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Abstract
The economic viability of the electrochemical chlorate process depends on toxic chromate to induce cathodic selectivity to  
hydrogen and mitigate reduction of hypochlorite or chlorate. In this study, it is shown that performance of a pilot 
plant for chlorate production can be sustained when a 1000-fold reduction in chromate concentration is compensated by addi- 
tion of molybdate. Laboratory measurements employing a Quartz Crystal Microbalance suggest growth of a nanometre-thick 
hybrid Mo–Cr-oxide film to induce cathodic selectivity. An optimized energy efficiency for pilot plant operation was obtained 
using 0.8 mM molybdate and 27 μM chromate, balancing formation of an effective oxide layer and undesired Mo-induced 
decomposition of hypochlorite to oxygen in solution. Refinement at the pilot scale level is expected to further optimize the 
energy consumption, thereby increasing safety aspects and the economic viability of chlorate production.

Keywords Cathode selectivity · Hydrogen · Industrial electrochemistry · Electrolyte additives · Chlorate · Electrochemical 
Quartz Crystal Microbalance (eQCM)

Introduction

The production of sodium chlorate is one of the presently 
largest industrial electrochemical processes in operation [1]. 
Chlorate is made by electrochemical oxidation of chloride 
to chlorine, followed by hydrolysis of chlorine and forma-
tion of chlorate by disproportionation of hypochlorite and 
hypochlorous acid. To allow highly selective cathodic for-
mation of hydrogen in a membrane-free cell design, ther-
modynamically favourable reduction of solution-dissolved 
intermediates (hypochlorite and hypochlorous acid) and 
chlorate should be prevented [2]. To promote the hydrogen 
evolution reaction (HER) selectivity, sodium dichromate is 
used as an additive in the electrolyte, which is reduced on 
the cathode, usually mild steel, to a nanometre-thick film 

of Cr(III)Ox ×  nH2O (hereafter denoted as  CrOx), greatly 
improving process efficiency [3].

With the implementation of the REACH Annex XIV 
legislation, toxic dichromate requires special authoriza-
tion before use in any industrial process [4]. A long-term 
viable solution for chlorate plants in the European Union is 
urgently needed and requires at least a significant reduction 
in chromate concentration or ideally the full replacement 
of chromate by an alternative agent forming a cathode with 
high HER selectivity.

To find a suitable replacement for dichromate, various 
candidates including polymers [5], rare earth metal salts [6, 
7], or other multivalent cations[8–10] were tested in bench-
scale experiments. Considering similarities between the 
functionality of  CrOx in chlorate production and protecting 
steel from corrosion [11], molybdate appears to be another 
promising candidate [12, 13]. Molybdate has favourable 
characteristics, such as cathode activation for HER in alka-
line media [13, 14], in situ film formation [15], buffering 
in a range suitable for chlorate formation[13] and inhibit-
ing the oxygen reduction reaction (ORR) [15], and was also 
shown to inhibit oxychloride reduction [16]. Furthermore, it 
is known that molybdate is safer and more environmentally 
friendly than dichromate.
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Nevertheless, in the absence of dichromate, it has also 
been shown that a strong correlation exists between molyb-
date and oxygen content  (O2%) in the cell gas [13, 17]. 
Given the risk of formation of explosive mixtures, exces-
sive use of molybdate must be avoided, and fine tuning 
of the molybdate concentration is important [13]. In fact, 
using Maxphase cathodes, molybdate in the concentration 
range of 7 to 70 µM was found to promote the HER, without 
considerably increasing the oxygen content in the cell gas 
[17]. Furthermore, molybdate was particularly effective in 
combination with a second additive, such as Cr [16], or Fe 
[14]. However, the origin of the effectiveness has not been 
revealed. Additional analysis of the properties of electro-
lyte mixtures is required [17], and transition from benchtop 
laboratory experiments to pilot or even industrial plants is 
still lacking. This is particularly important, as differences in 
reactor geometry, time scale, mass transport properties and 
the ratio of reactor-volume to electrode surface render the 
scale-up non-trivial [18, 19].

In this work, laboratory-scale experiments are compared 
to process operation at pilot scale, focusing at low concen- 
trations of chromate (µM range compared to mM range in  
current industrial chlorate production) in combination with 
molybdate. It is shown that the impact of electrolyte-additives 

is described best using the cathodic and anodic current effi-
ciencies, the oxygen and hypochlorite production and the 
full cell potential. Film deposition is revealed by quartz 
crystal microbalance (QCM) measurements, and the HER 
kinetics and electrode selectivity are confirmed on the basis 
of rotating ring disc electrode (RRDE) experiments. Molyb-
date deposition at the cathode is suppressed in the presence 
of chromate, leading to a hybrid behaviour of the resulting 
film. The analysis revealed that electrolyte compositions of 
0.8 mM molybdate with 27 μM chromate are most ideal 
for chlorate production. Several aspects of the translation of 
fundamental laboratory results to pilot-scale operation will 
be discussed, highlighting that considerations of scale-up 
should already be considered in the early stages of process 
development.

Experimental

Pilot‑Scale Experimentation

Experiments were performed in a pilot plant with an inter-
electrode gap of 3 mm as schematically shown in Fig. 1. 

Fig. 1  Schematic of the pilot 
plant and electrode stack
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A detailed description of the setup and data validation is 
described elsewhere [20].

For pilot-scale experiments, a dimensionally stable 
anode (DSA) and a Ti plate were used as anode and cath-
ode, respectively. Though Ti cathodes are less frequently 
used than mild steel cathodes, here, Ti cathodes are used 
due to stability and reproducibility. Contrarily, mild steel 
cathodes heavily corrode after a stop, and release Fe in 
the electrolyte; therefore, it is quite difficult to reproduce 
the surface structure obtained in specific experiments, 
and disentangling effects induced by specific ions, such 
as Mo, will be cumbersome due to the possible inter-
action with dissolved Fe. Moreover, the steady-state 
operation for corroded steel electrodes is only achieved 
after long-term operation, even in the presence of Cr(VI) 
(5 g  dm−3). Contrarily, Ti activates within the first few 
minutes, rendering Ti electrodes more suitable for the 
purpose of this study. Electrodes and gaskets (Si, Den-
siQ) were cleaned by rinsing with acetone or water, prior 
to first use. All experiments were performed using 1.1 
 dm3 of electrolyte circulated at 160 mL  min−1 using an 
Iwaki Magnet Pump. The electrolyte temperature (348 K) 
was controlled by a Laude Eco Silver thermostatic bath. 
A Mettler Toledo pH 2100e pH meter and Grundfos All-
dos DDA acid pump with 2 M HCl (Scharlau, reagent 
grade) were used to maintain a constant pH of 6.5. The 
reactor was flushed with 60 mL  min−1  N2, and the gas 
was analysed for  O2 content using a Servomex Series 
1100 (see SI for full details).

The standard electrolyte was composed of 5.5  M 
(580 g  dm−3)  NaClO3 (Nouryon) and 2 M (120 g  dm−3) 
NaCl (Scharlau, ExpertQ grade) in deionized water. Chlorate 
was recrystallized to remove all chromate contamination. 
As electrolyte-additives,  Na2Cr2O7 ×  2H2O (Sigma Aldrich, 
99.5%; concentrations 2.7, 27 or 270 µM) and  Na2MoO4 
(Sigma, 99.5%; concentrations 0.8, 8, 40 and 80 mM) were 
used. All individual experiments were run for at least 90 min 
at current densities of 3 kA  m−2 before electrolyte composi-
tions were changed. To allow safe handling during molyb-
date or chromate addition, the current was stopped, and 
the cell was flushed with 150 mL  min−1 of  N2. Afterwards, 
experiments were resumed at a current density of 3 kA  m−2.

The hypochlorite concentration in the electrolyte was 
determined by extracting 19 mL of electrolyte. A syringe 
that contained 5 mL 5 M NaOH (Scharlau, reagent grade) 
was used to prevent hypochlorite decomposition. Five mil-
lilitres of this mixture was combined with 10 mL 0.5 M 
acetate buffer (HAc, Scharlau 99.8%, and NaAc, Merck, 
99 –101%), 10 mL 0.1 M KI (Scharlau, reagent grade) and 
50 mL  H2O. Thiosulfate (Merck, p. a.) was used to perform 
titration using a Metrohm 775 Dosimat with starch (Sigma 
Aldrich, ACS reagent) as an indicator. Each titration was 
performed in triplicate.

Laboratory‑Scale Experimentation

Rotating ring disc electrode (RRDE) experiments were 
performed using a PINE research WaveVortex 10 RRDE, 
with a ChangeDisc tip containing a Pt ring electrode and 
interchangeable Ti discs were used as working electrode. The 
discs were subsequently polished with 0.3 and 0.05 µm Al 
paste, rinsed and sonicated for 10 min in Milli-Q to remove 
deposited films. A Pt wire (Alpha Aesar, > 99.99%) was used 
as counter electrode. The electrolyte was composed of 1 M 
NaOH and 2 M NaCl, and solution additives resembling the 
concentration of the pilot plant measurements were added 
when required. QCM experiments were performed using 
a Gamry eQCM 10 M at 5 MHz. The sensors were Au–Ti 
crystals from MicroVacuum. The cell was cooled to 15 °C 
using a Julabo F12 water bath.

Results and Discussions

Pilot Plant Operation

The effectiveness of molybdate and chromate additives in 
the chlorate process was studied at the pilot-plant scale. The 
performance parameters for the current state-of-the-art chlo-
rate electrolyte, containing 5 g  dm−3 sodium dichromate (or 
21 mM), are summarized in Table 1.

An overview of the performance parameters obtained for 
the different electrolyte compositions is shown in Fig. 2. Per-
formance was evaluated by comparing each measurement to 
the current state-of-the-art process conditions (Fig. 2, red dot-
ted lines). Experimental errors, as indicated by the error bars,  
were obtained by performing measurements in triplicate. 
The bottom axis shows the applied concentration of chro-
mate and the top axis (blue) the applied concentration of 
molybdate. The data for variable chromate-only concentra-
tions are indicated by the dashed lines, of molybdate (with 
27 µM chromate) in blue and in black (continuous) the chro-
mate data in the presence of 80 mM molybdate.

Table 1  Performance parameters measured in the pilot plant for 
the current state-of-the-art chlorate electrolyte containing 21  mM 
(5  g   dm−3) dichromate, 5.5  M (580  g   dm−3)  NaClO3 and 2  M 
(120  g   dm−3) NaCl using Ti and DSA cathode and anode, respec-
tively. The temperature was maintained at 348 K, and chlorate synthe-
sis was performed at current density of 3 kA  m−2

Parameter Value

Cathodic current efficiency (%) 97.0
Anodic current efficiency (%) 96.3
Cell potential (V) 3.38
Energy efficiency (kWh  ton−1) 5470
[NaClO] (mM (g  dm−3)) 18 (1.3)
O2 formation (µM  s−1) 0.71
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Figure 2a shows the values and trends of the cathodic 
current efficiency (CCE). In the absence of molybdate, 
the CCE increases as a function of increasing chromate 
concentration. Likely, the cathodic film of  CrOx grows to 
thicker quantities if the chromate concentration increases, 
leading to an improvement in performance [21]. Interest-
ingly, in the presence of molybdate (triangles, black solid 
line), CCEs of > 90% are obtained already at very low 
chromate concentrations. Compared to the molybdate-
free electrolyte, this resembles an increase in CCE of 4%, 
indicating that molybdate-electrolyte additives enhance 
the selectivity towards the hydrogen evolution reaction 
[14]. For electrolytes containing 270 µM of chromate, no 
statistical difference between experiments performed with 
or without molybdate is obtained, as the increase in CCE 
with increasing chromate concentration has a lower slope 
in the presence of molybdate. Using varying molybdate 
concentrations at a fixed chromate concentration of 27 µM 

(stars, blue solid line) revealed that the current efficiency 
is already slightly improved for electrolytes containing 
only 0.8 mM of molybdate. Further molybdate additions 
did not provide any additional enhancement.

The oxygen production at varying electrolyte composition 
is displayed in Fig. 2b. Chromate addition slightly increased 
the amount of oxygen in the cell gas in the concentration 
range studied. It is interesting to note that lower  O2 rates 
are observed at high chromate concentrations (21 mM, 
1–6 g  dm−3) [20]. Such increase in oxygen in case of low 
chromate concentrations is likely induced by a sum of fac-
tors. First, the selectivity provided by chromate promotes a 
slight increase in the hypochlorite concentration. Secondly, 
at such small chromate concentration, the catalytic effect 
towards chlorate formation is absent [22–24]. Adding to this 
the weaker buffering capacity of the electrolyte and a change 
in anode selectivity caused by adsorption of Cr(VI) results 
in a higher oxygen concentration in the cell gas [25, 26]. 

Fig. 2  Measurements of pilot cell performance using DSA (anode) 
and a Ti plate (cathodes) and an electrolyte composed of 5.5  M 
 NaClO3 and 2 M NaCl in deionized water (constant pH of 6.5). (a) 
Cathodic current efficiency. (b)  O2 evolution rate. (c) Hypochlo-
rite concentration  (CNaClO). (d) Anodic current efficiency. (e) Cell 
potential. (f) Energy consumption. Data points were obtained after a 

steady-state was achieved. Black values depict values as a function of 
 CrVI concentration (bottom x-axis) with 80 mM of molybdate (solid, 
black triangle) and without molybdate (dotted, black square). Blue 
lines (solid, black star) show values as a function of molybdate con-
centration at a fixed  CrVI concentration of 27 µM
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An identical trend is observed in the presence of 80 mM 
of molybdate, though the total amount of  O2 increases by 
approximately 1%. More importantly, the  O2 concentration 
in the cell gas increases as a function of molybdate 
concentration at fixed chromate concentrations. This trend 
is in agreement with the activation of the anode towards 
water oxidation by deposition or adsorption of molybdate 
[13, 16]. The homogeneous decomposition of hypochlorite 
to oxygen according to Eqs. 1 and 2, however, is most likely 
not contributing to the increase in oxygen level [24]:

This in turn results in a decrease in hypochlorite con-
centration  [ClO−] (Fig. 2c) and translates to a noticeable 
decrease in anodic current efficiency (ACE: Fig. 2d). Note 
that hypochlorite concentration  [ClO−] represents the total 
amount of  ClO− and HClO in the electrolyte, which is 
converted to  ClO− in order to be titrated. Given that chro-
mate is known to catalyse the disproportionation reaction 
(Eq. 3) forming chlorate [23, 27–29], the experimental 
results support the notion that high molybdate concentra-
tions (> 80 mM) should be avoided for efficient chlorate 
production.

The overall cell potential is one of the most important 
parameters to address the economic viability of any elec-
trochemical process. As indicated in Fig. 2e, the cell poten-
tial increases as a function of chromate concentration in 
the absence of molybdate (squares, black-dotted line). The 
increase is related to improved hydrogen evolution selec-
tivity obtained for completely covering  CrOx films formed 
on the cathode [30]. Given the favourable thermodynamic 
potential and small overpotential of hypochlorite reduc-
tion, an enhanced  H2 selectivity directly induces higher cell 
potentials. In the presence of 80 mM molybdate (triangles, 
black solid line), the cell potential does not vary significantly 
with increasing chromate concentration. In fact, at low chro-
mate concentrations (< 27 µM), the cell potential is higher 
compared to molybdate-free conditions. However, increas-
ing chromate concentrations (> 27 µM), the determined cell 
potential in molybdate-containing electrolyte is smaller. At 
the highest chromate concentration, the cell voltage differ-
ence between molybdate-free and molybdate-containing 
electrolytes is significant (170 mV). The improvement is 
caused by the activating effect of molybdate on the HER 
[14]. The cell potential even further decreased to 3.08 V 
in low molybdate and low chromate conditions (0.8 mM 
of molybdate and 27 µM chromate). The apparently ben- 

(1)2OCl− → O
2
+ 2Cl−

(2)2HClO → O
2
+ 2Cl− + 2H+

(3)2HClO + OCl− → ClO−

3
+ 2Cl− + 2H+

eficial cell potential at low chromate concentrations in the 
absence of molybdate, however, can be caused by unwanted 
hypochlorite reduction occurring on the cathode.

To further verify the beneficial effect of chromate and 
molybdate electrolyte-additives, the energy consumption 
(kWh  ton−1), taking into account the cell potential and the 
losses expressed by the cathodic and the anodic current effi-
ciency, is calculated according to Eq. 4 [20] and is summa-
rized in Fig. 2f:

Here, m is the mass of chlorate in grams, n is the number 
of moles, F is Faraday’s constant; MM is the molar mass 
of chlorate; t is time, and ε is the total current efficiency, 
calculated using

At low chromate concentrations (< 270 µM), the energy 
consumption increases upon addition of 80 mM molybdate. 
At the highest chromate concentration (270 µM), however, 
the energy consumption with or without molybdate in the 
electrolyte appears to be similar. Thus, at high chromate con-
centrations, the properties of the resulting  CrOx film domi-
nate the electrochemistry of the cathode. At low chromate 
and varying molybdate concentration (blue line in Fig. 2f), 
the energy consumption is dominated by the beneficial 
effects induced by molybdate. Particularly, the improve-
ment in cathodic current efficiency (CCE) induced by the 
activation of the cathode towards the HER [14] dominates 
the energy consumption. The beneficial effect of molybdate 
on the CCE does not scale with molybdate concentration. In 
fact, the energy consumption at high molybdate concentra-
tions is dominated by the detrimental hypochlorite decompo-
sition to oxygen. This leads to an overall decrease in energy 
efficiency with increasing molybdate concentration.

As all error bars, indicated in Fig. 2, represent absolute 
offsets between repeated experiments and do not affect the 
trends observed, it can be concluded that the performed 
experiments describe the effects of chromate and molyb-
date additions in the chlorate electrolyte accurately. Thus, 
the optimal electrolyte-additive composition for operation 
in low chromate conditions is determined to be 27 µM chro-
mate and 0.8 mM molybdate. The process performance 
parameters for the optimized electrolyte composition are 
summarized in Table 2 (see Table 1 for key performance 
parameters using the state-of-the-art electrolyte composi-
tion). For the specific conditions, a decrease in energy con-
sumption of 3–4% compared with electrolytes containing 
only chromate-additive (300 µM) is obtained.

(4)Energy consumption =
mnFV

MMt�

(5)� =
ACE − (100 − CCE)

100
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Lab‑Scale Validation

To further elaborate on the positive effects of chromate 
and molybdate additives revealed in the process-oriented 
pilot plant experiments, specifically at low concentrations, 
analyses by use of an electrochemical quartz crystal micro-
balance (eQCM) and rotating ring disc electrode (RRDE) 
were employed.

Film deposition and growth was explored by eQCM 
experiments. Similarly to the measurements at pilot scale, 

Ti electrodes were used and chromate and molybdate elec-
trolyte additive concentrations were explored in the same 
concentration range (Fig. 3 and Figure S1). In the absence 
of any additive and for very low chromate concentrations, 
i.e. 2.7 µM and 27 µM of chromate, the mass change dur-
ing constant potential measurements is negligible (Figure 
S1 and Figure S1a). Only at the highest chromate concen-
trations (270 µM) a rapid mass gain at potentials cathodic 
of − 0.4  V vs. RHE is noticeable during voltammetry 
(Fig. 3a and S2b). As observed earlier for Pt and Au-based 
electrodes, film growth appears to be self-limited also in 
case of Ti electrodes [3, 31–34], and mass gain terminates 
at a total film mass of 1.9 µg  cm−2 (note that data shown 
in Fig. 3a represent the mass gain obtained in successive 
experiments, and approx.1.0 µg  cm−2 has been deposited 
in prior experiments).For molybdate containing electro-
lyte, independent of the concentration (80 mM molybdate 
Fig. 3b and 0.8 mM molybdate Fig. 3c), the rate of film 
deposition is potential dependent. For all potentials used 
in constant current experiments, a linear increase in mass 
was observed, and the slope in mass gain increased with 
increasing cathodic potential. At the highest molybdate con-
centration (80 mM: Fig. 3b), the initial rate of molybdate 
deposition is lower than the initial rate of chromate depo-
sition. Still, film growth continues for the entire duration 
of the experiment which is in strong contrast to the film 
growth behaviour observed with chromate only. Even after 

Table 2  Performance parameters measured in the pilot plant for the 
optimized chlorate electrolyte using low chromate concentrations 
and molybdate as co-additive. The optimized electrolyte consists of 
27 µM (7.1 mg  dm−3) dichromate, 0.8 mM (0.19 g  dm−3) molybdate, 
5.5 M (580 g  dm−3)  NaClO3 and 2 M (120 g  dm−3) NaCl. The meas-
ured parameters were obtained using Ti and DSA cathode and anode, 
respectively, at an electrolyte temperature of 348 K at current density 
of 3 kA  m−2

Parameter Value

Cathodic current efficiency (%) 89.3
Anodic current efficiency (%) 91.5
Cell potential (V) 3.09
Energy efficiency (kWh  ton−1) 5765
[NaClO] (mM (g  dm−3)) 27.5 (1.99)
O2 formation (µM  s−1) 1.67

Fig. 3  Mass change over time 
as a function of deposition 
potential using Ti electrodes 
in solution of 1 M NaOH and 
2 M NaCl. The legend shows 
the deposition potential in V 
vs RHE; the arrow indicates 
the sequence of measure-
ments. Electrolyte additive 
was (a) 270 µM  CrVI, (b) 
80 mM molybdate, (c) 0.8 mM 
molybdate before and after 
stepping into the HER regime 
and (d) 0.8 mM molybdate and 
27 µM  CrVI, on clean Ti and 
after 4 min deposition with only 
0.8 mM molybdate at − 0.5 V 
subsequent to polarization 
allowing for hydrogen evolution 
to take place, i.e. denoted as 
“after HER”

452 Electrocatalysis (2021) 12:447–455
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deposition of 5.9 µg  cm−2 of  MoOx, film growth appears to 
continue. Interestingly, deposition of molybdate on a pre-
formed  MoOx film resulted in further film growth at even 
larger rates (Fig. 3c, d).

When using electrolytes containing both molybdate and 
chromate in high concentrations (Figure S3), the mass gain 
resembles the deposition trends observed for electrolytes 
containing 270 µM of chromate only. Pre-deposition of a 
1.9 µg   cm−2  CrOx film inhibits successive deposition of 
 MoOx (Figure S4a). Thus, molybdate reduction is inhibited 
in the presence of  CrOx. In contrast, deposition of  CrOx from 
chromate-containing solutions onto pre-formed  MoOx films 
is still feasible (Figure S2d).

Using mixed molybdate (0.8 mM) and chromate (27 µM) 
additives in concentrations similar to the optimum conditions 
used in the pilot trail experiments, eQCM measurements 
revealed that film growth is only partially inhibited (Fig. 3d). 
Overall, the deposition rate is slower compared to molybdate- 
only conditions and film growth is not self-terminating 
as in chromate-only conditions. Therefore, a mixed-film 
deposition behaviour is observed, likely resulting in a modi-
fied film structure of hybrid nature in agreement with the 
pilot trial investigations. In fact, molybdate is known to 
favour co-deposition [14]. Even though the general trends 
observed with the eQCM match pilot-scale operation, the 
relative mole ratio between additives and surface area of the 
electrode is different explaining observed differences in film 
growth behaviour. Furthermore, geometry and mass trans-
fer conditions will also alter the precise electrolyte-additive 
concentrations [18, 19].

Kinetics and selectivity for hydrogen evolution in the 
presence and absence of electrolyte-additives and hypochlo-
rite were analysed using polarization curves obtained with 
Ti-RDE. The concentrations of chromate and molybdate 
resemble the concentration of the best performed pilot cell, 
i.e. 27 µM and 0.8 mM, respectively. Before each meas-
urement, the cathode was pre-polarized for 5 min at −0.6 V 

to allow for film formation. Figure 4 a shows polarization 
curves recorded without hypochlorite to study the hydrogen 
evolution exclusively. Without molybdate and/or chromate 
electrolyte-additives (Fig. 4a, black line), HER occurs at 
potentials negative of −1.0 V vs. RHE. In the presence of 
molybdate, the potential required to drive HER decreased 
by approximately 500 mV, in line with the drop in cell 
potential in pilot plant measurements (Fig. 2e) [13, 14]. To 
rule-out a strong influence of a potential-drop induced by 
molybdate reduction, polarization curves were measured 
using ex situ modified Ti-electrodes (Figure S5). Clearly, 
the observed effects are due to improved kinetics for HER 
rather than additive-reduction. For chromate-containing 
electrolyte (Fig. 4a, yellow line), at higher current densi-
ties, lower potentials are required compared to the blank 
measurements performed at the bare Ti electrode. A mixture 
of both additives (green line) behaves much like chromate, 
as expected from eQCM experiments. Interestingly, polari-
zation curves measured at higher chromate (270 µm) and 
molybdate (80 mM) concentrations (Figure S6) appear to 
be similar. This contrasts with the eQCM measurements and 
attributed to the vastly increased mass transport during RDE 
measurements.

Figure  4 iR-drop corrected polarization curves at 
2500 rpm in 0.1 M NaOH, 2 M NaCl, 27 µM chromate and 
0.8 mM molybdate. The grey dashed line indicates the cur-
rent density industrial setups operate at. The electrode was 
polished Ti, pre-polarized for 5 min at −0.6 V vs RHE, with-
out hypochlorite (a), or with 80 mM hypochlorite (b).

In the presence of hypochlorite (Fig. 4b) for bare Ti 
electrodes, a clear decrease in potential is observed (grey 
line) compared to an electrolyte without hypochlorite 
(black line) entirely caused by hypochlorite reduction 
[9]. At high current densities, this process becomes mass 
transport limited (Figure S6), and HER occurs simultane-
ously. In the presence of molybdate (Fig. 4b, blue line), 
the activation of the cathode for HER is superimposed 

Fig. 4  iR-drop corrected 
polarization curves at 2500rpm 
in 0.1 M NaOH, 2 M NaCl, 
27 µM chromate and 0.8 mM 
molybdate. The greydashed line 
indicates the current density 
industrial setups operate at. 
Theelectrode was polished Ti, 
pre-polarized for 5 minutes 
at -0.6 V vs RHE. (a)without 
hypochlorite; (b) with 80 mM 
hypochlorite.
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by hypochlorite reduction. Thus, Ti modification using 
 MoOx-thin films is not effective for blocking hypochlorite 
reduction. In the presence of chromate, the hypochlorite 
reduction is entirely suppressed (yellow line) due to for-
mation of the  CrOx film, resulting in a polarization curve 
similar to that of bare Ti in the absence of hypochlorite. 
Again, using a mixture of electrolyte-additives is effective 
for suppression of hypochlorite reduction and even enables 
operation at higher current densities. More precisely, addi-
tion of 0.8 mM molybdate as co-additive to 27 µM chro-
mate results in a 290-mV decrease in cathodic potential 
to maintain current densities of 300 mA  cm−2. For com-
parison, a decrease in cell potential of appr. 90 mV was 
observed for similar additive concentrations in the pilot 
plant measurements. Combined eQCM and RDE measure-
ments suggest that this potential drop is caused by a hybrid 
thin film deposited from mixed additive electrolytes pre-
venting hypochlorite reduction and additionally improving 
the HER. In fact, the large potential drop observed in RDE 
measurements might indicate that further tweaking of the 
(co-)additive ratio may result in additional improvements 
on pilot scale. Still, it is important that different operating 
conditions, e.g. temperature, mass transport and pH, also 
influence the performance of the modified electrodes.

Conclusions

Operation of the electrochemical chlorate process at low 
chromate concentrations was studied both at pilot and lab 
scale using molybdate as potential co-additive to enhance 
process economics. Overall, it is shown that electrolyte 
engineering is a valid strategy to improve process perfor-
mance and using 27 µM chromate and 0.8 mM molybdate 
as electrolyte-additives resulted in favourable energy con-
sumption. Compared to additive-free operation, i.e. only 
chromate-additive (370 µM) and no molybdate-additive, a 
decrease in energy consumption of 3–4% is obtained caused 
by improvements of the cell potential and the cathodic cur-
rent efficiency. EQCM and RDE measurements addition-
ally aid to the fundamental understanding of the results 
obtained at pilot plant level and suggest that fundamental 
and industrial development should be pursued together, i.e. 
it is revealed that films of hybrid nature are deposited at 
the concentrations of interest. These films allow for selec-
tivity (chromate) and improved HER activity (molybdate) 
simultaneously. Despite the limitations of pilot plant opera-
tion at high molybdate concentrations (promoting oxygen 
formation) with further optimization of hybrid films, cell 
performance requirements for industrial application might 
be achievable, while maintaining a 1000-fold reduction in 

chromate concentration compared to the current state-of-
the-art operation.

Abbreviations ACE: Anodic current efficiency; CCE: Cathodic cur-
rent efficiency; EQCM: Electrochemical quartz crystal microbalance; 
RRDE: Rotating ring disc electrode
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