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a b s t r a c t 

This work demonstrates the viability of MEAs based on Nafion membranes for being used in reversible 

electrochemical cells for the chloralkali process. It also shows the effect of the operation temperature, 

from room temperature up to 80 °C, and humidification of the chlorine stream on the performance of 

these cells as fuel cell. Results demonstrate that these cells can be operated in reversible mode, yielding 

a current density of approximately12 mA cm 

−2 at a cell potential of 0.5 V, when operating as fuel cells 

fed with gaseous chlorine and hydrogen. The maximum power density achieved is 7.0 mW cm 

−2 , which 

is much higher than that obtained with the same system fed with hydrogen and chlorine dissolved into 

liquid electrolytes. It is important to operate at room temperatures because efficiency decreases dramati- 

cally with temperature in an irreversible way, affecting the electrode. Humidification is necessary for the 

hydrogen stream and convenient for the chlorine stream, although it does not solve the irreversible cell 

damage caused by operation at high temperatures. Current efficiency of chlorine production is above 95 

%, when operating as electrolyzer feeding a solution containing 2.0 M of NaCl. The rate of production of 

chlorine was 45.4 mmol h −1 at 100 mA cm 

−2 and the Cl 2 /O 2 molar ratio is 9.54, which is much higher 

than the values obtained in previous works which are between 3 and 5. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Energy storage is a widespread subject of interest to hu- 

ankind. Renewable energies have been put in the limelight and 

umerous researchers have increased their efforts in developing 

lternative power sources. However, it is not enough, and hu- 

ankind needs for the development of robust energy storage sys- 

ems at various scales, from small devices to large facilities. These 

evices may help to balance energy production and its demand. In 

his context, there are many electrochemical solutions to solve this 

ajor supply problem, from the combination of electrolyzers and 

uel cells to different types of batteries, including redox flow bat- 

eries (RFBs). All of them are based on the reversible conversion of 

lectricity into chemicals [1] and many of them have been stud- 

ed for decades or, even, centuries. RFBs are a special type of elec- 

rochemical storage devices. These systems have emerged as rele- 

ant candidates to address the sustainable energy generation. The 

ost common and mature RFB is the vanadium redox flow battery 

VRFB), a type of battery extremely scalable, long-lasting operation 

ime and long lifecycle [2] . However, this technology is not fully 
∗ Corresponding author. 
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ature and there is still gap for further research, because not a 

learly advantageous solution has been found till now, and the ne- 

essity of these storage systems is more and more acute from day 

o day [ 3 , 4 ]. In 2021, Sánchez-Díez et al. [5] have analysed VRFBs

echnologies and their maturity level, concluding that the develop- 

ent of new cell configurations does not improve the power den- 

ity values, achieving between 10 and 40 mW cm 

−2 at most. 

Because of its simplicity, and wide availability of its raw mat- 

er, hydrogen technology has been highlighted as one of the most 

romising alternatives. Both, electrolyzers to produce hydrogen 

nd fuel cells to regenerate electricity from stored hydrogen are at 

ery high technology readiness levels (TRLs), with all the elements 

f the value chain interacting well and being already developed, up 

o a degree suitable as to provide real solutions from the private 

ector to this very important problem. The weakest point remains 

o be the hydrogen storage, because this species has a very low en- 

rgetic density and there is not a good and clear option nowadays 

o fulfill this goal. Also, there is another chance for improvement in 

ydrogen technologies: the development of processes which allow 

o improve the efficiency of the electrolysis or fuel cell stages, such 

s the Westinghouse cycle, in which a thermo-electrochemical ap- 

roach is proposed to optimize the electrolytic efficiency, by reduc- 
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ng the cell voltage required for the production of hydrogen and 

xygen [6] . 

In this context, in the search for more efficient systems, the 

hloralkali process appears as a very promising alternative. Basi- 

ally, this process is based on the electrolysis of brackish solutions 

f sodium chloride to produce hydrogen and chlorine when surplus 

nergy is produced, and in the regeneration of electricity when it 

s required, using the same chlorine and hydrogen previously pro- 

uced [7] . As chlorine is a more powerful oxidant than oxygen, op- 

ration advantages can be expected in fuel cell mode, when com- 

aring this novel technology with the conventional process. The 

rst stage, that is the formation of chlorine and hydrogen, is at 

 very high TRL because it is the base of the chloralkali industry, 

hich is one of the most powerful chemical industries nowadays. 

he anode and cathode reactions are shown in Eqs. (1) and (2) . 

 C l − → C l 2 + 2 e −
(
E 0 = − 1 . 36 V 

)
(1) 

 H 

+ + 2 e − ↔ H 2 + 2 O H 

−( E 0 = 0 V ) (2) 

Use of well-known formulations of mixed metal oxides (MMO) 

lectrodes and special design of cells are behind the very high 

fficiencies of this process, which seems to be limited only by 

he performance of the membranes. The second stage, production 

f electricity from chlorine and hydrogen, is not well-developed 

s the first stage, and a lot of work must be carried out to op-

imize the performance of fuel cells fed with chlorine and hy- 

rogen. Chlorine has appealing properties such as fast kinetics 

nd high standard potential [12] . As an alternative to the conven- 

ional hydrogen-oxygen (H 2 -O 2 ) fuel cell energy storage system, re- 

ersible hydrogen-chlorine (H 2 -Cl 2 ) fuel cells are increasingly be- 

ng used, because of their high potential for energy storage, which 

ork according to the reaction 3. 

C l (aq ) � H 2(g) + 

1 

2 

C l 2(g) E 0 = 1 . 36 V (3) 

Thus, although the redox pair Cl 2 /Cl − compares favorably with 

espect to the O 2 /H 2 O, from the thermodynamic and kinetic points 

f view, water management into the cell has become a very serious 

roblem, which seems to be particularly difficult to be overcome 

ith typical proton exchange membranes (PEMs) [7-10] . Because 

f that, different approaches have been evaluated, from increas- 

ng operation temperatures using other types membranes such as 

olybenzimidazole (PBI) [11] to the design of new cells in which 

iquid electrolytes are used instead of gases [ 12 , 13 ] for the op-

ration in fuel cell mode. Thus, it has been demonstrated that the 

rocess can be operated in divided cells with electrodes assembled 

ith the membrane (forming a MEA, that is, a membrane electrode 

ssembly) or separated from this element and facing each other 

n different com partments of the cell. In these cells, hydrogen can 

e added as gas or absorbed/mixed into a liquid electrolyte, being 

articularly efficient dispersions gas-liquids containing microbub- 

les of hydrogen[13]. Trying to overcome problems associated to 

he dehydration of the membranes, in all these works, chlorine 

as not added directly as a gas, but absorbed into a solution of 

 liquid electrolyte. Regarding the electrodes, many improvements 

ave been proposed in recent years, focusing mainly on the cat- 

lyst loading used. The aim is to use the catalyst as efficiently as 

ossible and, thus, to find a robust catalyst layer, capable of be- 

ng used over a long period of time. Platinum (Pt) is commonly 

mployed to increase the kinetics of the hydrogen redox reaction 

n reversible fuel cells. This electrocatalyst showed a good per- 

ormance in the reduction of water to hydrogen when the cells 

ere operated as electrolyzer, using a Pt loading of 0.65 mg cm 

2 , value similar to that reported by Thomassen et al. [14] . Regard- 

ng the electrode in charge of the electrochemistry of chlorine, it 

as pointed out that ruthenium played a very important role in 
2 
he oxidation of chlorides and reduction of chlorine [15] . In pre- 

ious work, the influence of the chlorine-side electrode composi- 

ion on the performance of reversible chlor-alkali cells has been 

tudied, by modifying the molar ratio Ru:Pt in the range 1-9, and 

 maximum power density of 3.6 mW cm 

−2 was achieved when 

he Ru:Pt ratio was 3:1 [16] . The Ru loading reported in this work 

as 0.65 mg cm 

−2 , an amount comparable to that of Pt used on 

he hydrogen-side electrode. Huskinson et al. [17] showed that Ru 

oadings as low as 0.15 mg cm 

−2 exhibited much higher activities 

owards the chlorine electrochemical reactions. 

In supporting the lifetime of the electrode, the catalytic activity 

f the electrode hardly changes between before and after operation 

n both electrolyser and fuel cell modes, as reported in previous 

orks by Carvela et al. [ 16 , 18 ]. These findings confirm that the

lectrodes used are robust and can be used for a long period of 

ime. 

Taking into account this background, this work aims to evalu- 

te the performance of the technology when hydrogen and chlo- 

ine gas are fed to the fuel cell mode working at low temperatures 

below water boiling point at atmospheric pressure), paying spe- 

ial attention to the necessity of hydration of the membrane and 

he viability of using this electrochemical cell also as a reversible 

EM fuel cell. Fig. 1 shows a scheme of the reversible hydrogen- 

hlorine PEM fuel cell used in this work and the processes which 

re expected to occur during as fuel cell (part a) or as electrolyzer 

part b) operation mode. To face this objective, an electrochemi- 

al cell with an electrode surface of 25 cm 

2 , and fed with gaseous 

ydrogen and chlorine, was tested to produce electricity at temper- 

tures ranging from 20 to 80 °C. It was also checked the behavior 

f the system when it is used as reversible cell, by evaluating the 

erformance of operation of sequences fuel cell-electrolyzer-fuel 

ell. 

. Materials & methods 

.1. Electrochemical set-up 

Fig. 2 shows schematically the set-up used during this work, 

perating in fuel cell mode. H 2 gas (99.99 %, PRAXAIR) and Cl 2 
as (99.9999 %, CARBUROS METÁLICOS) were fed to the anodic 

nd cathodic compartments, respectively. The hydrogen and chlo- 

ine streams were humidified by bubbling the gaseous streams 

hroughout a tank with water. For non-humidified chlorine gas ex- 

eriments, the dry gas stream was added directly to the cell. Both 

 2 and Cl 2 flow rates are maintained at 0.1 L min 

−1 . 

When the system was operated as electrolyzer, it worked in re- 

irculation mode, with two peristaltic pumps continuously recy- 

ling the concentrated solutions of NaCl (2.0 M). Additional details 

f this system can be found elsewhere [ 16 , 18 ]. 

The electrochemical PEM cell consisted of two bipolar plates 

abricated in non-porous graphite (SGL Carbon), with a quadran- 

ular geometry whose dimensions are 150 mm length and 20 mm 

hickness. The geometrical area of each electrode was 25 cm 

2 and 

imensions of the multiple-serpentine flow channels were: chan- 

el width and depth 2 mm and 1 mm, respectively, landing be- 

ween channels 2 mm. A Nafion 117 membrane, used as a Pro- 

on Exchange Membrane, was pre-treated by immersion in Milli-Q 

ater for 15 min at 85 °C, followed by immersion into 5% hydro- 

en peroxide for 30 min, rinsing with Milli-Q water, ion-exchanged 

wice in 0.05 M H 2 SO 4 for 30 min and, finally, washed with Milli-

 water four times, for 15 min each time. This treated membrane 

as sandwiched between a couple of electrodes, which were man- 

factured by spraying catalyst inks on a carbon paper support. For 

he electrode in charge of the electrochemistry of chlorine, the 

atalyst inks consisted of a commercial RuO 2 catalyst (ALDRICH), 

afion® perfluorinated resin solution (5% wt., ALDRICH) and 2- 
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Fig. 1. Scheme of the expected reactions in the reversible hydrogen/chlorine electrochemical PEM fuel cell 

Fig. 2. Scheme of the experimental set-up used in this work a) Flow diagram b) Electrochemical cell c) Image of the actual cell, showing the MEA and a quadrangular 

graphite endplate. 
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ropanol (99.9% wt., PANREAC). For the electrode in charge of the 

lectrochemistry of hydrogen, a commercial Pt/C catalyst (40 % wt. 

t, Fuel Cell Store) was used. The Pt and Ru loadings on the elec- 

rodes were 0.65 mg/cm 

2 , same metal precious loading as that 

sed in previous work [ 16 , 18 ]. The MEA was inserted into the cell

etween two poly-tetrafluoroethylene (PTFE, GORE®) gasketing to 

eal the cell assembly. 
3 
.2. Electrochemical cell characterization procedure 

The electrochemical cell was connected to a potentio- 

tat/galvanostat AUTOLAB PGSTAT 302N. For the operation as fuel 

ell, all experiments were conducted at potentiostatic mode (con- 

tant voltage of 0.5V) and at atmospheric pressure for 20 min. In 

uel cell mode, experiments were conducted at different tempera- 
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Fig. 3. Performance of the reversible electrochemical cell during the operation of 

the cell with the sequence fuel cell-electrolyzer-fuel cell at 20 °C. a) Current densi- 

ties and b) cell voltages recorded. Chlorine and hydrogen were both humidified and 

fed in the operation as fuel cell (0.5V). Aqueous solution with NaCl 2M were added 

to both compartments of the cell in the operation as electrolyzer (100 mA cm 

−2 ). 

Fig. 4. Speciation during operation in fuel cell and electrolyzer mode. ◦ the cumula- 

tive oxygen production in electrolyzer mode; � the cumulative chlorine production 

in electrolyzer mode; � the cumulative chlorine consumption in fuel cell mode. 
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ures: 20, 40, 60 and 80 °C. For the operation as electrolyzer, the 

ell was operated under galvanostatic conditions (constant current 

ensity of 100 mA cm 

−2 ), at atmospheric pressure and room tem- 

erature for 100 min. For further characterization, a protocol test 

as carried out for each temperature and operation mode. This 

rotocol test consists of the following routine: 1) Cyclic voltam- 

etries (CV): these electrochemical analyses were carried out from 

1.7 V to 1.7 V using a sweep rate of 50 mV s −1 ; 2) Potentiostatic

olarization curves: they were performed from the OCV to 0.002 

 with a scan rate of 100 mV s −1 ; 3) Potentiometric (0.5 V in fuel

ell mode) and chronoamperometric (100 mA cm 

−2 in electrolyzer 

ode) tests: carried out for 20 min to evaluate the influence of the 

emperature in the performance of the fuel cell. 

.3. Chemical analysis 

To determine the chlorine that reacted, the chlorine was mea- 

ured at the inlet and outlet (non-reacted) of the cell. The non- 

eacted chlorine was collected in an absorber with 2M NaOH at 

he outlet of the cell, and it was measured as hypochlorite by 

pectrophotometry using an Agilent 300 Cary series UV–Vis spec- 

rophotometer (wavelength of 293 nm). In the case of the experi- 

ents with humidified chlorine gas, the chlorine dissolved in the 

ank with water used as humidifier was determined by an iodo- 

etric titration as described elsewhere [19] to determine what was 

he exact amount of humidified chlorine gas fed to the cell. The pH 

as measured with a GLP22 Crison pH meter. Further details about 

hemical characterization can be found elsewhere [ 16 , 18 ]. 

. Results & discussion 

.1. Operation as reversible cell 

Fig. 3 shows the performance of the reversible electrochemical 

ell when it was used into a sequence fuel cell-electrolysis-fuel cell 

ode. This comparison is carried out in terms of 1) the current 

ensity produced for a cell voltage of 0.5 V, when chlorine and hy- 

rogen gases are both humidified and fed to the electrochemical 

ell and it operates as a fuel cell, and 2) voltage required to pro-

ide 100 mA cm 

−2 , when after operating as fuel cell, the feeding 

f the electrochemical reversible cell is changed to a 2M sodium 

hloride aqueous solution in both compartments and it operates 

s electrolyzer. 

As seen, the same cell can operate at 20 °C in both modes, giv- 

ng a stable response which fuel cell operating mode. As it can also 

e observed, the current density exerted in fuel cell mode is main- 

ained in the range 8.0-14.9 mA cm 

−2 , with an average value of 

2.4 mA cm 

−2 in the first period and 10.8 mA cm 

−2 in the sec-

nd period (range from 8.4 to 17.5), which means that the aver- 

ge operation power as fuel cell is 5.8 mW cm 

−2 . This value is

igher than those obtained in previous works [18] , in which dif- 

erent types of cells were used for the same processes trying to 

eed the fuel cell with liquids instead of gases. Thus, feeding chlo- 

ine dissolved in water into the cathodic compartment and hydro- 

en dissolved in 2M NaCl the cell yielded powers ranging from 

.61 to 3.65 mW cm 

−2 (depending on the size of bubble of hy- 

rogen and use of membrane electrode assembly or separate elec- 

rodes and membrane) and 2.43 mW cm 

−2 when hydrogen gas 

as fed into the anodic compartment. In all cases, a solution con- 

aining the chlorine was fed to the cathode. All this, points out that 

trategy proposed in this work for the operation of the reversible 

lectrochemical cell can suit well to the target required. Regard- 

ng the electrolyzer mode, operation voltages required to keep 100 

A cm 

−2 oscillate between 2.1 and 5.8 V with an average value 

f 4.5V. These values are a little bit higher than the approx. 3.5 

 obtained for a separate compartment cell fed with 2M NaCl, in 
4 
hich a previous study on the composition of the anode was made 

16] but similar to the approximately 4.5 V reached in this sys- 

em with gas feeding, pointing out the good design of the MEA. 

n interesting observation is that current density increases just af- 

er changing from electrolyzer to fuel cell mode, which indicates 

hat hydration of the membranes is required for a proper opera- 

ion and that using liquid electrolyte helps in the first moments to 

btain a good performance, that later is stabilized. 

Fig. 4 shows the speciation obtained in fuel cell and electrolytic 

odes. Thus, during electrolysis tests, the Cl 2 and O 2 produced 

ere measured, whereas, in the fuel cell tests the chlorine con- 

umed was measured. It is important to state that this chlorine is 

alculated by difference between the chlorine fed and the chlorine 
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Fig. 5. Influence of temperature on current density (part a) and chlorine consumption (part b) during operation at different tem peratures: ● No humidification � humidified 
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etained in an absorption tank containing 2 M NaOH, placed just 

t the outlet of the cell and as it is not possible to retain all the

urplus chlorine from the electrochemical cell, the chlorine gas is 

easured at the outlet of the absorption tank by means of a gas 

owmeter. The rate of consumption of chlorine was 5.37 mmol h 

−1 

n the first period of operation as fuel cell and 5.23 mmol h 

−1 in

he second (after the cell was operating in electrolysis mode). From 

hese data, it was obtained a coulombic efficiency of 93.2 % for the 

rst period and 90.9 % for the second period. On the other hand, 

he rate of production of chlorine was 45.4 mmol h 

−1 (1.82 mmol 

 

−1 cm 

−2 ), value which is very close to the maximum faradic rate 

or the applied current density (46.6 mmol h 

−1 ), indicating a cur- 

ent efficiency of 97.3 %. This speciation demonstrates the feasibil- 

ty of this technology, feeding the same cell sequentially with gases 

n the operation as fuel cell and with liquids as electrolyzer, which 

ecomes an important point for its use in the storage of energy. 

Combining the information obtained from energy and specia- 

ion measurements, the specific efficiency of this reversible fuel 

ell can be calculated. In the case of the fuel cell mode the av- 

rage value considering the two times that the cell was operating 

s fuel cell is around 26.0 Wh/mol Cl 2 . In the operation as elec-

rolyzer, the obtained value is 4.05 mmol Cl 2 /Wh. Regarding the 

ormation of oxygen, which is a non-desired byproduct in the elec- 

rolyzer operation mode, the O 2 formation was also measured and 

s also shown in Fig. 4 . During a first stage, the production of oxy-

en is more favored than that of the chlorine, obtaining a Cl 2 /O 2 

atio, in molar units, of 0.42. Then after 1200 s, the situation re- 

erses and the ratio increases up to 9.54 which is much higher 

han the values obtained in a previous work [16] , where it was ob-

ained a maximum Cl 2 /O 2 ratio of approximately 3.5. 

.2. Influence of operation temperature and humification in the 

peration as fuel cell 

Fig. 5 compares the average current densities obtained at four 

ifferent tem peratures when 0.5 V are fixed as operation target of 

he fuel cell and with the chlorine stream humidified and non- 

umidified. All tests were made in duplicate (with two different 

EAS made with the same procedure, each) and error bars inform 

bout the differences between tests. As seen, increasing tempera- 

ure has a negative effect on the current produced. This decrease 

s very noticeable when the chlorine streams is not humidified and 

akes the current obtained almost negligible at 80 °C. Same trend 

s observed when the chlorine stream is humidified but, in this 

ase, the system can operate successfully at 40 °C, yielding cur- 

ents that are like those recorded at 20 °C. 

Regarding to chlorine consumed ( Fig. 5 b), important differences 

re found within the complete range of temperatures tested. As it 

an be observed in Fig. 5 b, the chlorine consumption decreases 

ith temperature for both cases studied, humidified and non- 

umidified chlorine stream. However, this decrease is less stressed 
5 
hen it was worked under humidification conditions. As the oper- 

ting temperature was increased, considerable differences in con- 

umption are observed, being 18 % higher for the system working 

ith humidified chlorine at 60 °C as compared to the same opera- 

ion conditions using non-humidified chlorine. 

The efficiency of the system in terms of Wh mol −1 of chlorine 

as calculated. Thus, obtained values ranged from lowest 16.7 Wh 

ol −1 obtained at 20 °C in the cell fed with chlorine without hu- 

idification to the highest 39.6 Wh mol −1 obtained at 60 °C in the 

ell fed with humidified chlorine. In the tests shown in Fig. 3 , val-

es as high as 26.3 Wh mol −1 were reached, which means that re- 

roducibility of results is high. These values are high as compared 

o other previously reported in the literature [ 16 , 18 ]. Thus, values

rom 0.05-0.5 Wh mol −1 have been recently reported for this type 

f cells. Moreover, these results point out that the humidification 

f the chlorine stream is recommended when the temperature is 

ncreased until a certain value. 

Fig. 6 shows the voltametric behavior and the polarization 

urves drawn after the operation tests in fuel cell mode at dif- 

erent temperatures, when the chlorine stream is fed without or 

ith previous humification. As seen, the differences are not only 

ound at high temperatures but also in the lower range of tempera- 

ures with peaks more clearly marked in the case of the humidified 

hlorine. Regarding polarization curves, a plot was made to clearly 

ee the huge differences obtained and which support the necessity 

f operation at low temperatures when using this technology, be- 

ause of the much worse results obtained at temperature over 40 

C. On the other hand, the domination of voltammetric curves by 

inear regions ( Fig. 6 a) projects ohmic control, this tendency being 

reater as the temperature of the system increases, regardless of 

he chlorine stream fed to the cell. This increase in temperature 

auses a dehydration of the membrane, which is reflected in the 

hmic resistance of the system, obtaining a minimum value of 535 

 � when working at 20 °C and a maximum value of 15.7 � at 80 

C. 

From the polarization curves, two important parameters (max- 

mum power density and maximum current density) are obtained 

nd compared in Fig. 7 . 

Thus, the maximum power which can be yielded by the fuel 

ell is around 7.0 mW cm 

−2 , which is 3 times higher than the 

alue obtained using a cell in which the anolyte consists of chlo- 

ine dissolved into 2M NaCl solution and the cathode is fed hydro- 

en gas stream, and 14.3 % higher than the value obtained using an 

lectro-absorber fed with fine bubbles of H 2 in NaCl 2.0 M aque- 

us solution and chlorine dissolved into 2M NaCl solution. It is also 

mportant to see that the maximum current densities reachable are 

ver 10 mA cm 

−2 , which it is a really good value for practical pur-

oses [16] . 

In electrolyzer mode, liquid is fed to both compartments of the 

lectrochemical cell and, hence, it is not expected dehydration of 

he MEA with the operation at high temperature. Conversely, in 
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Fig. 6. Voltammetries (Part a) and polarization curves (part b) drawn after operation at 20 °C (continuous black), 40 °C (red), 60 °C (yellow) and 80 °C (purple). Discontinuous 

line: humidified chlorine. Continuous line: chlorine without humidification 

Fig. 7. Maximum power density (continuous line) and maximum current intensity 

(discontinuous line) reached by the systems fed with non-humidified (circles) and 

humidified (squares) chlorine stream. 

o

g

w

o

h

c

n  

c

o

c

f

t

e

8

w

t

c

a

m

b

v

t

w

d

3

t

m

t

t

t

g

s

t

a

o

p

a

o

o

a

t

t

s

r

w

l

c

s

b

t

v

f

c

t

b

f

d

w

b

m

t

a

b

t

t

e

t

t

t

r

perating in fuel cell mode with both chlorine and hydrogen fed in 

aseous streams, this problem may become important, especially 

hen temperature approaches the boiling point of water. So, in 

rder to make the system easier it was studied the effect of the 

umidification of the fed streams when the cell operated in fuel 

ell mode. When hydrogen stream is not humidified, the cell does 

ot work after a very short period, even at 20 °C. So, it can be

laimed that is mandatory humidify the hydrogen stream. On the 

ther hand, Fig. 8 shows the effect of the humidification of the 

hlorine stream. 

Thus, as shown in Fig. 8 , the operation current densities of the 

uel cell at 20 °C during its first use is quite similar, regardless of 

he humidification of the chlorine stream, and therefore the av- 

rage current density was 9.41 mA cm 

−2 for non-humidified and 

.55 mA cm 

−2 for humidified chlorine stream. This means that 

ith the humidity of the hydrogen stream is more than enough 

o warrant a suitable operation of the fuel cell. However, when the 

ell is operated at higher temperature and, then operation temper- 

ture comes back to 20 °C, there is an important loss of perfor- 

ance characteristics which, in addition, seems to be irreversible, 

ecause the operation current densities do not recover the initial 

alues. 

In fact, the current density decreases continuously in both sys- 

ems, and there is an abrupt change for longer times in the system 

ithout chlorine humification. Thus, the average current density 

ecreases by an 74.3% without humidification (from 12.3 down to 

.2 mA cm 

−2 ), which means 2.3 times higher than when the sys- 

ems are humidified (the decrease here was from 8.3 down to 5.6 
6 
A cm 

−2 ). Hence, the recovery in the humidified system is bet- 

er than in the system operated with the dry chlorine stream, al- 

hough not enough and advices against the use of high tempera- 

ures with this system equipped with MEAs based on Nafion. Re- 

arding chlorine consumed, there are no significant differences as- 

ociated with the humidification when operating a 20 °C. However, 

he consumption decreases when the cell has undergone operation 

t high temperature without humidification. Also, worth to point 

ut that current densities reached with humidification with the 

ristine system are substantially lower than in the dry system with 

 decrease of 33%, which can be explained in terms of the dilution 

f the chlorine reagent with water. 

Fig. 9 shows the voltamperograms and the polarization curves 

btained just after finishing the operation tests. As seen, there 

re no important differences between the behavior of the sys- 

em, which does not undergo an increase in the temperature, al- 

hough the peaks for the reduction of chlorine are less clearly ob- 

erved and seems to shift to higher overpotentials when the chlo- 

ide stream is not humidified. However, in the systems with MEAs 

hich operated at high temperature, current values are much 

ower, in particular in the case in which no humification of the 

hlorine stream is carried out, suggesting an increase in the re- 

istance, which can be associated to the dehydration of the mem- 

rane and to the irreversible loss of properties. Anyway, despite 

he reduction in size, the reduction peak is observed at the same 

oltage. 

Regarding polarization curves, not relevant differences are 

ound between the maximum power density and the maximum 

urrent density when the systems are operated only at 20 °C. Af- 

er operation at higher temperature, the maximum power yielded 

y the cell decreases importantly, especially in the case of the cell 

ed with non-humidified chlorine, although the maximum current 

ensity is similar in both cases, regardless of the humidification, 

hich means that: 1) the decrease in the resistivity is similar in 

oth cases as the OPC is the same and 2) that differences are 

ainly produced in the first zone of the polarization curve. 

On the other hand, Fig. 10 shows a picture of the components of 

he cell before and after operation at different temperatures (20 °C 

nd 80 °C), when they were used is FC-E-FC mode and where it can 

e seen how the operation at high temperatures damages the elec- 

rode in charge of the electrochemistry of chlorine in the surface 

hat is facing the membrane but not the membrane or the other 

lectrode, which apparently remains with the same initial proper- 

ies. Strong oxidizing power of chlorine and its effect on the elec- 

rode components at high temperature advices in favor of the fur- 

her study of the composition of this electrode to achieve a higher 

obustness and stability. 
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Fig. 8. Changes in the current density (part a) and chlorine consumption (part b) during operation at 20 °C at different conditions (constant cell voltage of 0.5V). � No 

humidification first use (black continuous line in part a) � no humidification after operation at 80 °C use (black discontinuous line in part a) ● humidified first use (grey 

continuous line in part a) ◦ humidified after operation at 80 °C use (grey discontinuous line in part a). Continuous line in part b: chlorine fed. H 2 and Cl 2 flow rates: 0.1L 

min −1 

Fig. 9. Voltammetries (part a) and polarization curves (part b) obtained after performance tests. Discontinuous: after operation at 80 °C; Continuous: operation only at 20 °C 
Red: humidified; black: non humidified. Scan rate: 100 mV s –1 . 

Fig. 10. Pictures of the components of the cell before operation, after operation 

only at 20 °C and after use at high temperatures and after use in a sequence fuel 

cell-electrolyzer-fuel cell. 
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fl
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. Conclusions 

From this work, the following conclusions can be drawn: 

• It is possible to operate in reversible mode a PEM fuel cell with 

the chloralkali process feeding gaseous chlorine and hydrogen 

in the operation as fuel cell and an aqueous solution 2M in 

NaCl in the operation as electrolyzer. 
• Operation of the reversible cell in electrolyzer mode feeding 2M 

NaCl aqueous solution allows to obtain 45.4 mmol/h of chlorine 
7 
with a current density of 100 mA cm 

−2 . During a first stage, the 

production of oxygen is more favored than that of the chlorine 

with a Cl 2 /O 2 ratio in molar units of 0.42. Then, the situation 

reverses and the ratio increases up to 9.54. 
• Operation of the reversible cell in fuel cell mode feeding 

gaseous chlorine and hydrogen allow to obtain 12 mA cm 

−2 at 

0.5 V. This average value is maintained after operation as elec- 

trolyzer. Regarding the maximum power reachable with this de- 

vice is 7.0 mW cm 

−2 which is much higher than that obtained 

with the same system fed with hydrogen and chlorine dissolved 

in liquid electrolyte. Regarding specific power, in the operation 

as fuel cell was near to 26 Wh/mol Cl 2 and in the operation as 

electrolyzer the value obtained is 4.05 mmol Cl 2 / Wh. 
• The humidification of hydrogen stream is mandatory, whereas 

in the case of the chlorine stream is recommended to enter the 

system, thus improving the performance of the fuel cell at high 

temperatures. Regarding the efficiency, the maximum value was 

39.6 Wh mol −1 with humidified chlorine, being twice times 

higher than the value obtained without chlorine. 
• Temperature affects negatively to the performance of the re- 

versible cell operating in fuel cell mode, decreasing importantly 

the efficiency and in an irreversible way, being not possible to 

recover the initial performance after reduction of temperature. 
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