which is an important safety

issue [32]. Since hydrogen produced with renewable sources

needs to deal with varying power inputs, the current input can

sometimes be so low that the hydrogen production rate falls

below the rate at which hydrogen crosses the membrane [33].

In this case, gas crossover becomes a relevant issue, both

during PEM [34] and alkaline [35] water electrolysis. Pulses can

then be used to reduce the input power without reducing the

current (for instance by reducing the duty cycle), hence

allowing the current to always remain above the level at

which gas crossover becomes an issue [36].

During our own previous research [37], we already studied

the use of pulsed voltages during water electrolysis on so-

called 3-D electrodes. For such electrodes, the specific objec-

tive of applying pulses is to facilitate the evacuation of gas

bubbles, which otherwise will remain trapped within their

macro-porous open structure. This will in turn reduce their

active surface area and increase the ohmic resistance of the

cell. More specifically, we reported in Ref. [37] a synergistic

effect between the use of such 3-D electrodes and the appli-

cation of a forced electrolyte flow and a pulsed voltage. For

pulse widths on the order of a few milliseconds and an

optimal combination of all three parameters, a 2-fold increase

in current was obtained.

The objective of the current work is to further discriminate

between the effect of pulse width and duty cycle when

applying both voltage and current pulses during alkaline

water electrolysis. Moreover, as compared to our previous

study, which was based on pulsed cyclo-voltammetry, a new

experimental approach has been used based on pulsed

chrono-amperometry, in order to verify that the previously

reported improvement can be sustained for longer periods.

Finally, current pulses from 10 s down to 1 ms were analyzed

as well through pulsed chrono-potentiometry, and their

advantage over voltage pulses was demonstrated.
Materials and methods

The electrodes consisted of a 3-D foammade of an Inconel 625

Ni-alloy (>58% Ni, from Alantum) with a pore diameter of

450 mm and a specific surface area of 7800 m2/m3. Their in-

plane dimension was 2 � 2 cm, and 2 sheets with a thick-

ness of 1.6 mm each were used. Between these electrodes,

there was an anion exchangemembrane (Fumasep FAA-3-PK-
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130), with a thickness of 130 mm, in order to prevent gasmixing

and to allow for a good electric contact between the cathodic

and anodic compartments. Themembranewas composed of a

polyaromatic structure coupled to quaternary ammonium

groups [38]. The former is a polymeric backbone, important for

mechanical and thermal stability, while the latter is an ion

exchange group, essential for ionic conductivity of OH� [39].

The specific ionic conductivity of this membrane has been

reported to be between 4 and 8 mS/cm in 0.5 M NaCl and 25 �C
[40]. An electrolyte solution of 1 M KOH was prepared with

ultrapure water (18.2 MU cm, from Sartorius arium 611) and

KOH pellets (86.4%, from VWR chemicals). Before each

experiment, nitrogen (Alphagaz™ 1 Azote, N2 > 99.999%, from

AirLiquide) was circulated in the catholyte to remove residual

oxygen from the solution. Pumps (Commander ID300/302

fromNidec) were used to create a forced electrolyte flow going

upwards through the electrode in flow-bymode, at a pumping

rate of 115 L/h. This rate was the maximum one that can be

applied using our current set-up, and corresponds to a linear

flow rate within the cell of 0,25 m/s. Natural convection was

studied as well. All experiments were performed at room

temperature, using the same experimental filter-press set-up

we already described in detail in previous work [37].

A Solartron Modulab XM Potentiostat was used to apply

square-shaped pulses. The voltage pulses had a base and peak

voltage of 1.2 V and 2.0 V, respectively, while the current

pulses varied from 0 to 0.3 A. The pulse width is defined as the

time of a single pulse at which the voltage is on, while the duty

cycle is the ratio between the pulse width and the total

(onþ off) pulse period. All experiments were performed at the

same integration period and measurement rate to assure

reproducibility. For some experiments, hydrogen gas was

collected in a transparent graduated cylinder and its produc-

tion volume recordedwith a video-camera. A linear regression

of the volumetric hydrogen production versus time gave the

hydrogen production rate (in mL/s) and allowed to calculate

the Faraday efficiency. To address the contribution of capac-

itive processes to the measured current, the constitutive

equation for an ideally polarizable electrode (IPE) was used

[41]:

ic ¼ E
Rs

exp

�
�t=RsCdl

�
(1)

with E the amplitude of the voltage pulse, Rs the solution

resistance, and Cdl the double layer capacitance.
Fig. 1 e Time evolution of the on-current at 2.0 V (a) and

off-current at 1.2 V (b) during the first voltage pulse for

different pulse widths. Duty cycle of 50%, natural

convection.
Results and discussion

Voltage pulses with a duty cycle of 50%

At first, pulses were appliedwith a duty cycle of 50% and pulse

widths between 1 ms and 100 s. Fig. 1(a) compares the current

evolution during on-time for the first applied pulse. It can be

seen that the current was always highest during the first

milliseconds of the pulse application, after which it gradually

decreased with time. As a consequence, the sooner the pulse

was stopped, i.e. the shorter the pulse width, the higher the

average on-current. Pulses with higher on-times were also a
continuation of pulses with lower on-times, which confirms

the reproducibility of the experiment. Looking at the time

evolution of the off-current in Fig. 1(b), a change in polariza-

tion was observed. This is indicative for either a discharge of

the electrical double layer or the reversal of the redox reaction.

Contrary to the on-current, the temporal evolution of the off-

current was not the same for the different pulse widths. It

reached lower initial values for higher pulse widths, and it

stabilized for pulse widths equal or higher than 100 ms. Fig. 2

shows the resulting average current for these first pulses. It

was calculated by integrating both the on- and off-currents

over time and normalizing by the pulse period. It can be

seen that the combination of a higher on-current with a

higher off-current still resulted in an apparently better per-

formance for the shortest pulses: for the first pulse, a pulse

width of 1 ms resulted in a more than 2-fold increase in

average current as compared to a 100 s pulse, in agreement

with our previous work based on pulsed CV.

However, this apparent better performance was not

observed over the long term, as the shortest pulses showed a

rapid decrease in current. This can be seen in Fig. 3 for a

series of both 1 ms and 10 ms pulses. Both the on- and off-

currents decreased over time, their difference remaining

constant at about 1.4 A. This decrease continued until a

stabilization occurred after about 10 s of the experiment. As

a result, if the average current of a pulse was measured after

10 s, a decrease in pulse width caused a decrease in average

https://doi.org/10.1016/j.ijhydene.2020.11.232
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Fig. 2 e Average current of the first voltage pulse as a function of pulse width. Duty cycle of 50%, both natural convection and

forced flow.

Fig. 3 e Time evolution of the on- and off-current during

the first 60 ms for a pulse width of 1 and 10 ms. Duty cycle

of 50%, natural convection.
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current. This is illustrated in Fig. 4(a), and suggests that for

pulse widths lower than 1 s, capacitive processes start to

become important. In this respect, the ratio between the

charge gained by the system during the pulse on-time and
the total charge during a complete period gives an idea of

the contribution of faradaic processes. From the results

shown in Fig. 4(b), it can be seen that for pulses with a width

of 1 ms, only 3% of the on-current was used to conduct

faradaic processes. This ratio steeply increased with pulse

width until 1 s, where the current was predominantly (>90%)

faradaic.

Moreover, no change was observed when comparing the

average current in Fig. 4(a) at forced flow and natural con-

vection for a pulse width of 1 ms, while at 10 ms wemeasured

an inversion of the flow effect. This confirms that diffusion

was not playing a role anymore, and that almost all the cur-

rent was capacitive. In other words, the electrical double layer

(EDL) was continuously being charged and discharged, so that

almost no hydrogen generation took place. Moreover, appli-

cation of eq. (1) to the current decay curves shown in Fig. 3

allows to provide an estimate of the time constant (Rs$Cdl)

for EDL charging. An average value of 3.2 ms was calculated,

confirming the predominance of capacitive processes for

pulse widths from 1 to 10 ms.

As to the effect of forced electrolyte flow, it can be seen in

Fig. 4(a) that this increases the average current by 12e14% in

case faradaic processes are dominant. This can be attributed

to an increase in bubble removal rate, or to a decrease in the

thickness of the diffusion layer. It also reinforces the idea of a

predominance of capacitive processes for the shortest pulses,

as in pure capacitive processes there is neither diffusion layer

nor bubble formation.

Finally, when comparing our results to the ones from Lin

et al. [15], it appears that the enhanced current values re-

ported by the latter during pulsed voltage are probably only

the average on-current ones. In that case, similar results were

obtained: for pulses with a 50% duty cycle, a pulse periods of

100 ms, and a base and peak voltage of 0 V and 3.5e4.5 V,

https://doi.org/10.1016/j.ijhydene.2020.11.232
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respectively, the on-current increased by 10e14%. Maintain-

ing the same conditions and lowering the duty cycle down to

10%, they reported a further increase in on-current of 21e44%,

depending on the peak voltage. Therefore, our results clearly

demonstrate the need to also include the off-current evolu-

tion, since the apparently higher current at on-times can be

due to capacitive effects. On the other hand, our results differ

from the ones reported by Demir et al. [13]. These authors

used transistors to apply voltage pulses, simply blocking any

current flow during off-time and hence any change in

polarization.

Voltage pulses with a higher duty cycle

In a second stage, the effect of duty cycle was studied. This

was done by applying pulses with a short off-time (1 and
Fig. 4 e (a) Average current after 10 s of experiment as a

function of voltage pulse width. For a pulse width of 10 s

and 100 s, the second applied pulse was used to calculate

the average; (b) Pulse width dependence of the ratio

between on-charge and total charge during one voltage

pulse period. Duty cycle of 50%, both natural convection

and forced flow.
10ms, respectively) and a long total pulse period (from 1ms to

100 s), resulting in a duty cycle between 50 and 99.9%. The

experiment was run for 1000 s to allow for a simultaneous in-

situ hydrogen collection as well. The results are shown in

Fig. 5 for a fixed pulse off-time of (a) 1 ms and (b) 10 ms,

respectively. Comparing both figures indicates that from a

duty cycle of 99% onwards, i.e. an on-timewhich is at least 100

times higher than the off-time, a pulsed voltage signal ap-

proaches the DC production rate. Moreover, comparing the

measured H2 production rates (shown on the right-side ordi-

nate in Fig. 5) to the total current response during pulsation,

the Faraday efficiency was found under these conditions to

be � 98%, meaning that almost all the charge was used to

produce hydrogen. When looking at the effect of forced flow,

the hydrogen production rate was improved by 4e7% for

voltage pulses with a 10 ms off-time, as compared to only 0.2

and 4% for a 1 ms off-time. In other words, lower duty cycles

(i.e. longer off-times) allow to reinforce the effect of forced

flow.

Current pulses with a duty cycle of 50%

As opposed to the application of voltage pulses, there can be

no polarity reversal in the case of current pulses when the

current is switched back to open-circuit (0 A). The electrical

double layer is then being charged at the beginning and never

discharged in the course of the experiment. This then allows

for a net hydrogen production even at low pulse widths on the

order of a few milliseconds. As shown in Fig. 6, after the first

pulse, we observed a significant reduction in the cell voltage

needed to reach 0.3 A (corresponding to a current density of

0.075 A/cm2). This is especially the case at high pulse fre-

quencies, and despite the fact that the time evolution of the

cell voltage at the beginning of all pulses was similar to DC.

Since the duty cycle was the same in all cases (50%), the best

pulse configuration was the one with the smallest pulse width

(10 ms). In this case, as shown in Fig. 7(a), a reduction in cell

potential (averaged over 10 min) on the order of 30 mV was

observed in comparison to DC for both natural convection and

forced flow. This represents a reduction of 4% in cell over-

potential. Also note that DC water electrolysis at 0.3 A was

performed before and after the pulse experiment, as illus-

trated in Fig. 7(b). This was to assure that no modification in

the electrode behavior had occurred. In all the cases, the DC

behavior was the same at the beginning and the end of each

experiment.

When comparing the above results to available literature

date, they are in qualitative agreement with the ones from

Vincent et al. [28]. These authors reported a reduction in cell

potential of 45 mV during the application of 20 ms current

pulses from 0 to 0.1 A/cm2 with a 50% duty cycle. As in our

case, they also observed a better performance for pulses

with higher frequencies: when decreasing the pulse period

from 20 s to 2 ms, a further decrease in cell potential was

measured from 45 mV to 540 mV (corresponding to an

overpotential reduction of 72%). However, as opposed to the

results obtained in Refs. [28], we did not observe any plateau

at high pulse periods when plotting the average cell voltage

vs. pulse period in Fig. 7(a). Since this plateau can be

attributed to the complete establishment of the diffusional
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Fig. 5 e Average current (left ordinate) and hydrogen production rate (right ordinate) as a function of voltage pulse period for

an off-time of (a) 1 ms and (b) 10 ms. Both natural convection and forced flow.
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Fig. 6 e Time evolution of the cell voltage for current pulses between 0 and 0.3 A (corresponding to 0,075 A/cm2) for pulse

widths of (a) 0.01 and 0.1 s and (b) 1 and 10 s. The DC behavior at 0.3 A is shown for comparison. Duty cycle of 50%, natural

convection.
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Fig. 7 e (a) Average cell voltage during 10 min of

experiment as a function of current pulse width. Duty cycle

of 50%, both natural convection and forced flow; (b) Time

evolution profile of the cell voltage during a typical pulsed

current experiment, showing that the DC behavior

measured at the end of each experiment was the same as

the one at the beginning.

Fig. 8 e Average cell voltage as a function of current pulse

period for an off-time of (a) 10 ms and (b) 100 ms. Both

natural convection and forced flow.

Fig. 9 e Duty cycle dependence of the average cell on-

voltage for current pulses with different pulse periods.

Peak current of 0.3 A, forced flow.
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boundary layer, it also implies that this layer was still

not fully established after 10 s in our own experimental set-

up.

Current pulses with duty cycles other than 50%

The effect of applying current pulses with duty cycles higher

than 50% is shown in Fig. 8. No statistically significant

decrease in cell voltage relative to DC could be observed. With

the introduction of a forced flow, a reduction in overpotential

of 9 and 5% was obtained for current pulses with off-times of

10 and 100 ms, respectively. These results are in line with the

conclusions of Eigeldinger et al. [42], who reported that a

forced electrolyte flow allows to drastically reduce the bubble

coverage of gas evolving electrodes, thereby decreasing the

overall cell voltage.

The fact that current pulses only have a statistically sig-

nificant effect for duty cycles lower than 50% is confirmed in

Fig. 9. In this case, the combined effect of low pulse periods

with low duty cycles gave the best performance: for a 20%

duty cycle and a 2 ms pulse period, we observed a 260 mV (i.e.

28%) reduction in cell overpotential, as opposed to only 17%

for a 50% duty cycle. Such increase in performance when

decreasing the duty cycle is in line with the observations

from Lin et al. [15] in the case of voltage pulses. The effect of

lower duty cycles is also beneficial for all pulse periods, but

most pronounced for the lower ones (i.e. the highest fre-

quencies). Therefore, our results indicate that the application
of current pulses with small pulse periods (ms-range) and

low duty cycles (10e20%) can be a promising method for

improving the cell performance during alkaline water

electrolysis.
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Conclusions

In the case of voltage pulses, when considering only the first

pulse, the apparent higher average current obtained for a 50%

duty cycle at short pulse widths on the order of a few ms was

mainly the result of capacitive effects. Once the charge/

discharge cycle of the electrical double layer achieves a steady

state, such short pulses were not able anymore to provide

significant hydrogen generation currents. As a consequence,

voltage pulses presented no advantage as compared to con-

ventional DC electrolysis. Current pulses on the other hand

are able to block double layer discharging during off-time, as

well as the possible reduction of nickel hydroxides at the

anode and the oxidation at the cathode. As a result, all the

current can be used for hydrogen/oxygen production, and

voltage pulses present a better performance than DC elec-

trolysis. For a duty cycle of 50%, the highest reduction in cell

overpotential (17%) occurred for the smallest pulse periods

(2 ms). In that case, this reduction further increased to 28%

when decreasing the duty cycle to 20%. This was attributed to

a reduction of the thickness of the diffusion layer and the

facilitation of bubble removal. The better performance for

current pulses is also an important achievement in the use of

water electrolysis for grid balancing, as the power input can be

easily changed by a change in the duty cycle. Finally, it was

observed that a forced flow of electrolyte enabled to further

improve the process efficiency, but only when faradaic pro-

cesses were dominant.
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