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Abstract

HETEROATOM DOPED POROUS CARBON FOR ALTERNATIVE
ENERGY STORAGE AND CONVERSION SYSTEMS

By Fatema Akthar Choudhury, Ph.D.

A dissertation submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2018.

Director: Dr. Hani M El-Kaderi

Associate Professor, Department of Chemistry

The electrocatalysis of oxygen plays a significant role in several electrochemical energy
storage and conversion systems including metal—air batteries, fuel cells, electrocatalytic and
photocatalytic water splitting. The sluggish kinetics and complex reaction mechanism of this

cathodic oxygen reduction reaction (ORR) affect the performance and practical application of



such renewable energy technologies. To address this limiting factor, a suitable electrocatalyst
is required for ORR. In general, platinum or highly dispersed Pt-based nanoparticles on carbon
black are considered as the best ORR catalyst. But platinum being very scarce and expensive
tends to increase the cost. Moreover, platinum-based catalysts are prone to several serious
problems, including declining activity, the fuel-crossover, and poisoning effects. This has
initiated overwhelming research attention towards the development of low cost ORR catalysts.
Jasinski et al. pioneered in reporting that a Ns-chelate complex with a transition metal could
be used for electrochemical oxygen reduction. Subsequently many nonprecious ORR catalysts
have been investigated so far to replace platinum which include transition metal chalcogenides,
nitrogen-doped carbon nanotubes or graphene, carbon nitride, and metal-N4 chelate
macrocycles (M-Ng-macrocycles). However, most of these current catalysts exhibited
insufficient activity and low stability in corrosive environment of fuel cells. Thus, new
strategies to develop catalysts which can meet the combined requirements of low cost, high

catalytic activity and long-term durability still remains a challenge.

Recently our group has reported synthesis of heteroatom doped porous carbon through
chemical activation of simple monomers. The facile synthetic route, high surface areas with
abundant micropores, inherent presence of heteroatoms and tunable structure/composition at
the molecular level make them potential for high-performance ORR electrocatalysts. To
increase the catalytic performance in both acidic and basic media, it is important to incorporate
or coordinate the doped heteroatom centers with 3d transition metals such as iron or cobalt.
Herein, two different synthetic strategies will be presented to synthesize transition metal-based
heteroatom doped porous carbon as ORR catalyst. In the first approach, iron (III) thiocyanate
as iron salts was pyrolyzed with benzimidazole to introduce sulfur along with nitrogen and iron
in the porous carbon. Another synthetic approach involved hydrothermal synthesis of cobalt

oxide on the surface of benzimidazole derived porous carbon. ORR can proceed via either one

\



step four-electron reduction pathway producing water or two step two-electron reduction
pathway producing HO>", OH and H>O». Both of these synthesized catalysts favored 4e
reduction pathway which is energetically efficient and do not produce corrosive byproducts.
The electrochemical performance of the synthesized catalyst will be analyzed by cyclic
voltammetry, linear sweep voltammetry and amperometric i-t technique and compared with
commercially available 20 wt% Pt based carbon in both acidic and basic media. The effect of
pore size, nitrogen content, bonding configurations of nitrogen and sulfur, influence of cobalt

and iron on ORR performance will also be discussed.
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Chapter 1

Introduction

1.1 Fuel Cells

Fuel cells are considered as the most promising solution for clean sustainable energy.
They can be widely used in transportation, material handling, stationary, portable, and
emergency backup power applications. They have outstanding advantages over conventional
combustion-based technologies in energy conversion efficiencies. In addition, they are
environmental friendly with lower pollutant gas emissions and generate less sound as they have
fewer moving parts compared to thermal engines. They also work better than batteries as they
do not require charging and can continuously produce energy as long as fuel is supplied. A fuel
cell usually consists of two electrodes (anode and cathode) sandwiched around an electrolyte
and fuel supplied to the anode are oxidized and the electron released go through an external
circuit, creating a flow of electricity. Meanwhile, protons generated from the oxidation of the

fuel migrate to the cathode via electrolyte and reduce the air (oxygen) fed at the cathode.

—_— : g @\ PU—
Fuel (Hy) In 1 @ & o

Fuel (H,) Out 0, and H,O Out
— O —>
Bipolar Plate Bipolar Plate

Gas Diffusion Layer
Catalyst Layer/Electrode (Anode)

Gas Diffusion Layer
Catalyst Layer/Electrode (Cathode)

Membrane

Figure 1.1: Typical fuel cell



At the cathode:
0, + 4H* + 4e~ - 2H,0

At the anode if the fuel is hydrogen:

2H, - 4H" + 4e~
Net reaction:

0, + 2H, - 2H,0
If the fuel is methanol, at the anode:

CH;0H + 60H™ = 5H,0 + 6e™ + CO0,

At the cathode:

3
502 +3H,0 + 6e~ — 60H"

Net Reaction:
3
CH;0H + EOZ - 2H,0 + CO,

Both oxidation and reduction processes that occur in fuel cells require a suitable catalyst
in order to deliver desirable performance. Typically, highly dispersed Pt-based nanoparticles
on carbon black are used as catalyst to promote the rate of oxygen reduction reaction (ORR)
and fuel oxidation reaction in respective electrodes. In case of the oxidation of fuel, the reaction
kinetics is extremely fast and requires much less Pt loading at the anode which is approximately
~0.05 mg/cm?. However, at the cathode ORR has sluggish reaction kinetics and requires at
least eight times more catalyst loading than that of anode. Hence it is essential to develop a

suitable electrocatalyst for ORR.



1.2 Role of platinum catalyst in proton exchange membrane fuel cells

1.2.1 Catalytic anodic reaction

In a proton exchange membrane fuel cell (PEMFC), hydrogen is used as a fuel and
hydrogen oxidation reaction (HOR) occurs at the anode. Hydrogen adsorbs on the surface of

catalytic Pt where hydrogen — hydrogen bond breaks giving adsorbed atomic hydrogen.!
1 *
EHZ -2H

Each of these adsorbed atomic hydrogens undergoes subsequent electron loss to form
proton which leaves the anode surface and passes through the membrane to the cathodic

chamber.
H*—->H"+ e~

Net anodic reaction:

1
EHZ —>2H++ 2e”

The rate of HOR in presence of platinum catalyst is relatively faster than the oxygen
reduction occurring in the cathode. Moreover, the anode overpotential remained less than 3
mV for a loading of 0.05 mg/cm? of platinum catalyst when pure H> was used in PEMFC. Due
to the minimum voltage loss and small loading of Pt catalyst for HOR in PEMFC, development

of a suitable catalyst for ORR received more attention in the current research field.



1.2.2 Catalytic cathodic reaction

The complex proton coupled multi electron transfer ORR occurs at the cathode of fuel
cells which can proceed either in a direct four electron reduction or two steps two electron
reduction. Moreover, the difficulties in adsorption of O, molecule on the cathode surface, the
activation or cleavage of O—O bond and the removal of oxides cause the sluggish kinetics of
ORR.? This complicated reaction mechanism and slow kinetics of ORR poses serious
challenges for PEMFCs.> 4 In order to overcome these challenges the catalyst must meet few
requirements. It should be able to withstand the corrosive environment of PEMFCs while
performing the activation of Oz molecule. It should also allow prompt release of product
typically water from the catalyst surface thereby exposing the active sites of catalyst for further
ORR.3 In general Pt catalyst meets all these requirements and is most commonly used ORR
catalyst. However, the loading of Pt at cathode is much more in comparison to that at anode.°
The cathodic ORR accounts for more than half of the voltage loss in a PEMFCs and thus it is

essential to develop a low cost suitable ORR catalyst.”
1.3 Ideal characteristics of ORR catalyst

In order to be an effective ORR catalyst, it must excel in all four different categories

mentioned below.?

i.  Activity: The ability to adhere the reactant molecules i.e. Oz on the active site
of catalyst surface in order to facilitate the ORR reaction. However, the
adhesion should not be too strong otherwise the active sites will be blocked by
the reactant and product molecules.

ii.  Selectivity: The ability to choose the direct four electron ORR instead of two
steps two electron ORR. This selectivity will allow an effective ORR catalysis

with minimum production of undesirable intermediates and side products.

4



iii.  Stability: The catalyst must be stable in the corrosive environment of fuel cells
which include strong oxidants, reactive radicals, an acidic environment and high
and rapidly fluctuating temperatures in presence of an applied potential.

iv.  Poison tolerance: The catalyst must not be reactive towards the impurities

probably present in the fuel cell itself and also in the feed gases.

1.4 Evaluations of Pt as electrocatalyst in the four categories

1.4.1 Activity

The heterogenous catalyst on a metal surface must have moderate binding energy to
adsorb the reactant molecules on the active sites and also allow the facile release of product
once the reaction is completed. If the binding energy is too strong, the active sites will be
quickly occupied by the reactant molecules and also the reaction intermediates or product
molecules will remain adhered to the active sites preventing further catalysis. On contrary, if
the binding energy of the catalyst is too weak it will fail to bind the substrate molecules to the
active sites and consequently there will either no reaction at all or the reaction will be too slow.
According to Sabatier principle, there must be an optimum binding energy between substrate
and the active site of the catalyst. Balandin’s volcano diagram can visually demonstrates the
Sabatier’s principle. It includes plot of the binding energy of the reactant molecules versus the
catalytic activity. When the binding energy of active site and substrate is either too strong or
too weak, it corresponds to lower catalytic activity. Therefore, the activity peak in the volcano

diagram reflects the ideal binding energy for effective catalysis of a reaction.

The rate of HOR in PEMFCs is much faster than ORR and also requires much less Pt
loading. Since the kinetics of ORR is slow, it gained more focus in research field and extensive

efforts are directed towards development of ORR catalysts. The Balandin volcano plot shown



in Figure 1.2 is a plot of ORR activity versus the binding energy of single oxygen atom with
different metals.’ From the plot, it can be clearly depicted that the activity peak is achieved by
pure Pt metal with optimum binding interaction to single oxygen atom which is neither too

strong nor too weak.

0.0

0.5 T
Ag
-1.0 O binding O binding
too strong [ ] too weak
r
g
<T
-1.5
Au
2.0
Mo
w e
\
=5 L 1
=3 2 -1 0 1 2 2 4

AEg, eV

Figure 1.2: Trends in oxygen reduction activity plotted as a function of the oxygen binding

energy. ° (Copyright 2004 American Chemical Society)

However, the oxygen binding interaction with the active site of catalyst is not the sole
parameter for ORR catalysis. The dissociative ORR mechanism involves two-step process in
which initially the single oxygen atom binds to the active site of Pt catalyst and then reaction
intermediates i.e. hydroxyl group. So, the binding interaction of OH group with active site is
equally important. The surface bound hydroxyl group is reduced and protonated to form the
product i.e. water which then leaves the metal surface In Figure 1.3, it is observed that the
binding energy of both single oxygen and hydroxyl are somewhat linearly correlated. Pt also
shows highest activity with optimum binding interaction with both oxygen atom and hydroxyl

6



group. When the single oxygen atom binding energy of metal is too strong, the catalytic activity
of ORR is hampered due to the surface bound oxygen atom which prevents further catalysis.
On the other hand, when the single oxygen atom binding energy is too weak, it is difficult to
activate the dissociation of oxygen molecule since single O atom can only bind to the sites very
weakly.'? But there are many possibilities where these binding energies can be tuned and the
binding energy of O and OH will not follow the same correlation and could lead to the

development of completely new ORR catalysts.’

Activity

Ey(eV)

-5 -1 -05 0 0.5 ! 1.5 2
aE ,(eV)

Figure 1.3: Trends in oxygen reduction activity plotted as a function of both the oxygen and

the hydroxyl group binding energy. ° (Copyright 2004 American Chemical Society)

1.4.2 Selectivity

Selectivity is another important parameter for catalysis. A catalyst must have the ability
to prefer a reaction pathway with desired product and avoid formation of undesirable

intermediates and side products. The ORR can proceed either in direct four electron reduction



pathway making water as the product or it can proceed via a two-step two electron reduction

process which requires more energy and generates corrosive hydrogen peroxide.

The selectivity of the catalyst determines the pathway of the ORR which can follow
either associative or dissociative mechanism. The activity of the catalyst was explained above
on the basis of dissociative four electron ORR mechanism which produces the desired product
i.e. water. But ORR can also occur in alternative two electron reaction associative mechanism
which results in the formation of hydrogen peroxide. The presence of free H>O: is considered
as extremely detrimental in the fuel cell environment as it can lead to corrosion of
electrocatalyst and also the chemical degradation of the separatory membrane in PEMFCs.'?
The associative ORR mechanism begins with the adsorption of oxygen molecule on the metal
surface without the breaking of the double bond between them. The dissociative mechanism
usually occurs when Pt is used as the catalyst. This happens due to the fact that the O=0O bond

is quickly broken down when it adheres on the Pt metal surface.

Scanning electrochemical microscopy was used by Sanchez group to quantify the
amount of H>O; produced when different metal electrocatalysts were used for ORR in 0.5 M
H>S04 electrolyte. The amount of H>O» production was related to the number of electrons (n)
involved in ORR. When the value of n equals 4, it signifies the four electron ORR and when n
equals 2, it means two electron ORR leading to H>O, formation. This study revealed that Pt
and PdgoCozo follow the desired dissociative ORR mechanism with the n value reaching almost
4 and on contrary, mercury (Hg) displayed associative ORR mechanism with the n value close
to 2.!! Therefore, Pt is considered as the most suitable ORR catalyst as it has the high selectivity

towards energy efficient dissociative ORR mechanism over a wide range of applied potential.
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Figure 1.4: Number of electrons transferred (n) during ORR at Pt (black line), Pd (red line)
and PdgoCo2o (blue line) as a function of applied potential in an oxygen saturated 0.5 M H>SO4

solution.!! (Copyright @ 2009 American Chemical Society)

1.4.3 Stability

The fuel cell environment is considered quite harsh owing to the presence of strong
oxidants, reactive reaction intermediates in highly acidic conditions. Moreover, fuel cells are
usually operated at elevated temperatures with rapid fluctuations in the applied potential. So,
the metal must have the ability to withstand the corrosive environment of fuel cells over a long
period of time in order to qualify as a suitable ORR catalyst. Most metals are susceptible to
dissolution at low pH conditions when subjected to either fluctuating or constant high
potentials. Some metals can display long term stability by forming an oxide film which will

inhibit metal dissolution, however the activity of catalyst will remarkably decrease.'”

Pt metal with high ORR activity and four electron selectivity also cannot meet the long
-term durability requirement of the electrocatalyst. When potential cycling occurs either in the

form of varying loads on fuel cell stack or constant high potential during fuel cell stack idling



condition, Pt dissolution occurs.'? Pt dissolved as particles in corrosive environment of fuel
cells, these particles can form larger particles by depositing on existing Pt particles or diffuse
into the electrochemically inaccessible portions of the membrane electrode assembly.!* 14 As
a result, there is a loss of electrochemically active surface area of cathode catalyst which is held

responsible for the loss of ORR activity over a longer period of time.
1.4.4 Poison Tolerance

The catalytic activity of a material can be greatly affected by the presence of small
amounts of poisons. Typically, in a fuel cell, catalyst poisoning can occur due to impurities
present in the fuel cells or in the feed gases. Pt catalyst is susceptible to various poisons such
as sulfur species, carbon monoxide or methanol. When fuel crossover occurs, which is the
leaking of the fuel from the anodic to cathodic chamber of fuel cell, the catalytic activity is
greatly hampered. When the fuel is methanol, it readily adsorbs on the active sites of Pt and
results in methanol oxidation reaction (MOR). Since both ORR and MOR occur simultaneously
at the cathode, there will be a reduction in cathode potential followed by additional water

15-17 In addition,

generation and increase in the required stoichiometric ratio of oxygen.
methanol oxidation reaction proceeds via carbon monoxide intermediates which can also
poison the Pt surfaces. It can adsorb on the Pt surfaces thus inhibiting ORR and reducing the
efficiency of fuel cells.'® There are two potential solutions to overcome this poisoning issue in
fuel cell applications: one is to develop a catalyst with better poison tolerance and higher
electrocatalytic activity for ORR and the other method of protection is to keep poisons out of
the system. Several research including alloying of the Pt with other metals has been done to
improve the methanol tolerance of Pt without affecting its high ORR activity. Many binary,
ternary and quaternary Pt alloys, Pt-based composites and organic metal complexes have been

developed thereafter.!?-2?

10



1.4.5 Drawbacks of using Pt and Pt based alloys electrocatalyst

Even though Pt catalyst suffers from long term durability issue and poison intolerance,
yet it is the most common electrocatalyst to overcome the sluggish kinetics of ORR. This is
because of the fact that it has high ORR activity and four electron ORR mechanism selectivity.
During the 1960s, the first practical application of alkaline fuel cells with platinum as an ORR
electrocatalyst was in the Apollo lunar mission. However, the much-awaited rapid progress in
large-scale practical application of fuel cells has not been achieved so far due to the high cost
of the Pt catalysts, together with the limited reserves of Pt in nature. Toyota has recently started
commercialization of fuel cell vehicles (FCVs), in 2014 they have introduced the ‘Toyota
Mirai’ in Japan and now these FCVs are available in America at a price of around 58500 US
dollars. The high Pt loading in the fuel cell stacks is considered as one of the main reasons for
the high sale price of the Toyota Mirai.?* As can be seen in figure 1.5, the annual production
of Pt is too low and it is quite expensive. Therefore, it would be beneficial if the Pt loading can

be either reduced or completely replaced with an abundant and cheap metal.

11
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Figure 1.5: Price of the elements (in $/kg) versus their annual production (in kg/yr). 24

(Copyright @ 2012 Royal Society of Chemistry)
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1.5 Platinum free ORR catalyst

1.5.1 Carbon based non—noble metal ORR catalyst from macrocycles

Among different non-precious metal ORR catalysts, transition metal-nitrogen—carbon
(M-N-C) complexes or composites are considered as the most promising candidates due to
their inexpensive price, high ORR activity, long term durability and good resistance to the
methanol cross-over effect.?> 26 Among the different transition metal, geologically abundant
transition metals such as iron and cobalt are mostly used to develop M—N—C ORR catalyst. The
annual production and the price of these metals are much less in comparison to Pt as observed
in Figure 1.5. Research into carbon based non-noble metal ORR catalyst initiated in 1964 when
Jasinski discovered that cobalt phthalocyanine showed higher ORR activity.?”- 28 Initially he
employed the metal-Ns—macrocycles as ORR catalyst but later noticed a small increase in cell
voltage when the cobalt phthalocyanine was polarized to H» evolution potentials. In 1981,
Vanveen et al. reported that these phthalocyanine complexes were not very stable. Their
catalytic activity decreases rapidly which might be due to the hydrolysis of the metal chelate.?
However, it was established afterwards that the stability of these complexes increased
remarkably when these complexes were subjected to heat-treatment (pyrolysis) in an inert
atmosphere.’° The pyrolyzed compound were much more stable in acidic electrolyte, but in the
long term working conditions their ORR activity reduced. The reason behind this
decomposition of the metal chelate could be initiated by the corrosive reaction intermediates

such as hydrogen peroxide.?

Different researchers have suggested different theories behind the enhancement in
activity and stability of these macrocycles after pyrolysis. Some researchers claimed that heat
treatment of the complexes created an active carbon-nitrogen surface, which, along with the

metal atom are held responsible for the enhanced catalytic ORR activity.?!> 32 While other
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researchers claimed that after pyrolysis, M-N4 moiety is retained in the structure which served
as the catalytic ORR active site. 33 Wiesener et al. also gave another theory suggesting that

the transition metal probably assist the formation of the active catalyst.3% 3

1.5.2 Nitrogen rich polymer for carbon based non—noble metal ORR catalyst

In 1989, Gupta et al. reported the first M—N—C composites for ORR generated by the
heat treatment of polyacrylonitrile (PAN) mixed with transition metal salts and high surface
area carbon at various temperatures in an inert atmosphere (argon).’® After that, Wu et al. also
reported another polymer to develop M—N—-C ORR catalyst. He suggested that polyaniline
(PANI) has the favorable combination of aromatic rings connected via nitrogen-containing
groups and can serve as a promising template compound for nitrogen and carbon. Both the
PANI and graphite have similar structures, and upon heat treatment, the structure could
facilitate the nitrogen-containing active sites to incorporate into the partially graphitized carbon
matrix. Moreover, such nitrogen rich polymer could ensure uniform distribution of nitrogen

sites on the surface and an increase in the active-site density and thereby higher ORR activity.®

Chan et al. reported synthesis of M—N—C catalyst derived from the polymerization of
meta-phenylenediamine. The reason behind choosing poly-m-phenylenediamine (PmPDA)
was that it has higher percentage of nitrogen (26 vs 15 wt %) and has better thermostability
than PANI. 37 The higher thermostability will reduce the loss of nitrogen during the high
temperature heat treatment. This group also investigated the effects of a series of inorganic
molecules (e.g., CO and NOy) and ions (e.g., Cl, F, Br;, SCN-, S?-, and SOs* on the catalytic
ORR activity and reported that the active site of the PmPDA-FeNx/C catalyst was the Fe
element, and the valence state of Fe might be mainly Fe!''. 3 Later, Zhu et al. also used different

ortho, meta and para phenylenediamine monomers as shown in Figure 1.6 to polymerize with
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different iron precursors and evaluated the ORR catalytic performance of the pyrolyzed
polymer. They established that polymerization of p-phenylenediamine and simultaneous heat
treatment with ferric chloride yielded better dispersion and higher pyridinic N content which

led to the formation of more FeNy sites and higher ORR activity.?

—{ I (a)
— O

! J@/ (b)
:NH?\Q\NHZ } L ':f:I:L m I:L o

*“_’Q (d)

polymer  carbon black (CB)

Figure 1.6: (a—c) Polymerization schemes for different phenylenediamine monomers leading
to different N coordination in the polymer. (d) Schematic of polymer deposition as a thick coat

around carbon black.?® (Copyright@ 2016 Elsevier)

Osmieri et al. revealed that the total N and Fe content were not the limiting factors for
ORR activity but rather the specific presence of pyridinic and pyrrolic N species, along with
Fe exposed by an increase in micro porosity from a second heat treatment were correlated to
the better catalytic performance. They have used poly(vinylpyrrolidone) (PVP) along with
mesoporous carbon and iron acetate to develop Fe-N-C non-noble metal electrocatalyst.*?
Another group followed simple pyrolysis—leaching—stabilization (PLS) sequence for poly-pyrrole

(PPy) and ferric chloride to develop Fe/N—C electrocatalyst. They reported that the higher ORR
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activity could be due to several factors such as amount of graphitic carbon, conductivity, and
surface area. In their work, the graphitic and pyridinic N incorporated by the metal precursor
resulted in the highest ORR activity.*! After that, several works are still going on to develop

better ORR catalyst from pyrolyzed polymers.

1.5.3 Metal organic frameworks derived ORR catalyst

Metal—organic frameworks (MOFs) and other similar frameworks as sources of metal,
nitrogen and carbon were also used to develop nonprecious metal ORR catalyst. Pyrolysis of
MOFs provided more dispersed metal sites within the porous catalysts. In 2011, Proietti et al.
synthesized Fe-based catalysts by ball milling a mixture of a ZIF-8 (a commercial Zn II zeolitic
imidazolate framework of formula ZnN4 Cg Hi2), 1,10-phenanthroline and ferrous acetate and
followed by two heat treatments, firstly in argon flow at 1050°C, then in ammonia at 950°C.
The ZIF-8 served as a microporous host for phenanthroline and ferrous acetate to form a
catalyst precursor which was subsequently heat treated. This particular MOF was chosen for
its high nitrogen content and its high microporous surface area, two critical factors for the high
ORR activity of Fe/N/C-catalysts. This catalyst displayed a power density of 0.75 Wem ™2 at
0.6V, a meaningful voltage for polymer electrolyte-membrane fuel cells operation and quite

comparable to that obtained using a commercial Pt catalyst tested under similar conditions.*?

Zhao et al. demonstrated facile one-pot synthetic process of preparing ZIF based non-
precious metal ORR electrocatalyst. The group prepared in situ solid state Zn-based ZIFs from
different ligands such as 2-methylimidazole (HmIm), 2-ethylimidazole (Helm), imidazole
(HIm) and ligand 4-azabenzimidazole (H4ablm) with tris-1,10-phenanthroline iron (II)
perchlorate, which was added as precursor for transition metal, as shown in Figure 1.7. The

resulting material was heat treated at 1050 °C in argon. Then it was acid leached prior
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secondary heat treatment at 950°C in ammonia. The Zn(elm),TPIP achieved the highest

volumetric current density of 88.1 A cm™ at 0.8 V in a polymer electrolyte fuel cell test.*3

Him Hmim r‘{
» 1
N /N N N | : '?:_. < "
¢ ¢ Ay
N = N - f A
H H od _{'7-7'\-
Helm H4ablm TPI Zn(im),

T Z n(ml.m.); i

Figure 1.7: a) Chemical structures of ligands and iron additive. b) Crystal structure of Zn(Im)>.
¢) Crystal structure of Zn(mlIm), (aka ZIF-8, yellow balls represent void). d) Crystal structure

of Zn(eIm),. e) Crystal structure of Zn(4abIm),.* (Copyright@ 2013 Wiley Online Library)

Another group reported a method of preparing highly efficient, nanofibrous non-
precious metal catalyst by electrospinning solution dimethylformamide (DMF) of PAN, poly
methyl methacrylate, Tris-1,10-phenanthroline iron (II) perchlorate (TPI) and ZIF-8. Then it
followed some post treatments illustrated in Figure 1.8. Since it retained its network structure
even after pyrolysis and acid wash, this network structure facilitated the mass transfer of
oxygen molecule via its macro porous voids between the interconnected nanofibers. In
addition, each nanofiber was predominantly microporous which allowed uniform and dense
dispersion of catalytic sites throughout the fiber. This catalyst exhibited an initial peak power

of 0.90 W cm™ in a single cell test with reasonable durability in the acidic working
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environments.** The three MOF based catalyst discussed above displayed as the best
performing MOF based M-N-C. However, many different approaches have been done

recently to generate MOFs based catalysts with high ORR activity.

Raw compaosite fibers

\? Washed by 0.5 M H,50,, ST
L ﬁem treatment in

NH, at 700 C

Figure 1.8: The schematic diagram for synthesis of Fe based ORR catalyst by electrospinning.
The fibrous structure remained intact after pyrolysis and acid wash as shown in SEM images.
(Copyright@ 2015 Proceedings of the National Academy of Sciences of the United States of

America)

1.5.4 Templated synthesis of carbon based non—noble metal ORR catalyst

The use of hard templates along with other precursors is another procedure to prepare
non-noble metal ORR catalysts. Hard templates such as silica colloid (12 nm SiO»
nanomaterials dispersed in water), ordered mesoporous silica SBA-15, montmorillonite
(MMT, a layered clay with a 2D open channel) were generally used to promote the formation
of desired pore structures and to increase the surface area of the catalyst. The most common
hard template is silica which can be removed by washing with either KOH or HF. Liang et al.
reported cobalt—nitrogen-doped carbon (C—N—Co) and iron—nitrogen-doped carbon (C—N-—
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Fe) catalysts for ORR in acidic media. They used vitamin B12 (VB12) and the polyaniline-Fe
(PANI-Fe) complex as the respective precursors for the two different catalysts as shown in
Figure 1.9. The most active mesoporous catalyst was obtained from VBI12 and silica
nanoparticles template which was later removed by HF etching. The resulting C—N—Co catalyst
exhibited a remarkable ORR activity in acidic medium. Its well-defined porous structures with
a narrow mesopore size distribution, high Brunauer—Emmett—Teller surface area, and
homogeneous distribution of abundant metal—Ny active sites were held responsible for its high

ORR activity.*

Precursors Templates %?;?g: ;:::
0 _ 090 : »
= : -~_co - Oggoo -
) () O -
Silica colloid
- & - %
SBA-15
(010i0) = < - T
PANI-Fe :
Montmorillonite

Figure 1.9: The schematic diagram for synthesis of Fe or Co based ORR catalyst by using

different hard templates.*> (Copyright@ 2013 American Chemical Society)

Liu et al. developed a series of Fe—Nx doped mesoporous carbons from pyrolysis of
nitrogen containing ionic liquids and iron precursors in mesoporous silicas (i.e. SBA-15). This

group established that the high ORR activity and excellent methanol tolerance of the catalyst
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were due to its high specific surface area with uniformly distributed square pyramidal structure
of Fe—Nx species. The ORR active pyridinic-N and pyridinic-N-Fe were also present in
abundance in the Fe-Ny doped mesoporous carbon catalyst. *© Other researchers suggested that
not only surface area and pore size can affect ORR activity, but, pore shapes are equally
important in templated catalyst synthesis. Ink bottle shaped pores (smaller at neck) in the

catalyst showed lower ORR performance because of the inhibited accessibility of O2.4

Another researcher used micrometer-scale sodium chloride (NaCl) crystal as a template
which adsorbed the precursors on its surfaces. This template allowed the formation of micrometer
sized graphitic carbon nanosheets during the pyrolysis and also distributed the iron precursor
uniformly preventing the aggregation. The resulting catalyst with well-dispersed FeNy species
and encased Fe/Fe3C nanoparticles showed enhanced ORR activity.*® In the same year, Niu et
al. also used NaCl as a template to polymerize pyrrole in presence of polyvinyl pyrrolidone
and iron (III) chloride. Before pyrolyzing the polymer sheets, the NaCl template was washed
with water. The porous carbon sheets contained N and/or Fe—N sites which performed as good

ORR catalyst in an alkaline medium.*

1.5.5 Heteroatom doped carbon based non—noble metal ORR catalyst

Another procedure to prepare non-noble metal ORR catalysts is heteroatom doping.
Many researchers have attempted to incorporate dopants such as sulfur and phosphorus into
the catalyst surface in addition to the metal and nitrogen. Men ef al. reported that Fe and S
decorated N-doped graphene/carbon nanosheets exhibited superior performance toward ORR
which was better than commercial Pt/C in alkaline media due to existence of multiple effective
intrinsic active sites. He suggested that sulfur in —C—S— and conjugated —C=S— bonds along

with the pyridinic N and graphitic N, and the Fe-Nx moiety effectively facilitated ORR in
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alkaline solution.>® Zhang et al. also performed dual doping by calcining Co?" based ZIF-67
loaded with different sulfur containing molecules such as thiourea, NH4SCN, sublimed sulfur,
thiophene. This group found that incorporation of sulfur into the structure led to higher N
content and a greater percentage of pyridinic N formation. As a result, the ORR overpotential

was lowered and enhanced ORR activity was observed.”!

Yang et al. have suggested that the major factor for infusing efficient ORR activity in
the doped carbon is breaking the electroneutrality of carbon matrix.’?> So, electropositive
dopants such as phosphorus or boron (P or B) with less electronegativity than carbon can also
influence the ORR activity of the electrocatalyst in alkaline medium.’>* Besides N and S
doping, P-doping was also investigated by some researchers. Singh et a/. and Razmjooei et al.
also investigated a new class of non—noble metal heteroatom bonded carbon (Fe—P) ORR
catalyst. They polymerized phytic acid with iron (III) chloride to obtain a ferric phytate
complex as shown in Figure 1.10 and then carbonized at high temperature to obtain the catalyst.
However, it was noticed that the ORR activity of the prepared Fe—P-900 sample improved
significantly in both acidic and alkaline media compared to nonactivity of iron free phytic acid
carbonized catalyst in acidic medium. 336 Research on heteroatom doping is still going on to

develop effective ORR catalyst.

Phytic Acid
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Figure 1.10: The reaction scheme diagram for synthesis of Fe-P based carbon catalyst by

carbonization of ferric phytate.>> (Copyright@ 2015 American Chemical Society)
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1.6 Prospect of metal-based heteroatom doped porous carbon as ORR catalyst

Different heteroatoms (e.g., nitrogen, boron, phosphorus) can be introduced into carbon
nanomaterials in order to tune their optoelectronic properties and/or chemical activities through
electron modulation. This would increase the practical applicability of such materials.’’=° Two
different approaches could be done to obtain heteroatom doped carbon nanomaterials; either
by in-situ doping while synthesizing the carbon nanomaterials or through post-treatment of
preformed carbon nanomaterials with heteroatom containing precursors. The first approach can
incorporate heteroatoms uniformly throughout the entire structure. On the other hand, the
second approach can only functionalize the surface of the carbon while retaining their bulk

properties.®% 6!

Basically, heteroatom doping involves the replacement of some carbon atoms in the
graphitic structure with other non-metal elements such as B, N, P, S, and/or F. Due to the
difference in the size and electronegativity of the heteroatoms from those of carbon atom, the
heteroatoms can change the charge distribution and the electronic properties and thus, cause
electron modulation in carbon nanomaterials.®? In addition, this heteroatom doping would
induce defects causing further change in the chemical activity of carbon nanomaterials. As a
result, these heteroatom doped carbon materials could be used in numerous practical

applications even as ORR electrocatalyst in fuel cells.”’

Among the different heteroatoms, nitrogen has received immense attention and is still
the most common dopant in carbon materials. In the periodic table, nitrogen is next to carbon
with similar atomic size as carbon but their electron configuration is different. Due to the
difference in electronegativity between carbon and nitrogen, N doping in carbon could change
their electronic structures and minimize the lattice mismatch and thus increase their

applications in electrochemical energy conversion and storage systems.5?
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The band gap between the highest-occupied molecular orbital (HOMO) and the lowest-
unoccupied molecular orbital (LUMO) can be reduced by nitrogen doping. Due to nitrogen
doping, there will be corresponding lift in the HOMO as depicted in Figure 1.11 (a) and this
would allow smooth transfer of the electron from the nitrogen doped carbon nanotube (NCNT)
to the adsorbed oxygen.® ® A doping-induced charge redistribution was observed due to the
as significant charge difference between the nitrogen atom and the carbon atoms adjacent the
nitrogen dopant as shown in Figure 1.11 (b). The enhanced electrocatalytic ORR activity in
NCNT was due to this N doping-induced electron-deficient carbon atoms which enhanced the

chemisorption of Ox.

(a)
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Figure 1.11: (a) LUMO/HOMO and (b) the charge distribution of normal carbon nanotube
(CNT) and nitrogen doped carbon nanotube (NCNT).% (Copyright@ 2010 American Chemical

Society)
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According to bonding configuration, nitrogen can exist as pyridinic, pyrollic or
graphitic N in nitrogen doped carbon. As shown in Figure 1.12, the pyridinic N bonds to two
C atoms with one p-elctron localized in the @ conjugated system while pyrrolic N have two p-
electrons. Graphitic N substitutes a C atom in the hexagonal ring. Among these bonding
configurations of N, the graphitic and the pyridinic N are considered as ORR active. In general,
the graphitic N content affects the limiting current density, whereas the pyridinic N content

improves the onset potential for ORR.

@ Catom @ "pyridinic” N atom
@ "graphitic” N atom

«

Figure 1.12: Schematic representation of the nitrogen doped graphene. The blue, red, green,
and yellow spheres represent the carbon, “graphitic” nitrogen, “pyridinic” nitrogen, and

“pyrrolic” nitrogen atoms respectively.®’ (Copyright@ 2009 American Chemical Society)
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In case of graphitic N, nitrogen being more electronegative than C, it allows transfer of
electrons from the adjacent C to N atom and N then returns the electrons to adjacent C. This
overall donation and backdonation process aids the dissociation of oxygen molecule on
adjacent C atom and also allows a strong chemical bond to form between O and C.®® For
pyridinic N, the oxygen molecules are adsorbed on carbon atoms next to pyridinic N with
Lewis basicity.%% 7 Pyridinic-N donates one p-electron to the aromatic © system and its lone
electron pair in the plane of carbon matrix increases the electron-donating property of the
catalyst. So, the oxygen bonds with nitrogen and/or the adjacent carbon atoms which weakens

the O—O bond and thereby, facilitates the reduction of O,.7!

In case of sulfur dopant, the difference in electronegativity between carbon and sulfur
(x = 2.58) is very small in comparison to that between carbon and nitrogen (y = 3.04) and so
the effect of the charge polarization is almost negligible. Jeon et al. suggested a different
mechanism for the enhanced ORR activity of edge sulfurized graphene nano platelets (SGnP).
This group performed theoretical calculations to investigate the origin of high ORR activity of
SGnP. Their calculation suggested that the electronic spin density along with charge density
can affect the ORR activity of SGnP. The doped S atoms located at the edges of the graphene
nanoplatelets can strongly promote the ORR activity. Both the charge and spin density can be
induced on the graphene through covalently bonded sulfur or sulfur oxide at the zigzag and
armchair edges (Figure 1.13). According to their theoretical prediction and experimental result,
it has been reported that carbon atoms with either high spin densities and/ or positive charge

could serve as the active sites and enhance the activity of electrocatalytic ORR."?
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Figure 1.13: HOMO and LUMO distributions: a) HOMO of SGnP; b) LUMO of SGnP; c)

HOMO of SOGnP; and, d) LUMO of SOGnP.”? (Copyright@ 2009 American Chemical

It has been observed in the literature, that the electrocatalytic ORR activity of metal
free either pure carbon or nitrogen-doped carbon materials in acidic and alkaline conditions are
quite different. They exhibited much higher ORR onset potentials in base than in acid.
However, when non-precious metal such as iron, cobalt, etc. were introduced into heteroatom
doped carbon structures, the differences in activity between acid and base became less
significant. Chung ef al. suggested that metal-free sites involving C or N atoms might serve as
ORR active sites in base, but, to obtain higher ORR onset potentials in acid conditions, non-
precious metal should be incorporated into the carbon structure. Li ef al. also reported that in
the absence of Fe, the electrocatalyst showed quite low activity in acidic medium.”> On the
basis of molecular orbital theory, it has been assumed that Fe atom in Fe—N/C aided in

developing strong back bonding with the adsorbed O2 which increased the O—O bond distance
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facilitating ORR.7* Some researchers have proposed that the in plane Fe-N4/Fe-N» center bound
to the carbon support is responsible for the higher kinetic current density and better ORR
performance.”7® On the other hand, some researchers have suggested that the transition metal
actually helps in the formation of active sites but itself is not the active site. 3> 777 Nallathambi
et al. reported that transition metals such as Fe or Co facilitated the incorporation of pyridinic-
N and quaternary-N into the carbon matrix, which increased electron-donor property of the N-
doped carbon. Due to the bonding between oxygen and nitrogen and/or the adjacent carbon
atom, the O—O bond weakened and enhanced electrocatalytic ORR activity was observed.”®
Even though there is a debate regarding the active sites for ORR, however, the importance of
heteroatom doped carbon-based non-precious metal catalysts for ORR is beyond doubt.
Therefore, development of cost effective and highly efficient heteroatom doped carbon-based

non-precious metal catalysts is imperative.

1.7 Thesis statement

This thesis represents a comprehensive study focused on the development of cost
effective and highly efficient heteroatom doped carbon-based non-precious metal catalysts for
ORR. Two different synthetic approaches were done to synthesize Fe based S and N dual doped
porous carbon and Co;0, deposited on benzimidazole derived porous carbon. A set of
experimental techniques such as Brunauer—Emmett—Teller (BET) surface area measurement,
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), Powder X-ray
diffraction (P-XRD), Raman spectrometry, inductively coupled plasma optical emission
spectrometry (ICP-OES) etc. were used to evaluate the physical characteristics of the
synthesized materials. To explore the electrocatalytic performance of the synthesized catalyst,

different techniques such as cyclic voltammetry, linear sweep voltammetry, amperometric i-t
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curve were obtained. The results obtained was also compared to the commercially available

catalyst, 20 wt% Pt/C.

Chapter 2 reports on the reaction mechanism and kinetics of ORR and also different
measurement techniques to study ORR. This chapter starts with a discussion of ORR
mechanism and kinetics using different catalysts including Pt, N doped carbon and transition-
metal based heteroatom doped carbon. Next, different measurement techniques such as cyclic
voltammetry to observe ORR in either oxygen or nitrogen saturated electrolyte, linear sweep
voltammetry to study the number of electrons involved in ORR will be discussed. The stability

and poison tolerance evaluation using amperometric i-t curve will be discussed as well.

In Chapter 3, the synthesis of Fe based S and N doped porous carbon will be discussed.
An easy synthetic route will be proposed which involves pyrolysis of benzimidazole monomer
with iron thiocyanate. Next the physical properties will be explained to illustrate the
significance of porosity, different bonding configurations of heteroatoms in the structure.
Finally, the electrocatalytic performance of the catalyst will be analyzed with respect to
different parameters in terms of the structure of the catalyst and also its performance will be

compared to that of the 20 wt% Pt/C.

Chapter 4 will discuss the prospect of another synthetic method which involves the
hydrothermal growth of Co3;0, on a template of benzimidazole derived porous carbon. The
amount of Co3;0, will be varied and the electrocatalytic ORR performance of the N doped

porous carbon with Co;0, and without Co3;0, will be discussed.

All the results are summarized and overall conclusions and outlook are provided in

Chapter 5.
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Chapter 2

Study of oxygen reduction reaction

2.1 Reaction mechanism of ORR

It is well known that ORR is one of the crucial reactions affecting the performance of
fuel cell. This reaction can proceed either through a two-step 2e~ pathway leading to the
formation of H>O; (in acidic medium) or HO;" in alkaline medium) as the intermediate species,
or by a more efficient, direct 4e™ reduction producing H>O (in acidic medium) or OH" (in
alkaline medium).! Several DFT studies suggested that the adsorption energetics of the reaction
intermediates and the reaction barriers on the catalyst surface could determine the selectivity
of ORR, whether it should follow two electrons or four electrons pathway.>* For ORR, the
most desired reduction pathway is the 4e” reduction pathway since it is energy efficient and

produces water as the product in acidic electrolyte.

In case of two-electron ORR, partial reduction of oxygen occurs resulting in the
formation of H>O; as the product and only the reaction intermediate OOH* is involved. The

reactions involved in associative two electron reduction pathway:
ES *
0, + "> 0,
0, +H,0 + e~ - 00H + OH™
OOH +H* +e~ - H,0, + *

Here, “*” denotes a site on the catalyst surface. So, O2 molecule is adsorbed on the

catalyst surface and gains two electrons forming H>O».

On contrary, when the full reduction of oxygen to water i.e. four electron ORR occur,

it can proceed by either associative or dissociative mechanisms, depending on whether the
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oxygen molecule dissociates before reduction. The primary difference between associative and
dissociative mechanism is the intermediates involved. In associative mechanism, three
different intermediates, (*OOH, *O, and *OH) are involved, however, the dissociative pathway
involves only *O and *OH intermediates which alters the construction of the free energy

pathway.* The dissociative four electron ORR mechanism involves the following reactions:
0, +2%- 20"
20"+ 2H* + 2e” - 20H
20H +2H* +2¢™ > 2H,0 +2*

Here, “*” denotes a site on the catalyst surface. In this dissociative four electron
mechanism, no H>O; is produced. Oz molecule is adsorbed on the surface of the catalyst where
the O-O bond is broken and two adsorbed atomic oxygen are formed. These adsorbed oxygen

atoms gain two electrons in the two consecutive steps and form water.

The associative four electron ORR mechanism involves the following reactions:
0, + *> 0,
02*+H+ +e - HOZ*
HO, +H* 4+ e~ > H,0+ O
O +H* + e > O0H
OH +H* +e” > H,0+ *

Here, “*” denotes a site on the catalyst surface. In this associative four electron
mechanism, no H>Oz is produced. Oz molecule is adsorbed on the surface of the catalyst but

the O-O bond is not broken unlike dissociative mechanism. The last two steps in associative
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mechanisms are similar to the dissociative mechanism above. However, the first three new
steps involving adsorption of molecular oxygen and direct proton/electron transfer to it and to
OOH are quite different since O-O bond remains intact. Instead of forming water, the adsorbed
OOH intermediates can alternately form hydrogen peroxide. So, the associative mechanism is

also termed as peroxo mechanism.>

2.2 ORR mechanism on Pt

Pt (111) surface is considered as an ideal benchmark for comparisons to theoretical
work due to its large electrochemical volume, sensitive and single-crystal structure. Norskov
et al. proposed the free energy diagram at three different electrode potentials for ORR
mechanism.> For small oxygen coverage, the electrode potential measured relative to the
standard hydrogen potential is equal to the potential of the fuel cell with the assumptions that
the anodic reaction is in equilibrium and ohmic losses are negligible. The relationship U=0V
corresponds to the reaction conducted by short circuiting the cell where all the elementary steps
are strongly exothermic implying a facile reaction. At the maximum potential allowed by
thermodynamics in fuel cells, Up= 1.23 eV, both electron/proton-transfer steps become uphill
and the energy barriers for the two steps are literally the same. Either of these electron/proton
transfer step could be the rate limiting step. For this process, there will be an activation free
energy equal to the larger of the reaction free energies where the overpotential, n=Up - U. The
adsorbed oxygen and hydroxide on the Pt (111) surface act as thermodynamic sinks for the
oxygen reduction process and the activation energy for the total process or the overpotential at
the maximum cell voltage Uo= 1.23 eV is 0.5 eV as shown in Figure 2.1. When the oxygen

coverage shifted to high i.e. 0.5 mono layer at the equilibrium cell potential, the energies are
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shifted up. This suggested that the first electron and proton transfer have the higher energy

barrier, however, the value of the energy barrier is independent of the coverage.

Oxygen reduction Pt(111)

3
2(H" +e)+1/20,
U=0 ™"
2 -
2x1.23 eV
3
2 4} u=078V H* +a}+HO"
3 L4 ):l|.5
§ N
o U=1.23V 4.23 oV H,0
e 0
[ \_/_
[T
1t
-2

Reaction coordinate

Figure 2.1: Free-energy diagram for oxygen reduction over Pt (111). Results for low oxygen
coverage are shown at zero cell potential (U = 0), at the equilibrium potential (U = 1.23 V),
and at the highest potential (U = 0.78 V) where all reaction steps are exothermic. For U =1.23
V, the free-energy diagram for the case of an oxygen coverage of 1 /2 monolayer is included.’

(Copyright 2004 American Chemical Society)
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According to the theory of Nerskov et al., the dissociative ORR mechanism for Pt (111)
is dependent on the coverage of oxygen. At high oxygen coverage, Pt (111) has lower free-
energy barriers in the associative mechanism than in the dissociative mechanism. On the other
hand, when the oxygen coverage is low, the dissociative mechanism has the lowest energy
barriers and dominates over associative mechanism as illustrated in Figure 2.2 and 2.3. Some
researchers suggested that the ORR on Pt surfaces normally follows a dissociative mechanism
due to the strong initial adsorption of oxygen molecule and quick dissociation to atomic

oxygen.®

Oxygen reduction Pt(111)

/Dlssociation barrier Dissociative mechanism

Free energy (eV)

Reaction coordinate

Figure 2.2: Free-energy diagram for oxygen reduction over Pt (111) at two different potentials
and at two different oxygen coverages, including the barrier for O2 dissociation.> (Copyright

2004 American Chemical Society)
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Oxygen reduction Pt(111) and Au(111)

6l 4(H" +e+0," Associative mechanism
4(H" +e)+0 3(H’ +e)+HO,*
U=0
s a} Au 0=0
()
5 S L ——
g 2+ (H' +e)+HO*+H,0
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2
w
U=1.23V 2H,0
o -
-2

Reaction coordinate

Figure 2.3: Free-energy diagram for oxygen reduction via the associative mechanism at two
different potentials over Au (111) at a low oxygen coverage and over Pt (111) at an oxygen

coverage of 1 /2 monolayer.®> (Copyright 2004 American Chemical Society)

2.3 ORR mechanism on heteroatom doped carbon

The ORR mechanism on heteroatom doped carbon is preferably associative mechanism
since the dissociation barrier is very high on carbon surfaces. From the density functional
theory calculations, the oxygen dissociation barrier on both graphene and N doped graphene
surface are determined as 2.39 eV and 1.20 eV respectively shown in Figure 2.4. After the
introduction of nitrogen on the graphene, the oxygen dissociation energy halves but still both
the values are beyond surmountable at room temperature.” So, the four electron ORR proceeds

through associative ORR mechanism in case of heteroatom doped carbon based catalyst.
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Figure 2.4: The optimized O, molecule dissociation reaction path and energy profile along the

optimized dissociation reaction path at (a) graphene surface and (b) N-doped graphene

surface.”(Copyright 2012 American Institute of Physics)

The associative 4e- ORR mechanisms of the different heteroatom such as boron,
nitrogen, sulfur, oxygen, phosphorus doped graphene at the equilibrium potential Uy = 0.455
V vs NHE are illustrated on a free energy diagram as presented in Figure 2.5. The diagram
revealed that nitrogen- and boron-doped graphene models (gN-G and gB-G) exhibit the lowest
overall reaction free energy change at the equilibrium potential and showed better ORR

performance in both theoretical and experimental viewpoints.”-
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Figure 2.5: Free energy diagram of different heteroatom-doped graphene surfaces at the

equilibrium potential Uy = 0.455 V vs NHE.” (Copyright 2014 American Chemical Society)

From the above diagram, if the N doped graphene (gN-G) cluster model is considered
as an example (black line), it is observed that the first electron transfer step to form OOH" is
an endothermic reaction with a free energy change AGeq (Uo) = 0.70 eV, but the next following
second and third electron transfer step to form chemisorbed O® and OH" respectively are all
exothermic with AGeq (Uo) values of —0.25 eV and —0.54 eV respectively. And the free energy
difference AGeq (Uo) = 0.09 eV for final electron transfer step involving OH™ desorption is
easily achievable. So, the largest free energy changes of all four reaction steps is the formation
of OOH" and it is considered as the rate limiting step. This step is responsible for the sluggish
kinetics of ORR. All the other heteroatom-doped graphene models followed similar trend,
indicating that the ORR rate-determining step for these catalysts is the same. In practical
synthesis, each heteroatom dopant in graphene can result in several different cluster

configurations which will have their own reaction pathways. However, the above diagram
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represents only the best model with the lowest overall reaction free energy change among all

the investigated cluster models for each dopant.’

For pure graphene model, two carbons located at the middle and the edge of the basal
plane of graphene are named as G-M and G-E respectively and are evaluated as ORR active
sites as shown in Figure 2.6 (a). Among the two types of carbon, G-E having lower energy
barrier at Uy, showed more ORR activity in comparison to G-M. The ORR pathway in case of
G-M involved two large energy barriers which matched the experimentally determined energy
barriers by Yuan et al.'® Since all the carbons are saturated by sp? bonding and evenly
distributed © bonding over the plane, so G-M was ORR inactive as the reaction intermediates
cannot bond to the graphene surface. However, the reaction intermediates OOH;, 0'and OH can
chemisorb on the G-E model as depicted in Figure 2.6 (b-d) unlike the G-M model and ease

the ORR. So, G-E model is more ORR active than G-M model .’
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Figure 2.6: (a) Free energy diagram at Uo (solid lines) and experimentally observed U2"¢" =

0.145V vs NHE (dash lines) for G-E (gray) and G-M (blue). (b-d) Reaction intermediates on
G-E and (e-g) G-M. Green, red and white represent carbon, oxygen, and hydrogen

respectively.” (Copyright 2014 American Chemical Society)
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Three different models of N-graphene such as central graphitic nitrogen (gN-G) and
edge pyridinic (pdN-G) and pyrrolic N (prN-G) in the graphene plane were investigated.
Among them, gN-G showed the most ORR activity due to its overall lowest energy barrier of
0.70 eV at Uo. This value dropped further to 0.26 eV at experimentally observed onset potential
of U2™® = 0.145V vs NHE demonstrated in Figure 2.7 (a). On both the gN-G and prN-G
models, the nitrogen is not considered as the ORR active site, but the carbon next to gN-G and
prN-G are reported as ORR active sites by several researchers and is also shown in the Figure
2.6 (b-g). '"13 In case of gN-G, the free energy of chemisorption of the reaction intermediates
OOH on N atom is 1.02 eV, which is much higher than the carbon atom next to it, so it is not
considered as ORR active site. Similarly, for prN-G, the chemisorption of OOH and OH on the
N atom of the catalyst requires larger free energy and N is not the ORR active site. However,
for pdN-G oxygen can be activated via direct bonding with the lone pair electrons of N and

thus N is considered as the ORR active sites shown in Figure (h-j).”
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Figure 2.7: (a) Free energy diagram at Uy (solid lines) and experimentally observed U2™s¢t =
0.145V vs NHE (dash lines) for gN-G (gray), prN-G (blue), and pdN-G (magenta). (b-d)
Reaction intermediates on gN-G, (e-g) prN-G and (h-j) pdN-G. Green, red, blue and white
represent carbon, oxygen, nitrogen and hydrogen respectively.” (Copyright 2014 American

Chemical Society)



Two different models of S doped graphene such as C-S-C type (SC6-G) and thiophene
type S (SC5-G) were studied to determine the ORR active site. In case (SC6-G) model, the
doped S atom (S), the carbon next to the sulfur (C1) and the carbon which is second neighbor
of doped sulfur (C2) were evaluated on the basis of ORR activity. Among these three sites, C1
displayed the lowest overall energy barrier and the OOH adsorption almost halved (dropped
from 1.02 eV to 0.51 eV) when the electrode potential shifts from equilibrium potential to onset
potential. Thus, C1 served as the ORR active sites in SC6-G model and allowed effective ORR
as shown in Figure 2.8 a and (b-d). The similar active sites as mentioned above were also
studied for SC5-G model. The free energy involved in adsorption of OOH are 1.15 eV for S,
1.97 eV for C1 and 1.25 eV for C2. Even though S has the lowest OOH adsorption free energy
at equilibrium potential, OOH cannot chemisorb on the S atom and is thus not considered as
ORR active sites. Instead, the second neighboring C to sulfur dopant (C2) is considered as the
most ORR active sites in comparison to S and C1, the reaction intermediates are depicted in

Figure 2.8 (e-g).”
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oxygen, sulfur and hydrogen respectively.” (Copyright 2014 American Chemical Society)
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Dual doped graphene such as boron and nitrogen co doped graphene (B/N)'% 1417 sulfur

and nitrogen (S/N)'#2%, phosphorus and nitrogen (P/N)?!: 22

or triple doped graphene such as
nitrogen, boron and phosphorus (N/B/P)?, nitrogen, sulfur and phosphorus (N/S/P)** were
investigated and these showed better ORR activity in comparison to singly doped graphene.
Several DFT calculations revealed that the origin of this ORR activity enhancement is due to
the synergistic effect between the two or more different dopant elements. It is difficult to
observe this synergy within graphene matrix through direct experimental observation, but,

theoretical analysis indicated that dual dopants can tailor the electron-donor properties of

nearby carbon atoms facilitating the adsorption of reaction intermediates.!?

Among all these dual dopants, S/N co-doped graphene displayed the best
electrocatalytic activity for both the ORR and hydrogen evolution reaction (HER). Two
researchers synthesized S and N doped graphene via high temperature thermal treatment of
either a single precursor (e.g., thiourea) or two precursors (e.g., melamine and benzyl disulfide)
with graphene oxide.'® 2° Higgins et al. explained the synergy of sulfur and nitrogen dual

doping by the following three factors.?’

i.  The dopant species modify the electronic properties of carbon and activate a
larger number of carbon atoms creating an increased number of active sites.

ii. Dopants also increase the charge and spin densities of the atoms providing a
higher intrinsic ORR activity. DFT calculations revealed that the C atoms
adjacent to the N atoms in S/N co doped graphene lattice had higher spin
density, while the C atoms bonded to S atoms had a relatively smaller spin
density.'®

iii.  Moreover, when S-dopants in the form of five-fold coordinated thiophenic
arrangement is incorporated in the graphene, it disrupts the graphene lattice, and
thus, increases the number of electrocatalytically ORR active edge sites.
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2.4 ORR mechanism on non-precious metal M-N-C catalyst

The selectivity of ORR with respect to either two or four electron reduction pathways
for ORR is considered as an important parameter for the viability of the catalyst. In case of two
electron ORR, H>O; is produced as the product which is corrosive to the fuel cell system. To
determine the selectivity of catalyst, the yield of H2O> and electron transfer number (n) is
measured by rotating ring disk voltammetry and rotating disk voltammetry and applying
Koutecky-Levich equation. Recently, hydrogen peroxide reduction reaction (HPRR) on Fe-
based non-precious metal ORR catalyst was investigated by Muthukrishnan et al. and they
reported that significant HPRR activity occur at similar potentials to those typically applied to
study the ORR.?® This group suggested that the Damjanovic model?’ describing direct 4¢- ORR
pathway might also include a significant contribution from the 2e" reduction of O to form H>0»
within the catalyst. This H2O, will undergo subsequent reduction to H>O without ever
generating a free H>O: species on the catalyst surface or in solution. Therefore, Muthukrishnan
et al. developed another model including both surface and matrix-adsorbed H>O» species based

on the previous Damjanovic method. Both the models are illustrated in Figure 2.9.

In order to understand the ORR mechanism on Fe—-N—C catalysts, Muthukrishnan et
al. studied the role of Fe in the reduction of H>O: intermediate by comparing the H2O»
reduction activity of Fe-free (PI) and Fe containing (Fe/PI) polyimide-based catalysts. Their
results suggested that the Damjanovic method assumed the contribution of the direct 4 ORR
pathway neglecting the contribution of the 2 x 2e” pathway in determining the selectivity of

ORR catalysts.
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Figure 2.9: Schematic illustration of (A) ORR mechanism proposed by Damjanovic et al., (B)
ORR mechanism of the Damjanovic model type including the contribution of H2O; (a) in the ORR
and (C) hydrogen peroxide reduction mechanism including H>O; (a) species. Indices b, * and a
represent the bulk species, the species in the vicinity of the catalyst surface and the adsorbed species,
respectively. k;and k; (Fe) (i= 1, 2 and 3) correspond to the rate constants at the Fe-free PI
(polyimide) and Fe/PI catalysts, respectively. ‘43’ and ‘&3 (Fe)’ represent the rate constants for the
H20; reduction on the Fe-free PI and Fe/PI catalysts, respectively.?6 (Copyright 2016 The Royal

Society of Chemistry)
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Figure 2.10: Possible mechanisms for the ORR on (a) precious metal and (b) non-precious-
metal materials. Rate determining step (RDS) is shown in red.?® (Copyright 2016 American

Chemical Society)

In order to determine the role of proton in the ORR mechanism on non-precious metal-
based catalyst, Tse ef al. replaced protons (H*) with deuterons (D) and applied the kinetic
isotope effect (KIE). Their group conducted linear sweep voltammetry in protio and deutero
solutions using three different ORR catalyst from Pt, Pd, and Fe and obtained the kinetically
limited current densities using Koutecky-Levich (K-L) equation. Then the inherent
electrochemical rate constants derived from this K-L analysis were compared for both the
solutions. From the obtained results, Pt and Pd displayed no change in the rate constants which

suggest the rate-determining step of the ORR on these surfaces is independent of the proton
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transfer step. In case of the non-precious metal-based catalyst, they KIE of 2 was observed
which the proton transfer step is the rate determining step in the ORR mechanism. To further
elucidate the role of proton in ORR, rotating disk voltammetry was performed on NPM
catalysts in H2SO4 and D2SOssolutions. It was observed that the rate of ORR was much slower
in D2SO4 compared to HoSO4 with reduced amount of hydrogen peroxide formation. These
results justified that proton transfer plays an important role in determining the activity and
selectivity of NPM catalysts as shown in Figure 2.10 but do not affect the ORR activity of Pt

or Pd catalysts.?®

2.50RR Kkinetics

Generally, Butler—Volmer equation can be used to describe the kinetic current
overpotential relationship of the ORR that occurs on electrode surfaces. Since the overpotential
(n) of ORR in real condition is relatively large, so the backward reaction is considered

negligible and the Butler—Volmer equation becomes:

jk — jo enaFT]/RT

where jy is the kinetic ORR current density, j, is the exchange current density which represents
the current density of the forward reaction equal to that of the backward reaction at equilibrium,
n is the number of electrons transferred in the rate determining step (rds), a is the electron

transfer coefficient (always 0.5—1 for the ORR), F is the Faraday constant, R is the gas constant,

and T is the temperature in Kelvin. 2

On the basis of the above equation, the plot of n vs log (j;) should provide a linear

relationship with a slope called the Tafel slope.

Tafel slope = 2.303 RT/onF
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Two options are available in order to obtain a high j, at a certain value of 1 are either
the j, should be large and/or the value of the Tafel slope should be small. According to the
simple microkinetic model developed by Nerskov et al,® the value of j, is related to the

adsorption energetics of a series of reaction intermediates.
Jo= anOCtotal [(1 - 9)1—0{ 0% ]

where k° is the standard rate constant, Cyy¢q; is the total number of active sites, and coverage
of surface adsorbates and 0 is a quantity related to the highest free energy change of the whole

reaction as:

Ck _ K

Ctotal 1+K

where the equilibrium constant K is related with the free energy change (AG) for the rds:
AG
K = exp(kTT)
where kj is the Boltzmann constant.

Depending on the electrode material and applied potential in ORR, two values of Tafel slopes
are obtained, 60 and 120 mV/dec, respectively. Both these values have their own significance,
the lower Tafel slope value reflects that the rds of ORR is a pseudo two-electron reaction, on

contrary the higher value indicates the first-electron reduction of oxygen being the rds.?% 3!
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2.6 Different Measurement techniques to evaluate ORR

2.6.1 Surface area measurements

The specific surface area and porosity can significantly affect the catalytic performance
of the synthesized materials. Higher surface area allows better mass transfer of the electrolytes,
reaction intermediates and products, effectively removing the products from the active site and
bringing more reactants to the sites and thereby, allowing frequent interaction between
substrates and the active sites. In addition, the size of the pore in porous materials also controls
the catalytic activity, micro pore size in particular can increase the surface area and also allow
formation of ORR active sites.** Usually, both the parameters i.e. surface area and pore size
can be determined from gas adsorption isotherms. The isotherms represent the adsorption of
an adsorbate such as N, gas on the surface of a solid in a constant temperature. By determining
the amount of adsorbed gas on the surface of the synthesized materials, the surface area of

materials can be estimated.

Prior to collecting isotherms, the materials undergo outgassing which is done by heating
the solid sample in a cell under vacuum. This process removes all of the physisorbed species
from the surface of the adsorbent without changing the surface or the solid structure of the
materials.’® After that, the cell containing the sample is brought to room temperature and
backfilled with helium gas and connected to the autosorb analyzer. Then the cell is submerged
in a liquid bath to provide a constant temperature during the measurement of surface area. The
collected gas isotherms display the amount of gas adsorbed on the surface of the sorbent as a
function of relative pressure. The gas isotherms for porosity measurement are usually obtained

at pressure range of 1076 ~ 1 bar.

The adsorption isotherms are obtained by charging successively increased amounts of

a known gas. The successive addition of the gas to the cell is done automatically by the
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instrument. The amount of gas adsorbed at a particular temperature in order to achieve desired
pressure can be calculated by applying gas law while considering the pressure change, void
volume of the cell and mass of the adsorbents. Initially a small amount of gas is introduced by
the instrument into a confined calibrated sample containing cell and then adsorption occurs,
reducing the pressure in the cell until the equilibrium is established. Then this dosing process
is continued until the desired pressure is achieved. Then the total amount of gas introduced to
the cell for that particular pressure will be recorded by the instrument. In order to complete the
adsorption isotherm, this dosing process will be repeated for each desired pressure. After
adsorption is completed, desorption starts in order to remove the adsorbed gas from the surface
of the material. The instrument applies vacuum to the sample containing cell in a stepwise
manner while recording the volume of the desorbed gas at each pressure in order to generate a
desorption curve. So, this approach can be used to measure the gas uptake capacity of porous

sorbent at desired temperature.

Initially, each gas molecule occupies an adsorption site on the surface of the material
forming a monolayer of gas. On top of this layer, another layer of gas molecules form and this
build of layers continues forming multiple layers of gas.>* Typically argon and nitrogen gas
display this multilayer adsorption behavior at cryogenic temperature. By calculating the
number of gas molecules adsorbed on the surface of the adsorbent material, the specific surface
area can be obtained. Initially, the monolayer capacity i.e. the amount of gas required to form
a monolayer on the surface of a solid material is determined. Then this monolayer capacity is

multiplied by the area occupied by each gas molecule to calculate the surface area.
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Two different models (Langmuir and BET models) are generally used to assess the
surface area of solid materials. used for assessment of surface area of solid materials.>> The

Langmuir model is based on three assumptions which are stated below:

i.  Adsorbed gas molecules do not interact with each other
ii.  All adsorbate molecules follow same adsorption mechanism

iii.  Adsorbates form a monolayer of gas molecules and do not form multi layers

But these assumptions are not met in reality since gas molecules usually interact with
each other forming multi layers. This causes difference in adsorption mechanism in both early
and final stage of the adsorption. Hence, Langmuir model overestimates the measured surface
areas of solid materials. That’s why another group of researchers (Brunauer, Emmett, and
Teller) developed BET model to effectively determine surface area of solid materials. Since
this group considered multilayer formation of adsorbed gas, it provided more realistic results

in comparison to Langmuir model.>*

Gas isotherms can also provide insights to the pore sizes of the porous material. Due to
the difference in adsorbate-sorbent as well as adsorbate-adsorbate interactions, different pore
size results in different types of isotherms. In general, two different models such as Barrett-
Joyner Halenda (BJH) and Non-Local Density Functional Theory (NLDFT) models used to
determine pore size distribution in the porous materials.*® The collected isotherms are fitted
into these models to measure the pore size. Among these two models, NLDFT is mostly used

as it does not underestimate the pore size unlike BJH model.
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2.6.2 Cyclic Voltammetry

To study the oxygen reduction reaction, cyclic voltammetry (CV) is considered as the
most viable technique as it can provide easily interpretable and qualitative information about
the reaction. Typically, CV is carried out in a three-electrode setup consisting of Pt wire as
counter electrode, Ag/AgCl as reference electrode and glassy carbon with deposited catalyst
on it as working electrode in an unstirred analyte containing electrolyte. The counter electrode
(auxiliary electrode) is used only to complete the circuit in the electrochemical cell. It does not
take part in the electrochemical reaction. The factors that influence the choice of counter
electrodes are that the material for the electrode must be inert and should have large surface
area than working electrode so that it does not limit the kinetics of the electrochemical
reactions. The reference electrode is a half-cell with known reduction potential and is used to
control the potential of the electrochemical cell. In addition, it acts as a point of reference in
measuring potential at the working electrode. The working electrode is made of inert material
and catalyst is usually loaded on its surface. The reaction of interest in an electrochemical
system occurs on the working electrode which facilitate the transfer of charge between catalyst

and oxygen in the electrolyte.

CV is performed by cycling the applied potential on a working electrode linearly from
an initial value to a predetermined limit (also called the switching potential). Once the applied
potential reached the switching potential, the direction of the scan is reversed. A typical cyclic

voltammogram is shown in Figure 2.11.
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Figure 2.11: Typical cyclic voltammogram illustrating different parameters.

CV measures the current generated on the working electrode when the applied potential
is cycled between a range of potential. As the initial potential is increased to a more positive
value, the anodic current increases gradually due to the oxidation of the analyte followed by a
decay in the same manner. Since CV is carried out with stationary working electrode in an
unstirred solution, diffusion is the only mode of transport between the reactant and the catalyst
deposited on working electrode. Slow diffusion cannot maintain a steady-state concentration
profile at the same rate as the electrolysis depletes the reactant near the working electrode. As
aresult, a depletion zone is created and reactant molecules had to travel more distances to reach
the catalytic surface. So, after reaching the anodic peak current (ipa), the current cannot continue
to increase exponentially with potential due to the mass transfer dependence and a finite rate
for the reverse electron transfer process. As the concentration gradient starts to decrease, the
rate of mass transfer also diminishes causing the peak current to decay gradually. Capacitive
current i.e. current beyond ip, is independent of the chemical reaction occurring at the working
electrode and it either accumulates or removes charged species from the electrode or near the
electrode.?” Once the potential reaches the switching potential, the potential scan is reversed,

reduction occurs reviving the oxidized species. The corresponding peak current and respective
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potential are referred as cathodic peak current (ipc) and cathodic peak potential (Epc) as shown

in Figure 2.11.
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Figure 2.12: Typical cyclic voltammogram obtained in N2 and O; saturated 0.1 M KOH to

show the ORR activity.

At the beginning of the electrochemical testing procedures for ORR, the electrolytes
were saturated with either nitrogen or ultra-high purity oxygen by bubbling the gas in the
electrolyte for an hour and a continuous supply of either nitrogen or oxygen gases were
maintained throughout the experiment in order to create a blanket over the solution. When CV
was obtained in N2 saturated electrolyte, the CV did not show any features except the capacitive
current. However, when the electrolyte was saturated with O it showed a typical cathodic ORR
peak at around 0.9 V vs RHE displayed in Figure 2.12. This peak is due to the faradaic current
resulting from the reduction of oxygen by the catalyst. Since oxygen reduction is an irreversible
process, so CV does not provide much more information other than illustrating ORR activity

with a cathodic peak current.
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2.6.3 Rotating disk voltammetry and rotating ring disk voltammetry

Two experimental methods rotating ring-disk electrode (RRDE) method and the
Koutecky—Levich (KL) method involving rotating disk voltammetry (RDE)) are widely used
to determine the number of electrons involved in oxygen reduction. Both methods measure the
current generated at the working electrode when the potential is swept between the working

and reference electrode.

In rotating disk voltammetry, the working electrode is rotated at different rpm. This
rotation creates particular flow pattern involving both convection and diffusion. According to

Nernst diffusion layer model, 3® the two zones in the electrolyte near the electrode are:

i.  The region closest to the electrode surface with thickness & is determined by
assuming that there is a totally stagnant layer where diffusion is the only mode
of mass transport

ii.  The region near the first region is determined by assuming that transport of
reactant molecules to the electrode surface occurs via convection and the

concentration of reactant always remains the same.

Based on these stated assumptions, the limiting current density for the voltammogram

is expressed as:

11t .1
J o Ik
=1/Bw/? + 1/Jk

B = 0.20FCo(D0)%/3 v71/6

where J = Measured current density, Jx = Kinetic current density, J. = Diffusion limiting current

density or Levich current density due to the influx of reactant species A at the
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outer boundary of the film., ® = Rotation per minute, n = Transferred number of electrons, F=
Faraday’s constant, C, = Bulk concentration of O», D, = Diffusion coefficient of Oz, v =

Kinematic viscosity, k = Electron transfer rate constant.

The kinetic current density represents the limit for rotation at an infinite rate assuming

unlimited supply of reactants at the outer boundary of the structure.*”

In case of RRDE, similar phenomenon occurs with an additional benefit. The ORR
occurs at the disk and if H2Oz is produced during ORR, it can be directly oxidized by applying
a constant potential on the ring. Due to this, the amount of H>O> produced can be assessed
along with the number of electrons involved in ORR. The equations involved in the calculations
are as follows:

41,
Ng- = —————
Ip + IR/N

where I}, is the disk current, I is the ring current and N is the collection efficiency.

The amount of H,0, is calculated by the equation given below:

Total moles of peroxide produced
%Hzoz = X 100
Total moles of oxygen reacted

%H,0, = e x 100
IoN + I,
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Figure 2.13: Typical linear sweep voltammogram obtained using rotating disk voltammetry.

Different parameters which reflect the ORR activity can be determined from the linear
sweep voltammogram obtained either by RDE or RRDE as shown in the above Figure 2.13.
The onset potential E,,,.¢ is the potential at which ORR occur, the more positive the value is
the better the catalytic performance. Ej, is the half wave potential obtained at the half of
limiting current density, ;. As discussed above, J; value is used to calculate the number of

electrons involved in ORR and thus determine ORR selectivity of the catalyst.

2.6.4 Amperometric i-t curve

Besides cyclic voltammetry and linear sweep voltammetry, chronoamperometry (CA)
is also a popular technique to study electrochemical reactions. This technique can be used to
evaluate the long-term durability and poison tolerance of the catalyst. In CA, current from

faradaic processes due to the applied potential at the working electrode is recorded as a function
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of time. In general, CA can be implemented either as a single potential step where the current
due to forward step is only recorded or double potential step which involves increasing the
potential form E;to E, and then returning the potential back to the E; after certain time period
which is denoted by . This 7 is also termed as pulse width/step time.>* Both of these CA are

depicted in Figure 2.14.

El@ (b)

!

Figure 2.13: (a) Waveform for a step experiment when the reactant species is electroinactive
at E; but is reduced at a diffusion limited rate at E, and (b) Typical waveform for double

potential step.?”

At the initial potential (E;), no Faradaic reactions take place. When the potential is
changed from E;to E,, the oxidation or reduction of eletroactive species occurs causing the
surface concentration of the species drop to zero. This potential is maintained for a step time
while recording the current- time dependence. The mode of transport of reactive species to the
electrode is solely governed by diffusion throughout this CA process. Due to this, the
concentration of reactive species at the electrodes surface changes which is reflected current-
time curve. With the depletion of reactive species, a diffusion layer starts to grow near the
electrode causing a decrease in the concentration gradient as time progresses. This is reflected
as the decrease in current with time and such plot is called amperometric i-t curve.
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The observed current (planar electrode of infinite size) at any time following a large
forward potential step in a reversible redox reaction (or to large overpotential) as a function of

t~1/2can be expressed in CA by the Cottrell equation®:
1,(t) = nFAD"2C (mt) ™/

where n = stoichiometric number of electrons involved in the reaction, F is the
Faraday’s constant, A is the electrode area, C is the concentration of electroactive species and

D is the diffusion coefficient.

After applying potential step, another type of current originating from double layer
charging is also observed. This current is only significant during the initial time period.

However, it decays as a function of t 1.3
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Chapter 3

Rapid Synthesis of Fe Based S and N dual doped Benzimidazole
derived Porous Carbon for Efficient Electrocatalytic Oxygen
Reduction Reaction

3.1 Abstract

In this work, an easy synthetic approach was followed to prepare iron-based sulfur and
nitrogen dual doped porous carbon (Fe@SNDC). A cheap, commercially available monomer
i.e. benzimidazole was used as a precursor for N doped carbon and calcined with potassium
thiocyanate at different temperatures to tune the pore size, nitrogen content and different types
of nitrogen functionality such as pyridinic, pyrrolic and graphitic. The Fe@SNDC-1-950 with
high surface area, optimum N content of about 5 at% and high amount of pyridinic and
graphitic N displayed an onset potential and half wave potential of 0.98 and 0.83 V vs RHE,
respectively, in 0.1 M KOH solution. The catalyst also exhibits very good ORR performance
in acidic media. Furthermore, when compared to commercially available Pt/C (20 wt.%),
Fe@SNDC-1-950 showed excellent poison tolerance in case of methanol crossover, high
durability and stability in oxygen saturated alkaline electrolyte. Our study demonstrates that
the presence of N and S along with Fe-N moieties synergistically served as ORR active sites
while the high surface area with a wide pore size distribution allowed for efficient mass transfer
and interaction of oxygen molecule to the active sites contributing to the remarkable ORR

activity of the catalyst.
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3.2 Introduction

Currently, incorporation of nonprecious transition metal in carbon-based materials
doped with either N '* alone or dual doping with another element such as S +7 has garnered
an overwhelming attention. This type of catalysts exhibited outstanding ORR performance due
to the presence of effective ORR active sites. It has been suggested that ORR active centers
originate from the doping atoms which alter the charge and spin densities of adjacent carbon
atoms allowing for molecular oxygen adsorption.®!? In contrast, other studies have suggested
metals coordinated to the N (M-N) are responsible for enhanced ORR performance.> ' The
ORR performance of nonprecious metal based catalysts outperformed those of metal-free N-
doped carbon particularly in acidic electrolyte highlighting the role of M-N.!?>!* The addition
of certain transition metals (e.g., Fe, Co) to the metal-free, nitrogen-doped carbon frameworks
results in a nonprecious metal (NPM) catalyst system with improved ORR activity in acidic
media.> 1315 Most of these N or N and S dual doped NPM catalysts are moderately porous
allowing efficient transfer of oxygen saturated electrolyte. However, to obtain the specific pore

13

size and increased porosity, soft templates such as silica nanoparticle ° or amphiphilic

molecules '® were used which require harsh treatment to remove the templates.

In this study, we have developed a simple and cost-effective synthetic procedure for
Fe-based S and N dual doped porous carbon by calcining an inexpensive monomer,
benzimidazole with iron (III) thiocyanate. This synthetic route is environment friendly as it
eliminates the use of templates or any harsh solvent. By varying the calcination temperature,
different properties such as surface area, pore size distribution, dopant content and types of N
and S are controlled. The obtained catalyst shows an outstanding ORR performance in alkaline
medium due to its high surface area, wide pore size distribution and multiple active sites for

ORR. In addition, the presence of Fe—N moieties in the catalyst enables enhanced ORR activity
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in acidic media. The superior long-term durability and excellent methanol tolerance of the
synthesized catalyst in comparison to commercial 20wt% Pt/C catalyst indicate that

Fe@SNDC:s are promising cost-effective catalysts for future use in ORR.

3.3 Experimental Section

3.3.1 Materials and Methods

All chemicals were purchased from commercial suppliers (Alfa Aesar, Acros Organics,
TCI America) and used without further modification. Initially, Fe(SCN)3; was prepared by
adding FeCls (1.0 mL, 1.0 M) to a solution of KSCN (3.0 mL, of 1.0 M).!” Benzimidazole was
added to this solution followed by addition of distilled water (70 mL). The resultant mixture
was stirred overnight and the solvent was then removed via rotary evaporation. The mixture
was further dried in an oven for 12 hours at 80 °C. The resulting powder was carbonized at
different temperatures starting from 850, 950 to 1050 °C in a temperature programmed tube
furnace (Carbolite) at a ramp rate of 5 °C per minute under argon gas flow for an hour. The
carbonized sample was allowed to cool to room temperature and then sonicated with 1.0 M
HCI (10 mL) for 30 minutes then filtered on a medium glass frit and washed with 1.0 M HCl
(3 x 50 mL). Finally, the resultant black powder was washed with excess distill water and
ethanol. We denote the as-prepared catalyst as Fe@SNDC—-X-Y, where X indicates the number

of pyrolysis and Y indicates the pyrolysis temperature.
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3.3.2 Physical Characterization

The Brunauer—Emmett—Teller (BET) method was used to calculate the specific surface
area of the samples using N> isotherms at 77 K collected using Autosorb-iQ2 volumetric
adsorption analyzer (Quantachrome Instruments). The pore size distributions (PSD) were
obtained from the equilibrium branch of N> (77 K) isotherms by using quench solid density
functional theory (QSDFT) model with the assumption that the carbon material has slit-pore

geometry. Prior to any adsorption analysis, the samples were degassed at 200 °C for 12 h.

Hitachi SU-70 scanning electron microscope was used to obtain the scanning electron
microscopy (SEM) images of the synthesized samples. The samples were prepared by
dispersing each specimen onto the surface of a flat aluminum sample holder with silver paste.
Then the samples were coated with platinum at a pressure of 1.0 x 10 bar in a N> atmosphere
for 60s prior to SEM imaging. Elemental distribution was analyzed by collecting elemental

mapping using energy-dispersive X-ray spectroscopy (EDX).

X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo Fisher
Scientific ESCALAB 250 spectrometer employing an Al Ka (1486.68 eV) X-ray source
equipped with a hemispherical analyzer. Samples were prepared for XPS measurements by
pressing the carbon specimen into a piece of indium foil, which was then mounted onto the
sample holder using double-sided sticky tape. During XPS analysis, a combination of a low-
energy electron flood gun and an argon ion flood gun was utilized for charge compensation.
The binding energy scale was calibrated by setting the C 1s peak at 285.0 eV. XPS results were

analyzed with the Thermo Avantage software (v4.84).

Powder X-ray diffraction (P-XRD) patterns of the dried samples were collected at room
temperature on a Panalytical X Pert Pro Multipurpose Diffractometer (MPD). The samples

were mounted on a zero-background sample holder measured in transmission mode using Cu
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Ko radiation with a 26 range of 20 to 70. The Raman spectra were obtained using a Thermo

Scientific DXR Smart Raman spectrometer operating at an excitation wavelength of 532 nm.

3.3.3 Electrochemical Characterization

The electrochemical measurements were conducted using a conventional three
electrode setup with Ag/AgCl in 3 M KCI (reference electrode), glassy carbon electrode
(working electrode) and Pt wire (counter electrode) in a Bipotentiostat (Model 760E Series,
CH Instruments). The catalyst ink was prepared by ultrasonically dispersing 3.0 mg of the
catalyst in a solution containing 25 pL of Nafion per fluorinated resin (5 wt %, Sigma-Aldrich)
and 400 pL of isopropanol. About 10 pL of the catalyst ink was pipetted onto a polished glassy
carbon electrode and dried in an oven for half an hour. The loading of the catalyst was 0.36
mg/cm?. The electrochemical performance of the catalyst was compared to commercial Pt/C
(20 wt % Pt on graphitized carbon, Sigma-Aldrich) with similar catalyst loading. The
electrolytes for alkaline and acidic medium were 0.1 M KOH and 0.5 M H>SO4 respectively.
At the beginning of the electrochemical testing procedures, the electrolytes were saturated with
either nitrogen or ultra-high purity oxygen by bubbling the gas in the electrolyte for an hour
and a continuous supply of either nitrogen or oxygen gases were maintained throughout the

experiment in order to create a blanket over the solution.

According to Nernst equation, the measured potential vs Ag/AgCl (3M KCIl) can be

converted to the reversible Hydrogen electrode (RHE) scale following:

Epng = Eag/agct + 0.059 pH + Eggrager (1)
where Ejg/ag¢1 18 the experimentally measured potential vs Ag/AgCl, E:1 g/agct 18 0.210 V at
25 °C.

The ORR performance was evaluated by cyclic voltammetry (CV) in N; or O; saturated

0.1 M KOH and 0.5 M H2SO4 in a potential window 0 to 1.0 V vs RHE at varying sweep rates
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from 5 to 50 mV. The ORR kinetics were evaluated by linear sweep voltammetry (LSV) at
various rotations rates per minute ranging from 400 to 2500 rpm. The Koutecky-Levich

equation was used to determine the number of electrons in oxygen reduction reactions.
1/J = 1/J, + 1/Jk
= I/Bw'? + 1/Jx
B = 0.2nFCy(D,)?? v/

where J = Measured current density, Jx = Kinetic current density, JL = Diffusion limiting current
density, @ = Rotation per minute, n = Transferred number of electrons, F= Faraday’s constant,

C,= Bulk concentration of O2, D, = Diffusion coefficient of O, v = Kinematic viscosity.

Rotating ring disk voltammetry (RRDE) was used to determine the apparent number of
electrons (n,-) involved in ORR using the following equation:

4,
Neg- = ——————
Ip + IR/N

where I}, is the disk current, I is the ring current and N is the collection efficiency.

The collection efficiency of RRDE was measured using 10 mM potassium ferrocyanide
in 1.0 M KNOs3 and calculated to be 0.36 as shown in Figure 3.18. The durability test of the
catalyst was done using the chronoamperometric i-t technique at 0.88 V vs RHE in O, saturated
0.1 M KOH solution with a rotation of 1600 rpm for 12 hours. The methanol tolerance test was
also evaluated by both cyclic voltammetry and chronoamperometric i-t technique with the

introduction of 3 M methanol solution.
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3.4 Results and Discussion

3.4.1 Facile Synthetic route for heteroatom derived porous carbon

The Fe-based S and N co-doped porous carbon catalysts (Fe@SNDCs) were
synthesized by thermolysis of iron(IIl) thiocyanate/benzimidazole mixtures at 850, 950, and
1050 °C under nitrogen as shown in Figure 3.1. Calcination temperatures played a significant
role in controlling the dopant content and textural properties of Fe@SNDCs. As the calcination
temperature was increased, the atomic percentage of heteroatoms decreased sharply (Table 3.2)
and the type of nitrogen functionalities also changed from pyridinic to more graphitic as

observed in deconvoluted N XPS spectra (Figure 3.7, 3.8, 3.9).

N

@: \> DI water
N
H

) e
/ Fe(SCN);

Calcined in tube furnace .

i Solvent removed via
at 950°C in Argon — Rotary Evaporator and
atmosphere and mixture dried in oven

washed with 1M HCI

Figure 3.1: Facile synthetic route for Fe@SNDC—-1-950 samples.
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Figure 3.2: Proposed structure of Fe@SNDC samples

3.4.2 Physical Characterization of Fe@SNDC samples

The porosity of Fe@SNDCs was studied by N> adsorption and desorption
measurements at 77 K (Figure 3.3). The isotherms of all the samples displayed a rapid uptake
at very low relative pressures (P/Po < 0.01) which suggest the presence of micropores. The
isotherm of the sample calcined at 850 °C reached a plateau between P/P, (0.1~0.9) which
further confirmed the presence of micropore. However, the existence of mesopores in
Fe@SNDC samples calcined at temperatures higher than 850 °C was noted due to a gradual
increase in N» uptake beyond (P/P, > 0.1). The BET surface areas of the Fe@SNDC calcined
at 850, 950, and 1050 °C were calculated to be 1020, 1101, and 1157 m? g™! respectively.
Quenched solid state density functional theory (QSDFT) was used to determine the pore size
distribution (PSD) as depicted in Figure 3.4. The two major peaks in PSD for all the samples

were centered around 6 and 11 A. Using single point N; uptake at P/P, = 0.95, the total pore
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volume was determined and found to be the highest for Fe@SNDC-1-950 (0.56 cm® g!) in

comparison to other Fe@SNDC samples as summarized in Table 3.1. The high surface area

and wide pore size distribution are important parameters that allow for facile mass transport

through the pores and enhance the accessibility of catalytic sites.

’_\500_N28t77K
3 e Fe@SNDC-1-850
L 400] © Fe@SNDC-1-950
3 Fe@SNDC-1- 10500.@6@
(o i 9.
@300 :E:S:ooooo.oooowﬁ)
<
= 200-
g ]
5 100+
> 1 ¢
00 02 04 06 08 1.0

Relative Pressure (P/P )

Figure 3.3: Nitrogen isotherms at 77 K of Fe@SNDC-1-850, Fe@SNDC-1-950 and

Fe@SNDC-1-1050.
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Figure 3.4: Pore size distribution (PSD) from QSDFT using Nz at 77 K (Figure 3.3). For

clarity, PSD of Fe@SNDC-1-950 and Fe@SNDC-1-1050 are offset by 0.1 and 0.2,

respectively.

Table 3.1: Surface area and pore volume of Fe@SNDCs.

a Total Pore
Samples Surface Area Volume® Pore Size Distribution®
(m*g") (A)
(em’g™)
Fe@SNDC-1- 850 1020 0.43
Fe@SNDC-1-950 1101 0.56 6-11
Fe@SNDC-1-1050 1157 0.54

aBET surface area. *Total pore volume determined from single point N> uptake at P/P,= 0.95.

‘Pore size distribution range calculated from quenched solid-state density functional theory

(QSDFT).
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The SEM images of Fe@SNDC:s displayed fragmented sheet like morphologies (Figure
3.5) and the EDS elemental mapping survey showed uniform distribution of C, S, N, O and Fe

throughout the porous structure in all samples (Figure 3.6).

Figure 3.5: SEM images of (a) Fe@SNDC-1-850, (b) Fe@SNDC —1-950 and (¢) Fe@SNDC

—1-1050.

Figure 3.6: SEM and EDX elemental mapping for Fe@SNDC—-1-950; C: red, N: Green, Fe:

purple, S: yellow, and O: blue.
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To evaluate the chemical composition of Fe@SNDC samples, X-ray photoelectron
spectroscopy (XPS) studies were performed. The XPS survey spectra of three samples calcined
at different temperatures displayed three pronounced C 1s, N 1s and O 1s signals located at
around 286, 400 and 533 eV respectively. The S 2p peak located at 170 eV was quite noticeable
for Fe@SNDC-1-850 and Fe@SNDC-1-950. The XPS survey spectra (Figure 3.7) and the
results are summarized in Table 3.2. The Fe peak at around 712 eV was visible for Fe@SNDC—
1-850 but was very weak for the samples calcined at or above 950 °C. However, the coupled
plasma optical emission spectrometry (ICP-OES) detected 20 ppm iron for Fe@SNDC-1-950
samples. For Fe@SNDC—-1-850 and Fe@SNDC-1-1050 samples the iron content was only 6

ppm and 16 ppm respectively.

Fe@SNDC -1- 850
Fe@SNDC -1- 950
Fe@SNDC -1- 1050

C1s

O,1s
N 1s

Intensity (a.u.)

S 2p

0 200 400 600 800 1000
Binding Energy(eV)

Figure 3.7: XPS survey spectra of the three FeBIDC samples.
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Table 3.2: XPS survey spectra results.

Samples C N (0] S Fe
(At. %) | (At. %) | (At. %) (At. %) (At. %)
Fe@SNDC-1-850 76.8 9.81 10.68 1.32 1.21
Fe@SNDC-1-950 83.66 4.93 10.12 1.29 undetected
Fe@SNDC-1-1050 89.33 2.53 6.85 undetected undetected

When the high-resolution spectrum of N 1s was deconvoluted (Figure 3.8, 3.9, 3.10),
three peaks at 398.2 (pyridinic N), 400.3 eV (graphitic N) and 405.1 (pyridine N oxides) were
observed.'® !? The pyridinic N can provide a pair of electrons to the n-conjugated system in the
carbon structure and also act as metal co-ordination sites. The peak from nitrogen bound to
iron is difficult to differentiate as its binding energy is very close to that of pyridinic N.2° The
deconvolution of S 2p spectra (Figure 3.8, 3.9, 3.10) also revealed three distinguished peaks
located at 163.8 eV (—C—S—C— 2p2s3), 165.0 eV (—C—S—C—2p12), and 168.7 eV (C—SOx—C, X

= 1, 2, 3) peaks.!”> 2123 Fe@SNDC-1-950 sample was comprised of 21% of —C—S— and

conjugated —C=S— bound which can efficiently promote ORR in alkaline media.®
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Figure 3.8: Deconvoluted S and N XPS spectra of Fe@SNDC-1-850.

The amount of N in Fe@SNDC—-1-950 samples was around 5 at% but it served as better
electrocatalyst for ORR compared to Fe@SNDC-1-850 (9.5 at%) and Fe@SNDC-1-1050
(2.5 at%). This suggested that the types of nitrogen in the porous carbon structure was more
important than the amount of N for effective ORR performance. Among the different types of
nitrogen, the pyridinic and graphitic N were recognized as the ORR active sites.'* In case of
graphitic N, nitrogen being more electronegative than C, it allows transfer of electrons from
the adjacent C to N atom and N then returns the electrons to adjacent C. This overall donation
and backdonation process aids the dissociation of oxygen molecule on adjacent C atom and
also allows a strong chemical bond to form between O and C.>* For pyridinic N, the oxygen
molecules are adsorbed on carbon atoms next to pyridinic N with Lewis basicity.?> 26 Both
graphitic and pyridinic N-doped porous carbon have similar dissociative adsorption energies
of oxygen.?* Fe@SNDC-1-1050 which has the highest percentage of graphitic N and lowest
percentage of pyridinic N (Figure 3.8) displayed inferior ORR performance compared to
Fe@SNDC-1-950. This result suggested that an optimum amount of N content along with a

proper balance between pyridinic (probably including the Fe-N moieties) and graphitic N are
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required for effective electrocatalysis of ORR. The sulfur dopant further increases the ORR
active sites by changing the atomic charge density and spin density of the neighboring C atoms

which promotes the adsorption of oxygen and also weakens the O-O bonding thus enhancing

ORR performance. 7%
Fe@SNDC-1- 950 Fe@SNDC-1-950
-C-SO -C (x=1,2,3) 79% - Graphitic-N 47%
— >
3 8
S > Pyridinic-N 15%
2 @
Q S 2p1/2 9% E
2 2p,, 129 =

174 172 170 168 166 164 162 160 410 408 406 404 402 400 398 396 394 392
Binding Energy (eV) Binding energy(eV)

Figure 3.9: Deconvoluted S and N XPS spectra of Fe@SNDC-1-950.
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Figure 3.10: Deconvoluted N XPS spectrum of Fe@SNDC-1-1050.
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Figure 3.11: PXRD pattern of Fe@SNDC samples.

The PXRD patterns of the samples showed two characteristic peaks around 25° and 43° which

are generally ascribed to the (200) and (100) planes of graphite.
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Figure 3.12: Raman spectra for Fe@SNDC samples.

All the samples displayed two intense peaks at around 1350 and 1590 ¢cm™! which are
generally the D band and G band respectively. Bond stretching of all the sp?>-bonded pairs,

including C—C, N-C, C-S, N-S are reflected by the G band while the D band reflects the sp?
defect sites®®. The 113 ratios of Fe@SNDC samples range from 1.11, 0.97 and 1.08 with respect
G

Ip

to their calcination temperature ranging from 850°C to 1050°C. This slight decrease in the ;
G

89



ratio of Fe@SNDC-1-950 sample suggested more graphitic carbon structures compared to
other samples?!. Moreover, the broader the d band suggests more intercalation of heteroatoms
into the conjugated carbon framework??. Fe@SNDC-1-950 sample with more graphitization
had increased electronic conductivity and corrosion resistance during electrocatalysis. In
addition, it had moderately broad d band with optimum dopants which served as active sites

for ORR.

3.4.3 Electrochemical Characterization of Fe@SNDC samples in comparison

to 20 wt% Pt/C

The electrochemical performance of Fe@SNDC-1-950 in ORR was assessed by cyclic
voltammetry (CV) and compared to the performance of commercially available Pt/C (20 wt%)

as shown in Figure 3.13 and 3.14.

The cyclic voltammograms obtained in nitrogen saturated 0.1 M KOH and 0.5 M H»SO4
showed a quasi-rectangular voltammogram without any redox peak due to the typical supercapacitance
effect on porous carbon materials.** ** When the electrolyte was saturated with O,, Fe@SNDC-1-950
sample showed a well-defined characteristic ORR peak centered at 0.87 V vs RHE in 0.1 M KOH and
an enhancement was observed in 0.5 M H,SO4as shown in Figure 3. The cathodic current peak potential
of Fe@SNDC-1-950 was slightly more positive than that of Pt/C (20 wt%). In acidic electrolyte, the
CV showed a pair of reversible redox peaks (Fe*'/Fe*") in between 0.62~0.64 V. These peaks are a

common feature in CVs obtained using iron coordination compounds like [Fe(CN)s]*/ [Fe(CN)s]*.*
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Figure 3.13: Cyclic voltammograms (CVs) for ORR obtained of Fe@SNDC-1-950 in N and

O, saturated (a) 0.1 M KOH and (b) 0.5 M H2SO4 at a scan rate of 20 mV/s.
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Figure 3.14: Cyclic voltammograms (CVs) for ORR obtained of 20 wt% Pt/C in N> and O>

saturated (a) 0.1 M KOH and (b) 0.5 M H>SO4 at a scan rate of 20 mV/s.
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To understand the kinetics and mechanism of ORR and linear sweep voltammograms (LSVs)
were collected at different rpm starting from 400 to 2500 rpm in O; saturated acidic and alkaline
electrolyte using rotating disk electrodes (RDE). The limiting current density increased linearly as the
scan rate increased from 400 to 2500 rpm in all cases for short diffusion distance. Figure 3.15 and 3.16
show the LSVs of all the Fe@SNDC samples calcined at different temperatures. In 0.1 M KOH solution,
Fe@SNDC-1-950 showed an onset potential of 0.98 V vs RHE which was quite close to the 0.99 V vs
RHE obtained for commercially available 20 wt% Pt/C (Tables 3.3 and 3.4). The half wave potential
and the limiting current density of Fe@SNDC-1-950 excelled the performance of samples calcined at
850 and 1050 °C suggesting that the optimum calcination temperature of the sample was 950 °C.
Moreover, the Fe@SNDC-1-950 performed really well in 0.5 M H,SO4. The Koutecky Levich plot
derived from the LSVs at a scan rate of 10 mV in O, saturated electrolyte displayed good linearity
which suggested first order reaction kinetics toward the concentration of dissolved oxygen and similar
electron transfer numbers for ORR at different potentials*®. The number of electrons (n) in ORR was
determined from the linear sweep voltammograms obtained by RDE as 3.5 (in alkaline solution) at the
potential ranging from 0.2 ~ 0.6 V vs RHE. Another significant technique involving RRDE was also
used to determine n as shown in Figure 4a and 4b and the n value was averaged to be 3.77 between 0.2
~ 0.8 V vs RHE which was quite close to the four electron ORR pathway followed by 20 wt% Pt/C
(Fig. S4). This result indicates that Fe@SNDC-1-950 is an excellent catalyst for ORR in alkaline
solution. This RRDE was also used to monitor the percentage peroxide species (Figure 3.21 and 3.22)
generated during the ORR which remained below 20% between 0.2 ~ 0.8 V vs RHE. In addition to
alkaline media, Fe@SNDC-1-950 exhibited good ORR performance in 0.5 M H>SOs4 with an n value

of 3.4 and limiting current density quite close to the 20 wt% Pt/C.
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Figure 3.15: LSV curves at the rotating speed of 1600 rpm of the Fe@SNDC-1-850,

Fe@SNDC-1-950, Fe@SNDC-1-1050 and Pt/C in O saturated 0.1 M KOH.

Table 3.3: Onset and halfwave potentials of FeBIDC samples in 0.1 M KOH

Samples Otl\s]e:, Sl’l(;tﬁrlg)ial I;zlti:rt?:le Limiting( Iﬁ:;‘:;ll;; Density
(V vs RHE)
FeBIDC -1- 850 0.96 0.68 3.95
FeBIDC -1- 950 0.98 0.83 3.80
FeBIDC -1- 1050 0.91 0.61 3.06
20 wt% Pt/C 0.99 0.84 5.23
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Figure 3.16: LSV curves at the rotating speed of 1600 rpm of the Fe@SNDC-1-850,

Fe@SNDC-1-950, Fe@SNDC—-1-1050 and Pt/C in O; saturated 0.5M H2SOa.

Table 3.4: Onset and halfwave potentials of FeBIDC samples in 0.5 M H2SO4

Samples Ol(l\s;e:, sl)l(;t;;g)ial I;I)i‘)ltil‘;vt?:le Limiting( IEZ;:;I;; Density
(V vs RHE)
FeBIDC -1- 850 0.68 0.34 0.48
FeBIDC -1- 950 0.80 0.53 3.80
FeBIDC -1- 1050 0.74 0.39 2.06
20 wt% Pt/C 0.89 0.78 4.07
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Figure 3.17: Koutecky Levich plot of 20 wt% Pt/C (a) 0.1 M KOH and (¢) 0.5 M H2SO4 and

in Fe@SNDC-950 (b) 0.1 M KOH and (d) 0.5 M H,SOx.
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To calculate the number of electrons and determine the amount of HO, produced while
performing ORR, another technique involving RRDE was used beside RDE. The actual
dimensions of the disk and ring in RRDE can vary as it is subjected to electrode polishing or
temperature cycling. That’s why it is important to measure the collection efficiency using a
well-behaved redox system. Typically the ferrocyanide/ferricyanide half reaction, single-
electron reversible half reaction, is used for measuring collection efficiency of RRDE. 37 The
RRDE was placed in a solution of 10 mM potassium ferricyanide, K3Fe(CN)g in 1 M
potassium nitrate, KN O3 solution. A positive potential of 1.6 V vs RHE is applied on both the
ring and the disk so that no reaction occurs. While sweeping the potential of the disk towards
negative at a scan rate of 50 mV/sec, the positive potential at the ring is held constant. A
cathodic current is observed at the cathode (disk) corresponding to the reduction of ferricyanide

to ferrocyanide.
Fe(CN)}™ + e~ — Fe(CN)g~

The generated ferrocyanide are pushed radially outward from the disk to the ring
electrode. Since a positive potential is applied at the ring, some of the ferrocyanide are oxidized

back to the ferricyanide. As a result, an anodic current is observed at the ring electrode.
Fe(CN){~ = Fe(CN):™ + e

The ratio of the anodic and cathodic limiting current is the empirical collection
efficiency, Nempiricar- The linear sweep voltammograms for this RRDE is obtained by
changing the rotation rate from 400 to 2500 rpm as shown in figure 3.18. As the rotation rate
increases, both the cathodic and anodic current at the disk and ring increases. However, the
collection efficiency is independent of the rotation rate due to the fact that limiting current is

proportional to the square root of rotation rate.
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This collection efficiency is a constant factor for this particular RRDE and can be used

on any system regardless of the electrolyte solution.

llimiting current at the ring

Nempirical = =
llimiting current at the disk
-1.0
05t
< 00
g L
€ 05}
Q I
3 10t
e 400
1.5+ B =900
I 1600
2.0 e — 2500
0.0 04 0.8 1.2 1.6

Potential (V vs RHE)

Figure 3.18: Calibration curve for collection efficiency in 10 mM potassium ferrocyanide in

1.0 M KNO:s.
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Figure 3.19: Linear sweep voltammogram of 20 wt% Pt/C at 1600 rpm in 0.1M KOH.
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Figure 3.20: The apparent number of electrons involved in ORR and the % of HO; of 20 wt%

Pt/C in 0.1M KOH derived from figure 3.19.
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Figure 3.21: Linear sweep voltammogram of Fe@SNDC-1-950 using RRDE at 1600 rpm in

0.1 M KOH.
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Figure 3.22: The apparent number of electrons involved in ORR and the % of HO; of

Fe@SNDC-1-950 in 0.1M KOH derived from figure 3.21.
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Resistance to fuel crossover effects and long-term durability of the ORR catalysts are
important criteria in fuel cell technology. The durability of Fe@SNDC—-1-950 catalyst was
measured using chronoamperometric i-t technique in 0.1 M KOH at 1600 rpm and was also
compared to that of commercially available Pt/C (20 wt%) as shown in Figure 3.23. When the
onset potential (0.877 V vs RHE) was applied for 12 hours, both the synthesized and
commercial catalyst exhibited a slow degradation along with the time elapsed. However,
Fe@SNDC-1-950 catalyst showed less degradability compared to Pt/C; it degraded only by
26 % after 12 hours. In case of direct methanol fuel cell, small amount of methanol sometimes
can crossover from the anode to the cathode chamber and poison the ORR catalyst particularly
Pt/C catalyst. The presence of methanol initiates methanol oxidation instead of oxygen
reduction in Pt-based catalysts. To overcome this issue, the synthesized catalyst must be
methanol tolerant and here the methanol tolerance of the Fe@SNDC-1-950 catalyst was
measured by introducing 3 M methanol solution in O saturated 0.1 M KOH solution. After the
introduction of methanol, a drastic reduction in the ORR activity by Pt/C was observed whereas
Fe@SNDC-1-950 was only slightly affected. The chronoamperometric i-t curves in Figure
3.26 indicate that Pt/C exhibited a massive 41% degradation in ORR activity over the 6 hours
period while Fe@SNDC-1-950 showed only 8% degradation. Thus, Fe@SNDC-1-950
exhibited excellent stability and methanol tolerance in ORR which outperformed the

performance of commercially available 20 wt% Pt/C.
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Figure 3.23: Chronoamperometric i-t curve of Fe@SNDC-1-950 and 20 wt% Pt/C in Oz

saturated 0.1M KOH.
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Figure 3.24: Comparisons of cyclic voltammograms of 20 wt% Pt/C in either N2 or O2

saturated 0.1M KOH and also after addition of 3M methanol in O; saturated 0.1M KOH.
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Figure 3.25: Comparisons of cyclic voltammograms of Fe@SNDC-950 in either N> or O2

saturated 0.1M KOH and also after addition of 3M methanol in O; saturated 0.1M KOH.
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Figure 3.26: Methanol tolerance graph of Fe@SNDC-1-950 and 20 wt% Pt/C in O; saturated

0.IM KOH.
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Table 3.5: Comparisons of onset, halfwave potentials and limiting current densities in the

literature
Limiting
Loading Eonset E12 current
Catalyst | g/em?) | FleCtrolVte v S RHE) | (Vvs RHE) | density | RCF
(mA/cm?)
Fe-N-CA-800 0.2 0.1 M KOH 0.918 0.781 5.01 38
N-doped 39
Fe/FesC@C 0.7 0.1 M KOH 0.915 0.83 -
LDH%(%IF'W' 0.2 0.1 M KOH 0.94 0.83 5.5 40
0.1 M KOH 0.923 0.809 6.06
Fe—N/C-800 0.1 41
0.1 M
HCIO. 0.687 ~0.6 6.09
0.1 M KOH 0.95 0.83 -
Fe, SINGC-900 0.2 o 42
1M
HCIO. 0.83 - 4.95
VB12/silica 0.5M
eolloid 0.6 SO ~0.8 0.79 4.5
14
PANI-Fe/Silica 0.5M
T 0.6 SO 0.84 0.73 -
0.1 M
HCIO, 0.83 0.66
S-Fe/N/C 0.16 - 43
0.1M KOH 0.91 0.84
Fe@SNDC -1- 03 0.1 M KOH 0.98 0.83 3.80 This
950 work
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3.4.4 Application of secondary heat treatment to Fe@SNDC sample and its
characterization and ORR performance

Another important phenomenon that was explored in this study was the application of
secondary heat treatment (SHT) to pyrolyzed sample. It has been reported that secondary heat
treatment of catalyst in N2, NH3, CO: or argon greatly improves the ORR performance of the
catalyst. Particularly in presence of reactive gases such as NH3, CO2, SHT modifies the surface
of the catalyst, improves the porosity and also allows incorporation of heteroatoms into the
graphene structure, thereby enhancing electrocatalytic ORR performance of the synthesized
catalyst. 448 But in our case, a nitrogen rich precursor along with iron thiocyanate was used to
incorporate heteroatoms in the structure so inert gas was used instead of reactive gases. SHT
in inert gases can also enhance the ORR performance by improving the porosity and enhancing

the types of nitrogen in the catalyst.!7-4

The SEM image in Figure 3.27 revealed that SHT in Fe@SNDC sample resulted in
more fragmentation of the structure along with small slightly spherical shaped clusters. When
EDS elemental mapping was collected for Fe@SNDC-2-950 sample in Figure 3.28 , it
appeared these clusters are probably iron sulfides which are reported as ORR inactive

species. !> 0

Figure 3.27: SEM image for Fe@SNDC-2-950 sample.
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Figure 3.28: EDS elemental mapping for Fe@SNDC—-2-950 sample.

The BET surface area of Fe@SNDC—-2-950 as shown in Figure 3.30 depicted a mixture
of Type I and Type IV isotherms which revealed it has both micro and mesoporosity. SHT in
Fe@SNDC enhanced it surface area from 1101 to 1680 m’g™!. The QSDFT pore size
distribution revealed the major pore size below 2 nm and minor pore sizes dispersed above 2
nm as shown in Figure 3.31. The XPS survey spectrum of Fe@SNDC-2-950 showed a slight
decrease in the content of heteroatoms with moderate changes in the types of nitrogen and

sulfur as depicted in the deconvoluted XPS spetra in Figure 3.32 and 3.33.
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Figure 3.30: Nitrogen isotherms at 77 K of Fe@SNDC-2-950.
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Figure 3.31: Pore size distribution (PSD) from QSDFT using N; at 77 K (Figure 3.30) of

Fe@SNDC-2-950.
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Figure 3.32: Deconvoluted N XPS spectrum of Fe@SNDC-2-950.
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Figure 3.33: Deconvoluted S XPS spectrum of Fe@SNDC-2-950.
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Figure 3.34: Linear sweep voltammogram of Fe@SNDC-2-950 in 0.1 M KOH solution.
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Figure 3.35: Koutecky-Levich plot derived from the linear sweep voltammogram of

Fe@SNDC-2-950 in 0.1 M KOH solution.
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When the SHT was done on Fe@SNDC-2-950 samples, the surface area increased
from 1101 to 1680 m?g™". However, it was observed that Fe-N moieties decomposed forming
ORR inactive iron sulfide. Due to the increase in surface area, the LSV showed higher limiting
current density but the number of electrons in ORR was around 3 suggesting the catalyst
preferred 2e~ pathway more than 4e~. The sample was also washed via Soxhlet extraction
with 1M HCI at 80°C which further reduced the ORR activity implying to the fact that higher
surface area is important as long as there is enough active sites for ORR. So, in our case
calcination in inert atmosphere for one time yielded a better ORR catalyst and SHT did not

improve the electrocatlytic ORR perfromance.

3.5 Conclusions

In summary, we have developed a simple and corrosive template-free method for
preparing Fe-based N and S doped porous carbon from an inexpensive commercially available
monomer, benzimidazole and iron(IIl) thiocyanate. The surface area and pore size distribution
of the catalyst are tuned by changing calcination temperature and 950 °C served as optimum
calcination temperature producing high surface area and a wide pore size distribution ranging
between 6 to 11 A. The Fe@SNDC-1-950 catalyst comprising around 5 at% N mainly
pyridinic and graphitic and a small amount of thiophene S exhibits an excellent ORR
performance with an onset potential and half-wave potential of 0.98 and 0.83 V vs RHE,
respectively. Both these values are only 0.01 V vs RHE less than commercial Pt/C (20 wt%).
In addition, the number of electrons in ORR is averaged as 3.77 by RRDE technique with less
than 20% HO»™ generation. The presence of both S and N along with Fe-N in Fe@SNDC-1-
950 enhances ORR performance in both acidic and alkaline media and provides superior

stability and higher poison tolerance
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Chapter 4

Co0304 deposited N doped Benzimidazole derived Porous Carbon
for Electrocatalysis of Oxygen Reduction Reaction

4.1 Abstract

Development of an effective ORR catalyst is considered as the most important factor
in wide commercialization of many renewable energy technologies including fuel cells and
metal air batteries. Despite the report of several effective ORR catalysts, a cost-effective
synthesis of ORR catalyst remains a great challenge. In this work, Co3O4 loaded on N doped
benzimidazole derived porous carbon was prepared to evaluate its catalytic activity in oxygen
reduction reaction. Initially, benzimidazole derived porous carbon was synthesized via
chemical activation of benzimidazole at a high calcination temperature. Then Co3O4 crystals
were grown on the surface of N doped carbon to develop the Co-BIDC samples. The pore size,
nitrogen content and different types of nitrogen functionalities such as pyridinic, pyrrolic and
graphitic in BIDC samples along with Co3O4 together enhanced the catalytic activity of Co-
BIDC. Increasing the amount of Co3O4 further improved the performance of the catalyst. Even
though the onset potential and limiting current density of Co-BIDC was slightly lower in
comparison to the commercially available Pt/C (20 wt.%). However, the selectivity of ORR
mechanism in case of Co-BIDC is four electron pathway which is energy efficient with
minimum or nearly zero formation of hydrogen peroxide. In addition, the catalyst displayed
excellent poison tolerance in case of methanol crossover, as well as high durability and stability

in oxygen saturated alkaline electrolyte.
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4.2 Introduction

Oxygen reduction reaction catalyst can significantly affect the wide practical
application of many renewable energy technologies such as fuel cells and metal-air batteries.
The most common catalysts that have been used in such technologies are either Pt or Pt
dispersed on activated carbon. However, the cost and scarcity of Pt together with its poison
intolerance and long-term durability issue hinder the development of such environment friendly
devices. To date, many studies have been conducted to develop nonprecious transition metal
oxides supported on either graphene or N doped carbon-based materials as effective ORR
catalysts,!* nitrogen coordinated metal on carbon,> ¢ and also metal free heteroatom doped
carbon.” The metal or the oxide catalysts without graphene support displayed lower durability
as these catalysts suffer from dissolution, sintering, and agglomeration while operating in fuel
cell condition.® In order to overcome this issue, graphene has been used extensively by several
researchers because it increases the electroactive surface area of the catalyst and also prevents

catalysts degradation by attaching the metal or metal oxide to its surface.* 31!

Here we report a simple and cost-effective synthetic procedure for growing Co3zOs on
the surface of N doped porous carbon via hydrothermal treatment. Recently, we reported a
facile synthetic procedure to obtain N doped porous carbon via KOH activation of
benzimidazole at elevated temperature.'> This synthetic route is environment friendly as it
eliminates the use of templates or harsh solvents. We have varied the amount of Co3O4 and
evaluated its impact as ORR catalysts. The CoBIDC catalyst demonstrated an outstanding ORR
performance in alkaline medium due to the synergistic effect of Co30O4 and N doped carbon.
The superior long-term durability and excellent methanol tolerance of the synthesized catalysts
in comparison to commercial Pt/C (20 wt%) suggested that CoBIDC have the potential to serve

as cost-effective ORR catalysts.
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4.3 Experimental Section

4.3.1 Materials and Methods

All chemicals were purchased from commercial suppliers (Alfa Aesar, Acros Organics,
TCI America) and used without further modification. The nitrogen doped porous carbon was
synthesized by a procedure reported by El-Kaderi et al.'? Initially, the benzimidazole (BI) and
potassium hydroxide (KOH) (BI:KOH ratio of 1:3) were grinded into homogeneous mixture
with mortar and pestle inside a glovebox. Then the solid mixture was poured into a porcelain
boat and transferred to a temperature-programmed tube furnace. Prior to calcination, the sealed
tube furnace was purged by passing inert argon gas at room temperature to remove traces of
air. Calcination was done at 700°C at a ramp rate of 5°C for 1 hour under continuous flow of
argon. The calcined sample was then soaked in 20 mL of 1 M HCI and the volume of the acid
solution was replenished three times, followed by washing with plenty of distilled water and
ethanol. This washing procedure is done to remove metallic potassium, residual salts etc.
According to the above citation, the benzimidazole derived carbons were named as “BIDC-x-
y”, where the “x” indicates the KOH to BI mass ratio and “y” represents the calcination

temperature. The resulting BIDC-3-700 was degassed under vacuum at 100°C for 6 hours.

About 50 mg of the BIDC-3-700 was then stirred continuously in around 151 ml of ethanol to
form a highly dispersed solution. After 30 min, in order to grow Co3O4 on the surface of BIDC-
3-700, 8 ml of 0.2 M cobalt acetate tetrahydrate solution was added followed by 3 ml of
NH4OH solution. The whole mixture was stirred continuously for 10 hours at 80°C. Then the
reaction mixture was transferred in a 200 mL autoclave for hydrothermal reaction at 150°C for
3 h. After this hydrothermal treatment, the solvent was removed via rotary evaporation
followed by washing with water and ethanol. This experiment was repeated by doubling the

amount of cobalt acetate tetrahydrate keeping the rest of the parameters same.
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4.3.2 Physical Characterization

Before collecting the adsorption/desorption isotherms of CoBIDC samples, the samples
were degassed at 100 °C for 6 h. After that, N> isotherms at 77 K were collected using
Autosorb-iQ2  volumetric adsorption analyzer (Quantachrome Instruments) and
Brunauer—Emmett—Teller (BET) method was used to calculate the specific surface area of the
samples. From the equilibrium branch of N> (77 K) adsorption isotherms, the pore size
distributions (PSD) of the samples were determined. Quench solid density functional theory
(QSDFT) model assuming that the carbon material has slit-pore geometry was applied for PSD

calculations.

To obtain the scanning electron microscopy (SEM) images of the synthesized samples,
Hitachi SU-70 scanning electron microscope was used. The samples were prepared by
dispersing each specimen onto the surface of a flat aluminum sample holder with silver paste.
Prior to SEM imaging, the conductive samples were coated with platinum at a pressure of 1.0
x 107 bar in a N, atmosphere for 60s. Energy-dispersive X-ray spectroscopy (EDX) was used

to collect elemental mapping for visual demonstration of elemental distribution.

Thermo Fisher Scientific ESCALAB 250 spectrometer employing an Al Ka (1486.68
eV) X-ray source equipped with a hemispherical analyzer was used for X-ray photoelectron
spectroscopy (XPS) analysis. For XPS measurements, the samples were pressed on a small
piece of indium foil and mounted onto the sample holder using double-sided sticky carbon tape.
In order to compensate for the charge while performing XPS analysis, a combination of a low-
energy electron flood gun and an argon ion flood gun was utilized. The C 1s peak was set at
285.0 eV and thus the binding energy scale was calibrated. Thermo Avantage software (v4.84)

was used to analyze the XPS spectra.

A Panalytical X’Pert Pro Multipurpose Diffractometer (MPD) was used to collect the

Powder X-ray diffraction (P-XRD) patterns of the dried samples at room temperature. The
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samples were mounted on a zero-background sample holder measured in transmission mode

using Cu Ka radiation with a 26 range of 20 to 70.

4.3.3 Electrochemical Characterization

The electrochemical measurements were conducted using a conventional three
electrode setup with Ag/AgCl in 3 M KCI (reference electrode), glassy carbon electrode
(working electrode) and Pt wire (counter electrode) in a Bipotentiostat (Model 760E Series,
CH Instruments). The catalyst ink was prepared by ultrasonically dispersing 3.0 mg of the
catalyst in a solution containing 25 pL of Nafion per fluorinated resin (5 wt %, Sigma-Aldrich)
and 400 pL of isopropanol. About 10 pL of the catalyst ink was pipetted onto a polished glassy
carbon electrode and dried in an oven for half an hour. The loading of the catalyst was 0.36
mg/cm?. The electrochemical performance of the catalyst was compared to commercial Pt/C
(20 wt % Pt on graphitized carbon, Sigma-Aldrich) with similar catalyst loading. The
electrolytes for alkaline medium was 0.1 M KOH. At the beginning of the electrochemical
testing procedures, the electrolytes were saturated with either nitrogen or ultra-high purity
oxygen by bubbling the gas in the electrolyte for an hour and a continuous supply of either
nitrogen or oxygen gases were maintained throughout the experiment in order to create a

blanket over the solution.

According to Nernst equation, the measured potential vs Ag/AgCl (3M KCIl) can be

converted to the reversible Hydrogen electrode (RHE) scale following:
Erne = Eagjage +0.059 pH + Ejlg/AgCl (1)

where Ejg/ag¢1 18 the experimentally measured potential vs Ag/AgCl, E:lg Jagct 18 0.210 V at

25 °C.
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The ORR performance was evaluated by cyclic voltammetry (CV) in N; or O saturated
0.1 M KOH and 0.5 M H2S0Os4 in a potential window 0 to 1.0 V vs RHE at varying sweep rates
from 5 to 50 mV. The ORR kinetics were evaluated by linear sweep voltammetry (LSV) at
various rotations rates per minute ranging from 400 to 2500 rpm. The Koutecky-Levich

equation was used to determine the number of electrons in oxygen reduction reactions.
1/J = 1/J, + 1/Jk
= 1/Bw'? + 1/Jx
B = 0.2nFCo(D,)?? v/

where J = Measured current density, Jx = Kinetic current density, J. = Diffusion limiting current
density, @ = Rotation per minute, n = Transferred number of electrons, F= Faraday’s constant,

C, = Bulk concentration of O, D, = Diffusion coefficient of O, v = Kinematic viscosity.

Rotating ring disk voltammetry (RRDE) was used to determine the apparent number of
electrons (n.-) involved in ORR using the following equation:

41
Ng- = ———F——
I + IR/N

where I}, is the disk current, I is the ring current and N is the collection efficiency.

The collection efficiency of RRDE was measured using 10 mM potassium ferrocyanide
in 1.0 M KNOs and calculated to be 0.36. The durability test of the catalyst was done using the
chronoamperometric i-t technique at 0.88 V vs RHE in O saturated 0.1 M KOH solution with
a rotation of 1600 rpm for 12 hours. The methanol tolerance test was also evaluated by both
cyclic voltammetry and chronoamperometric i-t technique with the introduction of 3 M

methanol solution.
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4.4. Results and Discussion

4.4.1 Synthetic route for loading C0304 on N doped porous carbon

Initially chemical activation using KOH was used to synthesize N doped porous carbon.
This KOH activation of chars, coals, cokes, or various structured carbons has been done
extensively in the literature to generate porous network in the carbon material. Firstly, the
carbon material reacts with KOH via solid—solid reactions but later it proceeds via solid-liquid
reactions.'>»'% Our group has recently reported KOH activation of N and C single source
precursors like benzimidazole, pyrazole which are enriched with nitrogen to produce N-doped
porous carbons.!> 15 These precursors have low sublimation temperature and sublime during
thermal treatment at elevated temperature. However, when KOH and BI are calcined together,
KOH reacts with the acidic NH in BI forming potassium—benzimidazole salts. This salt has
higher thermal stability and can withstand higher temperatures without decomposing. When
the heating is continued, the excess KOH at higher temperature reacts with carbon and form
either potassium oxide, potassium carbonate or metallic potassium. These intermediates can
cause etching (by redox reactions), gasification (by evolving gaseous species such as H,0 and
CO, and expansion (by metallic potassium) of the carbon framework.'> As a result, KOH
activation can lead to the formation of porous material. Once the N-doped carbon was prepared,
it was then used as a base to grow Co0304. The cobalt oxide crystals were grown by two step
method reported by Liang et al.’® In the first step, the mixture of BIDC-2-700 and cobalt (II)
acetate tetrahydrate was stirred continuously maintaining a temperature of 80°C in order to
hydrolyze and oxidize cobalt acetate. An appropriate ratio of ethanol/water and reaction
temperature of 80°C was maintained to control the rate of hydrolysis for the nucleation of
Co304. The second step involved hydrothermal treatment at 150°C which allowed

crystallization of Co304 to form the CoBIDC samples. The ammonium hydroxide solution was
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added to facilitate hydrolysis of Co?" and oxidation of cobalt acetate tetrahydrate.'¢ Figure 4.1

illustrates the synthesis of CoBIDC samples.

30% NH,OH
+ Co(CH;C00),.4H,0

BIDC-3-700

Figure 4.1: Synthesis of C0o304 on the surface of benzimidazole derived porous carbon.

4.4.2 Physical Characterization of CoBIDC samples

In order to study the effect of Co3O4 on the porosity parameters of BIDC-3-700, N>
adsorption and desorption isotherms of CoBIDC samples were analyzed (Figure 4.2). The
important porosity parameters are summarized in Table 4.1. It was observed that the growth of
Co0304 on the BIDC-3-700 sample led to a remarkable decrease in its surface area and pore
volume. In case of CoBIDC-1, the isotherm showed a rapid uptake up to a relative pressure of
0.003 and then the gas uptake continued to increase slowly. This suggested that it had both
micro-/meso-pores, but the dominant pores were small micropores with a pore width of 6A.
When the amount of Co precursors was doubled, the isotherm of CoBIDC-2 displayed
relatively smaller increase in gas uptake at low relative pressure followed by a significantly
increased gas uptake at higher relative pressure. It showed a more enhanced hysteresis
suggesting the presence of mesopores. The PSD of CoBIDC-2 revealed that it had a broad pore

size distribution with pore sizes ranging from 6~48A. Higher surface area facilitates the
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effective transport of reactive species to the active site of catalyst. In this study, it was observed
that high surface area of BIDC—3—-700 sample alone was not able to catalyze the reduction of
oxygen effectively. However, when Co304 was incorporated in the structure the selectivity and
performance of the catalyst improved significantly. CoBIDC-2 displayed better ORR catalytic
activity in comparison CoBIDC-1 owing to the presence of wider pores which served as low
resistant diffusion channels allowing rapid flow of oxygen and electrolytes without
accumulating the reactant, product or any intermediate species and thus ensure efficient mass

transfer.!’
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Figure 4.2: Nitrogen isotherms at 77 K of CoBIDC-1 and CoBIDC-2 samples.
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Figure 4.3: Pore size distribution (PSD) obtained from Figure 4.2 using QSDFT model. For

clarity, PSD of CoBIDC-2 is offset by 0.04.

Table 4.1: Surface area and pore volume of BIDC-3-700, CoBIDC-1, and CoBIDC-2.

Samples Surface Area? Total Pore Volume® Pore Size Distribution®
P (m2g?) (em® g &)
BIDC-3- 7002 2530 1.89 4.7/9.6/19.1/25
CoBIDC-1 651 0.41 6/11.9/15/31
CoBIDC-2 440 0.44 6/15.4/30/48

aBET surface area. *Total pore volume determined from single point N> uptake at P/P,= 0.95.

‘Pore size distribution range calculated from quenched solid-state density functional theory

(QSDFT).
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In order to evaluate the morphology of the BIDC-3-700, CoBIDC-1 and CoBIDC-2
samples, SEM images were collected as shown in Figure 4.3~4.5. The BIDC-3-700 showed
sheet-like morphologies with diverse thicknesses and rough topography as reported earlier.!?
Since this sample was calcined at 700 °C, so the BIDC samples structure remained fairly stable

when the hydrothermal treatment was performed to grow Co3O4.

40.0un|1

Figure 4.4: SEM image of BIDC-3-700 sample.
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Both the CoBIDC samples displayed similar rough and sheet like morphologies with
irregularly small particles deposited over it. In case of CoBIDC-2, there was more small

clusters of Co304 than in CoBIDC-1.

i

P74
SU70 15.0kV 8.8mm x7.00k SE(M)

Figure 4.5: SEM image of CoBIDC-1 sample.

e

.0kV 8.8mm x8.00k SE(M)

Figure 4.6: SEM image of CoBIDC-2 sample.

127



Figure 4.7: EDX elemental mapping of BIDC-3-700 sample.
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CoBIDC-1

Figure 4.8: EDX elemental mapping of CoBIDC-1 sample.
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Figure 4.9: EDX elemental mapping of CoBIDC-2 sample.
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TGA determined the amount of Co3O4 loaded on BIDC-3-700. The amount of Co30,

was around 20 and 40 wt% for both CoBIDC-1 and CoBIDC-2 samples respectively.
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Figure 4.10: TGA of CoBIDC-1 and CoBIDC-2 samples.

The PXRD spectra confirmed that the crystals of Co3O4 were successfully produced on
the surface of amorphous BIDC-3-700. The hkl indexes of each peak as shown in Figure 4.8
matched the one reported by Liang e al.> When XPS was performed on CoBIDC samples, the
N spectrum was quite noisy which suggested that Co3O4 covered the surface of BIDC-3-700.
When the XPS spectra of both cobalt based samples were collected, they showed similar
deconvoluted XPS spectra. The deconvoluted Co 2p core spectrum in Figure 4.7 showed two
strong peaks of Co 2p3» and Co 2pi2 at 780.5 and 795.7 eV binding energy. These peaks are

considered as the characteristic of the Co3O4 phase.'®

131



CoBIDC-1
CoBIDC-2
= 311

220 50 511 440

Intensity (a.u.)

20 30 40 50 60 70
Angle (20)

Figure 4.11: PXRD spectra of CoBIDC-1 and CoBIDC-2 samples.
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Figure 4.12: Deconvoluted cobalt XPS CoBIDC samples.
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4.4.3 Electrochemical Characterization of CoBIDC samples

Cyclic voltammetry was initially used to evaluate the electrochemical performance of
CoBIDC samples in ORR as shown in Figure 4.8 and 4.9. In nitrogen saturated 0.1 M KOH,
the cyclic voltammograms displayed a quasi-rectangular voltammogram without any redox
peak due to the typical supercapacitance effect on porous carbon materials.'®2° Both CoBIDC
samples displayed a characteristic ORR peak centered at 0.6 V vs RHE, when the 0.1 M KOH
solution was saturated with O.. Rotating disk voltammetry was performed using RDE to
illucidate the kinetics and mechanism of ORR and corresponding linear sweep voltammograms
(LSVs) were collected at different rpm starting from 400 to 2500 rpm in O> saturated 0.1 M
KOH. As the scan rate increased, the influx of oxygen molecule to the electrode surface
increases due to forced convection. Due to this, a corresponding increase in the limiting current
density was observed with the increase in scan rate from 400 to 2500 rpm depicted in Figure
4.11. The onset potential was observed at around 0.8 V vs RHE for CoBIDC-2 sample and the
other important parameters are summarized in Table 1. The first order reaction kinetics toward
the concentration of dissolved oxygen was confirmed by good linearity of the Koutecky Levich
plot derived from the LSVs at a scan rate of 10 mV in O saturated electrolyte.> The number of
electrons (n) in ORR was determined from the linear sweep voltammograms obtained by RDE
as 4.04 at the potential ranging from 0.2 ~ 0.6 V vs RHE. RRDE was also used to calculate the
value of n illustrated in Figure 4.12 and 4.13. From RRDE, the n value was averaged to be
3.7~3.95 and the percentage peroxide species generated during the ORR remained below 20%
between 0.2 to 0.8 V vs RHE. Even though the limiting current density of the synthesized
CoBIDC-2 catalyst was almost half in comparison to 20 wt% Pt/C and relatively low and half

wave potential, but yet this catalyst showed promising 4 electron ORR pathway selectivity.
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Figure 4.13: Cyclic voltammogram of CoBIDC-1 in both oxygen and nitrogen saturated 0.1

M KOH.
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Figure 4.14: Cyclic voltammogram of CoBIDC-2 in both oxygen and nitrogen saturated 0.1

M KOH.
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Figure 4.16: Linear sweep voltammogram of CoBIDC-2 in oxygen saturated 0.1 M KOH

obtained using RRDE.

135



100

80 1

2

60 -

% of HO

40

20+

0

—_

0.0

02 04

T

0.8

Potential (V vs RHE)

Figure 4.17: The number of electrons involve in ORR and the percentage of side product for

CoBIDC-2 in oxygen saturated 0.1 M KOH calculated from Figure 4.12.

Table 4.2: The different parameters important for ORR in oxygen saturated 0.1 M KOH for

all the cobalt samples in addition to BIDC-3-700 and 20 wt% Pt/C catalysts are summarized.

Onset Limiting current Half wave
. . . Electron
Samples Potential density Potential Transfer number
(V vs RHE) (mA/cm?) (V vs RHE)

BIDC-3-700 0.80 -1.33 0.61 2.6-3.1
CoBIDC-1 0.85 -2.24 0.57 3.45-3.50
CoBIDC-2 0.85 -2.94 0.58 4.04-4.25

20 wt% Pt/C 1.03 -5.43 0.86 3.86-4.23

136




Two other important parameters for ORR catalysts include poison tolerance and long-
term stability. Both of these factors were evaluated by chronoamperometric i-t technique in 0.1
M KOH at 1600 rpm. Over the period of 12 hours, CoBIDC-2 catalyst displayed gradual
decrease in the current. However, at the end of the amperometric experiment, it was able to
show around 80% of current retention. This result suggested that the CoBIDC-2 can exhibit

ORR performance for a longer time and does not undergo massive dissolution of metal oxides.

Methanol is considered as a contaminant particularly when it crosses the separatory
membrane and passes from anodic chamber to cathodic chamber. As mentioned earlier, Pt or
Pt/C are the most common ORR catalyst in fuel cells. However, when such fuel cross over
occurs, only a minute amount of methanol can dramatically poison the Pt or Pt based catalyst.
So, poison intolerance of the catalyst is an essential requirement. To study the poison tolerance
of CoBIDC-2 catalyst, chronoamperometric test was done followed by an addition of 3 M
methanol solution in O saturated 0.1 M KOH solution. Once methanol was introduced in the

solution, the current dropped rapidly but it recovered quickly showing only 11% loss in current.
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Figure 4.18: The durability of CoBIDC-2 in oxygen saturated 0.1 M KOH.
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Figure 4.19: The methanol tolerance of CoBIDC-2 in oxygen saturated 0.1 M KOH.

4.5 Conclusion

In summary, Co30O4 was successfully synthesized on the surface of BIDC-3-700 through
hydrolysis and consequent hydrothermal treatment. The controlled nucleation and appropriate
temperature during hydrothermal treatment allowed formation of covalent coupling between
metal oxide and N-doped porous carbon. The fabricated catalyst showed promising ORR
performance in alkaline solution. The ORR activity and selectivity of the catalyst changed
significantly when Co3O4 was incorporated on the N doped carbon. CoBIDC-2 catalyst
displayed highest onset potential and four electron ORR mechanism in comparison to BIDC-
3-700 suggesting higher surface area of the catalyst is important as long as there are sufficient
active sites for the substrates. Moreover, CoBIDC-2 displayed excellent durability and poison
tolerance in oxygen saturated KOH solution. This overall improved performance of the
CoBIDC-2 catalyst can be considered as a step towards the progress for cost-effective ORR
catalyst.
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Chapter 5

Conclusions and Outlook

In this dissertation, two novel approaches were introduced to synthesize transition
metal-based heteroatom doped porous carbon from pyrolysis of nitrogen rich monomers. To
optimize the physical properties of the synthesized material, various parameters such as dopant
ratio, activating agent, soluble templates, calcination temperature and the precursor ratio had
been studied thoroughly. The catalytic performance of the synthesized materials was
investigated in oxygen reduction reactions. A set of experimental techniques such as CV, LSV
with RDE and RRDE, chronomperometry were implied to get insights into the different
parameters of the catalysts. A comparative study was also conducted with a commercial

catalyst, Pt/C in order to assess the applicability of such materials as potential ORR catalysts.

In the first project, we reported a facile synthetic route to prepare iron-based sulfur and
nitrogen dual doped porous carbon (Fe@SNDC). It was synthesized by pyrolyzing cheap,
commercially available monomer i.e. benzimidazole with potassium thiocyanate. Different
parameters such as calcination temperature, precursor ratio, soluble salt templates, synthesis
without involving transition metal, secondary heat treatment were studied. The consequent
effect on the surface area, pore size distribution, heteroatom content and nitrogen and sulfur
functionalities (pyridinic, pyrrolic and graphitic) and catalytic activity led to the development
of Fe based catalyst. Among the different synthesized catalysts, Fe@SNDC-1-950 displayed
high surface area, optimum N content of about 5 at% and high amount of pyridinic and
graphitic N along with thiophenic S. The ICP OES was used to determine the amount of iron

present in the synthesized materials.

The catalytic activity of the synthesized catalyst was evaluated along with the

performance of commercial catalyst i.e. 20 wt% Pt/C in similar conditions. This served as a
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reference to distinguish the significance of the synthesized materials as potential ORR catalyst.
Preliminary cyclic voltammetry was used to observe the characteristic peaks responsible for
ORR. It provided information regarding cathodic peak potential and peak current. Since ORR
is an irreversible reaction, so it was quite impossible to obtain further information from cyclic
voltammogram. However, LSV from both RDE and RRDE provide more insights into the
mechanisms of ORR in both alkaline and acidic medium. Based on those LSVs and Koutecky
-Levich calculations, various important catalyst parameters including onset potential, half wave
potential, limiting current density, number of electrons involved in ORR, percentage of
byproducts formed can be obtained. Our best catalyst, Fe@SNDC-1-950 displayed an onset
potential and half-wave potential of 0.98 and 0.83 V vs RHE, respectively, in 0.1 M KOH
solution and enhanced ORR performance in acidic media. In addition, other important aspect
of catalyst in terms poison tolerance and long-term durability was studied and compared to
commercially available Pt/C (20 wt.%). Pt/C is very susceptible to methanol poisoning and
also undergoes dissolution, sintering and agglomeration at fuel cell condition. However,
Fe@SNDC-1-950 outperformed Pt/C catalyst by exhibiting excellent poison tolerance in case
of methanol crossover and high stability in oxygen saturated alkaline electrolyte. It has been
presumed that the outstanding catalytic performance of Fe@SNDC—-1-950 was due to the
heteroatoms (N & S) along with Fe-N moieties and the high surface area with a wide pore size
distribution. The heteroatoms can tune the charge density and spin density of the material and
form the active sites for ORR. The porous nature of the synthesized material can facilitate
efficient mass transfer and interaction of oxygen molecule to the active sites and also efficiently

remove the products formed during ORR, thus exposing the active sites for further interaction.

Another approach was used to synthesize transition metal oxides on the surface of N-
doped porous carbon. Usually these metal oxides are ORR active but without any support they

tend to dissolute and thereby undergo catalyst degradation. Many researchers have been
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working on to develop a base which can support the metal oxides and thus, prevent catalyst
degradation. So far in the literature graphene and reduced graphene oxides had been employed
for such purpose. In order to improve the catalytic activity, researchers were incorporating
different heteroatoms after synthesizing the oxides on graphene. Our approach was to minimize
the post treatment and to grow metal oxides on already doped carbon. In this project, Co3O4
loaded on N doped benzimidazole derived porous carbon was prepared. As mentioned earlier,
chemical activation of benzimidazole at elevated temperature led to the formation of N doped
porous carbon. Co3O4 crystals were grown on the surface of N doped carbon via hydrolysis and
hydrothermal treatment which incorporated the metal oxide with the N doped porous carbon to
yield Co-BIDC samples. These Co304 samples displayed better ORR activity in comparison to
only N doped carbon. Loading Co3O4 on the surface of the BIDC decreased the surface area of
N doped carbon suggesting that higher surface area facilitate the mass transfer of reactant to
the active sites, but besides increased surface area there should be enough active sites. In
comparison to the commercially available Pt/C (20 wt.%), the onset potential and limiting
current density of Co-BIDC was slightly lower. Despite that the selectivity of ORR mechanism
in case of Co-BIDC is four electron ORR mechanism. The CoBIDC-2 catalyst was the best in
comparison to the BIDC-3-700 and CoBIDC-1 samples. It also displayed excellent poison
tolerance and high stability in oxygen saturated alkaline electrolyte. As a result, these materials
can have a vast number of applications in different fields such as catalysts for oxygen evolution
reaction, water splitting, and also as supercapacitors, electrodes in both lithium ion batteries

and metal-air batteries.
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