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Abstract This study focuses on how different electrolyte

parameters of the chlorate process affect the cathode

potential for hydrogen evolution on iron in a wide current-

density range. The varied parameters were pH, tempera-

ture, mass transport conditions and the ionic concentrations

of chloride, chlorate, chromate and hypochlorite. At lower

current densities, where cathodic protection of the elec-

trode material is important, the pH buffering capacity of

the electrolyte influenced the potential to a large extent. It

could be concluded that none of the electrolyte parameters

had any major effects (\50 mV) on the chlorate-cathode

potential at industrially relevant current densities (around 3

kA m-2). Certainly, there is more voltage to gain from

changing the cathode material than from modifying the

electrolyte composition. This is exemplified by experi-

ments on steel corroded from operation in a chlorate plant,

which exhibits significantly higher activity for hydrogen

evolution than polished steel or iron.

Keywords Chlorate cathode � Chlorate process �
Hydrogen evolution � Iron � Steel

List of symbols

ci Concentration of species i (mol m-3)

Di Diffusion coefficient of species i (m2 s-1)

E Cathode potential vs reference electrode (Ag/AgCl)

(V)

F Faraday constant (As mol-1)

jk Current density for reaction k (A m-2)

k02 Coefficient in the Tafel expression of Eq. 2, which is

given in Eq. 15 (mol m-2 s-1)

k14 Coefficient in the Tafel expression of Eq. 14, which

is given in equation 16 (m s-1)

Ni Molar flux of species i (mol m-2 s-1)

R Universal gas constant (J mol-1 K-1)

Ri Homogeneous production rate of species i (mol m-3

s-1)

T Temperature (K)

uz Convective velocity perpendicular to the electrode

surface, i.e. in the direction of the z-axis (m s-1)

z Axial coordinate (m)

a Transfer coefficient

dD Diffusion layer (m)

dR Reaction layer (m)

1 Introduction

Sodium chlorate is produced from sodium chloride and

water (Eq. 1) in un-divided electrochemical cells, in which

hydrogen is evolved from reduction of water on the cath-

ode and chloride is oxidised on the anode (Eqs. 2 and 3).

Chlorine formed in the anodic reaction dissolves in the

electrolyte and reacts with water through a number of

steps, to eventually form the product sodium chlorate

(Eqs. 4–6).

NaClþ 3H2O! NaClO3 þ 3H2 ð1Þ
2H2Oþ 2e� ! H2 þ 2OH� ð2Þ
2Cl� ! Cl2 þ 2e� ð3Þ

Cl2 þ H2O! ClOHþ Cl� þ Hþ ð4Þ
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ClOH$ ClO� þ Hþ ð5Þ

2ClOHþ ClO� ! ClO3
� þ 2Hþ þ 2Cl� ð6Þ

The addition of chromate to the chlorate electrolyte

results in a cathodic current efficiency for hydrogen

evolution of almost 100%, which otherwise would have

been considerably lower due to side reactions such as

reduction of hypochlorite and chlorate (Eqs. 7 and 8).

ClO� þ H2Oþ 2e� ! Cl� þ 2OH� ð7Þ
ClO3

� þ 3H2Oþ 6e� ! Cl� þ 6OH� ð8Þ

In the absence of chromate hypochlorite ions are easily

reduced on iron (the major component in the most common

steel electrodes), but the reaction becomes mass transport

limited at higher current densities [1]. Reduction of

chlorate is highly dependent on electrode material and

does not take place to any major extent on Co, Ni, Mo, Ti,

Hg and C, whereas iron oxides [2] and ruthenium dioxide

[3] are active for chlorate reduction. In a previous study [1]

the current efficiency for hydrogen evolution was

determined for an iron cathode at 3 kA m-2 in a

chromate-free electrolyte containing 550 g dm-3 NaClO3

and 110 g dm-3 NaCl at 70 �C. The current efficiency was

initially\50% and gradually increased over time to reach a

value of [90% after 2 h of polarisation. Possibly iron

oxides on the surface, catalysing chlorate reduction, had

then been reduced.

When adding chromate to chlorate electrolyte a thin film

of chromium hydroxide, Cr(OH)3 • xH2O, forms on the

cathode [4–6], see Eq. 9.

CrO4
2� þ 4H2Oþ 3e� ! Cr(OH)3 þ 5OH� ð9Þ

The thin chromium-hydroxide film hinders its own

growth as well as the parasitic reactions (Eqs. 7 and 8),

while still allowing the hydrogen evolution to proceed on

the cathode [5].

In the chlorate process electrical energy constitutes up to

70% of the production costs [7]. With the introduction of

the dimensionally stable anode (DSA) in the 1970 s, the

anode overpotential has decreased considerably and the

highest overpotential is now connected to the steel cathode

[8]. However, the widely used steel cathodes have the

advantage of being fairly inexpensive and resistant to

depositing impurities thanks to their surface renewal

caused by corrosion during stops. Although the corrosion

may be seen as a reactivation process it is of course dis-

advantageous in terms of consumption of the steel, which

reduces the lifetime of the cathodes. Furthermore, the

corrosion contaminates the electrolyte.

Extensive work has been carried out to decrease the

overpotential by developing activated cathodes, most of

them based on noble metals and titanium. Even though

their catalytic activity towards hydrogen evolution has

been satisfying they have not been industrially success-

ful—probably not robust enough to survive in the industrial

chlorate cell. Lately, higher costs for electricity have trig-

gered intensified activity on the chlorate cathode potential,

as shown by several recent patent applications. The

approach has been to use electrocatalytic cathode coatings,

containing ruthenium [9, 10] or electrodeposited Fe-Mo

alloys [11, 12], as well as divided chlorate cells with coated

cathodes [13] or gas diffusion electrodes [13, 14]. In the

latter case hydrogen evolution has been replaced by the

reduction of oxygen as cathode reaction, thereby cutting

the cell potential substantially. Although the chlorate

industry hopes to find a new depolarised cathode, the tra-

ditional steel cathode is still in use and is therefore the

focus of this study. Most experiments in this study were

made using an iron cathode, since iron is the major com-

ponent in steel electrodes.

A typical chlorate electrolyte consists of 80–120 g dm-3

NaCl, 500–650 g dm-3 NaClO3, 3–8 g dm-3 Na2Cr2O7 and

has a pH around 6–7 and a temperature of 70–80 �C. When

varying these parameters, their effects on the whole process

and on each other have to be taken into account. The

electrolyte parameters are often interconnected and one

parameter may have both positive and negative impacts.

This is the case for the addition of chromate, which is

necessary for keeping a high cathodic current efficiency, but

is negative in terms of increased overpotential for both

electrodes [1, 15, 16]. An additional positive effect of

chromate is the enhanced buffer capacity in the pH range

5–7, where formation of chlorate (Eq. 6) has its highest rate.

Chromate buffers according to Eqs. 10 and 11.

HCrO4
� þ OH� $ CrO4

2� þ H2O ð10Þ

HCrO4
� $ CrO4

2� þ Hþ ð11Þ

To be able to separate the different effects of changing

an electrolyte parameter, the influence on the anode and

cathode reactions as well as on the homogeneous reactions

has to be studied individually. In this study we have

investigated the impact on the cathode potential.

In industrial cells, studies of varied electrolyte condi-

tions are difficult to perform due to the interconnection

between the different electrolyte parameters. The applied

current density also has a strong impact on the electrolyte

conditions. For instance, in industrial cells temperature and

current density are strongly correlated, since heat is gen-

erated by the ohmic losses between the electrodes.

Therefore, polarisation curves at constant temperature are

almost impossible to measure for industrial cells. As a

consequence, it is necessary to carry out complementary

measurements in lab cells, for which a single parameter can

be varied while holding the others relatively constant.
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Variations of electricity tariffs during the hours of the

day in combination with the increasing prices may force

the chlorate plants to operate at varying current loads.

When electricity prices peak it may be advantageous to

minimise the production rate. However, at low currents it

has to be assured that that the steel is under cathodic pro-

tection to avoid corrosion. According to Coleman and Tilak

[17] this value of the cathodic current density is approxi-

mately 15–75 A m-2, depending on cell conditions. The

demand for operation at varying current loads requires

knowledge about how the cathode behaves in a wide cur-

rent-density range.

In the literature most studies regarding chlorate-elec-

trolyte conditions concentrate on investigating the current

efficiency, see e.g. Ref. [2, 18–24], and a few focus on the

DSA-anode potential [15, 16, 25–27]. For the steel and iron

cathodes, polarisation curves at chlorate-like conditions are

scarcely presented [1, 28, 29]. Dobrov and Elina measured

polarisation curves on steel in chlorate electrolyte at varied

chromate concentration [29] and to our knowledge no work

besides that has been published on the effect of different

electrolyte parameters on the cathode potential. Some of

these parameters affect hydrogen evolution in general,

irrespective of the electrode material, and may be impor-

tant to consider in the development of new cathode

concepts.

The aim of this study was to investigate how different

chlorate-electrolyte parameters impact the cathode poten-

tial for hydrogen evolution in a wide current-density range

by recording iR-corrected polarisation curves on rotating

disk electrodes (RDE) of iron and steel. The parameters

varied were pH, temperature, mass transport conditions and

the ionic concentrations of chloride, chlorate and chromate

as well as the addition of hypochlorite ions. The current-

density range for the polarisation curve was 10 A m-2–3

kA m-2. In addition to the experimental work, modelling

work aiming at investigating the effect of chromate buf-

fering in the cathodic diffusion layer was carried out.

2 Experimental

All polarisation curves were made in a three-electrode

jacketed glass cell, connected to a water bath for temper-

ature control. The working electrode was either an RDE or

a rotating cylinder electrode (RCE) mounted on an elec-

trode rotator, model 636 from EG&G. A large area

platinum mesh was employed as counter electrode. The

reference electrode was an Ag/AgCl electrode (K201 from

Radiometer, +0.197 V vs NHE) with saturated KCl at

room temperature connected to a Luggin capillary by a salt

bridge, containing 5 M NaCl or 3 M NaClO3 (for chloride-

free measurements).

2.1 Electrolyte

The ‘‘standard’’ chlorate electrolyte contained 550 g dm-3

NaClO3 (Eka Chemicals), 110 g dm-3 NaCl (p.a. grade)

and 3 g dm-3 Na2Cr2O7 (p.a. grade) with no added NaClO

at 70 ± 1 �C. Water purified in a Millipore system was

used in all experiments. Any deviations from these con-

ditions are given in the text.

The pH was adjusted with 5 M HCl and 5 M NaOH,

except in the chloride-free case where HClO4 and NaOH

were used. In case NaClO was added, it was added from a

concentrated solution from BDH Laboratory Supplies.

After addition, the initial concentration of the electrolyte

was 1 g dm-3 NaClO, but decreased with time as ClO-

formed chlorate.

2.2 Electrodes

To imitate industrial conditions, studies of the chlorate

cathode should preferably be made with industrially opera-

ted electrodes, which have a complex surface composition of

oxides as well as deposited impurities. However, experi-

ments involving industrially corroded electrodes lead to

unsatisfactory reproducibility, since an electrode cannot be

used for more than one polarisation curve, as the composition

of the electrode surface changes during the experiment.

Therefore, most experiments in this work have been made

using an iron electrode, since iron is the major component in

the industrial steel cathodes and a good reproducibility could

be achieved by polishing the electrode surface prior to the

experiment. These results have been compared to polarisa-

tion curves on samples cut from steel cathodes that had been

in industrial operation.

The iron RDE consisted of an iron disc (diameter 5 mm,

specpure from Johnson Matthey) embedded in a Teflon

sheath. Prior to every polarisation measurement it was

polished with 4000 grade silicon-carbide grinding paper,

and thereafter thoroughly rinsed with Milli-Q water.

Steel RDEs (low carbon steel grade with iron content

[99%) of 1 cm2 were punched from cathode plates (either

new or operated in the chlorate process) and placed into

titanium holders suitable for the electrode rotator. Bare

titanium was masked with silicon tubing and epoxy to

hinder electrochemical reactions taking place on the

holder. New, non-corroded steel electrodes were polished

with 4000 grade silicon-carbide grinding paper before

being put into the holders. To remove oxides formed in the

time between silicon-carbide polishing and measurement

the electrode surface was gently polished with alumina

paste (Alpha micropolish alumina No.1C with particle size

1.0 l from Buehler) and washed with acetone in an ultra-

sonic bath, followed by water (milli-Q) rinsing just before

the experiment. Corroded steel electrodes had been

J Appl Electrochem (2009) 39:71–81 73
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operated in a chlorate plant and washed with water only,

thus having traces of chromium, calcium etc. deposits on

the corroded surface.

For measurements at low mass-transport conditions a

RCE of iron (12 mm diameter, 3 cm2, made from 99.99%

iron from Alfa Aesar) was used. Prior to measurements the

electrode was polished with alumina paste and rinsed as

described above.

2.3 Measurements

The electrodes were submerged into the electrolyte under

cathodic galvanostatic control at 10 kA m-2 to assure a

vigorous hydrogen evolution on the electrode, thus

avoiding oxidation of the surface. To obtain a high

cathodic current efficiency for hydrogen evolution, the

electrodes were pre-polarised in order to form a chromium

film at the surface. On a newly polished electrode the film

is formed almost instantly [1] and only a short pre-po-

larisation of 2 min (10 kA m-2) before recording a

polarisation curve was considered necessary. The corroded

electrodes needed longer pre-polarisation to reach a high

current efficiency [22] and they were therefore operated at

10 kA m-2, at 3,000 rpm, for 1 h in a separate chlorate

solution. To retain the chromate film, the electrodes were

removed from the pre-polarisation electrolyte still under

galvanostatic control, and were thereafter rinsed with

water to remove electrolyte traces that otherwise could

have caused film dissolution. When submerged in the new

chlorate electrolyte the electrodes were under galvano-

static control and were operated at 10 kA m-2 for 2 min

in order to obtain a stable potential before starting the

polarisation measurements.

Galvanostatic polarisation curves were recorded using a

PAR273A potentiostat, with the current decreasing step-

wise from high to low current densities. Correction for iR-

drop was made using a current interrupt technique [15]. By

starting the measurements at high cathodic current densi-

ties and from there decreasing the current, oxidation of the

electrode surface was avoided. Some corrosion may occur

at low current densities, however, there were no visible

signs of corrosion products on an electrode surface after it

had been subjected to a polarisation-curve measurement.

For each experiment, five consecutive polarisation

curves were recorded, with electrolyte pH adjusted and the

electrode polished prior to each measurement. To illustrate

the reproducibility of the measurements error bars are

shown in the polarisation curves of Fig. 2. The best repro-

ducibility was achieved when using the pure iron RDE,

since this electrode could be polished with silicon-carbide

grinding paper prior to each experiment. For these experi-

ments the maximum variation of the polarisation curve

ranged between ±4 and ±10 mV, in the current range 3 9

102–3 9 103 A m-2. Polishing with alumina paste, as for the

RCE, resulted in slightly larger variation, ±10 to ±15 mV,

in the same current range. The corroded steel electrodes

could only be used once, since their surface composition

changed during the experiment as the oxides were reduced.

Therefore, in Fig. 9 only the first recorded curve of each

polarisation experiment is shown. Also the curve with

hypochlorite added (Fig. 3) is the first recorded curve since

as time passed the hypochlorite reacted to chlorate and its

concentration decreased. All other polarisation curves of

this paper are average values of five measurements.

3 Model

The model of this work takes into account the complex

interplay between the pH-raising electrode reactions for

hydrogen evolution, mass transport and homogeneous

reactions. It predicts the cathodic polarisation curves and

gives information about the approximate reaction rates and

the nature of the chromate buffering reaction. The model is
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Fig. 1 Schematic concentration profiles for a system, in which with a

chemical reaction (HCrO4
� ! CrO4

2� þ Hþ) precedes the electrode

reaction (2Hþ þ 2e� ! H2). HCrO4
- diffuses towards the electrode

surface (through the diffusion layer, dD). Close to the cathode, in the

reaction layer (dR), the chemical reaction produces H+ to the

electrode reaction. The thickness of the diffusion layer is in the order

of 10-5 m, while the reaction-layer thickness is in the order of 10-9 m
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one-dimensional and is based on a previously developed

model [30], where oxygen evolution on a RDE in a chro-

mate-buffered solution was simulated and where it was

found that the important part of the buffering took place in

a very thin reaction layer (in the order of nanometers) at the

anode by CrO4
2- and H2O forming HCrO4

- and OH-

(Eq. 10). The oxygen-evolving system of the original

model is analogous to the system of this work, with a po-

larisation curve of two regions, one pH-dependent at low

current densities and one pH-independent at higher current

densities. Consequently, the thin reaction layer due to

chromate buffering was therefore also expected to appear

in the simulations of the hydrogen-evolving cathode of this

work.

A reaction layer may develop in systems in which a

chemical step (in this case the buffering reaction) pre-

cedes the electron transfer. The reaction layer theory is

described by Albery [31], and is illustrated in Fig. 1 by

schematic concentration profiles for the system of this

work. A simplified example is used for the illustration,

with the electrode reaction being proton reduction in

combination with homogeneous chromate buffering due

to Eq. 11. When the HCrO4
- ions are close enough to the

electrode surface the H+ ions produced by the buffering

reaction (Eq. 11) diffuse to the electrode surface faster

than they may recombine with CrO4
2-. Within the dif-

fusion layer equilibrium between the different species

prevails, while in the reaction layer H+, CrO4
2- and

HCrO4
- are in disequilibrium. The reaction layer thick-

ness is very thin compared to the diffusion layer. To

capture the steep gradient of H+ in the reaction layer it is

important to have a good resolution of the region close to

the electrode surface. The concentration profiles of the

picture would be affected by e.g. reaction rates, current

density, electrode rotation rate, additional homogeneous

and electrode reactions, etc.

The model is based on mass balances at steady-state for

each species i in the electrolyte:

� oNi

oz
þ Ri ¼ 0 ð12Þ

where Ni is the molar flux and Ri is the production rate of

species i by homogeneous reactions. Due to the high ionic

strength of the electrolyte (approximately 5 M NaClO3 + 2

M NaCl), transport by migration of minority species like

H+, OH- and chromate species could be neglected.

Reducing the model, by assuming transport only by

convection and diffusion, allowed the time for calculation

to be shortened considerably. Simulations including

migration and simulations in which migration was

neglected gave almost identical results. The molar flux,

Ni, of specie i is expressed by the Nernst-Planck equation,

with the migration term neglected (Eq. 13).

Ni ¼ uzci � Di
oci

oz
ð13Þ

In the equation above uz is the convective velocity, in

the direction perpendicular to the disk surface, Di is the

diffusion coefficient and qci/qz is the concentration

gradient of specie i. The potential and concentration-

dependent electrode reactions are used as boundary

conditions and in the bulk electrolyte all concentration

gradients are assumed to be zero. The species solved for

were H+ and OH-, CrO4
2- and HCrO4

-. The buffering

effect of hypochlorite was not included in the simulations,

since focus of the model was to capture the buffer effect of

chromate; by this the complexity of the model was

reduced. In the experiments, to which the simulation

results were compared, no hypochlorite was added to the

electrolyte and no significant amounts were built up during

the short time of the experiment.

For the oxygen-evolving model developed previously

[30], the electrode reactions were oxygen evolved from

OH- and oxygen evolved from water. These electrode

reactions are in this work replaced by hydrogen evolved

from H+ (Eq. 14) and hydrogen evolved from water

(Eq. 2). The currents, j2 and j14 were assumed to follow

Tafel expressions, whose parameters were derived from

data taken from the experimental polarisation curve at pH

6.5 in Fig. 2 (similarly as in the previous study [30]). Since

the model required Tafel parameters as input data, slopes

had to be estimated although they change continuously

throughout the polarisation curve. The slopes are approx-

imate values and are extracted at both sides of the limiting

current, i.e. at lower current densities for H+ reduction and

at higher for water reduction. However, the focus of the
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Fig. 2 Polarisation curves on a pure iron RDE in chlorate electrolyte

(550 g dm-3 NaClO3, 110 g dm-3 NaCl, 3 g dm-3 Na2Cr2O7) at pH

4.5, 6.5 and 10, 70 �C, rotation rate 3,000 rpm
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model is to capture the buffer effect of chromate on the

limiting current of H+ reduction, which is almost unaf-

fected by the slopes.

2Hþ þ 2e� ! H2 ð14Þ

The currents for the hydrogen-evolving Eqs. 2 and 14,

were expressed as

j2 ¼ Fk02 exp
�a2FE

RT

� �
ð15Þ

j14 ¼ FcHþk14 exp
�a14FE

RT

� �
ð16Þ

where k02, since water is in excess, may be seen as a con-

centration–independent rate constant for Eq. 2. Therefore,

j2 has no concentration dependence either. The transfer

coefficients are a2 and a14, E is the cathode potential, T the

temperature, F Faraday’s constant, cH+ the concentration

of H+ at the cathode surface and k14 is the cathodic rate

constant for Eq. 14. The reaction order with respect to H+

was assumed to be one. The values of the kinetic param-

eters were k02 (mol s-1 m-2) = 3.5 9 10-10, k14 (s-1

m) = 8.1 9 10-8, a2 = 0.4, a14 = 0.6.

The homogeneous reactions taken into account in this

work were water dissociation (Hþ þ OH� $ H2O) and

chromate buffering (Eq. 10 or 11).

The Convective-Diffusion mode of Comsol Multiphys-

ics was used for solving the equation system.

4 Results and discussion

When discussing the results of this study a decreasing

potential means the potential going to more negative val-

ues, thus resulting in an increased cell potential and higher

energy consumption. High cathode potential (less negative

potential) is desired in order to minimise the energy cost.

4.1 Electrolyte pH

Figure 2 shows the effect of pH on the cathodic polarisa-

tion curve for an iron electrode in chlorate electrolyte. The

error bars indicate the reproducibility in each point, based

on five consecutively measured polarisation curves (each

with a newly polished electrode and pH adjusted). An

apparent pH dependency is seen at lower current densities

(\3 9 102 A m-2), but as the current density is increased

the polarisation curves for the different pHs coincide and at

industrial full-load current densities (around 3 kA m-2) the

potential is not affected by the electrolyte pH. This pH

independence is due to the electrode reaction being

reduction of water (Eq. 2), which at high overpotentials is a

pH-independent reaction [32]. The pH effect at lower

current densities (\3 9 102 A m-2) is explained by the

dominating reaction for pH at both 4.5 and 6.5 being H+

reduction (Eq. 14) [32]. When the pH is sufficiently low

(pH 4.5 and 6.5 in Fig. 2) hydrogen evolution from H+

(Eq. 14) is kinetically favoured, although it suffers from

poor supply of H+ ions at higher current densities. The

poor supply is seen in Fig. 2 as a transition region of high

slopes connecting the pH dependent region with the pH

independent one (for pH 4.5 at around 3 9 102 A m-2 and

for pH 6.5 at around 4 9 101 A m-2). This transition region

is here defined as a limiting current for hydrogen evolution

from H+. The limiting current is dependent on pH and is

not visible at low H+ concentrations, as for pH 10, where

hydrogen is only evolved from water (Eq. 2).

4.2 Chromate and hypochlorite addition

Figure 3 illustrates the impact of chromate and hypochlo-

rite on the cathodic polarisation curve of iron in chlorate

electrolyte. The most evident effect of an increased chro-

mate concentration is seen at -0.85 to -1.1 V, where the

limiting current, due to poor supply of H+, appears. This

may be related to the buffering properties of chromate. At

current densities higher than the limiting current the con-

sequence of increasing the chromate content from 3 g dm-3

Na2Cr2O7 to 9 g dm-3 is only a minor decrease in cathodic

potential (less than 20 mV). The chromate film has been

shown to increase in thickness with increasing chromate

concentration in the electrolyte [33], which may impact the

rate of hydrogen evolution.

Hypochlorite added to the electrolyte affects the

potential in the whole current range of Fig. 3. At current

densities lower than approximately 102 A m-2 presence of
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Fig. 3 Polarisation curves on a pure iron RDE in chlorate electrolyte

(550 g dm-3 NaClO3, 110 g dm-3 NaCl)) at pH 6.5, 70 �C, rotation

rate 3,000 rpm, with (a) 3 g dm-3 Na2Cr2O7, (b) 9 g dm-3 Na2Cr2O7,

(c) 3 g dm-3 Na2Cr2O7 and approximately 1 g dm-3 NaClO
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hypochlorite increases the cathode potential. This is pos-

sibly due to the chromate film not hindering hypochlorite

reduction fully. Hypochlorite reduction is limited by mass

transport at higher current densities, and the increase in

limiting current seen in Fig. 3 may be a mixed limiting

current due to both limited supply of H+ and transport-

limited hypochlorite. Similar to chromate, hypochlorite

acts as a buffer through Eq. 5 which would supply H+ to

the hydrogen evolution reaction and increase the limiting

current for Eq. 14. Surprisingly, at industrial full-load

current densities (around 3 kA m-2) Fig. 3 shows that

addition of hypochlorite has a negative effect on the

cathode potential of about 20 mV.

The impact of chromate buffer on the limiting current

for hydrogen evolution from H+ is evident in Fig. 3. The

increase in limiting current may be explained by the buffer

serving as a source of H+, thereby decreasing the pH-

raising effect of the hydrogen-evolving reaction. Hurlen

et al. [32] have studied how hydrogen evolution on iron in

chloride electrolyte is influenced by different amounts of

added acetate buffer. They saw a clear relation between

increased acetate content and an increased limiting current

for hydrogen evolution from H+. This is consistent with the

increase due to addition of chromate buffer in this study.

Figure 2 as well as Fig. 3 shows convincing signs for the

polarisation curve being built up of two different reactions

for hydrogen evolution (H2 from H+ and H2 from H2O)

connected by a limiting current due to poor H+ supply; a

simulation of the system provides further evidence for this.

Additionally, such a model gives information about the

approximate reaction rates and the nature of the chromate

buffering reaction. In Fig. 4, modelled polarisation curves

for two different chromate concentrations are presented and

compared with the experimental ones. For the oxygen-

evolving system the buffering was previously shown to

proceed through HCrO4
� þ OH� ! CrO4

2� þ H2O

(Eq. 10) [30], but using the same reaction in the model for

hydrogen evolution resulted in disagreement between

experiments and simulations, with the simulated limiting

current for hydrogen evolution from H+ being too low.

Increasing the reaction rate of the buffering reaction did not

affect the polarisation curve, since in this case the limiting

factor was the dissociation rate of water, and the simulated

current would only become higher by speeding up the water

dissociation to unrealistic values. Therefore, the reaction

HCrO4
� $ CrO4

2� þ Hþ (Eq. 11) was proposed to be

responsible for increasing the limiting current of hydrogen

evolution from H+ at the iron cathode. The rate of the

reaction was expressed as kf � cHCrO4
� � kb � cCrO4

2� � cHþ ,

and the reaction rate constants were estimated by comparing

the simulated limiting current of H+ reduction (Eq. 14) with

the experimental one. In the presented curves, the kinetic

parameter values of Eq. 11 are kf = 1 9 105 [s-1] and

kb = 7.9 9 107 [m3 mol-1 s-1]. For 3 g dm-3 Na2Cr2O7 as

well as for 9 g dm-3 a good agreement between experiments

and simulations is seen, when modelling the chromate buf-

fering as Eq. 11. Most likely, chromate buffers by both

Eqs. 10 and 11, but only Eq. 11 has an effect on the polari-

sation curve for hydrogen evolution from H+. Similarly to

anodic oxygen evolution in chromate-containing electrolyte

[30], the buffering for the hydrogen-evolving system takes

place in a very thin reaction layer (in the order of nanometers)

close to the cathode surface. This reaction layer is indicated

by a very steep concentration profile for H+, arising when H+

produced from the buffering (Eq. 11) diffuses to the cathode

surface faster that it recombines with CrO4
2-. The concen-

tration profiles were found to be similar to the expected ones,

shown in the schematic illustration in Fig. 1.

4.3 Chloride and chlorate concentrations

On the chlorate anode high concentrations of sodium chlo-

rate ([600 g dm-3) increase the potential at high current

densities ([3 9 103 A m-2) [27]. To investigate whether a

similar effect of increased ionic strength could appear at the

cathode, the sodium chlorate concentration was varied

between 450 g dm-3 and 650 g dm-3, keeping the sodium

chloride concentration constant at 110 g dm-3. In Fig. 5a, b

the results are displayed, which show that, similarly to the

anode, the increase in chlorate concentration has a negative

effect on the cathode potential. At the current densities where

hydrogen evolution from water (Eq. 2) is dominating

(around 5 9 101 –3 9 103 A m-2) an increase of the sodium

chlorate concentration from 450 to 650 g dm-3 gives

around 30 mV decrease in cathodic potential. Figure 5a, b

also displays the polarisation curves recorded in pure 5 M
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(292 g dm-3) NaCl electrolyte and in 5 M (532 g dm-3)

NaClO3 electrolyte. The chloride solution gives a slightly

lower cathode potential for water reduction by approxi-

mately 10-30 mV compared to the pure chlorate electrolyte.

This result may be compared with the results of Vračar and

Dražić, which showed an increased overpotential for

hydrogen evolution when chloride ions were added to an

electrolyte of sulphuric acid [34]. The authors explained this

as an effect of chloride ions adsorbing to the iron surface and

affecting the reaction kinetics for hydrogen evolution, pos-

sibly by blocking the hydrogen-evolving sites.

4.4 Mass transport

Figure 6 shows the effect of mass transport on the polari-

sation curve of an iron electrode in chlorate electrolyte.

The electrode was a rotating cylinder, allowing gas bubbles

to rise freely from the surface instead of being trapped

beneath the electrode as for the rotating disk at low rotation

rates. As expected, an increasing rotation rate increases the

limiting current for hydrogen evolution from H+ (Eq. 14).

However, even in the region where hydrogen evolution

from reduction of water is the dominating reaction

(approximately[102 A m-2) a low rotation rate affects the

polarisation curve by decreasing the cathode potential. This

might be due to slow transport of gas bubbles produced at

the electrode, leading to a reduction in surface area avail-

able for reaction. An increase in rotation rate from 1,000 to

2,000 rpm did not cause any significant changes in poten-

tial in the region where hydrogen is produced from water

molecules (approximately [102 A m-2).

To be able to apply the results from the RDE mea-

surements and simulations to industrial conditions, the

difference in mass transport between the different cells has

to be taken into account. The RDE acts like a pump,

dragging electrolyte towards its surface, while the mass

transport in a chlorate cell is induced by the hydrogen gas

bubbles rising upwards through the cell gap, between the

parallel electrode plates. One approach is to compare the

diffusion layer thickness of the modelled RDE with the one

of a simulated industrial cell. Byrne et al. [35] simulated a

chlorate cell and calculated the concentration profiles of

chloride at the anode for a current density of 2.5 kA m-2

and an inlet flow rate of 0.75 m s-1, which was considered

typical for an industrial cell. The diffusion layer thickness

varied along the height of the cell, and was zero at the

bottom where fresh electrolyte enters and around 120 lm at

the top. Halfway up the cell height the diffusion layer
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thickness was around 60 lm. The simulations of this work

showed that this thickness corresponds to that of a rotation

rate of 300 rpm for the rotating disk. Comparing the sim-

ulated limiting current density for a rotation rate of 3,000

rpm (the rotation rate used in the RDE experiments) with

that for 300 rpm, gives a limiting current density which is

approximately 40% less for 300 rpm. However, at such a

low rotation rate the RDE measurements could not be

carried out at technical current densities, since hydrogen

gas bubbles accumulated at the electrode surface.

4.5 Temperature

In Fig. 7 polarisation curves on iron in chlorate electrolyte

at four different temperatures are displayed. At low current

densities where hydrogen is evolved from H+ reduction

(\3 9 101 A m-2) the temperature has a minor influence

on the potential. In the current density region where

industrial cells are operated at full load (around 3 kA m-2)

and hydrogen is evolved through water reduction, the

cathode potential became less negative with higher tem-

perature. This behaviour is expected since a higher

temperature increases the reaction rate. Figure 8 shows that

for a current density of 1 kA m-2 the potential is increased

approximately linearly with 1.9 mV/�C, while for

3 kA m-2 the potential increases with 1.6 mV/�C. For the

chlorate process 70–80 �C is considered to be the optimum

temperature [18], since both lower and higher temperatures

would increase the oxygen-forming side reactions (oxygen

is evolved either electrochemically on the anode or by

homogeneous decomposition of ClO- or ClOH in the bulk).

Tilak and Chen [18] proposed that a higher temperature

would not only increase the rate of the electrode reactions,

but also increase the rate of the oxygen-forming side reac-

tions, while a lower temperature would decrease the rate of

chlorate formation through Eq. 6 and high concentrations of

hypochlorite and hypochlorous acid would be built up

through Eqs. 4 and 5. The hypochlorous acid and the

hypochlorite would then react to form oxygen. It was pre-

viously shown that the potential for chloride oxidation on

the anode (Eq. 3) decreases with increased temperature by 1

mV/�C at 1 kA m-2 and by 2 mV/�C at 3 kA m-2 [16].

Increasing the temperature by 10 �C at 3 kA m-2 would

consequently lower the total cell potential by at least 35

mV, which corresponds to approximately 1% of the cell

potential (normally around 3 V), and would of course affect

the iR-losses as well. Even though this figure might seem

small it would reduce the energy consumption significantly,

due to the large production volumes of chlorate. The

apparent activation enthalpy, DHc, for the hydrogen evo-

lution was derived from the polarisation curves in Fig. 7

according to the method described by Koryta and Dvorák in

[36] (also used in Ref. [16]). It involves plotting log(i) vs 1/

T at constant potential; the apparent activation enthalpies

may be derived from the slope of the curve. We found

apparent activation enthalpies of 24–30 kJ mol-1 at -1.2–

(-1.4) V versus Ag/AgCl. These values are slightly lower

than those found by Tamm et al. [37]. The latter made their

experiments of hydrogen evolution on iron in sulphuric acid

at 5–25 �C and calculated activation enthalpies of approx-

imately 35–45 kJ mol-1.

4.6 Steel electrodes

In Fig. 9 polarisation curves in chlorate electrolyte on

corroded and non-corroded steel electrodes punched from

industrial cathode plates are compared with the polarisation
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curve on pure iron. The non-corroded steel electrode had

only been gently polished prior to the measurements (the

titanium holder did not allow polishing with silicon-carbide

grinding paper) and consequently there could be oxides on

the surface. Still, the pure iron electrode behaved similarly

to the non-corroded steel electrode, which validates the use

of pure iron as model material for industrial steel cathodes.

As mentioned in the introduction, the cathodes in

industry have electrolyte impurities precipitated on the

surface and are usually corroded after having lost their

cathodic protection during stops. These are factors that

influence the catalytic activity of the electrode. The cor-

roded steel electrodes in Fig. 9 had been operated in a

chlorate plant and then washed with water before being

used in the measurements of this study. Compared to the

non-corroded steel electrode, the corroded steel surface is

more active towards HER, in particular in the high current

density region ([50 A m-2) where the overpotential is

approximately 100 mV lower. This may be compared with

results from an earlier study of this group [1], in which an

iron electrode, corroded in chlorate electrolyte, obtained a

lowered potential for hydrogen evolution compared to the

non-corroded iron. Cornell et al. compared polarisation

curves for iron electrodes corroded at open circuit with

non-corroded iron electrodes. The apparent increase in

activity for hydrogen evolution at the corroded electrodes

could be due to a catalysing effect of oxides or an increase

in surface area, but in the light of later results [22], the

apparent activation effect [1] may also be due to reduction

of chlorate. The activity for this side reaction is favoured

by the presence of oxides on iron electrodes [1, 2] and the

chromate film has to be built up properly to avoid confu-

sion between increased activity for hydrogen evolution and

an increased current due to side reactions. On corroded

steel electrodes a high current efficiency for hydrogen

evolution was not achieved immediately, but needed

around 1 hour of cathodic polarisation in chlorate electro-

lyte with 3 g dm-3 Na2Cr2O7 at 3 k Am-2 to reach a

constant level of around 95% [22]. Therefore, the indus-

trially corroded electrodes were given a protecting

chromate film at constant current density for 1 h in chro-

mate-containing chlorate electrolyte.

Two polarisation curves were recorded for the corroded

steel electrodes, one at pH 4.5 and another at pH 6.5. For

pH 6.5 (industrial pH) a single reaction seems to dominate,

since an almost constant slope is found for the whole

current range. Increasing the H+ concentration by lowering

the pH to 4.5 resulted in an increased potential at lower

current densities (\2 9 102 A m-2), whereas at higher

current densities ([5 9 102 A m-2) the curve coincides

with the curve for pH 6.5. This indicates that for pH 6.5 the

single reaction is hydrogen evolved from water (Eq. 2),

while for pH 4.5 the two different reactions for hydrogen

evolution (hydrogen formed from H+ and from water) may

be distinguished. It appears as if the corroded surface

activates the reduction of water (Eq. 2) more than the

reduction of H+ (Eq. 14). Alternatively, H+ reduction

might be somewhat suppressed on the corroded surface and

the higher activity displayed for water reduction could also

be an effect of increased surface area due to corrosion.

Further work is needed to investigate the contribution of

increased surface area and the catalytic effect of the vari-

ous corrosion products.

5 Conclusions

In this work the impact of several electrolyte parameters

(pH, temperature, mass transport, the concentrations of

chloride, chromate and chlorate as well as the presence of

hypochlorite) on hydrogen evolution during chlorate elec-

trolysis has been experimentally investigated. The electrode

material used was mainly iron, since it is the major com-

ponent in industrial steel cathodes. These results have been

compared with measurements on electrodes made from

polished and industrially corroded steel cathodes. Addi-

tionally, the effect of chromate buffering on hydrogen

evolution has been studied by simulating mass transport and

homogeneous reactions with the potential and concentra-

tion-dependent electrode reactions as boundary conditions.

At low current densities, where H+ reduction on iron and

steel reached a limiting current, the pH buffering capacity

associated with chromate and hypochlorite influenced the

potential significantly. On the corroded steel electrode, in

pH 6.5 electrolyte, no H+ reduction appeared to take

place and hydrogen evolved through water reduction.
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Consequently, the large potential step at the limiting current

for H+ reduction would not have to be taken into particular

consideration when using corroded steel electrodes. This

may however be important for other cathode materials when

electricity prices are high and the process is occasionally

operated at lower loads. The buffering capacity of the

electrolyte species must be considered when operating close

to the limiting current, since even a small current change

may, by the large potential step, move the potential into a

range where the cathodic protection may be lost.

It could be concluded that none of the electrolyte

parameters had any major effects on the chlorate-cathode

potential at industrial full-load current densities (around 3

kA m-2), where water reduction was dominating. Although

the electrolyte conditions were varied to unrealistic values

their impact was never larger than 50 mV, mostly signifi-

cantly smaller.

Certainly, there is more voltage to gain from changing

the cathode material and/or structure than from modifying

the electrolyte composition. This is indicated when com-

paring the results of this study with polarisation

measurements on cathodes containing ruthenium, showing

considerably lowered overpotentials [3, 38]. The impor-

tance of the electrode is further shown by the experiments

on steel corroded from operation in a chlorate plant, which

exhibits significantly higher activity for hydrogen evolu-

tion than polished steel or iron. It is likely that the

composition at the corroded electrode surface activates the

cathode reaction and decreases the overpotential, probably

in combination with an increased surface area of the

electrode.

Modelling results showed that the most likely reaction

for the chromate buffering in the investigated system was

HCrO4
� $ CrO4

2� þ Hþ, rather than HCrO4
� þ OH�

$ CrO4
2� þ H2O. However, both reactions may buffer

even though only one has an impact on the cathodic po-

larisation curve. In future modelling of the chlorate cell it

has to be taken into account that equilibrium of chromate

buffering cannot be assumed at the electrodes and therefore

the rate constants of the reactions as well as their nature

become important.
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