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ABSTRACT 

The growth and development of mankind is directly 
dependent on adoption of renewable energy sources. To 
meet the continuous demand of energy surplus energy 
generated can be stored in the form of hydrogen. In this 
paper, cyclic charging and discharging of multi walled 
carbon nano tube (MWCNT) electrode integrated proton 
battery has been discussed. A proton battery is a modified 
reversible polymer electrolyte membrane fuel cell 
(PEMFC) which has been thought of as an alternative to 
the lithium based batteries to store the energy. This energy 
storage in turn, improves the reliability of the 
intermittently available renewable energy sources. 
Actually, lithium based batteries are not pollution free, and 
cause water and air pollution. The analysis ascertains that 
maximum of 81.26 mAhg-1can be stored while charging or 
electrolyser mode of proton battery and energy extracted 
while discharging or fuel cell mode is 1.476 mAhg-1. Total 
four charging and discharging cycles were carried out to 
assess the performance of proton battery. 
 
Key words: -Polymer electrolyte membrane fuel cell 
(PEMFC), multi walled carbon nano tube (MWCNT), 
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1. INTRODUCTION  
With the development of human civilization, energy has 
been the main asset to distinguish developed and 
developing countries. The supply of energy is being met 
by use of fossil fuels which are non replenish able 
resources. These sources are cause of environment 
degradation in the form of green house gases and 
pollution. The conventional resources can be replaced with 
non-conventional resources such as solar, wind and tidal 
energy. But the intermittent nature of non-conventional 
sources is the major drawback which can be overcome 
with the help of batteries such as lead acid, nickel-
cadmium (Ni/Cd), nickel-metal hydride (Ni/MH), lithium-
ion polymer and lithium ion [1-2]. Lead acid batteries 
have short life, inadequate energy density, high 
maintenance whereas Nickel cadmium have memory 
effect and in case of lithium ion battery require automotive 
application along with a sophisticated voltage 
management system to prolong life and preventing thermal 
runaway [2]. Nowadays, generally, lithium based batteries 
are being used, and the cost of recycling these batteries is 

approximately five times more than the manufacturing 
cost of a fresh battery. That is why, all the battery 
manufacturing companies are just extracting fresh lithium 
from the earth, and unknowingly converting the earth into 
a lithium dump. 
The recycling cost of batteries makes it uneconomic for 
use, so there is requirement of alternate storage system. 
Hydrogen can serve as one of the best form of storage 
system in place of batteries. The stored hydrogen can be 
retrieved in the form of electricity and water by the help of 
fuel cell. Hydrogen storage can be done in the form of 
solid-state, liquid or gaseous form. In case of liquid and 
gaseous form, extra energy is required in storage, 
therefore, solid-state storage has gathered maximum 
interest by researchers. As a step towards the storage of 
hydrogen in solid state, unitized regenerative fuel cell 
(URFC) was introduced by Andrews and Bahaman in 
2015[3]. This system had limitations such as dependency 
on gas storage and exposed to energy expenditure which 
were overcome with modified URFC introduced by 
Professor John Andrew and Saeed Seif Mohammadi in 
year 2015. Modified URFC was called as proton battery 
[4, 5] which can run as electrolyses to generate hydrogen 
and as fuel cell, to generated electricity along water. Initial 
research work was done on metal hydride AB5 electrode to 
store hydrogen [6]. These metal hydrides were soon 
replaced by carbon because they were heavy and costly. 
The main reason behind carbon considered in further work 
is: ease of availability, internal pore surface area and light 
weight [7]. According to the literature [7-11], multi walled 
carbon nano tube (MWCNT) is form of carbon with major 
potential of hydrogen storage which is yet to be reported 
in as part of proton battery. 
This paper aims to assess the performance of 
electrochemical hydrogen storage capacity of proton 
battery integrated with MWCNT during cyclic charging 
and discharging. 

 
2.WORKING  
The proton battery experimental setup has been shown in 
Fig. 1 that includes three outlets: one on oxygen side and 
two on hydrogen side. These vents are used for collection 
and retrieval of gas during charging and discharging 
process. The setup also contains a variable 30V DC source 
which supplies power during charging or electrolysis mode 
of proton battery. To measure the potential across and 
current through the battery, two multimerters are used.  
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Galvanostatic charging is performed by keeping potential 
initially at 1.5V and raising it by 0.1V in an intervals of 
half an hour. Water gets split into H+, oxygen and electron 
under the  influence of catalyst and electrical potential. As 
the potential rises, the current through the battery increases 
along with gases liberation. The charging process is 
stopped when rapid evolution of hydrogen gas is noticed. 

 

 
 

Figure 1: Experimental setup of proton battery or 
modified URFC.[12] 

 
The produced gases are moved out of the cell and 
collected. H+  ions pass polymer membrane and 
electrons travel via an external electrical circuit. At 
cathode, hydrogen ions emerging out of polymer 
membrane create bonds as these enter porous multi 
walled carbon nano tube electrode. H+ gets adsorbed in 
MWCNT via chemisorptions or physisorption.  
During discharging process, the set up was made to rest 
for an hour. Discharging of cell was performed by 
connecting electrical load across the cell. The potential 
difference was sufficient to break weak chemical 
bonds, and liberate H+ ion. The process taking place 
during fuel cell and electrolyser mode of proton battery 
has been shown in the Fig.2. 

 
(a) 

 
(b) 

Figure 2 (a)” Schematic diagram of electrolysis mode of 
proton battery; (b) Schematic diagram of fuel cell mode 

of proton battery[12] 
 

3.RESULTS  
 
The charging and discharging process was carried out for 
four cycles. It was observed that cut-in voltage lie 
between 1.7 to 1.9V. While performing electrolysis, the 
potential was increased by 0.1V in an interval  
of half an hour till there was rapid evolution of hydrogen 
gas. The rapid evolution of hydrogen gas indicate that all 
the pores of MWCNT electrode are filled, and the no 
more adsorption of hydrogen gas can take place. The 
electrolysis mode was stopped at 2.5V. The voltage 
versus current shows a linear relationship. The hydrogen 
evolution increases with time as shown in Fig.3. The gas 
evolution took place form 30 minutes to 2.5 hours in first 
three cycles where as in the fourth cycle, the evolution of 
gas was taking place upto 3 hours. The hydrogen gas 
produced during this interval varies from 30ml to 38ml.  
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(c) 

 
(d) 

Figure 3: Graph representing relation between hydrogen 
gas produced and time during charging of proton battery. 
 
The oxygen gas produced with respect to time in case of 
electrolyser mode of proton battery during four cycles 
when subjected to cut-in voltage of 1.7Vis shown in 
Fig.4.Oxygen gas produced was stored in gas collection 
cylinder. The production of gas increases with rise in 
voltage. The flow of charge increases with production of 
oxygen ions which combines together to forming oxygen 
gas.  
 

 
(a) 

 
(b) 

 

 
(c) 

 
(d) 

Figure 4: Graph showing relation between oxygen gas 
produced with respect to time in case of electrolyser 

mode of proton battery during four cycles. 
 
The mass percent of hydrogen has been calculated for 
half hour intervals, and its variation with respect to 
current is shown in Fig.5.The amount of hydrogen 
adsorbed in porous MWCNT electrode was calculated by 
subtracting mass of hydrogen produced with theoretical 
mass of hydrogen.  
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(c) 

 
(d) 

Figure 5: Graph showing relation of wt% of hydrogen 
stored in carbon and voltage during electrolyser mode of 

proton battery. 
 
From Table 1, it can be interpreted that with the increase 
in current, electrochemical hydrogen storage decreases in 
the MWCNT electrode. The wt % of hydrogen has been 
calculated using Faraday’s law. The amount of hydrogen 
that did not came out from proton battery was considered 
to be adsorbed inside electrode presuming no loses.  
 

Table 1(a) : Graph showing relation between wt% of 
hydrogen stored in carbon and current during first cycle 

charging of modified URFC or proton battery 
S.No. Current(mA) Wt% of 

hydrogen in 
carbon  

1 33 0.132528 
2 15.1 0.060685 
3 29.2 0.081501 
4 46.9 0.027246 
5 69.2 0 
6 89.2 0 

 
Table 1(b): Graph showing relation between wt% of 
hydrogen stored in carbon and current during second 
cycle charging of modified URFC or proton battery 

S.No. Current (mA) Wt% of hydrogen 
in carbon  

1 31.6 0.101556 
2 17 0.025999 
3 26.6 0.013862 
4 44.4 0 
5 59.6 0 
6 77.6 0 

 

Table 1(c): Graph showing relation between wt% of 
hydrogen stored in carbon and current during third cycle 

charging of modified URFC or proton battery 
S.No. Current (mA) Wt% of 

hydrogen in 
carbon  

1 28 0.11247 
2 17.1 0.06872 
3 27.7 0.05758 
4 49.7 0 
5 79.7 0 
6 96.6 0 

 
Table 1(d) :Graph showing relation between wt% of 

hydrogen stored in carbon and current during third cycle 
charging of modified URFC or proton battery 

S.No. Current (mA) Wt% of 
hydrogen in 
carbon  

1 18.2 0.07313 
2 6.7 0.02694 
3 12.2 0.0132 
4 38.3 0 
5 57.4 0 
6 86.8 0 

 
During electrolysis, the value of current increased form 
33mA to 89.2mA during first cycle where as in second 
cycle current range from 31.6mA to 77.6 mA . In the 
third cycle current varies from 28 to 96.6mA and in last 
cycle it changes from 18.2 to 86.8mA. 
 
The wt % of hydrogen in carbon versus time has been 
depicted in Fig.6. This Figure shows that the thewt % of 
hydrogen decreases as there is increase in the time. At 
initial stage, the wt% of hydrogen is highest and it 
decreases with the increase in the current. 
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(b) 

 
(c) 

 
(d) 

Figure 6: Graph between wt% of hydrogen stored in 
carbon and time during charging of proton battery. 
 
During fuel cell mode or discharging mode, the voltage 
and current curves have been observed Maximum 1.29V 
has been reached in third cycle and was discharged with 
in 30min. 
 
The relation between wt% of hydrogen that got released 
during the discharging or fuel cell mode of proton battery 
for first four cycles has been shown in Fig.7. The 
discharging cycle gets completed in 20 to 30 min. The 
battery was connected to a resistive load of 200Ω for the 
discharging process. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7: Graph showing relation between wt% of 
hydrogen released and time during fuel cell mode of 
proton battery. 
 
The amount of hydrogen adsorption and desorption 
during first four cycles of electrolyser and fuel cell 
modes has been summed up in Table 2. During 
electrolyser mode, the hydrogen stored in porous multi 
walled carbon nano tube was retrieved in fuel cell mode. 
 
Table 2: Capacity of stored mAhg-1 of hydrogen for 
electrolyser and fuel cell mode of proton battery 
Cycle  mAhg-1 Electrolyser 

mode  
mAhg-1 Fuel 
cell mode  

1 81.529  1.476 
2 38.182 1.049 
3 64.466 0.629 
4 30.583 0.188 
 

4.DISCUSSION 
 

From chemical composition of water, it can be stated that 
after dissociation, two H+ and one O2- are released 
Ideally, hydrogen produced during the electrolysis should 
be twice that of oxygen but during experiment, it was 
found that amount of hydrogen produced is less 
presuming no leakage. Hydrogen got adsorbed in the 
MWCNT electrode by physisorption and chemisorptions, 
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while few atoms form hydrogen gas that gets collected in 
collection cylinder. During charging, it was found that 
maximum 0.301wt% of hydrogen was stored in multi 
walled carbon nano tube which is equivalent to 
81.5293mAhg-1, while maximum discharged wt% of 
hydrogen was 0.005wt% which is equivalent to 
1.47mAhg-1[13].From the results, it can be stated that at 
low current, the gas formation was less and hydrogen 
adsorption was more. Current controlled dissociation is 
required in order to suppress gas formation and enhance 
adsorption of hydrogen in MWCNT. 
 
5. CONCLUSION 
 
It was demonstrated experimentally that MWCNT has 
capacity to store hydrogen when placed in proton battery. 
Though the mAhg-1 retrieved through fuel cell or 
discharging mode was quite less as compared to 
electrolyser mode. Not all stored hydrogen was able to 
come out therefore, the results form the foundation to 
ascertain the life cycle of proposed proton battery. The 
proposed proton battery can certainly replace the lithium 
based batteries which do not emit any harmful by-
products. The only by-products of the proposed proton 
battery are oxygen, hydrogen and pure water which are 
pollution free, and also have commercial value.So, it can 
be safely concluded that the integration of proton battery 
with the renewable energy sources is a fully sustainable 
solution, that can enhance the reliability of the renewable 
energy sources. 
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