
1.  Introduction
1.1.  Defin�t�on of Fuel Cell
Fuel cells are electrochem�cal dev�ces that convert the 

chem�cal energy of the react�on d�rectly �nto electr�cal 
energy. The bas�c phys�cal structure of a fuel cell cons�sts 
of a porous anode and an electrolyte layer �n contact w�th 
the cathode on both s�des. A d�agram of the fuel cell w�th 
the react�on �nput and product gases �s shown �n F�gure (1). 
L�kew�se, the flow d�rect�ons of the �ons through the fuel 
cell are also shown. 

F�g. 1: The flow d�rect�ons of the �ons through the fuel cell

The components of a s�ngle-cell fuel cell module and fuel 
cell system are shown �n F�gure (2).

Fig. 2: Schemat�c representat�on of a s�ngle fuel cell and module

In a typ�cal fuel cell, gaseous fuel �s fed cont�nuously to 
the anode (negat�ve electrode), ox�d�zer (�.e. oxygen/a�r) to 
the cathode (pos�t�ve electrode). In the fuel cell, wh�le the 
reduct�on/ox�dat�on react�on occurs between the fuel and 

oxygen, electr�c current (d�rect current) and heat are 
formed. At the cathode, protons comb�ne w�th oxygen and 
produce only water vapor or water vapor and CO2, 
depend�ng on the type of fuel used. A fuel cell �s an energy 
convers�on dev�ce theoret�cally capable of generat�ng 
electr�c�ty as long as fuel and ox�dant are fed to the 
electrodes. In fact, fuel cells also have a l�m�ted operat�ng 
l�fe (< 10 years for veh�cles) due to degradat�on over t�me, 
corros�on, and component l�fe.

1.2.  Types of Fuel Cells
There are many types of fuel cells under development. 

These are the type of fuel and ox�d�zer �t uses, the 
process�ng of the fuel outs�de (external reform�ng) or 
�ns�de (�nternal reform�ng) of the fuel cell, electrolyte type, 
operat�ng temperature, fuel supply type, etc. can be 
class�fied �n many d�fferent ways. The most common 
class�ficat�on of fuel cells �s based on the type of electrolyte 
used �n the cell. Accord�ng to th�s class�ficat�on, there are 6 
types of fuel cells. These;

1. Polymer Electrolyte Membrane Fuel Cell 
(PEMYP)

2. D�rect Methanol Fuel Cell (DMYP)
3. Alkal�ne Fuel Cell (AYP)
4. Phosphor�c Ac�d Fuel Cell (FAYP)
5. Molten Carbonate Fuel Cell (EKYP)
6. Sol�d Ox�de Fuel Cell (SFC)

In add�t�on to �ts d�rect use �n �nternal combust�on 
eng�nes, hydrogen �s a fuel su�table for flameless 
combust�on on catalyt�c surfaces. However, the 
development �n the world �s �n l�ne w�th fuel cell 
technology, where hydrogen �s used as a fuel. Fuel cells 
were d�scovered �n 1839, �mproved �n 1932, and used by 
NASA as an energy prov�der �n space stud�es �n 1952. It 
was put �nto use �n land transportat�on w�th the 
construct�on of the first fuel cell tractor �n the 1960s, fuel 
cell tra�n �n the 1980s, fuel cell submar�nes and a�rcraft �n 
the 1990s, �t has been the subject of w�despread research 
and appl�cat�on �n land veh�cles and power plants. Due to 
�ts h�gh effic�ency and low em�ss�ons, �t has been 
successfully used �n �ndustry and serv�ce sectors, 
espec�ally �n the transportat�on (automot�ve) sector �n 
recent years. Fuel cells are thought to revolut�on�ze clean 
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veh�cle technology. Fuel cells can be des�gned to produce 
l�ttle power to meet the needs of mob�le phones or enough 
to produce enough power for a c�ty. Therefore, they have a 
w�de usage potent�al from transportat�on veh�cles to 
domest�c and �ndustr�al appl�cat�ons. The s�ze of the fuel 
cell market �s expected to �ncrease to 1-2 b�ll�on dollars �n 
the next few years and to 20 b�ll�on dollars �n the next 
decade.

Fuel cells are systems that convert chem�cal energy 
d�rectly �nto electr�cal energy and use hydrogen as fuel. 
Fuel cells are energy convers�on systems that are clean, do 
not harm the env�ronment and work w�th h�gh effic�ency, �n 
add�t�on to the�r thermal effic�ency over 60%, wh�ch �s 2-3 
t�mes that of gasol�ne eng�nes. In th�s system, electr�cal 
energy �s produced d�rectly w�thout the use of a steam 
bo�ler or turb�ne by the electrochem�cal react�on between 
hydrogen (H2) and oxygen (O2) (the oppos�te of water 
electrolys�s). Fuel cells are also known as cont�nuously 
operat�ng batter�es or electrochem�cal mach�nes.

Fuel cells are class�fied accord�ng to operat�ng 
temperature, electrolyte type and fuel type. If the operat�ng 
temperature of the fuel cell �s lower than 150 °C, �t �s called 
"low temperature fuel cell", and �f �t �s between 500-1000 
°C, �t �s called "h�gh temperature fuel cell". Whereas low 
temperature fuel cells requ�re s�mple fuel l�ke hydrogen 
and good and expens�ve catalyst l�ke plat�num, h�gh 
temperature fuel cells have the potent�al to use 
hydrocarbon fuel and cheaper catalyst. The electrolyte 
used can be ac�d�c or bas�c. Fuel cell fuels are generally 
hydrogen, natural gas (methane), methanol and propane.
F�gure 1.3 shows a schemat�c of a fuel cell us�ng amb�ent 
a�r and hydrogen. In the battery, potass�um hydrox�de 
(KOH) solut�on �s used as the electrolyte and the battery 
ma�nly cons�sts of two �nterlock�ng porous carbon tubes. 
As soon as the hydrogen flow from the �nner tube starts, 
electr�c�ty product�on starts �n the battery. As �t passes 
through the outer tube �n contact w�th the a�r, the oxygen 
separates from the a�r and enters the battery.

Fig. 3: Fuel cell us�ng amb�ent a�r and hydrogen

   
Fuel cells are small �n s�ze, work w�th h�gh effic�ency, can 

ach�eve h�gher convers�on than foss�l fuels and waste heat 
can be used, as well as be�ng portable, not conta�n�ng 
mov�ng parts, be�ng bu�lt close to the user and �n a short 
t�me, requ�r�ng very few env�ronmental restr�ct�ons �n the 
area to be bu�lt, fuel cells In add�t�on to pure hydrogen, 
natural gas, methanol or gas produced from coal can be 
used, qu�et operat�on, not caus�ng env�ronmental and no�se 
pollut�on, and no sol�d waste problems.

1.3.  Sod�um Borohydr�de and Fuel Cells
The role of sod�um borohydr�de �n energy product�on, 

wh�ch �s a boron compound used as a hydrogen suppl�er �n 

fuel cells and on wh�ch the world works �ntens�vely, �s 
gradually �ncreas�ng. In fuel cells, sod�um borohydr�de can 
be used �n two ma�n ways: 1. In hydrogen product�on other 
than the fuel cell, 2. In the fuel cell d�rectly. Apart from the 
fuel cell, the catalyzed sod�um bohydr�de solut�on �s 
converted �nto hydrogen by pass�ng through the hydrogen 
generat�on un�t and th�s hydrogen �s used �n low 
temperature fuel cells. In th�s system, sod�um borohydr�de 
catalyt�cally g�ves hydrogen �n aqueous med�um. Th�s 
technology �s espec�ally �mportant �n appl�cat�ons where 
hydrogen transport and storage �s a problem such as 
we�ght, volume and safety. In d�rect sod�um borohydr�de 
fuel cell, on the other hand, sod�um borohydr�de �s d�rectly 
used as fuel w�thout hydrogen product�on �ntermed�ate 
stage and electr�cal energy �s produced. D�rect sod�um 
borohydr�de fuel cell �s espec�ally su�table for portable 
c�v�l�an (telephone, rad�o, small telev�s�on, hand vacuum 
cleaner, etc.) and m�l�tary (local l�ght�ng, mob�le rad�o, 
telephone, electron�c warfare dev�ces, rad�o, personnel 
heat�ng, unmanned veh�cles, sensor etc.) �s �mportant �n 
appl�cat�ons.

The advantages of produc�ng hydrogen from sod�um 
borohydr�de can be summar�zed as follows:

1) As a result of NaBH4-acet�c ac�d react�on, 
controlled hydrogen release can be ach�eved.

2) The react�on occurs at room temperature and 
pressure and �s exotherm�c.Therefore, no add�t�onal energy 
�s requ�red for the hydrogen to be released.

3) The NaBH4-acet�c ac�d-PEG system can be an 
alternat�ve system to other methods for hydrogen 
product�on.

4) The react�on products and solvent are harmless to 
the env�ronment.

5) NaBH4 �s safe as a hydrogen source, non-
flammable and non-hazardous.

6) NaBH4 solut�on can stand for months w�thout 
decompos�t�on even �n open a�r.

7) Since the freezing point of polyethylene glycol 
(PEG400) is -10°C, using polyethylene glycol in 
environments where water cannot be found in liquid form 
can also provide hydrogen at low temperatures.

Fig. 4: Crystal structures of sod�um borohydr�de

1.4.  Fuel Cell  Appl�cat�ons
Studies on the use of fuel cells as an automotive energy 

source are intensifying, especially within the scope of 
research for solutions to clean transportation. The 
proposed sodium borohydride fuel cell system for 
automotive applications is schematically given in 
Figure(4).

The first veh�cle that uses fuel cells and �s manufactured 
for research purposes �s a hybr�d veh�cle that uses fuel cells 
and batter�es. In th�s veh�cle, the fuel cell and the battery are 
connected �n parallel. Wh�le the fuel cell �s used for stable 
dr�v�ng power supply and battery charg�ng; The battery 
temporar�ly prov�des add�t�onal power for start�ng and 
accelerat�on. The phosphor�c ac�d (H3PO4) electrolyte 
fuel cell, shown schemat�cally �n F�gure (5), has been 
defined as the most technolog�cally advanced fuel cell 
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today. The battery uses amb�ent a�r and hydrogen from 
fuels such as methanol. It �s stated that the we�ght of the 15 
kW battery �s 237 kg, the volume �s 0.25 m3, �t g�ves 181 
amps at 87 volts at atmospher�c pressure and 177 °C 
operat�ng temperature, and the power level of the battery 
can be changed by the number of elements or the act�ve 
surface area.

Fig. 5: The use of the H2 storage system �n veh�cles v�a NaBH4

Fig. 6: Two cars powered by a fuel cell

The first veh�cle that uses fuel cells and �s manufactured 
for research purposes �s a hybr�d veh�cle that uses fuel cells 
and batter�es. In th�s veh�cle, the fuel cell and the battery are 
connected �n parallel. Wh�le the fuel cell �s used for stable 
dr�v�ng power supply and battery charg�ng; The battery 
temporar�ly prov�des add�t�onal power for start�ng and 
accelerat�on. The phosphor�c ac�d (H3PO4) electrolyte 
fuel cell, shown schemat�cally �n F�gure (5), has been 
defined as the most technolog�cally advanced fuel cell 
today. The battery uses amb�ent a�r and hydrogen from 
fuels such as methanol. It �s stated that the we�ght of the 15 
kW battery �s 237 kg, the volume �s 0.25 m3, �t g�ves 181 
amps at 87 volts at atmospher�c pressure and 177 °C 
operat�ng temperature, and the power level of the battery 
can be changed by the number of elements or the act�ve 
surface area.

1.5.  Hydrogen Energy
In the last 100-150 years, the ma�n energy sources have 

undergone a part�al transformat�on from sol�d (coal) to 
l�qu�d (petroleum) and from l�qu�d to gas (natural gas, 
LPG) �n recent years. Th�s trans�t�on �s expected to 
cont�nue w�th hydrogen. Hydrogen �s the s�mplest and 
most abundant element �n the un�verse, d�scovered �n the 
1500s. It �s a colorless, odorless, 14.4 t�mes l�ghter than a�r 
and non-tox�c gas. The fuel of the heat g�ven by the sun and 
other stars through the thermonuclear react�on �s hydrogen, 
and �t �s the ma�n energy source of the un�verse. At normal 
pressure, �ts bo�l�ng po�nt �s -252 °C, �ts cr�t�cal 
temperature �s -234 °C, �ts cr�t�cal pressure �s 12.8 atm, and 
�ts cr�t�cal dens�ty �s 0.031 gcm-3. The volume of l�qu�d 
hydrogen �s 1/700 of �ts gaseous volume. Hydrogen has the 
h�ghest energy content per un�t mass of all known fuels 
(heat of combust�on = -242 kJmol-1 = -121 MJkg-1). The 
energy of 1 kg of hydrogen �s equ�valent to the energy of 
2.1 kg of natural gas or 2.8 kg of o�l. However, the volume 
per un�t energy of hydrogen �s h�gh. Hydrogen �s not found 

�n free form �n nature, �t ex�sts �n the form of compounds. 
The most well-known compound �s water. It �s clean and 
easy to use �n any area that requ�res heat energy. Dur�ng the 
generat�on of energy from hydrogen, 

H2 + O2  → H2O                                                              
Except for water vapor and part�ally n�trogen ox�des 

(NOx), no gas and harmful chem�cal substances (such as 
CO, CO2, CnHm, SOx) that pollute the env�ronment and 
�ncrease the greenhouse effect are produced. Research 
shows that under current cond�t�ons, hydrogen �s about 
three t�mes more expens�ve than other fuels and �ts use as a 
common energy source w�ll depend on cost-reduc�ng 
technolog�cal advances �n hydrogen product�on. However, 
the �nab�l�ty to store electr�cal energy keeps hydrogen on 
the agenda as a storage med�um. As a matter of fact, 
countr�es such as Canada and New Zealand, wh�ch have 
abundant hydroelectr�c energy resources, have started 
programs �n th�s d�rect�on. Th�s approach �s based on the 
cont�nuous operat�on of hydroelectr�c power plants at a 
certa�n �ntens�ty, and the excess energy �s evaluated �n the 
product�on of hydrogen by electrolys�s of water and energy 
�s stored �n th�s way.

1.6.  Hydrogen Product�on and Storage
   t �s accepted that the most advanced technology that can 
prov�de the world's �ncreas�ng energy needs w�thout 
pollut�ng the env�ronment and susta�nably �s the hydrogen 

3energy system. Every year, 500 b�ll�on m  of hydrogen �s 
produced, stored, transported and used �n the world. The 
chem�cal �ndustry, espec�ally the petrochem�cal �ndustry, 
has the largest share of users. In our country, gas or l�qu�d 
hydrogen �s produced �n pressur�zed cyl�nders to be used �n 
the art�fic�al fert�l�zer �ndustry (25000 m3), vegetable o�l 

3(margar�ne) product�on (16000 m ), o�l refiner�es (1200 
m3), the petrochem�cal �ndustry (30.000 m3) and �n 
var�ous places. There �s no commerc�al hydrogen 
product�on for power generat�on purposes. Product�on 
sources of hydrogen are plent�ful and d�verse. It can be 
obta�ned from foss�l fuels such as coal and natural gas, as 
well as by us�ng renewable energy sources such as solar, 
w�nd and hydraul�c energy, �t �s poss�ble to produce from 
water electrolys�s, b�omass and b�otechnolog�cal 
processes. Today, hydrogen �s ma�nly obta�ned from the 
react�on of natural gas w�th water vapor. Perhaps the most 
�mportant feature of hydrogen �s that �t �s storable. As �t �s 
known, there �s st�ll no su�table method for stor�ng large 
amounts of energy today. If �t were poss�ble to store the 
energy obta�ned from hydroelectr�c power plants today, �t 
would be poss�ble to solve the energy problem to some 
extent. However, the best known storage method for 
electr�cal energy �s st�ll accumulators. Hydrogen can be 
stored �n pure form as a gas or l�qu�d �n tanks, as well as 
phys�cally �n carbon nanotubes or chem�cally �n the form of 
hydr�des. The advantages of sod�um borohydr�de over 
other hydrogen transport med�a are summar�zed below:
ü It can store 20% hydrogen by we�ght,
ü It �s not flammable/explos�ve,
ü The react�on can be eas�ly controlled,
ü Catalyst and sod�um metaborate are reused. 

1.7.  Development of Hydrogen Energy Technology �n 
the World

Fuel cells have proven the�r role �n space, as they have 
safely prov�ded electr�c�ty (and water) on shuttle m�ss�ons. 
These ach�evements led to pred�ct�ons that fuel cells could 
be the solut�on to all of the world's energy problems �n the 
1960s, and �n the 2000s, they started to take an �mportant 
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place �n the energy pol�c�es of countr�es. Amer�ca �s 
market�ng the phosphor�c ac�d type fuel cell that prov�des 
200 kW of energy. The 11 MW power plant �n Japan meets 
the electr�c�ty and heat needs of Rokko �sland, and 40000 
kW of the c�ty's electr�c�ty needs �n Tokyo are prov�ded by 
hydrogen energy systems. Canada has offered generators 
w�th 250 kW of electr�c�ty and 230 kW of thermal power, 
us�ng PEM type fuel cells. 

Fig. 7 : Product�on sources and methods of hydrogen

   In the transportat�on sector, the development of fuel cell-
powered veh�cles w�ll not only reduce o�l consumpt�on, but 
also m�n�m�ze a�r pollut�on caused by veh�cles. In add�t�on 
to Canada, wh�ch produces fuel cell buses, the world's 
lead�ng automot�ve compan�es are try�ng to commerc�ally 
produce cars powered by fuel cells. A large number of 
sample veh�cles have been produced s�nce 1993. A new bus 
runn�ng on hytane, a m�xture of 15-20% hydrogen and 80-
85% natural gas, has been tr�alled s�nce 1993 �n Montreal 
(Canada). In add�t�on to veh�cles, Locomot�ves for the 
Canad�an ra�lways and submar�nes for the German, 
Austral�an and Canad�an nav�es have also been 
manufactured for the use of hydrogen through �nternal 
combust�on eng�nes or fuel cells. Generally, �n these 
veh�cles, the system moves w�th an electr�c motor, there �s 
no eng�ne, p�ston, crank and gearbox. Hydrogen has been 
used as an unr�valed fuel �n space shuttles and all other 
rockets for many years.

1.8.  Hydrogen Energy and Turkey
   Turkey �s a country w�th the r�chest and h�ghest qual�ty 
boron m�nerals reserves �n the world w�th a share of 
approx�mately 65%. In order for Turkey to transform �ts 
r�chness of boron ores �nto added value and to reach a 
pos�t�on compat�ble w�th th�s r�chness �n the world boron 
market, �t �s necessary to start the product�on of boron 
compounds that can be w�dely used �n large quant�t�es. 
Turk�sh Boron Research Inst�tute carr�es out and 
coord�nates R&D act�v�t�es for the product�on of boron 
compounds w�th h�gh added value and the�r use �n cr�t�cal 
technology areas. The product�on of sod�um borohydr�de 
and �ts use �n fuel cells are good examples of these 
compounds. Two projects on "Sod�um Borohydr�de 
Synthes�s and Product�on" and "D�rect Sod�um 
Borohydr�de Fuel Cell Product�on and Integrat�on" 
supported by the Boron Research Inst�tute are carr�ed out at 
TÜBİTAK MAM. Another pleas�ng development 
regard�ng Hydrogen and Hydrogen Energy �s the 
establ�shment of the "Un�ted Nat�ons Internat�onal Center 
for Hydrogen Energy Technolog�es (ICHET)" �n Istanbul. 
The agreement regard�ng th�s Center was s�gned between 
Turkey and the Un�ted Nat�ons on 21 October 2003 �n 
V�enna. The ma�n purpose of the Istanbul Center for 
hydrogen energy, wh�ch �s called the energy of the future, 
to wh�ch the �nternat�onal energy c�rcles attach great 

�mportance, together w�th our country, �s to carry out all 
k�nds of research and development act�v�t�es related to 
hydrogen and hydrogen energy, to ensure coord�nat�on 
among �nvestor �nst�tut�ons, to determ�ne the appl�cat�on 
areas of the future hydrogen technology and �ndustry .

F�g. 8: Hydrogen energy system

1.9.  Acet�c Ac�d and Polyethylene Glycol
    Acet�c ac�d, also known as ethano�c ac�d or acet�c ac�d, �s 
an organ�c ac�d w�th open formula CH3COOH and closed 
formula C2H4O2. It �s the ac�d that g�ves v�negar �ts 
pungent smell and sour taste. It �s the most �mportant and 
smallest of the carboxyl�c ac�ds. It �s obta�ned by ox�dat�on 
of carbohydrates �n nature. It can be obta�ned b�olog�cally 
and synthet�cally �n the �ndustr�al sector. The salt and ester 
of acet�c ac�d, completely soluble �n water, �s called 
"acetate". It �s referred to as ethano�c ac�d �n the chem�cal 
�ndustry. Pure acet�c ac�d has a sharp, colorless, acr�d odor 
and bo�ls at 118 degrees Cels�us and freezes at 16.7 degrees 
Cels�us. When m�xed w�th water, �t absorbs water, �rr�tates 
the sk�n and corrodes metals. The ma�n �ngred�ent of 
v�negar, wh�ch �s obta�ned by ferment�ng w�ne or yeast, �s 
acet�c ac�d. Acet�c ac�d, wh�ch has a w�de use �n �ndustry, �s 
evaluated as a raw mater�al �n the product�on of chem�cals. 
It �s used extens�vely �n the product�on of v�nyl acetate. 
Wood glue �s obta�ned from th�s. It �s also used �n the 
product�on of acet�c ester and acet�c anhydr�de. It �s also 
used as a solvent. It �s used as a solvent �n the product�on of 
terephthal�c ac�d, wh�ch �s used �n pet plast�c product�on. 
Th�s accounts for about 5-10% of the use of acet�c ac�d. 
S�nce �t has a buffer feature �n the food �ndustry, �t �s used as 
an add�t�ve as E260. Its der�vat�ves are also used �n 
d�fferent fields. Sod�um acetate �s used as E262 �n the 
weav�ng �ndustry and as a food add�t�ve. 
   Polyethylene Glycol (400) (PEG) �s colorless, odorless, 
v�scous. Polyethylene Glycol �s the most �mportant glycol 
commerc�ally ava�lable and produced �n the world. It can 
be used �n the product�on of an ant�freeze and coolant, 
hydraul�c flu�ds and low-freez�ng dynam�tes and res�ns. 
Polyethylene glycol �s a polyether compound w�th many 
appl�cat�ons.  I t  can be used �n �ndustr�al  and 
pharmaceut�cal product�on. Polyethylene glycol �s 
produced through the �nteract�on of ethylene ox�de w�th 
water, ethylene glycol or ethylene glycol ol�gomers. PEG 
�s used as an exc�p�ent �n many pharmaceut�cal products. 
Low molecular we�ght var�ants of Polyethylene Glycol are 
used as solvents �n oral l�qu�ds and soft capsules. Sol�d 
var�ants of Polyethylene Glycol are used as o�ntment bases, 
tablet b�nders, film coat�ngs and lubr�cants. It can be used 
to create very h�gh osmot�c pressures w�th the flex�ble, 
water-soluble polymer property of Polyethylene Glycol. 
There �s no poss�b�l�ty of spec�fic �nteract�on w�th 
b�olog�cal chem�cals �n Polyethylene Glycol.

1.10.  Problem Status
  In the research, dur�ng the �nterv�ew, the problem s�tuat�on 
was determ�ned as follows:
In th�s study, "Controlled, Effic�ent Hydrogen Recovery 
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from Sod�um Borohydr�de and Fuel Cell Des�gn w�th 
Acet�c Ac�d Catalyst �n Polyethylene Glycol Env�ronment 
for Fuel Cells" const�tuted the problem of th�s research.  

1.11.  Purpose of the Research
  The a�m of th�s study �s to conduct "Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells". In th�s study, a 
l�terature rev�ew was conducted to collect data and the 
resources related to the subject were exam�ned. Then, 
exper�ments related to the subject of the project were 
carr�ed out. By analyz�ng the data and �nformat�on we 
obta�ned dur�ng the project, "Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells" was exam�ned.

1.12.  Importance of  the Research
   It �s seen that there �s l�m�ted research �n our country and 
�nternat�onally on the subject of "Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells". For th�s reason, �t was 
found �mportant to conduct a research on th�s subject. The 
find�ngs of th�s research,
1. The �mportance of “Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells” w�ll be revealed,
2. “Controlled, Effic�ent Hydrogen Recovery and 
Fuel Cell Des�gn from Sod�um Borohydr�de w�th Acet�c 
Ac�d Catalyst �n Polyethylene Glycol Env�ronment for 
Fuel Cells” w�ll help to be more construct�ve and 
permanent,
3. It w�ll prov�de opportun�t�es for reflect�on, 
d�scuss�on and new research on “Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells”,
4. It w�ll prov�de prel�m�nary �nformat�on to the 
persons or organ�zat�ons that w�ll carry out the stud�es to be 
carr�ed out on the "Controlled and Effic�ent Hydrogen 
Recovery from Sod�um Borohydr�de w�th Acet�c Ac�d 
Catalyst �n Polyethylene Glycol Env�ronment for Fuel 
Cells",
5. “Controlled, Effic�ent Hydrogen Recovery and 
Fuel Cell Des�gn from Sod�um Borohydr�de w�th Acet�c 
Ac�d Catalyst �n Polyethylene Glycol Env�ronment for 
Fuel Cells” w�ll be benefic�al to the �ndustry and economy 
of our country,
6. "Controlled, Effic�ent Hydrogen Recovery from 
Sod�um Borohydr�de and Fuel Cell Des�gn w�th Acet�c 
Ac�d Catalyst �n Polyethylene Glycol Env�ronment for 
Fuel Cells", �t would be benefic�al to use polyethylene 
glycol �nstead of water as a solvent,
7. In add�t�on, the find�ngs obta�ned, educators who 
are �nterested �n th�s subject; It �s thought that �t w�ll be 
useful to researchers who w�ll do research and develop 
projects �n th�s field.

1.13.  Counts
Wh�le conduct�ng the research, the follow�ng 

assumpt�ons were made:
1. Exper�ments of “Controlled, Effic�ent Hydrogen 
Recovery from Sod�um Borohydr�de and Fuel Cell Des�gn 
w�th Acet�c Ac�d Catalyst �n Polyethylene Glycol 
Env�ronment for Fuel Cells and Fuel Cell Des�gn” w�th�n 

the scope of the research accurately reflect the find�ngs.
2. The exper�ments of “Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells” are of the nature to 
serve the purpose of the research.

1.14.  L�m�tat�ons
The research �s l�m�ted to the follow�ng d�mens�ons �n 

terms of the area �t covers and the data �t benefits from:
1. Th�s research, w�th the data of the l�terature 
rev�ew and exper�ments conducted �n 2021,
2. W�th the general�zat�on �ncluded �n the research 
from the �nternal and external factors affect�ng the 
exper�ments,
3. The research �s l�m�ted to the find�ngs of the 
exper�ments of "Controlled, Effic�ent Hydrogen Recovery 
from Sod�um Borohydr�de and Fuel Cell Des�gn w�th 
Acet�c Ac�d Catalyst �n Polyethylene Glycol Env�ronment 
for Fuel Cells".

2.  Method
In th�s sect�on, �nformat�on about the research model, 

un�verse and sample, data collect�on tool, data analys�s and 
�nterpretat�on are g�ven.

2.1.  Research Model
  In th�s research, wh�ch a�ms at "Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells", a l�terature rev�ew has 
been made and resources related to the subject have been 
exam�ned. Then, exper�ments related to the subject of the 
project were carr�ed out. The data and �nformat�on we 
obta�ned dur�ng the project were analyzed and the 
�nformat�on obta�ned from "Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells" was analyzed and 
analyzed. The results were ed�ted and evaluated us�ng 
M�crosoft Office programs.

2.2.  Un�verse and Sample
The un�verse of th�s research �s "Controlled, Effic�ent 

Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells". Examples �n the 
research un�verse are “resource scann�ng” and 
“observat�on, exper�ment and content analys�s/text 
analys�s etc.” selected by methods. 

2.3.  Data Collect�on Tool
In th�s study, "resource rev�ew" and "observat�on, 

exper�ment and content analys�s/text analys�s etc." were 
used to collect data. used. The works related to the subject 
and the l�brar�es where these works are located have been 
determ�ned.

2.4.  Analys�s and Interpretat�on of Data
In order to collect data that w�ll answer the problem and 

sub-problems of the research, "resource scann�ng" and 
"observat�on, exper�ment and content analys�s / text 
analys�s, etc." The obta�ned data were collected by the 
researcher. The results were ed�ted and evaluated us�ng 
M�crosoft Office programs.

3.  Findings
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3.1.  Mater�als
All mater�als used for th�s exper�ment were purchased 

commerc�ally:
NaBH4, Pol�et�len Gl�kol 400 (C16H34O9), CH3COOH
Hcl, C7H6O2, CH2O2, Schlenk Tube, 50 ml Burette,
M�cro p�pette, Septum, Magnet�c heater st�rrer, Magnet�c 
fish, Prec�s�on balance, S�l�cone hose, Stopwatch

Fig. 9: Experimental Setup

3.2.  Exper�mental Stud�es
* NaBH4 was we�ghed w�th a prec�s�on balance at the 
appropr�ate rates determ�ned �n terms of hydrogen y�eld.
* 3 mL of Polyethylene Glycol measured w�th a p�pette was 
added �nto the Schlenk tube.
* NaBH4 was also added to th�s tube and attached to the 
assembly w�th a clamp and placed on the magnet�c st�rrer.
* The burette dev�ce �n the water has been prepared.
* The burette and the schlenk tube were connected w�th a 
s�l�cone hose.
* Ac�d was added to the tube closed w�th a septum at the 
spec�fied molar rat�o.
* W�th the added ac�d, the stopwatch and magnet�c st�rrer 
were operated at 500 rpm.
* The volume of hydrogen released was measured over 
t�me.
* In th�s study, polyethylene glycol was used as a solvent.
* The ma�n purpose of th�s select�on �s to fac�l�tate the use 
of PEG �n low a�r temperature env�ronments.
* NaBH4, wh�ch reacts very slowly �n the alcohol 
env�ronment, reacts rap�dly �n the presence of ac�d and 
releases hydrogen gas.
* In the study, the effect of d�fferent ac�ds was tested at 
room temperature.
* In the research, the effect of acet�c ac�d (CH3COOH), 
hydrochlor�c ac�d (HCl), form�c ac�d (CH2O2) and 
benzo�c ac�d (C6H5COOH) on the react�on of obta�n�ng 
hydrogen gas from NaBH4 was �nvest�gated.
* Depend�ng on the rat�o of the ac�d used �n the react�on of 
the proton (hydrogen) of the ac�d used w�th NaBH4, �t 
comb�nes w�th the proton �n BH4- to form hydrogen gas 
and sod�um acetoxyboron hydr�de (NaBH3(OAc), 
NaBH2(OAc)2, NaBH(OAc)3, or NaB (OAc)4 sod�um 
mono, d�, tr�acetoxy borohydr�de and sod�um tetraacetoxy 
boron) compounds are formed.
* The boron compound reacts (alcolys�s) w�th the PEG 
used as a solvent to form hydrogen gas.

3.3.  How does �t work?
Fuel cell, w�th suppl�ed fuel (anode s�de) and ox�d�zer 

(cathode s�de). When these react �n an electrolyte 
env�ronment, �t produces electr�c�ty. Th�s react�on takes 

place w�th the effect of a catalyst. The react�ng fuel �s spl�t 
�nto electrons and pos�t�vely charged �ons (an�ons). 
Electrolyt�c mater�al allows an�ons to pass to the cathode, 
but does not allow electrons to pass, so electrons are forced 
to flow through an electron�c c�rcu�t (electr�c current (DA) 
Electrons recovered by another catalyt�c process comb�ne 
w�th an�ons and ox�d�zer to produce waste products (e.g. 
water, carbon d�ox�de). W�th these two catalyt�c processes, 
the �nter�or of the fuel cell rema�ns stable, unl�ke the cells, 
and they can generate electr�c�ty as long as the requ�red 
mater�al flow �s prov�ded.

Fig. 10: Hydrogen storage capac�t�es of metal hydr�des

4.  Results
Effect of d�fferent ac�ds:
In the study, the hydrogen gas output as a result of the ac�d 

react�on w�th sod�um borohydr�de was measured 
volumetr�cally and the results are g�ven �n F�gure 3.6. The 
effect of d�fferent ac�ds �n th�s react�on was �nvest�gated 
and although form�c ac�d, wh�ch prov�des the h�ghest 
hydrogen gas output among the ac�ds used, acet�c ac�d was 
used �n the stud�es because �t was more econom�cal �n 
terms of cost.

Fig. 11: D�fferent Ac�d Impact

React�on Cond�t�ons: 20 mg (5.2x10-4 mol); NaBH4; 
5.2x10-4 moles (30 µL) Ac�d; 3 mL of PEG; P=1 atm; 
T=19 °C; m�x�ng speed = 600 rpm

Effect of water-PEG m�xture:
The ac�d react�on w�th NaBH4 �n the med�um of water-

PEG m�xture at d�fferent rat�os was exam�ned and the 
graph drawn us�ng the results �s g�ven �n F�gure 3.7. 
Although the H2 gas output �s h�gher �n volume �n the 
presence of water under the stud�ed exper�mental 
cond�t�ons, the use of PEG prov�ded the regulat�on of the 
react�on. In the presence of water, H2 gas was obta�ned 
uncontrollably and rap�dly �n a short t�me.
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F�g. 12: Obta�n�ng H2 gas �n the presence of water

React�on Cond�t�ons: 20 mg (5.2x10-4 mol); NaBH4; 
5.2x10-4 moles (30 µL) Acet�c Ac�d; 3 mL of PEG + H2O; 
P=1 atm; T=19 °C; m�x�ng speed = 600 rpm

Effect of the amount of ac�d:
F�gure (13) shows the graphs show�ng the t�me-

dependent pleasure outputs �n the results of the exper�ment 
performed by chang�ng only the ac�d rat�os and keep�ng the 
other parameters constant.

The react�on requ�rement shown below �s that when 
NaBH4 and acet�c ac�d react �n a 1:4 mole rat�o, 4 moles 
(50ml) of H2 gas �s theoret�cally released. 

NaBH4-ac�d react�on: 

As a result of the exper�ments, more gas was released than 
expected �n the exper�ments performed at 1:0.33, 1:1, 1:1.7 
and 1:6.7 NaBH4:Ac�d rat�os. On the contrary, less gas 
output than expected was observed �n the exper�ment 
performed at a rat�o of 1:6.7. As a result of these 
observat�ons, �t was dec�ded that an alcoholys�s react�on 
took place between polyethylene glycol and NaBH4.

  S�nce the substance that bonds w�th the hydrogen atom 
�n the structure of NaBH4 and prov�des gaseous release �s 
both acet�c ac�d and polyethylene glycol, no defin�te 
�nformat�on about the percent effic�ency of the exper�ment 
has been reached. However, �t was determ�ned that the 
effic�ency of the exper�ment performed w�th a rat�o of 1:6.7 
was not 100%.

Fig. 13: Effect of the amount of acet�c ac�d

React�on Cond�t�ons: 20 mg (5.2x10-4 mol); NaBH4; 
5.2x10-4 moles (30 µL) Acet�c Ac�d; 3 mL of PEG; P=1 
atm; T=19 °C; m�x�ng speed = 600 rpm

   
Table 1:  Theoret�cal and exper�mental hydrogen gas outputs �n 

sod�um borohydr�de-ac�d react�on

Temperature �nfluence:
NaBH4-ac�d react�on was �nvest�gated at two d�fferent 

temperatures (O °C and 19 °C). In these exper�ments, other 
react�on parameters except temperature were kept 
constant. (F�g. 3.9). Although the effic�ency of the react�on 
�s h�gher at room cond�t�ons, the react�on takes place at 0 
°C, albe�t at a slow rate.

Fig. 14: Hydrogen y�eld of acet�c ac�d at d�fferent temperatures

React�on Cond�t�ons: 20 mg (5.2x10-4 mol); NaBH4; 
5.2x10-4 moles (30 µL) Acet�c Ac�d; 3 mL of PEG; P=1 
atm; m�x�ng speed = 600 rpm

5.  Conclusion and Discussion
In th�s sect�on, the results obta�ned from the find�ngs 

related to the research quest�ons are g�ven. Then, the 
find�ngs and results revealed �n the research were d�scussed 
by cons�der�ng the relevant subject. Apart from these, 
explanat�ons about the theoret�cal d�mens�ons, method and 
find�ngs of the study and suggest�ons for s�m�lar researches 
to be made �n the future are �ncluded.

5.1.  Conclus�on
The advantages of produc�ng hydrogen from sod�um 

borohydr�de �n a PEG med�um can be summar�zed as 
follows:
1. As a result of NaBH4-acet�c ac�d react�on, 
controlled hydrogen release can be ach�eved.
2. The react�on occurs at room temperature and 
pressure and �s exotherm�c. Therefore, no add�t�onal 
energy �s requ�red for the hydrogen to be released.
3. NaBH4-acet�c ac�d - PEG system can be an 
alternat�ve system to other methods for hydrogen 
product�on.
4. The react�on products and solvent are harmless to 
the env�ronment. 
5. NaBH4 �s safe as a hydrogen source, non-
flammable and non-hazardous.
6. NaBH4 solut�on can stand for months w�thout 
decompos�t�on even �n open a�r.
7. S�nce the freez�ng po�nt of polyethylene glycol 
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(PEG400) �s -10°C, us�ng polyethylene glycol �n 
env�ronments where water cannot be found �n l�qu�d form 
can also prov�de hydrogen at low temperatures.

As a result;
Electr�c energy �s obta�ned from hydrogen w�th fuel cell 

technology.
In the transportat�on sector, the development of fuel cell-

powered veh�cles w�ll not only reduce o�l consumpt�on, but 
also m�n�m�ze a�r pollut�on caused by veh�cles. 

In add�t�on to Canada, wh�ch produces fuel cell buses, the 
world's lead�ng automot�ve compan�es are try�ng to 
produce cars powered by fuel cells commerc�ally. Our 
domest�c and nat�onal fuel cell, wh�ch we developed �n our 
project, can be used �n the domest�c and nat�onal 
automob�le (TOGG) to be produced �n our country. 
(https://www.togg.com.tr)

A large number of sample veh�cles have been produced 
s�nce 1993. A new bus runn�ng on hytane, a m�xture of 15-
20% hydrogen and 80-85% natural gas, has been tr�alled 
s�nce 1993 �n Montreal (Canada). 

In add�t�on to veh�cles, Locomot�ves for the Canad�an 
ra�lways and submar�nes for the German, Austral�an and 
Canad�an nav�es have also been manufactured for the use 
of hydrogen through �nternal combust�on eng�nes or fuel 
cells.

Generally, �n these veh�cles, the system moves w�th an 
electr�c motor, there �s no eng�ne, p�ston, crank and 
gearbox. Because the most �mportant factor that 
determ�nes the compet�t�on �n electr�c cars �s not des�gn, 
but also product�on. It �s “Fuel Cell” technology.

Hydrogen has been used as an unr�valed fuel �n space 
shuttles and all other rockets for many years.

In the last 100-150 years, the ma�n energy sources have 
undergone a part�al transformat�on from sol�d (coal) to 
l�qu�d (petroleum) and from l�qu�d to gas (natural gas, 
LPG) �n the last years. Th�s trans�t�on �s expected to 
cont�nue w�th hydrogen.

Fuel cells are systems that convert chem�cal energy 
d�rectly �nto electr�cal energy and use hydrogen as fuel. 

Fuel cells are energy convers�on systems that are clean, 
do not harm the env�ronment and operate w�th h�gh 
effic�ency, �n add�t�on to the�r thermal effic�ency over 60%, 
wh�ch �s 2-3 t�mes that of gasol�ne eng�nes. 

In th�s system, electr�cal energy �s produced d�rectly 
w�thout the use of a steam bo�ler or turb�ne by the 
electrochem�cal react�on between hydrogen (H2) and 
oxygen (O2) (the oppos�te of water electrolys�s).

Cons�der�ng the boron ore potent�al of our country, the 
�mportance of sod�um borohydr�de fuel cells �n our 
country's energy product�on �ncreases even more.

As a result of our project work on obta�n�ng controlled 
and effic�ent hydrogen from acet�c ac�d and sod�um 
borohydr�de for fuel cells, �t w�ll be a very �mportant gu�de 
�n future project stud�es.

5.2.  Argument
  In the research, “Problems �n fuel cells; �n hydrogen 
energy; Hydrogen product�on systems that are econom�cal, 
controlled, effic�ent, can be obta�ned even at low 
temperatures and do not harm the env�ronment are st�ll the 
subjects of �ntens�ve research. We have contr�buted to th�s 
field w�th the work we have done, and from the results 
obta�ned, �t �s understood that our work �s open to 
development and that �t should be cont�nued and 
developed.

  5.3.  Suggest�ons
1. S�nce the b�ggest problem of the last century, 
wh�ch emerged as a result of develop�ng technology and 
�ncreas�ng populat�on, w�ll reduce the energy problem, 
systems for "Controlled, Effic�ent Hydrogen Recovery 
from Sod�um Borohydr�de and Fuel Cell Des�gn w�th 
Acet�c Ac�d Catalyst �n Polyethylene Glycol Env�ronment 
for Fuel Cells" should be establ�shed.
2. S�nce foss�l fuels w�ll be depleted �n the near 
future and the ma�n cause of env�ronmental pollut�on �s 
largely due to the use of foss�l fuels, systems for 
“Controlled, Effic�ent Hydrogen Recovery from Sod�um 
Borohydr�de and Fuel Cell Des�gn w�th Acet�c Ac�d 
Catalyst �n Polyethylene Glycol Env�ronment for Fuel 
Cells” should be developed.
3. S�nce the use of fuel cells �s seen as the most 
appropr�ate solut�on w�th�n the scope of find�ng new, 
renewable energy sources that are harmless to the 
env�ronment and develop�ng new technolog�es, the 
systems for "Controlled, Effic�ent Hydrogen Recovery 
from Sod�um Borohydr�de and Fuel Cell Des�gn w�th 
Acet�c Ac�d Catalyst for Fuel Cells �n Polyethylene Glycol 
Env�ronment" The financ�al and moral support needed for 
the establ�shment should be prov�ded.
4. The reg�onal  and nat �onal  reasons for 
“Controlled, Effic�ent Hydrogen Recovery from Sod�um 
Borohydr�de w�th Acet�c Ac�d Catalyst and Sod�um 
Borohydr�de for Fuel Cells �n Polyethylene Glycol 
Env�ronment and Fuel Cell Des�gn” should be revealed and 
stud�es should be carr�ed out to el�m�nate these reasons.
5. Th�s study w�ll make a pos�t�ve contr�but�on due 
to the lack of such stud�es on "Controlled, Effic�ent 
Hydrogen Recovery from Sod�um Borohydr�de and Fuel 
Cell Des�gn w�th Acet�c Ac�d Catalyst �n Polyethylene 
Glycol Env�ronment for Fuel Cells".
6. W�th the development of fuel cells, types that use 
hydrocarbon fuels and a�r, wh�ch st�ll meet the power needs 
�n some l�m�ted areas, �t can be a ser�ous compet�tor to 
today's trad�t�onal power sources �n automot�ve and other 
fields �n the near future, "For Fuel Cells Controlled from 
Sod�um Borohydr�de w�th Acet�c Ac�d Catalyst �n 
Polyethylene Glycol Env�ronment" Our “Effect�ve 
Hydrogen Recovery and Fuel Cell Des�gn” project should 
be evaluated carefully as �t w�ll prov�de added value to our 
country.
7. In order for Turkey to transform �ts r�chness of 
boron ores �nto added value and to reach a pos�t�on 
compat�ble w�th th�s r�chness �n the world boron market, �t 
�s necessary to start the product�on of boron compounds 
that can be w�dely used �n large quant�t�es.
8. R&D act�v�t�es should be carr�ed out on the 
product�on of sod�um borohydr�de and �ts use �n fuel cells.
9. It �s thought that carry�ng out our project work at 
the nat�onal and �nternat�onal level w�ll produce benefic�al 
results.
10. Our domest�c and nat�onal fuel cell, wh�ch we 
developed �n our project, can be used �n the domest�c and 
nat�onal automob�le (TOGG) to be produced �n our 
country. Because the most �mportant factor that determ�nes 
the compet�t�on �n electr�c cars �s not des�gn, but also 
p r o d u c t � o n .  I t  � s  “ F u e l  C e l l ”  t e c h n o l o g y. 
(https://www.togg.com.tr)
11. W�th these suggest�ons, the results of our project 
work can be evaluated.

5.4.  Des�gn of Fuel Cell
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5.5.  3D Model�ng of Fuel Cell Des�gn

5.6.  Structure  of Fuel Cell
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