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ABSTRACT

Hydrazine is a toxic pollutant with high hydrogen content, offering tremendous
possibilities in a direct hydrazine fuel cell (DHFC) as it can be converted into
electricity via greener end products such as N; and H,O. In state of the art
hydrazine-air fuel cells since both half-cell chemistries are inner sphere, the Pt based
air electrode often experiences unwanted competition and parasitic chemistry due to
hydrazine cross over, overly complicating the already sluggish electrode kinetics at
the positive electrode. Here we illustrate that by altering the interfacial chemistry of
the positive electrode from inner sphere to outer sphere, the parasitic chemistry can
be dissociated from the redox chemistry of the electron acceptor and the fuel cell can
be driven by simple carbon-based cathodes. The DHFC-outer sphere fuel cell
delivered an open circuit voltage of 1.3 V, a peak powder density of ~110 mW/cm? at
a peak current density of ~200 mA/cm? which are almost 4 times higher than air

breathing DHFC configuration.
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CHAPTER 1. INTRODUCTION

From the last few decades, unconscionable use of non-renewable sources of
energy is causing them to deplete at a faster rate than expected®. Combustion of
these non-renewable resources causes the emission of harmful gases due to which
21°% century is facing the problem of paramount pollution and anthropogenic global
warming.”® Exhausting fuel reservoirs and increasing environmental pollution drives
people to find alternative sources of energy. Therefore, zero emission
electrochemical conversion and storage technologies such as batteries, capacitors,
solar cells and fuel cells are viable alternatives to address the impending calamities.*
’ Although all of these systems have different ways to convert and store energy, they
have one common feature that the energy providing process occur at the electrode

electrolyte interface.

1.1 Battery

Battery is the electrical connection of one or more electrochemical cell. An
electrochemical cell consists of anode (positive electrode) and cathode (negative
electrode) separated by electrolyte. Charge transfer reactions happening near the
electrode/electrolyte interface creates a potential difference between the anode and
cathode.? Due to these potential differences, electrons flow from electrode having
low reduction potential to the electrode having high reduction potential. So, the cell
convert chemical energy to electrical energy during discharge chemistry and the

process is reversed during charging chemistry.®

Battery is basically a chemical energy storage device which converts it into
electrical energy only when it needed. Primary battery and secondary battery are two
different categories of battery. Primary battery is the nonchargeable whereas
secondary battery is chargeable®. Examples of primary batteries are zinc carbon and
alkaline battery. Lithium ion battery, nickel metal hydride battery and lead acid

battery are examples for secondary batteries.
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Figure 1.1: Schematics of (a) zinc-carbon battery and (b) Li-ion battery
a)(http://glencoe.mheducation.com/sites/007874637x/student_view0/chapt

er20/ section 2/self_check_quizzes.html#quest4
b)https://www.extremetech.com/extreme/212388-accidental- nanoparticles-could-let-
lithium-ion-batteries-live-another-day)

1.2 Capacitor

Two conducting electrodes or metal plates separated by an insulating
dielectric material form a capacitor. When a voltage is applied to a capacitor, there is
collection of opposite charges on the surfaces of each electrode. The charges are
kept separated with the help of dielectric material, thus producing an electric field.
Due to little work done by external source and the electric field produced near the
plates, energy is stored in the capacitor.’ The two types of electrochemical
supercapacitor are electrochemical double layer capacitors (EDLC) and pseudo
capacitors. EDLC store charge with the help of adsorption of ion at the electrode/

a. Double layer capacitor b. Pseudocapacitor

et
I v Oy U

()
Sy,

289,

LA

I ;
= Mn"OOQONa
current collector separator

Figure 1.2: Schematics of (a) electrochemical double layer capacitor and (b)

pseudo capacitor
http://iopscience.iop.org/article/10.1088/0957-4484/27/44/442001
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electrolyte interface by non-faradic mechanism whereas pseudo capacitors store

charge using fast redox reaction at the surface by faradic mechanism.**°

1.3 Solar Cell

A solar cell is an electrical device that converts the light energy directly into
electrical energy by the photovoltaic effect. The generation of current in a solar cell
involves two key processes. The first process involves the creation of electron-hole
pairs by absorption of incident photons. For the formation of electron-hole pairs in the
solar cell, the energy of incident photons should be more than that of the band gap of
the material used. A second procedure is the separation of carriers by the p-n
junction to prevent their recombination.* They are separated by the electric field at

the junction. Recombination of these carriers blocks the current generation.**

Glass

Metal contacts /
Anti-reflective coating

N-doped silicon

P-n junction

P-doped silicon

Metal backing

Figure 1.3: Scheme of a p-n junction solar cell
https://www.pinterest.se/pin/414401603183344889/

1.4 Fuel Cell

Fuel cell is an electrochemical conversion device in which two catalytic
electrodes and an ion conducting membrane sandwiched to form membrane
electrode assembly (MEA). Fuel is continuously supplied from both sides of the
electrodes. The chemical energy from the fuel is getting converted to electrical
energy. Just like a battery here also chemical reaction is happening at electrode
electrolyte interface. But the major difference between battery and fuel cell is related
to the location of energy conversion and storage. In fuel cell, the active mass taking

part in the reaction is supplied from outside whereas in battery active mass is packed
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inside the assembly. So, energy storage and conversion system are locally

separated in the fuel cell.®

Proton exchange membrane fuel cell (PEMFC), solid oxide fuel cell, alkaline
fuel cell, molten carbonate fuel cell etc are the different types of fuel cell.*? Proton
exchange membrane fuel cells (PEMFCs) are energy conversion devices at a higher
efficiency with a near zero emission.’***> A proton exchange membrane fuel cell
(PEMFC) converts the chemical energy of H, and O, into electricity, Figure 5. As
shown in equations 1-3, H, enters the anodic compartment gets oxidised to form H*
and the electrons released travel through external circuit to the cathode where it
combines with O, and H* forming water.'® State of the art PEMFC uses platinum

based electrocatalysts to drive the reactions at the current density required.

Current collector >
a ( Gas diffusion layer Graphite Plate Gg,\ b

Electron Flow
L, 0$ /
Anode End Plate / MEA
‘ ‘ s/ ' 4 Hydrogen Oxygen
/ L y =3 W 5 5 % P
/ 17} " Q- g—0 21 3 o o =3 (] 1
7 J TS | Bas Y A
| . ] @ N N 2
% 9 1 (7 0 ) @ v‘”: :Hydroge? lo)ns: :
. | \ 4 y . z. 21 1 =2 N I 1
/ / i) 2 2 q)l 1 * 8 1 ) -
) ‘ Sub-gasket. Bolts . S J,: : =3 : : R
N Graphite  Gasket & Cathode End Plate = i*d CR— ER— w—>
& & cess hydrogen ater
& Plate & U Anode Electrolyte Cathode

Figure 1.4: Scheme of a) fuel cell assembly and (b) a PEMFC
a) https://www.scientific-computing.com/feature/fuel-thought-cars-future
b) http://www.fuelcelltoday.com/technologies/pemfc

Oxidation reaction:

H, — 2H™ +2e” e, Equation (1)
Reduction Reaction:

O+ 4H + 4e” —>  2H,0 . Equation (2)
Net Reaction:

2H; + 20, —>  2H O Equation (3)

To overcome the safety and storage issues associated with explosive H, gas people
have explored liquid fed fuel cells like direct alcohol fuel cell (DAFC), phosphoric acid
fuel cell (PAFC), direct borohydride fuel cell (DBFC), etc.’
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In the context of liquid fed fuel cells, direct hydrazine air fuel cells (DHAFC)
have received significant attention due to the fact that a toxic pollutant can be
converted into electricity in a non-toxic way.'®* Hydrazine is widely used in
pharmaceutical industry, corrosion industry, as a catalyst in many chemical reactions
and as an emulsifier.”?*> However, it is a toxic pollutant often contaminating the
water body and is carcinogenic and mutagenic in nature.??%* Therefore, in the
context of fuel cells its conversion to electricity is particularly important and is fuelled
by its liquid and non-carbonaceous nature.®?% Further, hydrazine a molecule rich
with hydrogen and the oxidation of one molecule should generate 4 electrons with 1
molecule of nitrogen and 2 molecules of hydrogen.?® But in DHAFC due to presence
of OH’, we get H,O instead of H,. DHAFC involves the oxidation of hydrazine at
anode, equation 4 and reduction of oxygen molecule, equation 5 at cathode.?’

4 e

N, + H,0 - -
+ unused NaOH <—— = NaOH +H,0
unused O,
Q
N,H,+40H" E
— N, +4H,0 + 4e” g
N,H, +NaOH = E & 0,
= £ =
=

Figure 1.5: Schematic of hydrazine air fuel cell
https://lwww.researchgate.net/figure/Electrode-reactions-and-working-mechanism-of-
the-DHHPFC_fig6_233893017

Oxidation reaction at anodic half cell:
NoHs+40H —> N +4H,O+4de .o, Equation (4)

Reduction reaction at cathodic half cell:
0,+2H,0+4e —> 40H~ Equation (5)
Net cell reaction:

NoHs + Oy —> Ny +2H, 0 Equation (6)
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In the state of the art of direct hydrazine air fuel cell, the cathode always limits
the overall performance.?® Firstly, air reduction exhibits sluggish kinetics even on
noble metal electrocatalyst and secondly the diffusion driven cross over of hydrazine
to the cathode cause severe competition at cathodic sites.”>?°*° Also, the carbon
corrosion usually encountered in DHFC-O, fuel cell causes platinum electrode to

31-35

degrade rapidly. It is noteworthy to mention that since both half-cell chemistries
are driven by Pt based electrocatalysts, these parasitic chemistries are triggered
primarily by the inner sphere nature of electron transfer at either electrode. In diverse
approach, we show a direct hydrazine fuel cell powered by an outer sphere electron
acceptor that can undergo facile electron transfer even on simple carbon particles.
Since the cathode is outer sphere, the diffusion driven cross over of hydrazine
cannot evolve into a parasitic chemistry at the positive electrode, as carbon is
kinetically inactive towards hydrazine, leading a DHFC-outer sphere fuel cell with
performance metrics approximately 4 times higher than state of the art DHFC-air fuel

cells.
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CHAPTER 2. EXPERIMENTAL SECTION
2.1 Chemicals

Hydrazine hydrate (78-82%), H,O, solution (30%), Potassium ferricyanide,
Potassium hydroxide, Sulfuric acid, K;HPO,4, KH2PO4, H3PO4, Acetic acid etc., were
obtained from Sigma-Aldrich India. Pt/C was obtained from Johnson Matthey India.
Ketjen black was obtained from fuel cell store(USA). Nafion@ 117 membrane was

procured from lon Power (USA).
2.2 Characterization techniques

Electrochemical measurements were done using the VMP300
Electrochemical Workstation (Biologic, France). The cleaning of all the working
electrode was done with 0.05-micron alumina powder and then cycling the electrode
in 0.5 M H,SO,.

a. Cyclic voltammetry

A cyclic voltammogram (CV) is the current vs potential curve of the response
current recorded at the working electrode to the applied excitation potential across
it.** CV is generally performed in three electrode configurations. The potential at the
working electrode (WE) is monitored using a reference electrode (RE). The

controlling potential applied

Cyclic Voltammogram
Faradaic EPG Anodic (oxidation)
Current - Positive Current
Capacitive (analyte)
Current

(background) pprT T

/ Potential / V

’---‘-ml‘

Current/ A

Cathodic (reduction)
- Negative Current

|pc

Figure 2.1: Schematic representation of cyclic voltammogram
https://www.youtube.com/watch?v=1f92vGOridg
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across the WE and the counter electrodes is the excitation signal. The excitation
signal shows linear variation with time at a specific sweep rate (in volts / second);
first scan positively and then the potential is scanned in reverse direction, making a
complete cycle hence the name cyclic voltammetry.* Cyclic voltammetry and linear
scan voltammetry were done in standard three-electrode setup with a platinum (2
mm diameter) and glassy carbon (3 mm diameter) as working electrode, the counter
electrode made of platinum mesh and an Ag/AgCl (3.5 M KCI) as reference.
Hydrazine oxidation as well as crossover was studied using the platinum electrode
while the redox behaviour of ferricyanide was studied using the glassy carbon

electrode.

The number of electrons involved and peak potential difference in the CV of

the redox reaction for a reversible couple is related by:

59mV .

n

The relation of peak current in reversible systems with the scan rate is given

by Randles-Sevcik equation®,
I,, = (2.69 * 105)n"/2AD"/2v"/2C Equation (8)

where, I, represents peak current (A), n shows number of electrons involved, A =
electrode area (cm?), D = diffusion coefficient (cm?/s), C = concentration (mol/cm®)

and v = scan rate (V/s).

If the slope of plot log peak current vs log scan rate comes out to be 0.5, then
the process is considered as diffusion controlled. For surface-controlled process, the

slope of the plot has to be 1.
b. Chronoamperometry

Chronoamperometry is technique in which constant potential is applied on
working electrode and current is measure as a function of time using proper a
reference electrode. For the irreversible processes, the difference of peak potentials
in cyclic voltammetry widens. In irreversible systems, you cannot use Randles-
Sevcik equation for extraction of parameters. In such cases, Cottrell equation is

useful to calculate the diffusion coefficient.*’
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. nFACDY/2 _
l(t) = W Equation (9)

i =current (A), F=faraday constant, A=area of electrode (cm?), C= concentration of
solution (moles/cm?), D=diffusion coefficient (cm?/s), t=time (s)

c. Chronopotentiometry

Chronoamperometry is an important techniqgue usually used for the
electroplating where constant current is applied on the working electrode and
potential of the electrode is monitored as a function of time using a reference
electrode. Chronopotentiometry was used to coat the stainless steel electrode by
platinum using the chloroplatinic acid for making the working electrode for the

hydrazine oxidation.
d. Rotating Disk Electrode Study

Rotating disk electrode (RDE) studies (PAR instruments) were carried out in
nitrogen purged solution of 1 mM hydrazine in 1 M KOH at 10 mV/s scan rate in a
three-electrode system containing platinum disk electrode (0.196 cm?) as working
electrode, counter electrode made of platinum wire and Ag/AgCl (3.5 M KCI) as
reference electrode at different RPM values (100, 400, 900, 1600, 2500, 3600, 4900,

6400). Number of electrons was calculated using the Koutecky-Levich equation,®®

. ! + : Equation (10)

- = - uation
J Jk ]l q

where j is the total current density, jx is kinetic current density and j; is the limiting

current density.

1
Ji1 = 0.62nFD*/3v=6Cw2 Equation (11)
=14 w Equation (12
-= — uation
Jj Jk 062nFD2/3v Yec q (12)

where D (cm?/s) is the diffusion constant, F means Faraday constant, v is the
kinematic viscosity (cm/s), n represents number of electrons, w (radians/second) is
the rotation rate and C (moles/cm®) is the bulk concentration. The reciprocal of

current density was plotted against reciprocal of rotation rates at different potentials.
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Figure 2.2: Pictorial representation of RDE instrument

https://www.gamry.com/cells-and-accessories/instrument-accessories/rde710-
rotating-electrode/

From the slope of this plot equals (0.62nFD*3v™6¢)?, the number of electron
involved in the reaction was estimated. The intercept of the plot of reciprocal of
limiting current density vs. the reciprocal of rotation rates gives the reciprocal of
kinetic current density. The kinetic current is related to overpotential as per the

following relation,
jx = k°CF exp[—anF (E — E°) /RT] Equation (13)

where k° = heterogeneous rate constant (cm/s), C = bulk concentration (moles/cm?),
E-E° = overpotential, a= transfer coefficient. The rate constant and transfer
coefficient was calculated by plotting overpotential against log of kinetic current
density. The slope in the graph of overpotential against log of kinetic current density
is equal to 2.303RT/ anF. The x-intercept of plot of over potential vs log kinetic
current density is equal to the log of exchange current density from which k° was

estimated.*®

2.303RT an
= - Equation (14)
anF dlog jk
10™* = FCk° Equation (15)

where, X = xintercept
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Figure 2.3: a) Voltammogram showing anodic and cathodic limiting current (b)

Levich plot (c) Koutecky levich plot

https://lwww.pineresearch.com/shop/knowledgebase/rotating-electrode- theory/

e. Klinger Kochi and Nicholson method for heterogeneous rate

constant calculation3*°

Both the methods are based upon peak potential difference with respect to
scan rate.Nicholson method employs the relation between kinetic parameter (W) with

the rate constant (k°) which is given as,

nDnvF] —1/2

w=k° [ o Equation (16)

Where D = diffusion coefficient (cm?/s), n=number of electrons, R=universal gas
constant, v = scan rate (V/s), F=Faraday constant and T= temperature (K). The
kinetic parameter is deduced from the peak potential difference (AE) in the cyclic

voltammetry. The function which fits the Nicholson data for the practical purpose is

given by,
—0.6228+0.00214E ,
Y = Equation (17)
1-0.017AE
| . pnFl—1/2
The slope of plot w against the v s equal to k° [ERZ] The

heterogeneous rate constant can be calculated from the slope. Nicholson method is

valid up to peak potential separation below 150 mV.*°
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Heterogeneous rate constant is calculated using Klinger and Kochi** method,

when the potential difference between the peaks exceeds 200 mV.

According to this method the heterogeneous rate constant is given by the following

relation,

D,Ban]l/ 2 exp [ﬁnmg]

kO = 2.18[
RT RT

Equation (19)

k°=heterogenous rate constant (cm/s), f=transfer coefficient, AE=peak potential
difference (V), v = scan rate (V/s), n = number of electrons, R= universal gas

constant, F= Faraday constant and T= temperature (K)

The value of transfer coefficient is calculated from the slope of the graph of peak
potential against log of scan rate

2.303RTH dEp ]‘1

’Bz[ 2nF

p=transfer coefficient, E,=peak potential (V), v=scan rate (V/s), R=universal gas

E ion (1
dlogv quation (18)

constant, n=number of electrons, T=temperature(K) and F=Faraday constant

f. Spectro electrochemistry

Spectro electrochemistry is the combination of electrochemistry with
spectroscopy. In Spectro electrochemistry, electrochemical as well as optical
process is monitored simultaneously. The in-situ Spectro electrochemical data (UV-
Vis) for potassium ferricyanide (1 mM) in 1M KOH is collected using the three-
electrode system. Hg/HgO (1M NaOH) electrode was used as a reference electrode,
platinum wire was used as counter electrode and platinum mesh was used as

working electrode.

g. Infrared spectroscopy

IR spectroscopy, name itself is self-explanatory. Spectroscopy means the
study of interaction of light with matter. So, IR spectroscopy is the study of
interaction of infrared light with the molecules. Vibrational motion of molecules plays

important role in IR spectroscopy. According to the several different vibrational
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motions, molecules will absorb IR radiation of varying intensity at different IR
frequencies.** Thus, different chemical bond and functional group will absorb
radiation at different frequencies. Therefore, IR spectroscopy is useful to detect or
distinguish a particular kind of bond or functional group.

FTIR spectroscopy is used to show that whether the carbon corrosion is
degrading the platinum electrode during the galvanostatic study of fuel cell.

ATR-FTIR (Bruker Alpha FTIR Spectrometer System) is used to collect the FTIR
data.

h. Ultra-violet visible spectroscopy

UV visible spectroscopy is the type of molecular spectroscopy in which ultra
violet, visible radiation interacts with molecules. When radiation is incident on
molecule, it will absorb a radiation of particular wavelength. Absorption of light will
cause the transition of electron from filled molecular orbital to the higher energy
unfilled molecular orbital. The transition of electron is generally takes place in
electronic energy levels. % The information about energy gap related to functional

group can be obtained from the wavelength of absorbed light.

According to Beer Lambert law, absorption is proportional to concentration of

molecules and path length of light through tube
A = &Cl Equation (20)

where A = absorbance, ¢ = molar absorptivity (mol‘cm™), C=concentration of

molecule (mol /L)
UV visible spectroscopy was used to collect the UV-Vis spectra of Fe?* and Fe*".

UV-3600 Plus UV-VIS-NIR spectrophotometer was used to collect the data.

2.3 Fuel Cell assembly

Pre-treatment of Nafion membrane: A Nafion@117 membrane were pre-treated

with the H,O, and water solution taken in 1:3 ratio, respectively. This solution is
heated at 80°C for 30 minutes. After washing with distilled water, Nafion membrane
is again heated at 80°C for 30 minutes in H.SO, solution.*?

26




DHFC-O; fuel cell was assembled with Pt/C based electrodes on both side.
The P/C catalyst ink was made by mixing Pt/C (1 mg of Pt per cm?), isopropanol and
10 wt% PTFE binder and sonicating it for 30 minutes. The resulting ink was sprayed
on to Toray carbon paper. A pre-treated Nafion@117 membrane was used between
the two electrodes and the whole setup was placed between the graphite plates. 3 M
Hydrazine in 1 M KOH was used from anodic compartment with flow rate of 100

mL/minute and humidified O, was continuously supplied at a flow rate of 0.25 slpm.

DHFC-outer sphere fuel cell was assembled as follows. The anode electrode
was fabricated by coating the catalyst i.e. Pt/C (60 wt% Pt) on Toray carbon paper
with 0.5 mg/cm? loading. Similarly, for the cathode, Ketjen black carbon
nanoparticles were used in place of Pt/C. The catalyst inks were prepared by
scattering known amounts of Ketjen black (10 wt% of PTFE binder) and Pt/C (10
wt% of Nafion@ binder) in isopropanol by sonication for about 30 minutes. A pre-
treated Nafion@ 117 membranes were used between the two electrodes and the
whole setup was placed between the graphite plates having inlets and outlets for the
flowing solutions. 3 M Hydrazine in 1 M KOH was used from anodic compartment
and 1 M potassium ferricyanide in 1 M KOH was used from cathodic compartment.

The flow rate from both the side is 100mL/minute.
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CHAPTER 3. RESULTS AND DISCUSSION

The scheme of the DHFC outer sphere fuel cell (scheme 1) suggests that it
consist of an anodic compartment containing hydrazine in alkali and a cathodic
compartment containing an alkaline solution of outer sphere electron transfer agent
such as ferricyanide separated by a Nafion@117 membrane. Anodic electrocatalyst

was Pt and cathodic current collector was carbon particles deposited on a Toray

carbon paper. Pt is the benchmark electrocatalyst for hydrazine oxidation in alkaline

media.*+4®

Cathode

N,H, +40H- 3 N,
+4H,0 +de-

Nafion
Pt electrode  membrane

Carbon electrode

Scheme 3.1: Schematics of DHFC outer sphere fuel cell.
3.1 Anodic Chemistry

The linear scan voltammogram of hydrazine oxidation on platinum and glassy
carbon electrode shows that glassy carbon is inactive toward hydrazine oxidation,
Figure 3.2a. Therefore, the platinum electrode is used to collect the scan rate
dependence study of hydrazine oxidation, figure 3.2b. The curve peak current
against square root of scan rate shows linearity, figure 3.2c. The slope of the curve
log (peak current) against log scan rate is near 0.5, Figure 3.2d. This shows that the
process is diffusion-controlled. The rotating disk electrode (RDE) studies and

Koutecky Levich plot indicate the numbers of electrons transferred are close to 4,
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Figure 3.3a and 3.3b suggesting the anodic half-cell chemistry is the oxidation of

hydrazine into N, and H,O as demonstrated in equation 21
NoH4 + 4KOH — Ny + 4H,0 + 4e™+ 4K* Equation (21)

The rate constant for the reaction is ~1.7x10° cm/s from RDE measurements, Figure
3.3c, Table 3.1. The diffusion coefficient of hydrazine was calculated using Randles-
Sevcik equation and Cottrell equation, Figure 3.3d, Table 3.2. All these suggest that

Pt is a decent catalyst for the 4 electron oxidation of hydrazine.
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Figure 3.2 (a) Linear sweep voltammograms for the oxidation of 10 mM
hydrazine (in 1 M KOH) on a carbon as well as a platinum electrode, (b) cyclic
voltammograms for the oxidation of 1 mM hydrazine in 1 M KOH on platinum
electrode at different scan rate, (c) plot of peak current against square root of

scan rate and (d) plot of log of peak currents versus log of scan rates.
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Figure 3.3: (a) Rotating disk electrode (RDE) measurements acquired on a

platinum electrode for the oxidation of 1 mM hydrazine at various rotation

rates, (b) Koutecky—-Levich plots at different overpotential, (c) overpotential vs.

log of kinetic current for the calculation of rate constant and (d) Cottrell plots

for hydrazine oxidation.

Table 3.1. Parameters extracted from RDE experiment for hydrazine oxidation

on a Pt electrode.

Parameters Values
Number of electron (n) 4
Transfer coefficient (a) 0.117

Rate constant (k) 1.67 X 10° cm/s

Table 3.2: Diffusion coefficient for hydrazine oxidation on a Pt electrode.

Method Diffusion Coefficient (cm?/s)
Randles Sevcik Equation 2.8X10°
Cottrell Equation 46 X10°
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3.2 Cathodic Chemistry

The cathodic counterpart, ferricyanide, undergoes fast and effortless electron
transfer even on carbon electrode due to its outer sphere nature, Figure 3.4a and
3.4b. ¥ slope for the log (peak current) vs. log (scan rate), figure 3.4c. indicates a
diffusion-controlled process. This is further supported by linearity of the plot of peak
current vs. concentration Figure 3.4d. RDE studies further indicate the number of
electrons transferred are close to 1, Figure 3.5a, Table 3.3 and the rate constant on
simple carbon electrode ~3.3x10 cm/s from RDE measurements, Figure 3.5b and
Figure 3.5c suggesting a relatively fast redox reaction. Klinger Kochi and Nicholson’s
method, Figure 3.6a, 3.6b and 3.6c, further reinforce that the rate constants are in

the same order on carbon-based electrode materials, Table 3.4 and Table 3.5.
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Figure 3.4: Cyclic voltammograms for ferricyanide (1 mM) in 1 M KOH at
different (a) concentration and (b) scan rates on a glassy carbon electrode. (c)
Plot of log of peak currents vs. log of scan rates and (d) plot of peak currents

VS. concentration.

31




0_
(a) o° (b)
. -20-
e 0.4 — 100 rpm —_
o — 400 rpm F<):
.08 900 rpm 2404
= — 1600 rpm = {2 Jaomy
1.2 — 2500 rpm 601 < 280 mv
' — 3600 rpm 1o 340 mv
I I—ff90|0 Pm g0 2 400 mV
00 02 04 06 08 00 041 02 f
E (V) vs.RHE o "?(Rad/s)™
(C) 0.4 °
0.3
=
=0.21
0.1
0.0 — -

36 -34 32 30 -28
log (ik)(A)

Figure 3.5: (a) Rotating disk electrode (RDE) measurements acquired on a
glassy carbon electrode for ferricyanide (1 mM) in 1 M KOH at various rotation
rates, (b) Koutecky-Levich plots at different overpotentials and (c)
overpotential vs. log of kinetic current for the calculation of intrinsic rate

constant.

Table 3.3: Parameters extracted from the RDE experiment for ferricyanide

reduction on a carbon electrode.

Parameters Values
Number of electron (n) 1
Symmetry factor () 0.29
Rate constant (k) 3.33 X 10 cm/s
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Figure 3.6: (a) Plot of change of heterogeneous rate constant with peak

potential as per Klinger and Kochi method, (b) plot of kinetic parameter with

peak potential difference and (c) plot of kinetic parameter against square root

of scan rate to calculate heterogeneous rate constant by Nicholson method.

Table 3.4: Rate constant calculated from different methods for the redox

reaction of ferricyanide on a carbon electrode.

Method

Rate Constant Values

RDE

3.33 X107 cm/s

Klinger and Kochi

4 X107 cm/s

Nicholson

2.4 X 107 cm/s
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Table 3.5: Parameters calculated from Klinger-Kochi and Nicholson method.

v (VIs) | AE (mV) | K (cm/s) v (vIs) | ) | AE (mVv) g
0.01 74.89 0.001 0.01 10 74.89 1.705
0.02 76.91 0.002 0.02 7.1 76.91 1.501
0.03 82.03 0.002 0.03 5.8 82.03 1.142
0.04 76.38 0.002 0.04 5 76.38 1.550
0.05 81.45 0.003 0.05 45 81.45 1.175
0.06 81.44 0.003 0.06 4.1 81.44 1.175
0.07 81.00 0.003 0.07 3.8 81.00 1.201
0.08 85.15 0.003 0.08 3.5 85.15 0.992
0.09 80.90 0.003 0.09 3.3 80.90 1.207
0.1 81.33 0.004 0.1 3.2 81.33 1.181
0.2 91.93 0.005 0.2 2.2 91.931 0.764
0.3 95.11 0.006 0.3 1.8 95.111 0.686
0.4 102.78 0.007 0.4 1.6 102.78 0.545
0.5 107.05 0.008 0.5 1.4 107.05 0.485
0.6 109.23 0.008 0.6 1.3 109.23 0.459
0.7 113.10 0.009 0.7 1.2 113.10 0.418
0.8 117.07 0.009 0.8 1.1 117.07 0.381
0.9 119.70 0.010 0.9 1.1 119.7 0.359

1 119.50 0.010 1 1 119.50 0.361
2 141.09 0.013 2 0.71 | 141.09 0.233
3 153.40 0.016 3 0.58 | 153.40 0.187
4 168.63 0.017 4 0.5 168.63 0.144
5 178.92 0.019 5 0.4 178.92 0.121
6 185.96 0.020 6 0.4 185.96 0.107
7 193.08 0.021 7 0.4 193.08 0.095
8 199.77 0.022 8 0.4 199.77 0.085
9 206.75 0.023 9 0.3 206.75 0.075
10 215.83 0.024 10 0.3 215.83 0.064
20 255.53 0.030 20 0.2 255.53 0.026
30 281.25 0.033 30 0.2 281.25 0.009
40 328.86 0.033 40 0.2 328.86 | -0.015
50 311.07 0.039 50 0.1 311.07 | -0.007
60 334.56 0.040 60 0.1 33456 | -0.017
70 362.21 0.039 70 0.1 362.21 | -0.027
80 381.61 0.039 80 0.1 381.61 | -0.033
90 393.22 0.040 90 0.1 393.22 | -0.036
100 416.94 0.039 100 0.1 416.94 | -0.042

34




(a)s (b)s
8 L
3 3
C o
3 0.75 3
:
2 2
< <

0.1
200 250 300 350 400 450 200 250 300 350 400 450
wavelength () wavelength (1)
d-d transition — K,[Fe(CN)],

(c)s| — K[Fe(CN)
s| cT
. _— LMCT
e
©
2
o
wn
L
<C

0 200 400 600 800 1000
Wavelength (in nm)
Figure 3.7: In-situ spectroelectrochemical data for ferricyanide (1 mM) in 1 M

KOH during (a) reduction and (b) oxidation scans. (c) UV-visible spectra of

ferrocyanide and ferricyanide complexes.

Therefore, ferricyanide redox reaction involves simple electron transfer
without significant changes in atom to atom bonding. Spectroelectrochemistry and
UV spectroscopy data suggest the reduction involves the formation of ferrocyanide
and oxidation the regeneration of ferricyanide, Figure 3.7a, 3.7b and 3.8c. From the
UV-Vis spectra of ferricyanide and ferrocyanide, it can be seen that ferricyanide has
two major peaks so the two peaks (downside) in the in-situ UV-Vis spectra
correspond to change of concentration of ferricyanide. The one which is increasing
above is due to ferrocyanide. Both [Fe (CN)¢]>” and [Fe(CN)g]*~ have octahedral (Oh)
symmetry. But the ferric centre has higher oxidation state than that of ferro and also
it has vacancy in the ligand-field low-spin tyg level. This makes ferric species different
from ferrous. The ferrous species shows charge transfer to solvent (CTTS) band in

the UV-Vis spectral region, but the ferric complex does not show this transition.*’
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Fe®* is d5 system (therefore this system will be prone to Jahn-Teller
distortion).Since CN’ is strong field ligand, [Fe (CN) ]*” is a low spin complex. Due to

Jahn-Teller distortion, there will be further splitting of t,g and ey orbitals according to
the compression or elongation. Our system is d5 system so we don’t know whether it
will be elongation or compression. But even though there is elongation or
compression, it does not matter here. So here two transitions are possible. Along
with this there will be ligand to metal charge transfer (LMCT).*® Due to LMCT, peak
will be near UV region or at the starting of visible range. Fe?' is a d6 system
therefore it does not exhibit Jahn-Teller distortion as there is no degeneracy

possible. There will be only charge transfer which will appear in the UV region.

Based on above discussed all studies, equation 22 is proposed for cathodic half-cell

chemistry.

Ks[Fe (CN)g] + K" + 1le"—  Ks[Fe (CN)g] Equation (22)

3.3 Fuel Cell Performance

The single electrode potentials for hydrazine on a Pt electrode and
ferricyanide on a carbon electrode, Figure 3.8a, suggest that hydrazine can be an
electron donor and ferricyanide can plays the role of a strong electron acceptor with
the net cell reaction (equation 23) being the oxidation of hydrazine at the
anode(equation 23) and reduction of ferricyanide at the cathode (equation 22). Such
a fuel cell delivered an OCV of ~1.3 V, a peak power density of ~110 mW/cm? at a
peak current density of ~200 mA/cm?, Figure 3.8b which is approximately 4 times
higher than DHFC-O,, fuel cells. The long-term polarization, Figure 3.8c suggests the
DHFC outer sphere can sustain comparatively higher rates than DHFC-O,, fuel cells.
It further suggests that the energy density of DHFC-outer sphere fuel cell is almost
four times higher compared to DHFC-O,. Further the carbon corrosion usually
encountered in DHFC-O, fuel cell, Figure 3.8d is not encountered in DHFC-outer
sphere configuration. This could be due to absence of Pt and air in DHFC-outer
sphere fuel cells as Pt is known to accelerate carbon corrosion in presence of air.32-
36 We note that the performance of DHFC-air fuel cell can be improved by
increasing the Pt loading and the back pressure of O2; however, these will have

significant cost implications. We have further investigated the parasitic chemistry at
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the cathode by monitoring the signals of hydrazine at the cathode as function of time,

Figure 3.9a.

Net cell reaction:

NoH4 + 4KOH + 4K3 [Fe (CN) ] — N2 + 4H,0 + 4K, [Fe (CN) ¢ Equation (23
q
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Figure 3.8: (a) Open circuit voltage vs. time plot, (b) polarization curves for
DHFC-outer sphere fuel cell and DHFC-O; fuel cell. For the DHFC-outer sphere
fuel cell, anode electrolyte is 3 M hydrazine in 1 M KOH and cathode electrolyte
is 1 M potassium ferricyanide in 1 M KOH and flow rate is 100 ml/min. Loading
of Pt on anode is 0.2 mg/cm? and loading of carbon on cathode is 3 mg/cm?.
For the DHFC-O; fuel cell, anode electrolyte is 3 M hydrazine in 1 M KOH and
cathode is O, saturated 1 M KOH at flow rate of 100 ml/min. Loading of Pt on
anode is 0.2 mg/cm? and loading of Pt on cathode is 0.5 mg/cm? (c)
Galvanostatic polarization curves for DHFC-outer sphere and DHFC-O, fuel
cells and (d) FTIR spectra of the cathode before and after long term stability

tests.

37




— =2 min __t=0 min — t=10 min — t=30 min
(a ) 400 =st=comin (b) 801 =60 min =90 min
|——1t=90 min 1—t=120 min— t=150 min
&EKBOO ——t=120 min (\1540‘_ t=180 min— t=210 min
| t=150 min 1— t=240 mi
é’ 200 —— t=254 min g 0- min
= at last e
100j =40,
ol ]
] -80
10 -08 -06 -04 -02 00 .08 -04 00 04 08
E (V) vs RHE E (V) vs RHE
(C) T —att=0min ——at t=30 min (d ) |
2.7 ——att=60 min ——at t=90 min 03
<€ | —att=120 min ——att=150 min e Ecathode
§ 1.8 —att=210 min 0.0
éo Q:W g |
E ) M L _0.3_
E 7/./ N
S 0.0—\/— 064 Eanode
-0.9- -0.91

" 060 -045 -030 -0.15 0 50 100 150 200
Potential (V) j(mA/cm?)

Figure 3.9: Cyclic voltammogram for time dependent crossover of hydrazine in
(a) DHFC-O; fuel cell and (b) DHFC outer sphere fuel cell using cathode as the
working electrode. (c) The effect of hydrazine crossover on oxygen reduction
reaction in DHFC-O, fuel cell and (d) individual electrode polarization for DHFC
outer sphere fuel cell.

Most importantly it can be seen the ORR peaks gradually disappears with a
concomitant increase in cross over current from hydrazine in DHFC-O; fuel cells,
however the ferricyanide redox reaction remain unchanged and hydrazine signals
are absent in DHFC-outer sphere fuel cell, Figure 3.9b and Figure 3.9c. These
suggest carbon is kinetically inert towards hydrazine oxidation and ferricyanide redox
reaction remains unchanged irrespective of the presence of hydrazine in cathodic
compartment, demonstrating parasitic chemistry can be effectively decoupled from
the redox chemistry of electron acceptor. A comparison of individual polarization in
DHFC-outer sphere, Figure 6¢, suggests that the anode limit the overall performance

of the fuel cell.
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CHAPTER 4. CONCLUSIONS AND FUTURE OUTLOOK

We have shown a DHFC-outer sphere fuel cell driven by simple carbon
particles with performance metrics of about 4 times higher than corresponding Pt
based DHFC-O,. This outer sphere fuel cell is able to arrest and decouple the
parasitic chemistry triggered by hydrazine cross over from the redox chemistry of
electron acceptor with energy density four times higher than state of the art DHFC-
O, fuel cells. Platinum is an expensive metal, therefore it should be substituted by a
non-precious electrocatalyst on the anode side as well to have a precious metal free
DHFC. This aspect is a matter of future investigation. Our preliminary investigation
suggests iron based molecular electrocatalyst anchored on carbon nanotube by pi-pi
interaction can catalyse 4 electron oxidation of hydrazine. This molecular
electrocatalyst for hydrazine oxidation on coupling with outer sphere redox electron

acceptor is expected to reduce the cost of electricity/kW substantially from a DHFC.
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