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(Taken from http://inogen.com.tr/en/p/fuel-cell)

The backdrop of the research done for this thesis is presented in this chapter, along with
information on the current energy crisis presenting fuel cells as an alternative, sustainable, and
environmentally friendly source of energy. One class of such fuel cells is direct methanol fuel
cells (DMFCs) which is the central topic of this thesis. In particular, the anode catalyst for
methanol oxidation reaction (MOR) employed in DMFCs is our main focus. With this
background, this Chapter presents the factors that affect DMFC efficiency, especially MOR,
and also discusses the main challenges being faced by researchers. Finally, the motivation to
carry out the work embodied in this thesis and the objectives of our work are mentioned.
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1.1 Introduction:

The search for alternative energy sources that can support the world's rising population and
being environmentally friendly simultaneously is at the forefront of research in the framework
of increased awareness of sustainable development.[1] Concurrently the need for energy is also
intensifying due to both the growing human population and the rising modernization of
technology. The vast majority of electricity we use today is generated by fossil fuels. Internal
combustion engines (ICE) powered by fossil fuels account for over 90% of global
transportation. Using a lot of fossil fuels raises the amount of greenhouse gases in the
atmosphere dramatically.[2-4] In addition to such environmental concerns, it is claimed that
fossil fuels are unsuitable for long-term use due to limited supply, geopolitical constraints, and
high extraction costs.[5] The availability of other renewable energy sources, such as sun and
wind, relies greatly on the local climate and surroundings, making them unavailable whenever
needed. The bulk of electronic devices nowadays, such as chargers for mobile phones, cameras,
computers, and other devices, require energy 24/7 and 365 days. Currently, all these devices
depend in the form of rechargeable batteries that are charged with an external electrical power
source.[6] Producing rechargeable batteries from mined minerals (such as lithium, lead,
manganese, zinc, silver, nickel, and mercury) has social and environmental consequences
because natural resources are limited.[7] As a result, increasing our dependency on such
systems may have an additional adverse influence. Such growing or never-ending demands of
energy and unsatisfactory solutions available today are making researchers to seek alternative
energy sources. The fuel cell has the potential to provide solution to this problem addressing

most of the concerns raised above.
1.2 Fuel cell and its type:

Fuel cell research began in the 1800s, but it has become increasingly popular in the past three
decades. A fuel cell is an electrochemical device that, in the presence of a catalyst, transforms
the chemical energy of a fuel (such as hydrogen, methanol, etc.) and an oxidant (such as air,
pure oxygen) into electricity, heat, and water.[8] The non-polluting nature of fuel cells makes
them highly appealing.[9,10] Anode, cathode, and electrolyte are the three main components,
which constitute a fuel cell. The fuel and oxidant are constantly delivered to the anode and
cathode chambers, respectively. Power is generated by the chemical reaction that occurs at the

electrode of a fuel cell.
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Direc
] Fuel cell
fuel cell

Figure 1.1: Types of fuel cell.

As of right now, there are six main categories of fuel cells (please see figure 1.1 and table 1.1),
including (1) proton exchange membrane fuel cell (PEMFC), which also includes direct
methanol fuel cell (DMFC), (2) alkaline fuel cell (AFC), (3) phosphoric acid fuel cell (PAFC),
(4) solid oxide fuel cell (SOFC), (5) molten carbonate fuel cell (MCFC), and (6) microbial fuel
cell (MFC).[16-21] Among these, PEMFC, DMFC, AFC, PAFC, and MFC can be run at low
temperatures between 50 and 200 °C and are also known as low-temperature fuel cells, whereas
MCFC and SOFC function at high temperatures between 650 and 1000 °C and are known as
high-temperature fuel cells.

In the last twenty years, the interest in all types of fuel cells increased dramatically not only
due to their high efficiency and zero emission of potentially pollutant gases but also due to their
outstanding simplicity and absence of moving parts which make them a potential alternative to
ICEs.[11]The potential uses of fuel cells range from permanent power generation in the
megawatt range to portable devices that run on a few watts, such as mobile, laptop
computers.[12] Depending on the application, the fuel cell may use hydrogen, alcohol,
methane, and different organic and inorganic reducing agents such as hydrazine and H,S. The
most often utilized of these is hydrogen. However, any hydrocarbon or other hydrogen-
containing fuel that breaks down into hydrogen either thermally or catalytically can also be

used as fuel.

The majority of automotive utilize PEMFC technology, which is powered by hydrogen.
Although hydrogen is the best fuel for PEMFCs, commercialization is hindered by the clean

generation of hydrogen, challenges related to on-board storage, and dearth of consumer H>
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transportation facilities. H> consumes up to 3000 times more space than an equivalent volume
of gasoline, even at 1000 bar pressure.[13-14] A benefit of using liquid fuel over hydrogen is

that it is easier to store, transport, and has a higher energy density.[15-17]

Low Temperature Fuel Cell High Temperature Fuel Cell
(Catalyst Required) (Catalyst not required)
Type PMFC DMFC AFC PAFC SOFC MCFC
Electrolyte lon Polymer | Potassium | Phosphoric | Ceramic Molten
exchange | membrane | hydroxide acid carbonate
polymer
membrane

Operating 60-90 °C | 60-130°C | 60-90 °C | 190-210 800-1000 650 °C
temperature °C °C

Power Upto250 | <10kW | Upto20 | >50Kw | >200kW | >1 MW

range kW kW

Fuel Hydrogen | Methanol | Hydrogen | Natural Natural Natural
gas, gas, gas,
biogas, biogas, biogas,

Hydrogen | Hydrogen | Hydrogen

Table 1.1: Type of fuel cell classified based on operating temperature and fuel used in it.
1.3 DMFC:

Among different types of fuel cells, DMFCs are attracting a lot of attention due to their low
operating temperature, reasonably less pollution, high reliability, low noise, quick refueling,
facile charging, and easy maintenance. As implied by its name, DMFCs use methanol as
fuel.[18-20] In DMFCs, methanol is injected straight into the cell and there is no need to
convert it into hydrogen. Anodes extract hydrogen by dissolving methanol in water during a
chemical process, which reduces the overall cost of fuel cells due to the avoidance of a reformer
Furthermore, methanol is an appealing fuel due to its low cost, simplicity of carrying and
storing, high level of energy density, and, most significantly, the fact that it can be made from
renewable biomass or natural gas is all advantages. One of the end products of "liquid
sunshine," which is made from carbon dioxide (CO>) and solar energy, is methanol. This makes
it crucial for the future solution of energy and environmental issues.[21] In comparison to

compressed hydrogen at 1000 bar, methanol is much more affordable (per unit of energy) and

4
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has a better volumetric and gravimetric energy density (even higher in comparison to liquid
hydrogen).[22-23] Methanol has a volumetric energy density of 17,900 kJ/L, which is about
three times more than hydrogen. Interestingly, 99 g of hydrogen are present in one litre of
methanol as opposed to 71 g in one litre of liquid hydrogen. "Methanol in its own right is an
excellent fuel in liquid form as it can be mixed with gasoline in any proportion, easily stored,
and transported,” said Dr. George A. Olah, recipient of the 1994 Nobel Prize in Chemistry. "It
can be considered as a universal energy carrier that could eventually replace all the
hydrocarbons and ethanol"”.[24] Thus, this remarkable property of methanol makes DMFC an

excellent power source for electronic vehicles and portable electronic applications.
(a) Concept and principles of DMFC:

Fundamentally, DMFC is a PEMFC with methanol as fuel. The key component of DMFC is
the membrane electrode assembly (MEA), where anode and cathode are separated by polymer
electrolyte membrane (PEM), where Nafion is the most frequently used membrane.[25] In
DMFC, two different types of reactions often take place: one, the methanol oxidation reaction
(MOR), that happens at the anode, while the other, the oxygen reduction reaction (ORR),
occurs at the cathode (Please see figure 1.2). In DMFC, water and methanol mixture are directly
fed to the anode as a fuel where the methanol oxidised to COg, releasing 6 H" and 6 " in the
process. There is no emission of harmful substances such as nitrous oxide and sulphur oxide
therefore it is less harmful to the environment. As MOR is a 6 e process it involves a lot of
intermediates like carbon monoxide (CO), formaldehyde, formic acid, etc. The formation of
these intermediates during oxidation of methanol makes overall MOR sluggish.[26] The proton
generated during the MOR then moves from anode to cathode across a Nafion membrane, while
at the same time, the generated electrons also flow from anode to cathode through an external
circuit. At the cathode, oxygen molecule reacts with the electron and proton to generate water.
When methanol is oxidised by OH™ ions in an alkaline fuel cell, water is produced at the anode
rather than the cathode, and OH" ions are transported from the cathode to the anode in place of

protons.
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s

Membrane

(MOR) (ORR)

Figure 1.2: A schematic of DMFC operation with a polymer electrolyte membrane as the

electrolyte.

The following is a representation of the reaction in an acidic and a basic media.
Anode reaction:

CH:OH+H.0O —— CO; + 6H + 6¢”

Cathode reaction:

320,+6H+6e0 ——— 3H:0

Overall reaction:

3/202+CH:OH —— CO2 + 2H0

The DMFC has a 1.21 V thermodynamic potential and a 96.4% thermodynamic conversion

efficiency, which is substantially higher than ICE.[27]
(b) Type of DMFC and drawbacks:
The DMFC are classified into two types.

1. Passive DMFC.
2. Active DMFC.
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In passive DMFC, the reactant, such as methanol on the anode side and oxygen on the cathode
side, are provided up to the catalyst layer and the reaction products, such as CO2 and water, are
taken out of the cell by passive methods, such as passive diffusion, passive capillary action,
and passive natural convection, etc. In active DMFC, the fuel and oxygen are supplied by
external supply, such as pump, blower, etc. Due to its straightforward design, compact size,
and lower parasitic power losses than active DMFC, passive DMFC draws a lot of interest.
[28-30] Passive DMFC is an excellent replacement for traditional batteries since it does not
require any additional or auxiliary components.[31] Thus DMFCs have the potentiality to
replace batteries since, in theory, methanol has a higher specific energy density than some of
the finest rechargeable batteries, such as lithium-polymer and lithium-ion polymer systems.
This indicates the long operation time for portable devices and more power will be available in
DMFC-based devices to meet consumer demands. For example, while rechargeable batteries
need an hour to refill a depleted power pack, DMFCs would just need a minute to restore the
fuel.[32-34] Despite all these benefits, there are still a few obstacles that need to be removed
before DMFC can replace the current battery and be widely used as a source for portable

devices.

It is important to understand the disadvantages of DMFC since the commercialization or
advancement of any system is critically dependent on knowing the limitations of current
science and technology. As a result, it is critical to emphasize the areas where change would
be particularly beneficial. DMFC has the following drawbacks:

1. As MOR is the rate-determining step in DMFC, the total efficiency of the DMFC is
dependent on the catalyst utilized as the anode where MOR occurs. The anode's activity must
be increased, either by increasing the working temperature of the fuel cell, which is currently

limited by the use of a nafion membrane, or by identifying improved electrocatalysts for MOR.

2. Pt is the most frequently used catalyst in DMFCs. The Pt loading currently being used is
closer to 2 mg/cm? to obtain an acceptable power density for DMFC. However, such high
dependency on Pt ultimately drives up the price of DMFC overall. It cannot enter the market
unless Pt loading is less than 1 mg/cm?.[35]

3. To balance water sensitivity and decrease methanol crossover, which is the major issue that
results in mix-potential and lowers DMFC efficiency, the membrane characteristics must be

improved.

It is in this premise that we started working on DMFCs with a particular emphasis on MOR.
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1.4 Methanol oxidation reaction (MOR):

In DMFC, MOR takes place at the anode. Pt is the most commonly used anode catalyst in
DMFC for MOR. The outstanding electrocatalytic activity of Pt towards MOR is believed to
derive from its unique electronic structure i.e. 5d°6st. Due to this electronic structure, it could
either easily gain or lose electrons from or to the ligand, which in this case happens to be
methanol and other intermediates formed during the reaction. Here, the interaction between Pt
and ligand should be moderate for an efficient reaction. In a detailed study, Peng et al. have
shown that the high performance of Pt is related to the increase of d-orbital vacancies and high

state of density around the Fermi level.[36]

It is well known that chemical/electrochemical reactions involve one or two intermediates.
However, during the oxidation of methanol, many intermediates such as CO, formaldehyde,

formic acid, etc have been seen under the same reaction conditions.[37]

This finding implies that reactions can take many different routes, including

1. Step by step dehydrogenation to adsorbed CO which on oxidation gives COz (Indirect path);
2. Formation of CO> without formation of CO (Direct path);

3. Partial oxidation to formic acid and/or formaldehyde

CH,O
¥ £ ) Reaction
termination
CO,
o9

i
‘.
' \ By-product

desorption

HCHO*
HCOOH*

Figure 1.3: An illustration of the process of methanol oxidation reaction occurring on
anode catalyst (taken from reference 21).

The schematic (Figure 1.3) represents the parallel pathways of MOR that are proposed in
literature. From this it is clear that MOR involves three steps: methanol dehydrogenation, water
degradation, and removal of CO,. Some of the processes/reactions that occur during these three

steps are captured below.
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Methanol dehydrogenation to produce adsorbed intermediates
CH3OH + Pt — Pt-CHOH + H* + e (1)

Pt-CH,OH + Pt — Pt -CHOH + H* (2)

Pto -CHOH + Pt — Pt3 -COH + H" + e (3)

Pt; -COH — 2Pt +Pt-CO + H" + &~ (4)
Water degradation to generate oxygenated species

Pt + HoO — Pt-OH + H" + e (5)

Carbon contained species removal to liberate active Pt sites
Pt-CH,OH — Pt + HCHO + H* + e (6)

Pt -CHOH + Pt-OH — 3Pt + HCOOH + H* + e~ (6a)

or Pt, -CHOH + H,0 — 2Pt + HCOOH + 2H* + 2e™ (6b)

Pt3 -COH + Pt-OH — 3Pt + Pt-COOH + H* + e~ (7a)

or Pt3 -COH + H20 — 2Pt + Pt-COOH + 2H* + 2e™ (7h)
Pt-CO + Pt-OH — Pt + Pt-COOH (8a)

or Pt-CO + H20 — Pt-COOH + H* + e~ (8b)

Carbon dioxide formation to complete the overall reaction
HCHO + H20 — CO; + 4H* + 4e™ (9)

HCOOH — CO2 + 2H* + 2¢” (10)

Pt-COOH — Pt + CO, + H* + ¢ (11)

Pt-CO + Pt-OH — 2Pt + CO2 + H" + ¢ (12a)

Interestingly, all the above reactions are possible in MOR.[35] As MOR involves 6 e transfer,
it is very complicated reaction and understanding of the mechanism is still lacking. In addition,
considerable ambiguities also exist regarding the rate of the reaction and also with respect to

the intermediates present on the surface.
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Comp o)
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Q Platinum Carbon . Oxygen () Hydrogen @ Electron

Figure 1.4: An illustration of the formation of CO on platinum surface by successive
stripping of hydrogen atoms during MOR (taken from reference 41).

Kunimatsu et al. were the first to make a significant contribution to the understanding of MOR.
They claimed CO is the most prominent intermediate species formed during MOR [38].
Buschmann et al.[39] and Willsau et al.[40], on the other hand, employed in-situ techniques to
analyze the MOR intermediates based on the number of electrons and concluded that CHO is
the real intermediate not CO. These are only two of the major ambiguities that are reported.

More details of these ambiguities are further discussed in Chapter-2.

Among various intermediate formed during MOR, CO is believed to be adsorbed on the
platinum surface, blocking many active sites of platinum and making them unavailable for
further oxidation of methanol under the DMFC operating condition.[41] This phenomenon is
known as CO poisoning (figure 1.4). To address the issue of CO poisoning, alloying of Pt with
other metals (M) like Ru, Co, Cu, Ni, Fe, and Sn etc. is suggested. Most commonly used
bimetallic catalyst for MOR is RuPt/C.

1.5 Electrocatalytic study:

Unlike in many other devices where the catalytic efficiency has to be tested in the true device
architecture, in case of electrocatalysis cyclic voltammetry has been widely used to analyse the
electrocatalyst and determine its efficacy. Typically, two oxidation peaks make up the cyclic
voltammogram (CV) of MOR (Figure 1.5): If in the forward scan (anodic scan) and Iy in the
backward scan (cathodic scan). I+ represents the oxidation of remaining unoxidized CO (from
the second cycle) on the surface together with the methanol to CO, conversion.
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Figure 1.5: Cyclic voltammogram recorded using 20% Pt/C in 0.5 M H2SO4 and 1 M
methanol solution (Scan rate: 50 mV/s).

On the other hand, I» represents the oxidation of residual methanol. The electrocatalytic activity
of the catalyst is quantified in terms of electrochemical surface area (ECSA), mass activity or
specific activity, and the I+/Ip ratio.A high I/l ratio result has been implicated to represent an
electrocatalyst that is more resistant to CO poisoning which has been put forward by Liu et al.
based on the MOR mechanism proposed by Manoharan and Goodenough in 1992.[42]
Although many researchers still use this I+/ly criterion to predict the efficiency of the catalyst
many researchers disagree with this as they consider the I, peak to be associated with other
intermediates and not CO. Hence the validity of the I¢/l, criterion is under tremendous scrutiny.
The following table (1.2) shows the ambiguity in the CV analysis for MOR. These ambiguities
are further discussed in detail in Chapter-2.

Despite great progress made in the application of bimetallic alloys as MOR catalysts, a material
that displays better activity and durability than commercial Pt-based catalysts is still evasive.
Recently, few reports claimed that addition of a small quantity of another metal to the bimetallic
system can effectively enhance the durability of Pt-based bimetallic catalysts making it better
tolerant to CO poisoning.[50-51] In addition, ternary Pt-based alloy is likely to show better
activity than a single or bimetallic alloy due to change in the electronic and structural property
of Pt.[52] Therefore, it is expected that trimetallic alloys of the variety PtMX (where M is
transition metal) could further enhance the durability as well as display better electrocatalytic

performance. To make DMFCs commercially viable, researchers are still exploring this topic.
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Year | Technique Assumption Reference
used

1992 | CV = |fand Iy have a different chemical origin. Ref-42

= I¢/lp is actually a criterion to study poisoning.
2012 | in-situ SEIR = Ifand Ip share the common chemical origin. Ref-43

= |fand Iy are due to oxidation of freshly adsorbed

methanol.

2016 | CV = |y is due to methanol oxidation synchronized | Ref-44

with reduction of metal oxide.

2016 | EIS = Ipisnot related to the residual intermediate CO. | Ref-45
(Depends on the coverage of free pt surface
available for methanol reaction.)

Table 1.2: Ambiguity in the CV analysis for MOR.

The I4/lp criteria also fail and cannot be used for those catalysts where the peak during the

backward scan is absent. The table 1.3 contains some examples.

Catalyst used Potential window Observation Reference
1 RUPt/CNT 0-0.6 V No reverse peak Ref-46
2 COxCuy/CNF 0-1V No reverse peak Ref-47
3 Ni polyhedral NCs 0-1V No reverse peak Ref-48
4 Ni-B-Co 0-1V No reverse peak Ref-49

Table 1.3: Problems associated with I/l criteria.

It is clear from the preceding discussion that there are some issues with the commercialization
of DMFCs, primarily owing to catalyst designing which critically depends on the proper
understanding of MOR mechanism. The development of MOR catalyst is hampered by the
uncertainty around the MOR mechanism, thus we took this as a problem statement and chose

to thoroughly investigate the MOR mechanism to develop superior electrocatalyst.
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1.6 Statement of the problem:
It is in this context that we formulated the following objectives that we wanted to achieve

during the course of work carried out as part of this thesis.
1.7 Objective of the thesis:
(1) Understanding the methanol oxidation reaction mechanism.

(2) To find better descriptor of efficiency and its validation with commercially available

catalysts.
(3) Development of new catalysts.
(a) Methodology:

The most active and extensively researched material, commercial Pt on carbon (20% Pt/C),
was selected as the electrocatalyst for the experiment carried out to gain deeper insights of
MOR mechanism. In order to comprehend the nature and function of intermediate species
involved in MOR, we conducted a systematic CV experiment on Pt/C. By choosing the proper
potential range and scan direction, the origin of reverse peak Iy was investigated. We deduced
from this experiment that Iy is due to the oxidation of CO, and the CO stripping experiment
supported this conclusion. Additionally, it was determined that the CO produced during the
oxidation of methanol behaved in a diffusion-controlled manner, negating its full responsibility
for the adsorption-based electrode poisoning. Therefore, we concluded that it would be

inappropriate to evaluate the electro-catalyst performance in MOR using the I¢/l, paradigm.

We attempted to determine the criteria to assess the poisoning of the catalyst during MOR after
successfully examining the MOR process. We developed a novel criterion that addresses the
surface adsorption of CO by conducting a straightforward experiment based on the suggested
mechanism. We also used catalysts that are readily accessible in the marketplace to validate
this requirement. Finally, based on experimental results and fundamental information from CV
analysis, we synthesized new catalysts that exhibit improved activity and stability for MOR.

With the use of UV, PXRD, and electron microscopy, the findings were analysed.

13



Chapter 1

1.8 Outline of the thesis:

The thesis, ""Development of electrocatalyst with better efficiency: Revisiting methanol
oxidation process,”™ would combine all of the aforementioned findings as well as the gradual

development of the various materials. There are four separate chapters in this thesis.
Following the chapter titles are short summaries of each chapter.
Chapter-1: Introduction to DMFC and MOR.

Brief background of the work and the motivation to carry out the work embedded in the thesisl

are included in this chapter.
Chapter-2: Revisiting MOR mechanism.

This chapter focuses on resolving existing controversy related to the mechanism for MOR.

Based of experimental finding, a new mechanism has been proposed for MOR.
Chapter-3: Establishing a new efficiency descriptor for MOR and its validation with
commercially available catalysts.

This chapter mainly focused on lacunae present in existing criteria (I¢/ly) to judge CO poisoning

and way to overcome it by proposing new criteria.
Chapter-4: Improved performance of Co-Pt Alloy with a trace amount of Mn.

In this chapter, we show the effect of a trace amount of Mn on the activity and stability of CoPt
alloy toward MOR.

Chapter-5: Highly efficient Ptx(CoNiM)io0-x quaternary anode catalysts for methanol
electrooxidation.

This chapter deals with the synthesis of multi-metallic alloy by simple microwave method.
More specifically, we synthesized a quaternary alloy out of Pt, Co, Ni, and Fe/Ru metal.
According to our findings, a quaternary metal alloy including containing 50% Pt and 50% of

all other metals performs better.
Chapter-6: Final thoughts and future prospects.

This chapter summarizes the salient feature of the work done in this thesis and provide a

roadmap on the future scope of this work.
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Chapter-2

Revisiting MOR mechanism
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Many previously unknown facts regarding MOR mechanism have been disclosed in this
chapter by re-investigating the cyclic voltammetric (CV) response of methanol oxidation in
acidic medium utilizing Pt/C as an electro-catalyst. Systematic CV study indicated that the
peak during the cathodic scan in CV for MOR is primarily due to CO electro-oxidation.
According to the findings, the current response of this peak is not entirely responsible for
adsorbed species. This demonstrates the need to reconsider the assumption of associating the
ratio of anodic vs. cathodic peak currents to CO poisoning, which is commonly used to evaluate

electrode performance in MOR.

20



Chapter 2 Deshpande PS, Chaudhari VR, Prasad BL Energy Technology. 2020 May;8(5):1900955.

2.1 Introduction:

In the introduction chapter we have discussed about the DMFC and the reaction occurring at
DMFC, namely MOR and ORR. Out of these two reactions, MOR is considered to be a rate-
determining step and the overall efficiency of DMFC depends on catalyst used for MOR. As a
result, the quest for novel MOR electrocatalysts has become an extremely active research
area.[1-5] Despite the vigorous efforts by many groups, the discovery of an electro-catalyst
material with constant performance that is economically feasible is still at large, mainly
because of our inadequate understanding of the precise MOR mechanism. As discussed in the
introduction chapter, we would like to note that although significant progress has been achieved
in defining the MOR mechanism and pinpointing the precise performance-determining steps
[6-17], there are still certain ambiguities that we believe are preventing the systematic

development of novel catalysts.

Attempts to understand the MOR mechanism began several decades ago. As mentioned in the
previous Chapter, there are significant disputes on the intermediates formed during MOR.
Using a combination of Infra-Red (IR) spectroscopy and electrochemistry methods, Kunimatsu
et al. made the first notable contributions by establishing that CO is a significant intermediate
species during MOR.[6-9] Later, the focus of MOR mechanism research switched to the
identification of distinct intermediates using a variety of combined electro-analytical and
spectroscopic approaches. These studies revealed that along with CO, formic acid,
formaldehyde, and acetic acid are generated as intermediates during the early stages of MOR
[13,17-20], though over time CO2 becomes the only resulting product of MOR. Later,
Buschmann et al.[10] and Willsau et al.[11] used in-situ differential electrochemical mass
spectroscopy (DEMS) and in-situ secondary ion mass spectroscopy (SIMS) respectively to
analyse the MOR intermediates based on the number of electrons involved in the
electrochemical conversion of intermediates to CO,. They concluded that CO is not an
intermediate and that CHO is the real intermediate, contradicting the findings of Kunimatsu et

al.

However, it has been proven that CHO is a very active intermediate in nature and, with the
help of surface oxides on the electrode surface, it gets ultimately transformed to CO.[10, 11]
Subsequent to these early studies Mancharan and Goodenough through detailed studies also
identified CO as the intermediate[12], lending support to the CHO to CO hypothesis.
Goodenough et al. not only concluded the intermediate to be CO, but also suggested a criterion
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for assessing the electro-catalyst performance in MOR, by simply conducting a cyclic

voltammetric experiment as detailed below.[12]

Figure 2.1 shows the typical CV for MOR that is generally observed when platinum on carbon
is utilized as a catalyst. In anodic (If) and cathodic (Iy) scans, it mostly exhibits one peak each
and as can be seen unlike the routine CV traces both these peaks display current in the positive
direction. According to Goodenough and colleagues, some of the CO that is created during the
anodic scan (lf) oxidizes to CO: at a higher anodic potential. The leftover CO then gets
adsorbed on the electrode surface, where it is converted to CO2 upon scan reversal (lp). Based
on this mechanism, Goodenough and co-workers attributed the decline in electrocatalyst
performance to "CO poisoning™ and linked the peak current at I, to the amount of adsorbed or
unoxidized CO.[12] Furthermore, they proposed the peak current ratio (commonly referred to
as I¢/lp) as a marker for evaluating electro-catalyst performance in MOR. Their hypothesis was
that the higher the I¢/lp, the greater the CO tolerance and thus the better the electrode

performance.

Despite the fact that the I/l ratio is the most widely accepted and used marker test to date,
attempts to re-evaluate the MOR mechanism gained momentum, and new mechanisms and
marker tests for MOR began to emerge.[13-16] Among these, the studies by Hofstead-Duffy
et al., Zhao et al., and Chung et al. are the most relevant.[14-16] For example, Hofstead-Duffy
et al. used in-situ Surface Enhance Infrared Absorption Spectroscopy (SEIRAS) to evaluate the
MOR mechanism on Pt/C and PtRu/C and proposed that the electrochemical process associated
with If and Iy shared the same chemical origin[14], i.e. both peaks correspond to electro-
oxidation of methanol and are not related to any oxygenated carbon (formate, CO, CO2). Zhao
et al. and Chung et al. supplemented this proposal with different experimental approaches.
Zhao et al. began the CV measurements without methanol and then added methanol during the
early stages of the cathodic scan, observing the peak I, as soon as they added methanol.[15] As
a result, they concluded that because the potential scan direction at the time of methanol
addition is cathodic, the possibility of methanol electro-oxidation to CO is negligible, and thus
the species contributing to the Iy is not CO. They also claimed that Iy, is linked to methanol
oxidation rather than any oxygenated carbon species. At the same time, Chung et al, using
combined CV and electrochemical impedance spectroscopy (EIS), proposed a similar process
occurring at Iy, i.e. methanol electro-oxidation only.[16] These arguments, however, have a
flaw. Hofstead-Duffy et al., for example, support their claims by correlating IR intensity

changes for methanol within the potential region of I, I, peaks in MOR CV.[14] However,
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their findings show that the observed current for both CV peaks is comparable, whereas the
corresponding IR intensities of the species claimed to be responsible for these two peaks are
vastly different. The claims made by Zhao et al. and Chung et al. that the process occurring at
Ir is the electro-oxidation of methanol and has nothing to do with any oxygenated carbon
species have a similar flaw. It should be noted that, despite recording CV in the cathodic
direction, they ignored the fact that the potential at which the scan began was sufficient to
oxidize methanol.[15,16]

To summarize the preceding discussion, it is clear that there is a great deal of ambiguity in the
CV analysis for MOR, the majority of which is associated with the process occurring at Ip. As
a result, we believe that careful CV analysis and gaining deeper insights into the
electrochemical phenomenon associated with I, may aid in resolving the problem and

providing a clear picture of MOR interpretation.
On this basis, we sought to comprehend

(1) What are the intermediate species responsible for the origin of I1p?
(2) What is the nature of those intermediate species?
(3) What factors influence Ip?

For these studies, we chose commercial Pt on carbon (20% Pt/C) as an electro-catalyst material

because it is the most studied and standard material.

2.2 Experimental:

CV experiments were carried out in a three-electrode system with a CHI660B potentiostat. The
working electrode was formed by depositing electro-catalyst material on a 3 mm diameter
glassy carbon disc. Sonication was used to disperse 10 mg of 20% Pt/C (Johnson Matthey,
Batch#108X029) in 1 mL of a 1:1 water:ethanol mixture containing 0.5% Nafion, which was
then drop-casted on a glassy carbon electrode and allowed to dry at room temperature. As
reference and counter electrodes, Ag/AgCl (3 M KCI) and Pt mesh were used. Unless otherwise
specified, an electrolytic medium of 0.5 M H>SO4 was used, and MOR was performed with a
concentration of 1 M methanol. The inert atmosphere was maintained by bubbling nitrogen gas
during the electrochemical measurements. For MOR, the electrode was stabilized by recording
repetitive CVs (usually 20 cycles) until a stable voltammogram was obtained, and then the data
was collected.
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CO stripping experiments were carried out in a CO-saturated 0.5 M H2SOj4 solution. For 15
minutes, CO gas (99% purity) was bubbled, and the electrode potential was held at -0.2 V for

5 minutes. The stripping was carried out in a nitrogen-saturated 0.5 M H2SO4 solution.
2.3 Result and Discussion:

Figure 2.1 depicts the CV obtained using 20% Pt/C in 0.5 M H2SO4 and 1 M methanol, which
is consistent with the typical MOR CVs reported in the literature.[17]
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Figure 2.1: Cyclic voltammogram recorded using 20% Pt/C in 0.5 M H2SO4 and 1 M
methanol solution (Scan rate: 50 mV/s).

We conducted a series of systematic CV experiments in order to gain a better understanding of
this process. As most of the controversies are associated with the origin of I, and nature of the
species responsible for it, we decided to study this aspect in detail.

(a) Intermediate species responsible for the origin of Iy:

To begin, we measured the CV for MOR with Pt/C at different anodic potential limits, as shown
in Figure 2.2(a). The black curve in Figure 2.2(a) corresponds to the CV profile where the
potential is varied from 0V to +1.0 V to 0 V. Similarly, the red curve represents the CV profile,
in which the potential is varied from 0 V to +1.6 V to 0 V. In both instances, I+ was seen at the
same potential of about 0.7 V. The inset of Figure 2.2(a) shows that as the anodic potential
limit is increased, the position of the peak Iy shifts (from 0.4 V to 0.29 V) to the left, indicating
that the separation between the Isand I, peaks changes (inset Figure 2.2(a)). Proceeding further,
we precisely selected the potential value between It and I and used the same (0.5 V) as the
starting potential to record the MOR CV in the cathodic scan direction (Figure 2.2(b)). The
goal of this strategy is to completely avoid the electrochemical process associated with I+ by
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beginning the scan at a lower potential than If's onset potential, so that it is clear whether I is
truly associated with I+ or whether the processes occurring at these two potentials are

independent of each other.
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Figure 2.2: CV recorded using Pt/C in 0.5 M H2SO4 and 1 M methanol at Scan rate 50
mV/s. (a) Representative CVs recorded at end potential 1 V (Black) and 1.6 V (Red). The
separation between the peaks increases as the anodic potential limit is changed (inset
Figure 2.2 (a)) (b) CV started in the negative scan direction with start potential 0.5 V.

Figure 2.2(b) clearly shows that when the CV is recorded in the cathodic direction by starting
the scan at 0.5 V, I, does not appear. If Iy is indeed associated with methanol oxidation, as
suggested by Zhao et al. and others[14-16], it should have appeared in this experiment as long
as methanol was present in solution regardless of starting potential. Thus, based on the
appearance of the peak at the potential corresponding to Ir when we started the scan at 0.5 V
and went in the cathodic direction, we believe that the appearance of 1,[15,16] is definitely due
to species formed at higher than 0.5 V irrespective of the scan direction. This clearly
demonstrates that I+ and Ip are related, and I, appears only after methanol oxidation occurs
leading to the formation of oxidised species. We recorded different sets of CVs for MOR in
the cathodic direction by varying the starting potential in a systematic way to support our
hypothesis that the appearance of Iy is due to the over-potential at which the scan was started.
We actually started our experiments well below the onset potential of Ir and gradually increased
the starting potential to just above it (Figure 2.3). Figure 2.3 clearly shows that Iy is insignificant
when the start potential is less than the onset potential of Ir. I, began to appear as the starting
potential approached the value of I, and when we began the scan at a potential greater than Iy,

the intensity (current value) of Iy gradually increased.
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Figure 2.3: CV recorded using Pt/C in H2SO4 and methanol with scan rate 50 mV/s at
different cathodic start potential (a legend in Figure corresponds to start potential).
Thus, our experiments clearly demonstrated that I, is not connected with methanol oxidation,
but rather to the new species, formed when the starting potential is close to or greater than Ix.
As previously stated, various intermediates of MOR have been identified using various in-situ
techniques.[10,11,13] However, we believe that the majority of these species will be unstable
or will eventually be converted to CO, or in a few cases, their overall observed concentration
in the system will be very low.[10] When the claims of different intermediates being formed
and their observed concentrations are compared to the charges associated with Iy, it is difficult
to believe that only these intermediates can contribute to the total current observed for Ip.
Furthermore, the dependence of I, on If suggests that Iy is due to electro-oxidation of CO,
though we cannot completely rule out the contribution of other intermediates to Iy.

(b) Nature of intermediate species:

By considering all of the fact that pointed out CO as the most likely electro-active intermediate
during MOR, we performed the following experiment to unambiguously confirm that the
species formed by methanol oxidation at potentials close to or higher than I is CO. For this,
we first performed a linear sweep voltammetry (LSV) (0 V to 1 V) experiment in methanol
(experimental conditions: 20% Pt/C in 0.5 M H2SO4 and 1 M methanol), then transferred the
same electrode into an electrochemical cell containing 0.5 M H>SO4 and measured the CV
(Figure 2.4). As shown in Figure 2.4(b), the first cycle has an anodic peak at 0.56 V that is
absent in subsequent cycles. This is typical of electrochemical CO stripping processes.[18-20]
Interestingly, the position and characteristics of the peak around 0.5 V match with peak at I,

and CO stripping experiment, implying that the peak is due to CO. Thus, this experiment and
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the above-mentioned arguments[10-12] confirm CO as an intermediate of MOR when the
potential is at or above the potential of Ir and clearly shows that Iy is due to the oxidation of
Co.

(a)

0.007

e
°
T

0.007

Fd
&
T
Current, Alcm’
o

Current, Alcm®
Current, Alcm®

0.000

-0.007 -0.007

0.00 L L 1 i 1 i 1 L i i i i i i i i i "
0.0 0.2 04 06 08 10 0.0 0.2 04 06 08 10 0.0 02 04 06 08 10

Potential,V vs Ag/AgCl Potential,V vs Ag/AGC! Potential,V vs Ag/AGC!

Figure 2.4: (a) LSV recorded using Pt/C in H2SO4 and methanol at 50 mV/s (b) CV
recorded in 0.5 M H2SO4 at 50 mV/s after recording the LSV in 0.5 M H2SO4 and 1 M
methanol (c) CO stripping experiment carried out in 0.5 M H2SO4 solution at 50 mV/s.

After confirming that CO is one of the species responsible for the Iy peak, we proceeded to
assess its role as a catalyst poison, as suggested by Goodenough and colleagues. Because CO
poisoning has been linked to its adsorption on the catalyst, it s behaviour should align with

other surface-adsorbed species in CV.[21]

To test this, we recorded the CVs for MOR at various scan rates. We first examined the
variation of peak current for I, with respect to scan rate. Figure 2.5(a) shows that the current
value associated with Iy varies linearly with respect to the square root of the scan rate. linear
fitting of Iy current plotted against scan rate, on the other hand, is poor (Figure 2.5(b)). This
clearly indicates that the species responsible for this peak is diffusion controlled. It is well
recognized that for the plot Log (v) vs. Log (lb), slope of a diffusion-controlled process is
0.5.[22,23] So, the electrochemical nature of the species responsible for Ip was confirmed
further by plotting the Log (v) vs. Log (Iv) (Figure 2.5(c)), with slopes of 0.45 for Iy which is
close to the expected values for diffusion-controlled processes. As a result of this analysis, it is
clear that the electro-oxidation of CO at Iy is diffusion controlled. This confirms that some of
the CO that is contributing to Iy reaches the electrode surface from the solution. This raises a

question is this CO really poisoning the surface?
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Figure 2.5: (a)Variation of peak current for Ipb with respect to square root of scan rate (b)
variation of peak current for Ip with respect to the scan rate and please note that in this
case the fit is very poor (c) Linear relationship between logarithm of I peak current and
logarithm of scan rate.

(c) Factor influencing lp:

During MOR, Pt oxides are known to get formed on the electrode surface. We conducted the
following experiment to investigate the role and dependence of Pt-oxide on the origin of the Iy
peak. We have recorded MOR CV at higher scan rate with different potential window. The
MOR CVs recorded at different anodic potential limits and at a higher scan rate (300 mV/s)
(Figure 2.6) clearly showed the presence of a peak corresponding to the reduction of the surface
oxide layer on the catalyst, which occurs at a positive potential compared to the I, potential
where CO oxidation occurs (Figure 2.6, denoted by arrows). This undoubtedly confirms that
the electrochemical reduction of surface oxide layer on the catalyst occurs first, followed by

the CO oxidation process at Ip.

Secondly, we recorded the CV with Pt/C in the presence and absence of methanol at different
anodic potential limits. In the absence of methanol, CVs exhibited a negative shift in peak
potential as well as an increase in current for the oxide reduction peak. This is due to an increase
in the extent of oxide formation, which necessitates a higher potential for its electrochemical

reduction.
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Figure 2.6: CVs recorded for Pt/C in 0.5 M H2SO4 and 1 M methanol at different anodic
potential limits with 300 mV/s scan rate. Onset potentials for oxide reduction peak and Ip

peak are denoted by arrows.

The potential necessary for the formation of an oxide monolayer was determined using the
charge variation associated with the oxide reduction peak with respect to the anodic potential
limit which is found to be 1.4 V. The peak Ip was evidently visible regardless of the level of
oxide coverage on the electrode surface (even beyond the 1.4 V anodic potential limit). This is
only feasible if all of the CO in the system is not entirely adsorbed, which supports our
observation of CO's diffusion control nature at Ip.

Figure 2.7 (a, c) depicts the variation of It and Iy values with increasing anodic limit. Based on
this graph, we can conclude that If nearly remains constant as the anodic limit increases,
whereas Iy declines. The shift of the oxide reduction peak with increasing anodic limit is
illustrated in Figure 2.7(b). With rising anodic limit, the oxide reduction peak exhibits the same
behaviour as I, demonstrating the dependence or correlation of these peaks. Figure 2.7 (d)
depicts the equivalent percent change in I¢/lp ration with anodic limit calculated from MOR
CVs. It is obvious that there is a noticeable change in the I/l ratio from (about 70-100%) as
the anodic limit is increased. So, all of the findings imply that comparing I/Iy ratio directly to
CO poisoning could lead to erroneous interpretation since its value changes with anodic limit
and Iy is not entirely due to adsorbed CO. There is also some contribution from the solution
phase CO.
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Figure 2.7: CVs recorded for Pt/C at different anodic potential limits with 50 mV/s scan
rate (a) in 0.5 M Hz2SO4 and 1 M methanol (b) in 0.5M H2SOs (c)Variation of Ir and Ib
with increasing anodic limit (d) percent change in I/l ratio with anodic limit calculated
from MOR CVs.

Based on all of the preceding systematic studies, we conclude that the following is the most

plausible MOR mechanism.

As we begin the CV at 0 V, methanol oxidizes to CO at I+ during the first anodic scan, a portion
of which is oxidized to CO- at higher potential the majority of the remaining un-oxidised CO
remains in solution, with only a small portion adsorbed on the electrode surface. On scan
reversal, this adsorbed CO, along with the CO in the solution, oxidizes at Iy (cathodic scan).
However, at higher scan rates, the slower kinetics of catalyst surface oxide reduction impedes

the extent of CO oxidation at Ip and thus limits complete CO oxidation.

2.4 Conclusion:

Utilizing systematic and detailed CV investigations, the precise mechanism of electrochemical
methanol oxidation reaction in acidic media using Pt/C were re-investigated in this chapter. By
selecting an acceptable starting potential and scan direction, the origins of the reverse peak in
the cathodic direction (denoted as Ip in this report) were discovered, which conclusively
ascribed it to be related to CO oxidation. Furthermore, it was demonstrated that the CO
generated during the methanol oxidation process exhibited diffusion-controlled behaviour,

implying that not all CO generated during the anodic scan is adsorbed on the catalyst surface.
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Changes in the I/l ratio with anodic limits also indicate that the I¢/l, concept is not suited for
evaluating electro-catalyst performance in MOR, but it can be utilized to determine the Faradic

efficiency of the MOR process.
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Chapter-3

Establishing a new efficiency descriptor for MOR and its

validation with

commercially available catalysts
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Current, Alcm’

The thorough CV analysis described in the previous chapter clearly shows that the peak during
the cathodic scan in CV for MOR is not fully attributable to adsorbed CO, therefore we cannot
directly relate it to poisoning. Furthermore, the existing criteria I¢/lp have some lacunae,
emphasising the necessity to develop new criterion. In this chapter, we attempt to define a new
criterion based on the real amount of adsorbed species that causes catalyst poisoning. We
evaluate this newly proposed criterion with commercial Pt/C (comm. Pt/C) and further validate
it with other commercially available catalysts.
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3.1 Introduction:

In earlier chapters, we focused on the mechanism of MOR and successfully explained the

species responsible for the origin of Iy as well as the factors that govern it. According to the

preceding chapter's findings, Iy is generated by the oxidation of CO; however, I, cannot be

completely attributed to CO adsorbed on the electrode surface as its current variation with

square root of scan rate appears to be diffusion-controlled. The species that really gets adsorbed

on the electrode surface and blocks it for the subsequent reaction is to be referred to as a catalyst

poison. However, in the case of Iy, the current observed is due to oxidation of both solution and

surface phase CO, therefore the amount of CO oxidised resulting in the current observed (l)

cannot be linked to poisoning. Another important aspect of the previous chapter was its

emphasis on the inadequacies in existing I/l criteria.

Year | Technique Assumption Reference
used
1992 Cv Irand Iy have different chemical origin. Ref-15
Ir represent the residual carbonaceous species on
the electrode.
I¢/ly could be used to define a catalyst's tolerance
to the accumulation of carbonaceous species.
2012 In-situ I+ and I, share common chemical origin i.e. both Ref-16
surface are due to oxidation of freshly adsorbed
enhance IR methanol.
study As aresult, I+/1r could not be used as a descriptor
for poisoning.
2016 | Electroche Ip is not affected by It i.e. Irand Iy have different | Ref-13
mical chemical origin.
impedance I¢/lp is associated with oxophilicity rather than
spectroscop CO tolerance.
y (EIS)
2021 In-situ Both Ir and I, peak current ascribed to the | Ref-14
differential consumption of methanol at electrode surface.
electroche The peak area ratio should be the new criteria
mical mass which links to the overlapping region between
spectroscop the potential of methanol oxidation and the
y (DEMS) potential of oxide reduction formed during
forward scan
I#/lp can be a new descriptor to describe the
reducibility of oxidised Pt surface.

Table 3.1: Controversy related to the I+/ly criteria.
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Furthermore, we noticed that when we recorded CV at different potential windows, the value
of the I/l ratio changed dramatically. Since MOR peaks for certain catalysts do not emerge
within the typical range of 0-1 V in the literature, researchers resort to comparing catalyst’s
performance at different potential ranges.[1-6] Now, since the I+/ly ratio varies with the
potential window, how can we compare catalysts performance at different potential windows?
Another limitation of this criterion is that it cannot be applied to catalysts that lack a reversal
peak in MOR CV.[7-12] Moreover to some reports, the I¢/lp criteria are related to the degree of
oxophilicity, which is used to define the reducibility of the oxidised Pt surface.[13-14] The

controversy related to the I+/ly criteria is given in table 3.1.

Therefore, the above discussion, clearly indicates the need for new criteria that do not have the

gaps indicated above.

This chapter focused on the species that poisoned the catalyst surface and how to determine it
quantitatively. Our final aim of this study, is to fill gaps in existing criteria I¢/l, by proposing
new criteria based on an experiment performed on commercially available 20% Pt/C catalyst
and attempting to validate this criterion using commercially available 20% RuPt/C, 20%
FePt/C, and 20% CosPt/C catalyst.

3.2 Experimental:

For experimental purpose, we have used commercially available 20% Pt/C, 20% RuPt/C, 20%
FePt/C, and 20% CosPt/C purchased from fuel cell store. Methanol and sulfuric acid were
purchased from local agencies. All reagents were of analytical grade and used without further

purification or processing.
3.3 Electrochemical measurements:

For the electrochemical measurements, a CH Instruments 660B electrochemical workstation
with a three-electrode configuration at RT was used. A glassy carbon electrode drop casted
with electrocatalyst ink was used as a working electrode. electrocatalyst ink was prepared by
dispersing 2 mg of sample in 200 uL of 1:1 ethanol:water mixture containing 5% nafion
solution. Pt mesh and Ag/AgCI electrode were used as counter electrode and the reference

electrode, respectively.
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3.4 Result and Discussion:

As we established in the previous chapter when we record the CV in the range 0-1 V, the CO
which is adsorbed on the electrode surface along with solution phase CO that gets oxidized
contributes to Iy. Thus, surveying Iy we cannot determine the real amount of adsorbed CO that
is responsible for the poisoning. In the preceding chapter, we ran a simple experiment to detect
the intermediate. We simply recorded the LSV from 0to 1 V in a 1 M methanol. Then instead
of continuing the scan in the reverse direction in the same cell, we moved the electrode from a
cell containing 1 M methanol and 0.5 M H>SO4 to a one that only has 0.5 M H2SO4. We then
recorded the CV again from 0-1 V. The goal of this experiment is to identify adsorbed species.
This experiment made it very evident that the CO that is adsorbed on the electrode surface, gets
stripped around 0.5 V when the CV is performed only in the presence of 0.5 M H2SOa. As a
result, we believe that this experiment provides us with the actual amount of CO that has been
adsorbed on the electrode surface and we can relate it to poisoning. The schematic, figure 3.1
explains the aforementioned experiment in detail. It is evident from CV in 0.5 M H>SO4 that,
any CO adsorbed on the electrode surface is entirely stripped away, hence there is no peak for

CO from the second cycle.

0-1V segment MOR CO stripping

Current,mA
Current,mA

! L s ' L L
0.0 0.3 0.6 0.9 0.0 0.3 0.6 0.9

Potential,V vs Ag/AgCI Potential.V vs Aa/AaCI
1M MeOH + 0.5 M H,SO, 0.5 M H,SO,

Figure 3.1: Schematic for in-situ CO stripping experiment.
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According to our hypothesis, we can get the account of how much methanol gets oxidized from
the Ir value by performing an LSV experiment in the range 0-1 V in 1 M methanol and 0.5 M
H>SO4. We can then shift the electrode by recording the CV in a solution containing 0.5 M
H>SO4 and note the current generated during CO (lco) stripping. We can then look at I/l and
we surmised that this ration could provide a better account of CO poisoning. Based on our
postulated mechanism and experimental findings, we feel that I+/lco could be a new criterion
for refereeing poisoning. As previously discussed, the existing criteria I+/lp changes with the
anodic limit, therefore we cannot compare two catalysts with CV recorded at different anodic
limits. Therefore, to see how the lco vary when the forward scan of the MOR is extended to

different anodic limits, we performed the following experiment with comm. Pt/C

First, CV from 0-1 VV was measured in 1 M methanol and 0.5 M H>SO4 solutions with different
anodic limits using comm. Pt/C as a catalyst. The I¢/ly variation with anodic limit was
determined using this CV. The LSV is then measured at various anodic limits in 1 M methanol
and 0.5 M H2SO0s. Following each LSV, we transplanted the electrode to another cell containing
0.5 M H2S04, and the LSV in the range 0 - 1 V was performed again to determine the quantity

of CO adsorbed on the electrode in each scan.
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Figure 3.2: (a) CV recorded in 0.5 M H2SO4 and 1 M methanol solution at scan rate 50
mV/s (b) LSV recorded using 20% Pt/C in 0.5 M H2SO4 and 1 M methanol solution at
different anodic limit. Scan rate: 50 mV/s (c) Cyclic voltammogram recorded in 0.5 M

H2SO4 solution at different anodic limit Scan rate: 50 mV/s (CO stripping current).
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As can be seen in Figure 3.2(c) there is not much variation in the I, value even though the
anodic limits were vastly different. Figure 3.3 (a,b) represent the percent variation of I+/l,, and
I#/lco at different anodic limit. In fact, when we plot I¢/lco ratio the variation in this value with
respect to the anodic limit, the difference is insignificant when compared to the difference seen
in case of I¢ly. (figure 3.3(c))
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Figure 3.3: (a) Percent variation of I+/lv, (b) It/lco at different anodic limit, (c) Comparison

of I/l and I/lco value with change in anodic limit.

As the new criteria did not alter much with the anodic limit for comm. Pt/C we intended to
verify it with other commercially available catalysts. For this, we used commercially available
RuPt/C, FePt/C, and CozPt/C. As was done in the case of comm. Pt/C, we first carried out an
LSV with the other commercial catalysts as well and extended the LSV to various anodic limits
in 1M methanol and 0.5 M H2SOs. Following the procedure done with comm. Pt/C after each
LSV, these electrodes were then shifted to another cell containing 0.5 M H2SO4 and the CV in
the range 0 — 1 V was again performed on them. Figure 3.4 (a,d,g) depict the CV for RuPt/C,
FePt/C, and CosPt/C in 1 M methanol and 0.5 M H2SO;4 solutions with varying anodic limits.
This CV was used to determine I¢/ly variation with anodic limit. Figures 3.4 (b,e,h) show the
LSV recorded in 1 M methanol and 0.5 M H2SO4 solutions. Figures 3.4 (c,f,i) depict the CVs

performed on the electrodes which were shifted to cells containing 0.5 M H2SOas solution only.
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Figure 3.4: (a,d,g) CV recorded in 0.5 M H2S0O4 and 1 M methanol solution , (b,e,h) LSV
recorded in 0.5 M H2SO4 and 1 M methanol solution (c,f,i) Corresponding CO stripping
current CV in 0.5 M H2SOa solution at different anodic limit with scan rate of 50 mV/s
for RuPt/C, FePt/C and CosPt/C respectively.

The data obtained from above experiment was collectively plotted in figure 3.5. It can be
clearly seen from this figure that, while the previous criterion I¢/ly varies significantly with the
change in anodic limit, the newly proposed criterion I+/lco remains virtually constant. Thus, it

is clear that our newly proposed criterion could be validated with other catalysts as well.

Catalyst It/1o I/1co CO stripping peak
potential
Pt/C 0.47 10.9 0.46
RuPt/C 0.6 14.4 0.45
FePt/C 0.56 12.7 0.45
CosPt/C 0.53 11.6 0.44

Table 3.2: Comparison of I+/Ip and I/l value for Pt/C, RuPt/C, FePt/C and CosPt/C along
with CO stripping peak potential.
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Table 3.2 compares the average I¢/l, and I+/lco values for all the catalyst. The table shows that
the I/l and I¢/lco values for all catalysts follow the same trend. This could indicate that with

the help of the new criterion the catalyst evaluation can be performed in a more precise manner.
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Figure 3.5: Percent variation of (a,d,g) It/lb, (b,e,h) I/l at different anodic limit for
RuPt/C, FePt/C and CosPt/C respectively (c,f,i) Comparison of I#/lpand l#/lco value with

change in anodic limit.
3.5 Conclusion:

In this chapter we established a new criterion to study the CO poisoning in MOR. We mainly
focused on the lacunae faced by existing I¢/l, criteria when the CV is carried out at different
anodic limits. We then proposed a new criteria It/lco Which does not change with change in
anodic limit. We validated this newly designed criterion with comm. Pt/C as well as with other
commercially available catalysts. The findings presented in this chapter provide a new
approach or guideline for studying materials for MOR. This motivates us to synthesise a new

catalyst and put it to the test using new criteria.
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Chapter-4

Improved performance of Co-Pt Alloy with a trace

amount of Mn

PtsoMn, ;Co54 5/C

Catalytic efficiency

The last chapter focuses on flaws in existing criteria (I+/Iv) for judging CO poisoning and how
to overcome them by presenting new criteria. We eventually arrived at the stage where we
synthesized a new catalyst by conquering all of the obstacles in our path. This chapter focuses
on the synthesis of novel catalysts using a simple hydrothermal approach. In this chapter, we
thoroughly characterized the catalyst and used it to validate new criteria. Interestingly, we
selected Mn in small amounts in our catalyst, although it shows variable oxidation state it has
received less attention for electrochemical alcohol oxidation. We investigated the effect of trace

amounts of Mn on PtCo alloy and the rationale for increased catalytic activity toward MOR.

45



Chapter 4 Deshpande P, Prasad BL. ACS Applied Materials & Interfaces. 2023 May 24.

4.1 Introduction:

In previous chapters, we carried out an in-depth investigation of CV analysis of MOR and
presented a new mechanism for the same. We also highlighted several ambiguities not just
concerning the MOR mechanism, but also about the criteria for judging poisoning. We were
successful in developing a novel criterion to assess CO poisoning of the catalyst during MOR
using a simple two stage CV analysis. Moving further, in this chapter we attempt to synthesise
a novel catalyst that exhibits superior electrocatalytic activity than commercially available Pt/C
(comm. Pt/C). We employed a simple hydrothermal approach to prepare this catalyst. As
previously stated, Pt is the most widely utilised catalyst for MOR. However, major obstacles
such as slow kinetics, high manufacturing costs (due mostly to the costly Pt-based catalyst),
and CO poisoning of the Pt catalyst make commercialization of DMFCs difficult.[1-5] The
search for an alternative Pt-based catalyst that avoids the aforementioned concerns is one of
the most major scientific challenges. Pt alloys with other transition metals such as (Ru, Co, Ni,
and Fe) have been shown to improve electrocatalyst activity and durability.[6] As a result, Pt-
based alloys such as PtRu[7], PtNi[8], PtAu[9], PtPd[10], and PtCo[11] have attracted a great
deal of attention in recent years. Among the different Pt-based alloys, PtCo bimetallic alloys
have proven to be the most promising MOR catalyst.[12] Despite tremendous progress in the
use of bimetallic alloys as MOR catalysts, a material with greater activity and endurance than
commercial Pt-based catalysts remains elusive. According to few studies, introducing a trace
of another metal into the bimetallic system can significantly boost the durability of the Pt-based
bimetallic catalyst, making it more resistant to CO poisoning.[13-20] Furthermore, ternary Pt-
based alloys are expected to have higher activity than single or bimetallic alloys due to changes
in the electrical and structural properties of Pt.[21] As a result, trimetallic alloys of the type
PtMCo (M can be any transition metal) are projected to improve both durability and
electrocatalytic performance. Mn is a common and relatively inexpensive transition metal with
different oxidation states that could be used as an electrocatalyst.[22-24] Surprisingly, while a
few researches indicate that Mn improves the electrocatalytic activity of Pt[25-28], no
investigations on Mn doping in PtCo catalysts and their efficiency for MOR exist. Despite the
fact that Mn doping in PtCo alloy has been widely studied for (oxygen reduction reaction)
ORR, the influence of trace quantities of Mn on the catalytic activity of PtCo alloy towards
MOR has not been substantially investigated to our knowledge.[29-33]

As PtCo catalysts are known to perform better as MOR catalysts, we were inspired to conduct

a thorough analysis of the feasibility of doping Mn into PtCo catalysts and analysing their
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catalytic efficiency for MOR. Accordingly, in this chapter, we present the synthesis of PtCo
alloys containing a trace of Mn (Ptioox(MnCo) x) (16 < x < 41) as well as the efficacy of
trimetallic PtMnCo alloys as a MOR catalyst. The new PtMnCo catalysts' performance is
compared to that of the bimetallic PtCo alloy and commercially available Pt/C (comm. Pt/C).

The newly established criteria were also used to validate the synthesized PtMnCo catalyst.
4.2. Experimental:

Metal chloride salts such as platinum (II) chloride, manganese (11) chloride tetrahydrate, and
cobalt (I1) chloride hexahydrate were employed as metal precursors in the synthesis. All of the
metal salts were purchased from Sigma Aldrich, while other chemicals such as methanol,
ethanol, sodium bicarbonate, and NaOH were obtained from local agencies. Alfa Aesar
supplied commercial Pt/C (Comm. Pt/C) with 20% Pt. All of the compounds employed were
of analytical quality and did not require further purification.

(a) Synthesis of nanoparticles:

Pt100-x(MnCo) x (16 < x < 41) alloys were made by borohydride reduction followed by 3 hours
of hydrothermal treatment at 150 °C.[34] The metal precursors were added to a Teflon
container with a mixture of water and ethanol (20 mL water and 10 mL ethanol). For 10
minutes, the liquid was agitated to ensure that the metal precursor was completely dissolved.
After the metal precursor was completely dissolved, a 10 mL solution of 5 M NaOH was gently
added to the aforesaid mixture. When 5 M NaOH solution was added to the mixture, the colour
changed from pale yellow to black, indicating the development of metal oxide/hydroxide. As
a reducing agent, 0.01 g of sodium borohydride in 30 mL of water was added slowly, drop by
drop, with a syringe to the above black-coloured liquid. For another 10 minutes, the mixture
was vigorously stirred. The teflon bottle was then sealed firmly in a stainless steel autoclave.
The autoclave was hydrothermally treated by placing it in a 150 °C oven for 3 hours. After 3
hours, the autoclave was allowed to cool to room temperature (RT), and the resulting mixture
was treated with 1 M HCI solution until the pH became acidic. The resulting combination was
magnetic, and it was separated using a magnet. The separated sample was rinsed with an excess

of water and ethanol before drying at room temperature.
(b) Characterizations of Ptx(MnCo)1-x nanoparticles:
PtMnCo alloys were characterized using several techniques such as X-ray diffraction (XRD),

high-resolution transmission electron microscopy (HR-TEM), and ICP-AES. The PXRD

47



Chapter 4 Deshpande P, Prasad BL. ACS Applied Materials & Interfaces. 2023 May 24.

analysis was performed with Cu Ka (1.5418) as a radiation source to conclude the alloy
formation and delineate other structural properties. The PXRD study was carried out on a
Philips PAN analytical instruments X'pert Pro model PAN analytical diffractometer. The
voltage and current for the XRD apparatus were kept at 40 kV and 30 mA, respectively. Ground
powder was used to prepare the sample for XRD on a glass slide. The samples were scanned
at a rate of 0.3° per minute in a 26 range from 10° to 80°. Using the full width half maxima
(FWHM) and angular position of the Pt (111) peak, the average crystal size and lattice
parameter were estimated. An inductively coupled Microwave Plasma Atomic Emission
Spectrometer was used to determine the elemental composition (ICP-AES; Model: Agilent,
4200). For this measurement, the sample was produced by dissolving fixed mg of alloy in a
small amount of aqua regia and diluting it to 100 mL. The sample's size, shape, and chemical
composition were investigated using high resolution Transmission Electron Microscopy (HR-
TEM, JEMF200, JEOL, operated at 300 kV). HR-TEM samples were made by drop casting an
ultrasonically dispersed catalyst solution in ethanol onto a copper TEM grid (200 mesh), then

evaporating the ethanol at room temperature.
(c) Electrochemical measurements:

Electrochemical analysis was carried out on a CH Instruments 660B electrochemical
workstation with three electrodes. As counter and reference electrodes, Pt wire and Ag/AgCl
electrodes were used. The electrochemical activity of the catalyst toward MOR was determined
by dropping electrocatalyst material ink onto a glassy carbon electrode that served as a working
electrode. For the creation of catalyst ink, the prepared (Pti00-x(MnCo) x) (16 < x < 41) alloy
samples were first loaded on Vulcan XC-72 carbon at a loading of 20% wt. In the remainder
of the work, these samples will be referred to as Ptioox(MnCo)x /C (16 < x < 41). We used 20%
loaded samples in all electrochemical measurements. In a typical loading process, catalyst
(such as 4 mg (Ptioox(MnCo) x) NPs (16 < x < 41)) and Vulcan XC-72 carbon (16 mg) were
dispersed separately in 10 mL ethanol followed by ultrasonication for 30 minutes, following
that, the sample dispersion was added to the carbon dispersion and agitated for about 15 hours.
After stirring, it was centrifuged, washed with acetone, and dried at room temperature. TGA
analysis was done on two samples to confirm catalyst loading on carbon support (Figure 4.1).
Finally, electrocatalyst ink was made for the working electrode by dispersing 2 mg of Ptioo-
x(MnCo)x in 200 pL of a 1:1 ethanol:water combination containing 5% Nafion solution. 4 uL
of this dispersion was cast on a glassy carbon electrode and dried at room temperature. A

similar method was used to prepare the comm. Pt/C (20 wt% Pt) working electrode. To explore
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the electrochemical behaviour of several catalysts, cyclic voltammetry (CV) measurements
were performed. The electrochemical active surface area (ECSA) of a Pt-based alloy was
calculated by measuring CV in N2(g) saturated aqueous 0.5 M H>SO; at a scan rate of 50 mV/s
in the potential region 1.4 to -0.23 V vs Ag/AgCI. The first potential area, from -0.23t0 0.1V,
represents the hydrogen adsorption/desorption region on the Pt surface. The electrochemical
surface area (m?/g) was determined by taking the monolayer charge on platinum (210 pC/cm?),
the platinum loading, and the integrated charge in the hydrogen adsorption and desorption
region. Experiments were carried out in a N2(g) saturated 0.5 M H>SO4 and 1 M CH3OH
aqueous solution to determine the activity of the catalyst towards MOR, and CVs were recorded
at a scan rate of 50 mV/s in a potential range of 0.0 to 1.0 V vs Ag/AgCl. Chronoamperometry
curves were acquired for 8000 seconds to test the stability of electrodes at 0.65 V vs Ag/AgCI.
CO stripping was performed in a CO-saturated 0.5 M H>SOj4 solution. CO gas (99% purity)
was bubbled for approximately 20 minutes to saturate the 0.5 M H2SO4 solution. Hold the
electrode voltage at -0.2 V for 10 minutes to adsorb CO on the electrode surface. Stripping was

performed at a rate of 50 mV/s.
4.3. Result and Discussion:
(a) Crystal structure and microstructural analysis:

Figure 4.2 shows the PXRD patterns of (Ptioox(MnCo) x) (16 < x < 41) alloys. It should be
emphasised that the alloy compositions shown in Figure 4.2 were determined using ICP-AES
analysis (Table 4.1).

— PtgMn, ;€035 5/C
100 |- --- Ptg3Mn, Co,/C

80 |-

60 [~
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20 |-
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Figure 4.1: TGA analysis for PteoMn1.7C038.3/C and PtssMn1Co16/C samples.
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Figure 4.2: XRD patterns for Ptioox(MnCo)x (16 < x < 41) alloys.

The diffraction peaks at 39.8°, 46.4°, and 67.8° for Pt/C in the PXRD patterns are attributed to
the Pt (111), (200), and (220) facets, respectively. The position of all peaks in PtMnCo alloys
was found to be somewhat displaced to higher 26 values when compared to the normal
diffraction peaks of Pt (JCPDS 001 1190). (Figure 4.2). The lattice parameters a for Ptg1Co019,
PteoMn17C03s3, PtssMniCois, PtesMno.92C034.08, P742Mno.9sC024.9, and Pt7zaMnosCozs2 were
determined to be 3.91, 3.88, 3.90, 3.89, 3.90, and 3.91, indicating a discernible drop in the

lattice parameter with respect to the values for comm. Pt/C (a = 3.93A).

Sample | Manganese Cobalt Platinum | Total Composition
chloride chloride Chloride | mmol from ICP
tetrahydrate | hexahydrate | Pt(mmol)
Mn(mmol) Co(mmol)
1 - 0.3 0.3 0.6 Pt;,Co,,
2 0.3 0.3 0.3 0.9 Pt,,Mn, .Co, ,
3 0.6 0.3 0.3 1.2 Pt,,Mn,Co,
4 0.9 0.3 0.3 1.5 | Pt,Mn,,,Cos,
5 1.2 0.3 0.3 1.8 | Pt,,Mn,,Co,,,
6 1.5 0.3 0.3 2.1 Pt,,Mn, .Co,; ,
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Table 4.1: Details of stoichiometric amount of metal precursors used for the synthesis of
Ptioox(MNnCo)x alloys NPs.

The average crystallite sizes were found to be in the range of 3.5 nm to 5.0 nm using the

Scherrer formula and the complete width at half maximum of the (111) plane (Table 4.2).

Sample Lattice constant (a ) | Crystal size (nm) % strain
A

Pt Co,, 3.91 4.92 +0.50 -0.517
Pt Mn, .Co, . 3.88 3.73+£0.16 -1.218
Pt ;Mn Co, 3.90 4.3+0.02 -0.679
Pt Mn ,,Co,, . 3.89 3.67+0.24 -0.786
P, Mn Co,,, 3.90 4.07+0.19 -0.549
Pt. Mn Co,., 3.91 4.76+0.90 -0.296

Table 4.2: The lattice constant, crystal size and % strain for Ptioo-x(MnCo)x (16 < x < 41)

alloys calculated from corresponding XRD patterns.

TEM images (Figure 4.3) indicate that all generated materials have roughly spherical
morphology with individual particle sizes ranging from 5 to 8 nm, confirming that the
synthesized materials are nanoparticles (NPs). The average TEM particle sizes for
PtsoMn1.7C03s 3, PtesMn1Co016, PtesMno.92C034.08, P72.2Mno.9C024.9, and Pt7aMnogCo25.2 NPs were
5.0+ 1.1 nm, 8.2+ 2.1 nm, 5.5+ 1.3 nm, 6.7+ 1.7 nm, and 7.3+ 1.62 nm, respectively (Figure
4.3 (d-f,i,J). In comparison, the average TEM particle size of the Ptg1Co19 Sample was 8.3+2.57
nm. Please see Figure 4.4 the TEM and HAADF STEM images of Ptg1Co19 Sample.

To determine the distribution of Pt, Mn, and Co in PtsoMn17C0383, PtssMni1Cozs,
PtesMno.92C034.08, P742Mno.9C024.9, and Pt7aMnosCo2s2 samples, we used elemental mapping
(Figure 4.5) and EDS line scanning (Figure 4.6). These findings unequivocally confirm the
simultaneous presence of Pt, Mn, and Co in all of the samples tested. It is worth noting that the
poor Mn signal was presumably caused by the low amount of Mn present in the Pt1oo-x(MnCo0)x
(16 < x <41) NPs.
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Figure 4.3: TEM micrographs (a-c and g-h) and corresponding particle size distribution
plots (d-f and i-j) of Ptioox(MnCo)x (16 < x < 41) alloys.

=

tarsity

5 50 nm MG1

————— 30 nm PtM ——— 30 nm CoK C———=30nm

Figure 4.4: (a) TEM image, (b) HAADF-STEM image, (c) EDS line scan profile and

elemental mapping for Ptg1Coz9 (d-f).
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Figure 4.5: Elemental mapping for (a) PtsoMni17Cosss, (b) PtssMniCos, (C)
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225 ni Co K
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PtssMno.92C034.08, (d)P742Mno.9C024.9, (€) Pt7aMnosCozs.2 respectively.

XPS analysis was also performed on the Ptioo-x(MnCo)x (16 < x < 41) alloys. Figures 4.7 and
4.8 offer in-depth details of XPS analysis. The Pt spectra following deconvolution in
PtsoMn1.7Coss 3 catalyst shows four peaks at 71.20, 72.44, 74.48, and 75.46 eV, with the peaks
at 71.20 and 74.48 eV corresponding to Pt°, and the peaks at 72.44 and 75.46 eV corresponding
to Pt*2.[35] Metallic Pt® may be seen in the XPS spectra of the PtsoMn1 7C03s 3 catalyst (Figure
4.7(a)).
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Figure 4.6: HAADF-STEM image, EDS line scan profile along red line for (a,b)
PtesoMn17Coss3, (c,d) PtssMniCous, (e,f) PtesMnoge2Coza0s, (g,h) P722MnooCo249, (i,])
Pt74aMnosCozs.2 respectively.

The less noble metals Co and Mn, on the other hand, exist primarily in oxidised form (Figures
4.7 (b) and 4.7 (c)). Despite the presence of Co and Mn in the oxidised state, XRD examination
does not show any distinguishable peak for metal oxide, confirming the development of metal
alloy as the primary material and the oxides being likely present on the surface as discovered
by XPS. The reduced binding energies observed for the Pt 4f peaks in all XPS spectra of the
Pt100-x(MnCo)x (16 < x < 41) alloys (Figure 4.7 (d)) corroborate this contention. This evidently
indicates that an electron transfer mechanism occurs from Co and Mn to Pt, resulting in it being
electron rich.[36-37] In Figure 4.8, deconvoluted XPS spectra for remaining Ptioo-x(MnCo)x
(16 < x < 41) alloys were displayed, together with comm. Pt/C and the fraction of Pt® and Pt*2
content in each catalyst (4.8 (f)).
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Figure 4.8: Deconvoluted XPS spectra for comm.Pt/C along with remaining Ptioo-
x(MnCo)x (16 < x < 41) alloys (a-€), the fraction of Pt® and Pt*?content in each catalyst

(F).(b) Electro-catalytic properties of Ptioox(MnCo)x alloys:
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The electrochemically active surface area (ECSA) of all carbon loaded Ptigo-x(MnCo)x /C (16
< X < 41) alloys, as well as comm. Pt/C and Pts1Co19-NPs/C, was determined using cyclic
voltammetry (CV) in N2 saturated 0.5 M H>SOs solution at 50 mV/s, and the CVs obtained
(after stabilisation over several cycles) are shown in Figure 4.9. The electrochemical surface
area (m?/g) was estimated using a monolayer charge on platinum (210 uC/cm?), platinum
loading, and the integrated charge in hydrogen adsorption and desorption. The ECSA for
comm. 20% Pt/C and Pts1Co1g, PtsoMn17C03s3, PtssMniCois, PtssMno.92C034.08,
P74.2Mno.9C024.9, and PtzaMng sCozs.2 was found to be 46.25 m?/g, 17 m?/g, 8 m?/g, 18 m?/g, 12
m?/g,12 m?/g, and 17 m?/g respectively. The decrease in ECSA values for Ptigo-x«(MnCo)x /C
alloys compared to comm. Pt/C alloys, even after normalisation with only Pt mass, suggests
that Mn and Co atoms are present on the surface of the catalyst together with Pt. In 1 M
methanol and 0.5 M H2SO4 solutions, the catalytic activity of MOR for the Ptigo-x(MnCo)x /C

(16 < x < 41) was examined, and the relevant CV profiles are presented in Figure 4.10 (a).
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Figure 4.9: Representative CV profiles of comm. Pt/C and Pti00-x(MnCo) x/C (16 < x < 41)
measured in 0.5 M H2SOa.

The CV traces demonstrate that all of the catalysts have two well-defined distinctive oxidation
peaks, one in the forward direction (anodic scan-lf) and the other in the reverse direction
(cathodic scan-Iy). Figure 4.10 (b) depicts the processing of current densities in terms of mass
and specific activity. PtsoMn1.7C033.3/C has a mass activity of 0.67A/mg, which is 1.3 and 1.9
times greater than Ptg1Co1o/C (0.53 A/mg) and comm. Pt/C (0.35 A/mg), respectively. The
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electrocatalytic performance of Ptigox(MnCo)x /C (16 < x < 41) catalysts and comm. 20% Pt/C

is summarised in Table 4.3.
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Figure 4.10: (a) The CV profiles for MOR measured using comm. Pt/C and Ptioo-
x(MnCo)x/C (16 < x < 41) as a catalyst in 0.5 M H2S04 and 1 M methanol. (b)
Corresponding Jsp and Jmass for comm. Pt/C and Ptioox(MnCo)x/C (16 < x < 41). (c)
Chronoamperometry curves for comm. Pt/C and CoxPti00x-400/C measured at peak

potentail.

Apart from mass and specific activities, electrochemical endurance is a significant criterion to
consider when determining the efficiency of a catalyst. A chronoamperometry (CA) test can
be performed to investigate the rate of CO- poisoning during MOR and the stability of the
catalyst at a fixed voltage. The CA profiles for all catalysts were recorded at peak potential for
8000 sec in a combination of 1 M methanol and 0.5 M H2SO4 solution, as shown in Figure 4.10
(c). All of the samples showed a dramatic decline in current at initially, followed by a slower
decay. According to the literature, the drop in current with time is caused by the accumulation
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and adsorption of intermediates such as CO, CHO, and COOH [38-41] species on the catalyst

surface, which results in a reduction in activity and impairs the catalyst's durability.

Sample Onset ECSA (m2 /g) L/ Mass activity
(A/mg)

Pt/C comm. 0.47 46.25 0.5 0.35
Pt Co,, 0.41 17 0.74 ™
Pt _Mn Co . 0.38 8 0.94 0.67
Pt83Mn1C016 0.41 18 0.86 0.45
Pt_Mn  Co, 0.40 12 0.85 0.45
Pt, Mn Co 0.42 12 0.89 0.62
Pt Mn Co 0.42 17 0.87 0.57

Table 4.3: Summarises the electrocatalytic performance of Ptioox(MnCo)x/C (16 < x <41)
catalysts and compares them to comm. 20% Pt/C.

Figure 4.10 (c) clearly illustrates that among all Ptioox(MnCo)x /C (16 < x < 41) catalysts,
PtsoMn17Co0383/C displays the highest retention of initial activity after 8000 second.
Furthermore, 1000 cycle accelerated durability tests were carried out, with the electrochemical
results given in Figures 4.11 and 4.12. After 1000 cycles, PtsoMn17C038.3/C has a maximum
activity retention of about 55%, which is higher than the average Pt/C. Trimetallic catalysts
degrade less than typical Pt/C catalysts, according to study on catalytic stability in accelerated
durability testing.
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Figure 4.11: 1,000 cycle accelerated durability tests for Pt/C and Ptioox(MnCo)x /C (16 <
X < 41) catalyst recorded in a mixture of 1M methanol and 0.5 M H2SO4 solution at scan

rate of 100 mV/sec.
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Figure 4.12: (a) Mass activity before and after accelerated durability test (b) Percent

activity retention after accelerated durability test (1000 cycles).
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Figure 4.13: CV recorded in 0.5 M H2SOs solution at 50 mV/sec before and after

accelerated durability test.

Figure 4.13 shows the CV in 0.5 M H2SO4 solution before and after the accelerated stability
test. this clearly demonstrated the ECSA of comm. Pt/C has decreased, while it has remained
nearly constant for the Ptioox(MnCo)x /C (16 < x < 41) catalyst.
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Figure 4.14: The elemental mapping for PtsoMn17Co3s.3/C prior (a-d) to and following (e-
h) the accelerated durability test.
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Following the long-term stability test, PtsoMn17Co333/C was analysed by TEM and ICP to

further study the electrochemical changes in the surface structure and composition.

Figure 4.14 displays the elemental mapping for PtsoMn1.7C03s.3/C before and after the stability
test. All three elements are readily visible in the figure. Before and after the durability research,
PteoMn17Co03s.3/C exhibited the same (111) facets lattice fringes (0.2 nm) (Figure 4.15). The
ICP results suggest that some Mn metal was leached during the durability test.

(a) Before
d=0.2I'nm

a ;If_g Vil 20030 pm

oy ¥

€l oW

Figure 4.15: TEM image (5 nm) of PtsoMn1.7Co3s.3/C before (a) and after (b) accelerated
durability test.

In addition to the aforementioned experiment, CO oxidation was carried out to investigate the
tolerance of the Ptioox(MnCo)x /C (16 < x < 41) catalyst following methanol electrooxidation.
CO stripping was performed in 0.5 M H2SO4 solution for 10 minutes at a CO adsorption
potential of -0.2 V against Ag/AgCl and a sweep rate of 50 mV/s. Figure 4.16 indicates a minor
peak in comm. Pt/C around 0.53 V. The CO stripping peak for Ptg1Co19/C was marginally
changed to a lower potential of 0.45 V, while the CO stripping peak for PtsoMn1.7C0353/C,
PtgsMn1Co16/C, PtssMno.02C034.08/C, Pt722Mno9C024.9/C, and Pt7aMnogCo252/C was further
shifted to lower potentials of 0.41 V, 0.43V, 0.43 V, 0.44 V, and 0.43 V respectively.

When compared to all other alloys, the low CO-stripping peak potential of PtsoMn1.7C038.3/C
confirmed that CO is probably weakly adsorbed on its surface, resulting in its better catalytic
activity for MOR. All of the foregoing results suggest that all Ptigo-x(MnCo)x /C (16 < x < 41)

catalysts have greater long-term stability and CO tolerance than conventional Pt/C catalysts.
4.4 Validation of new criterion (It/lco):

Based on the preceding chapter's discussion, all the catalysts were subjected to the new I¢/lco
test in the 0-1 V potential window to evaluate their efficiency. As previously indicated, we
initially performed an LSV with the Ptioox(MnCo)x /C catalysts in 1 M methanol and 0.5 M
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H2S04, then swapped the electrodes to another cell containing 0.5 M H>SO4 and repeated the
LSV in the 0 - 1 V range. Figures 4.17(a) represent the LSVs recorded in 1 M methanol and
0.5 M H2SOq4 solutions, and Figures 4.17(b) depict the LSVs performed on electrodes relocated
to cells containing just 0.5 M H2SO4 solution. Table 4.4 compares the average I/l and lt/lco

values for all the catalyst along with CO stripping peak potential for this experiment.
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Figure 4.16: CO-stripping CV curves in Nz-saturated 0.5 M H2SOz solution for Ptioo-
x(MnCo)x/C (16 < x < 41) catalysts.
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Figure 4.17: (a) LSV recorded using Ptioox(MNnCo)x/C catalysts in 0.5 M H2SO4 and 1 M
methanol solution at different anodic limit. Scan rate: 50 mV/s (b) Cyclic voltammogram
recorded in 0.5 M H2SOs solution at different anodic limit Scan rate: 50 mV/s (CO

stripping current).

Sample It/1b I/1co Peak potential of
CO stripping

Pts1C019 0.74 20.3 0.48
PteoMn1.7C03s 3 0.94 30.1 0.45
PtgsMn1Cois 0.86 28.0 0.46
PtesMn0.92C034.08 0.85 27.3 0.45
P742Mno.9C024.9 0.89 28.1 0.46
Pt74Mno.sC025.2 0.87 28 0.47

Table 4.4: Comparison of I+/lp and I/lco value for Ptioo-x(MnCo)x/C catalysts along with
co stripping peak potential.

4.5. Plausible explanations for elevated MOR activity of Ptioox(MnCo)x/C catalysts:

Based on the results of cyclic voltammetry and chronoamperometry evaluations of catalytic
activity, stability, and CO tolerance, trimetallic catalysts were found to have the best activity

and stability for MOR, although having lower ECSA values than conventional Pt/C.

The following factors, in our opinion, are primarily responsible for the increased activity and
stability of the Ptioox(MnCo)x /C (16 < x < 41) catalyst. Because Co and Mn have smaller
atomic radii than Pt, the resulting Ptioox(MnCo)x /C (16 < x < 41) catalyst will compress the
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surface Pt layer. As previously stated, the calculated lattice constant for all Ptio0-x(MnCo)x /C
(16 < x < 41) catalysts is less than that of commercial Pt/C. This confirms the presence of
compressive strain to some extent. According to Norskov et al., the strain effect causes changes
in the metal d-band by changing the geometry of the electron population. The metal-adsorbate
bond strength has been observed to alter as a result of d-band centre shifts caused by strain
variation in the metal structure. Such modifications eventually result in variations in the
adsorption/desorption capacities of activating reactants or intermediates[42-44], which is one
of the key factors regulating catalyst electrocatalytic activity. This result agrees with the

previous XPS research of the Pt 4f XPS spectra and CO stripping experiment.

The greater the amount of metallic state on the catalyst surface, the greater the number of active
sites for MOR electrocatalysis. As previously discussed in XPS spectra, the comm. Ptigo-
x(MnCo)x /C (16 < x < 41) catalyst exhibits a negative shift in binding energy due to the
difference in electronegativity. The negative shift in the catalyst Ptioo-x(MNnCo)x /C (16 < X <
41) is owing to the roles of Co and Mn as electronic donors and Pt as electronic acceptors. The
incorporation of extra transition metals such as Mn and Co into Pt in a Ptioo-x(MnCo)x /C (16
< X < 41) catalyst modifies the electronic structure of the Pt surface, which may promote
reaction kinetics, facilitate electron transfer, and accelerate the removal of CO molecules to
improve MOR catalytic activity, as confirmed in numerous reports.[15-19,45] These findings,
as presented in Figure 4.18, serve to explain why the trimetallic Ptigox(MnCo)x /C (16 < x <
41) catalyst is more active than Pt. This is in accordance to a previous DFT study on PtCo
binary alloy catalysts with various compositions which were tested as MOR catalysts.[12]
According to the findings of that study, increasing the electron density on Pt greatly increases
the electrochemical performance of Pt-based catalysts.[12, 36-37]. Our findings incorporated

in the present chapter support this hypothesis.
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Figure 4.18: Schematic representation to explain reason for enhance activity of trimetallic
alloy as compare to Pt/C (a) compression strain (b) charge transfer illustration (c) the
XPS Pt 4f scan (d) and the Co stripping curve for Pt/C, Pts1Co19/C and PtsoMn1.7C035.3/C

respectively.
4.6. Conclusion:

In summary, this chapter deals with the synthesis of Pt1oo-x(MnCo)x (16 < x < 41) catalysts with
different elemental compositions via borohydride reduction followed by hydrothermal
treatment. TEM and XRD analysis clearly demonstrate the formation of alloy with particle size
less than 10 nm. Among all the compositions prepared the PtsoMn1.7C03g.3 catalyst exhibited
superior mass activity toward MOR, which was 1.3 and 1.9 times higher than that of Ptg1Co10/C
and comm. Pt/C respectively. Furthermore, the chronoamperometry test for durability and the
CO oxidation process for CO tolerance show that all synthesized Ptigo-x(MnCo)x /C (16 < x <

41) catalysts have better current retention than conventional Pt/C.
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Again, the sample with PteoMn17C03g3/C was the best of the compositions studied, as
demonstrated by both old I+/l, and new I/lco criterion. The synergistic action of Co and Mn on
the Pt lattice can be attributed to the increased performance of the Pt1oo-x(MNnCo)x /C (16 < x <
41) catalyst. The improved performance of trimetallic alloys over bimetallic alloys led us to
investigate multi-metallic catalysts, as electronic structure could undergo further changes with

the number and nature of added metals.
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Chapter-5

Highly efficient Pty (CoNiM)100x quaternary anode

catalysts for methanol electrooxidation

The previous chapter concentrated on the synthesis of trimetallic alloy for improved methanol
oxidation reaction (MOR) activity through the incorporation of a small amount of Mn in
bimetallic alloy. The superior performance of trimetallic alloys over bimetallic alloys drove us
to look into multi-metallic catalysts, as electronic structure varies with the number and
characteristics of added metals. Therefore, we decided to try quaternary alloys. Accordingly,
we synthesized quaternary alloys of Pt, Co, Ni, and Fe/Ru metals in various compositions and
analysed them for MOR. The extra metal is chosen based on its bifunctional and electronic

properties, which could result in increased activity of the multi-metallic alloy.
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5.1 Introduction:

As it is well discussed in previous chapters, CO is the prime poisoning species responsible for
catalyst deactivation during MOR. Thus, numerous attempts have been made to design and
synthesize Pt-based alloy catalysts by alloying platinum with other elements. There are two
ways to accomplish this: by using a bifunctional effect and by modifying the electrical
structure. The CO-poisoned platinum can be recovered by oxidizing CO into CO: via the
interaction of surface CO with oxygen species (like -OH) adsorbed on a water-activating
element such as Ru.[1,2] In addition, we can change the electronic structure of Pt by
introducing elements with lower electronegativity than Pt, such as M (M=Ni, Co, Fe, and so
on).[3,6] The electron donation of M to Pt would affect the electrical characteristics of the Pt
4f peaks. Our previous chapter suggests that such changed electronic characteristics of Pt boost
the electrocatalytic activity of Pt-based alloys. The shift in d-electron density from M to Pt
reduces the density of state (DOS) on the Fermi level and thus the energy of the Pt-CO bond.[7]
As a result, the optimum candidate for methanol oxidation in DMFCs could be constructed by
taking into account appropriate materials that affect methanol electrooxidation based on either
the bifunctional or electronic effect.[8] Aside from CO poisoning, the excessive usage of the
precious metal Pt in electrodes has stymied the commercialization of DMFCs. Using a multi-
metallic alloy is one method for reducing the amount of Pt added and increasing its use
efficiency.[9-17]

In the last chapter, we described the synthesis of trimetallic alloys and how they can be used
as electrocatalysts for MOR with improved activity and stability. As the electronic structure of
trimetallic alloys changes with the number and characteristics of add metals, we decided to
examine multi-metallic catalysts in detail. In this chapter, we choose to design quaternary metal
alloys based on the bifunctional and electronic effect of added metal. In this study, we

synthesized quaternary metal alloys by microwave assisted method.

The use of microwave heating to synthesize quaternary metal alloys is a novel and unique
approach. Microwave synthesis has various advantages over traditional synthesis methods,
including shorter reaction times, enhanced reaction kinetics, and lower energy use. Microwave
heating also provides accurate temperature control, which is important when preparing high-

quality quaternary metal alloys.

According to research conducted in our group previously, Pt and Co metal are known to form
stable alloys with different compositions such as Pt75Cozs, PtsoCoso and Pt2sCozs. [7] Taking
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this fact into consideration, in this chapter we have synthesized Pt75(CoNiM)2s, Ptso(CoNiM)so
and Ptas(CoNiM)s alloy where M is Ru or Fe.

5.2. Experimental:

We used cobalt (1) acetylacetonate, platinum (1) acetylacetonate, nickel (11) acetylacetonate,
ruthenium (111) acetylacetonate, iron (I11) acetylacetonate, commercial Pt/C (comm. Pt/C) with
20% Pt, oleylamine, and benzyl alcohol from Sigma Aldrich for this study. Local authorities
provided the methanol, ethanol, and sulfuric acid. All reagents were of analytical quality and

were not purified or processed further.
(a) Synthesis of nanoparticles:

As discussed in the introduction we used the thermal breakdown procedure under microwave
conditions to create Ptx(CoNiM)wox (x=25-75 and M=Ru or Fe) alloy samples. A
stoichiometric amount of all metal salt at specific ratios were taken in a round-bottom flask
conventionally held under an inert environment. 30 mL of benzyl alcohol and 2 mL of
oleylamine were added to these precursor combinations. This reaction mixture was sonicated
for 15 minutes before being warmed to 80 °C to ensure complete precursor dissolution. Finally,
this reaction flask was placed in a microwave oven set to 700 W, which caused the temperature
of the mixture in the flask to rise to 205 °C (measured by an infrared noncontact thermometer).
The colour of the combination was seen to change from yellow to black practically instantly.
The microwave irradiation was extended for 5 minutes to ensure that the reaction was
completed. Following that, the products were centrifuged, washed with ethanol several times,
and then dried at room temperature. The products generated were determined to be
Pty (CoNiM)100-x (x=25-75 and M=Ru or Fe) alloys of varied composition based on the PXRD

examination (vide infra).
(b) Characterizations of Ptx(CoNiM)100-x alloy:

Various experimental approaches were used to characterize these synthesized Ptx(CoNiM)100-x
alloys. Based on PXRD analysis, the Ptx(CoNiM)100x formation and preliminary confirmation
of alloy formation were concluded. The samples for XRD were prepared on a glass slide using
ground powder. X-ray diffraction (XRD) investigation was carried out on an X'pert Pro model
PANalytical diffractometer from Philips PANalytical instruments, which was set to 40 kV and
30 mA with Cu Ka (1.5418) radiation. The samples were scanned at a rate of 0.3° per minute

in a 20 range from 20° to 80°. An inductively coupled Microwave Plasma Atomic Emission
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Spectrometer was used to determine the final elemental composition of Pty (CoNiM)100-x alloys
(MP-AES; Model: Agilent, 4200). Transmission Electron Microscopy (TEM) was performed
using a TECHNAI G220 STWIN (T-20) apparatus set to 200 keV and a LaB6 filament as an
electron source. The electron source is a 200 keV LaB6 filament. The particle size distributions
were established by personally measuring the size of at least 200 particles from different
photos. JEOL's JEMF200 instrument was used to capture high resolution TEM (HRTEM)
images, high angle annular dark field scanning TEM (HAADF-STEM) images, and energy
dispersive X-ray spectroscopy (EDS) mapping of Co and Pt (Olympus camera, model-
XAROSA).

(c) Electrochemical Measurements:

At room temperature, a CH Instruments 660B electrochemical workstation with a three-
electrode setup was employed for the electrochemical measurements. As a working electrode,
a glassy carbon electrode drop casted with electrocatalyst material was employed. As counter
and reference electrodes, Pt wire and Ag/AgCl electrode were used. The prepared
Ptx(CoNiM)100-x alloy samples were initially loaded on Vulcan XC-72 carbon, ensuring a 20
wt % loading of the corresponding alloy, and these will be referred to as Ptx(CoNiM)100-x/C.
We used these samples with a carbon loading of 20 % for all electrochemical studies. In a
typical loading technique, 5 mg of Ptx(CoNiM)100-x NPs and 20 mg of Vulcan XC-72 carbon
were disseminated separately in 10 mL of ethanol for 30 minutes using ultrasonication. The
sample dispersion was then added to this carbon dispersion and agitated for 12 hours before
centrifugation, acetone wash, and ambient condition drying. Following that, electrocatalyst ink
was made by dispersing 2 mg of comm. Pt/C (20 wt% Pt) in 200 uL of a 1:1 ethanol:water
combination containing 5 % nafion solution. 2 uL of this dispersion was drop casted on a glassy
carbon electrode and dried at room temperature. Similar techniques were used to prepare the
Ptx(CoNiM)100-x/C electrodes. To estimate the electrochemically active surface area (ECSA) of
Pt, cyclic voltammograms (CVs) were first recorded in N2 (g) saturated aqueous 0.5 M H2SO4
at a scan rate of 50 mV/s in a potential range of 1.4 to 0.3 V vs Ag/AgCl. The MOR studies
were carried out in a N2 (g) saturated 0.5 M H2SO4 and 1 M CH3OH aqueous solution, and
CVs were collected at a scan rate of 50 mV/s in a potential range of 0.0 to 1.0 V vs Ag/AgCI.

5.3. Result and Discussion:

(a) Crystal Structure and Microstructural Analysis:
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Figure 5.1 shows the XRD patterns for as-synthesized Ptx(CoNiM)igox alloys. XRD peak
shifting in alloys is a result many factors like lattice distortion, solid solution formation, and
grain size effects. By analysing these peak shifts, we can gain insights into the structural
changes that occur within alloys as a result of their composition and processing conditions. It
should be noted that the alloy compositions mentioned in Figure 5.1 were determined using
ICP-AES analysis. The diffraction peaks at 39.8°, 46.4°, and 67.8° for Pt/C in the PXRD
patterns are attributed to the Pt (111), (200), and (220) facets, respectively. The position of all
peaks in Ptx(CoNiM)100-x alloys was found to be somewhat displaced to higher 26 values when

compared to the XRD of Pt/C. (Figure 5.1). This confirm the formation of alloy.
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Figure 5.1: XRD patterns for Ptx(CoNiM)1o0-x alloy.

TEM images for Ptx(CoNiFe)100-x and Ptx(CoNiRu)100-x are shown in figure 5.2.TEM images
indicate that all generated materials have roughly spherical morphology with individual particle
sizes ranging from 4.3 to 7.5 nm, confirming that the synthesized materials are nanoparticles
(NPs). The average TEM particle sizes for PtyFezs1C0235Niz63, PtsiFeigsCo13Niize,
Pt7aFe11.6C06.1Nig3, Pt2sRU246C023.2Niz6.2, PtasRU16.6C0186Ni1ss and PtzeRu107C04.7Nigs NPS
were 4.7+ 1.1 nm, 4.8+ 1.1 nm, 6.6+ 1.6 nm, 5.8+ 1.4 nm, 4.3+ 0.7 nm, and 7.5+ 1.3 nm,

respectively.
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Figure 5.2: TEM images and corresponding particle size distribution plots of
Ptx(CoNiM)100-x alloys.

We employed elemental mapping to determine the distribution of Pt, Ni, Co and Ru/Fe in
PtooFe2s1C0235Niz63,  PtsiFeis4C013Niizes,  Pt7aFe116C0s1Nis3,  Pt2sRu24.6C0232Niz6 2,
PtssRu166C0186Nigs and PtzeRuio7C047Niges sample (figure 5.3 and 5.4). These findings
unambiguously indicate the presence of Pt, Ni, Co and Ru/Fe in all of the analysed samples.

(b) Electro-catalytic properties of Ptx(CoNiM)1o0x alloys:

The electrochemically active surface area (ECSA) of all carbon loaded Ptx(CoNiM)ipo-x /C
alloys was determined using cyclic voltammetry (CV) in N2 saturated 0.5 M H2SO4 solution at
50 mV/s, and the CVs obtained (after stabilisation over several cycles) are shown in Figure 5.5.
The electrochemical surface area (m?/g) was estimated using a monolayer charge on platinum
(210 pC/cm?), platinum loading, and the integrated charge in hydrogen adsorption and

desorption.
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Figure 5.3: Elemental mapping for (a) Pt22Fe2s1Co0235Niz2s3, (b) PtsiFeis4Co13Niizs, (C)
Pt7aFe11.6C06.1Nis 3.

Figure 5.4: Elemental mapping for (a) PtzsRu24.6C0232Ni26.2, (b) PtasRu166C0186Ni1ss, (C)
Pt76Ru107C04.7Niss.

The ECSA for comm. 20% Pt/C and PtxFezs1C0235Nizns, PtsiFeisaCoisNiizs,
Pt7aFe11.6C06.1Nig 3, Pt2sRU24.6C023.2Ni26.2, PtasRU16.6C018 6Ni1g g and Pt7sRu10.7C047Nig.6 Sample
was found to be 47.25 m?/g, 9 m?/g, 6.2 m?/g, 8.8 m?/g, 11.4 m?/g, 8.8 m?/g, and 4 m?/g
respectively. The decrease in ECSA values for Ptx(CoNiM)100-x /C alloys compared to comm.
Pt/C alloys, even after normalisation with only Pt mass, suggests that other metal like Co, Ni,
Fe/Ru are also present on the surface of the catalyst together with Pt.
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Figure 5.5: Representative CV profiles of Ptx(CoNiM)100x /C measured in 0.5 M H2SO4 .
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Figure 5.6: (a) The CV profiles for MOR measured using comm. Pt/C and Ptx(CoNiM)zoo-
x/C catalyst in 0.5 M H2SO4 and 1 M methanol. (b) Corresponding Jsp and Jmass for comm.
Pt/C and Ptx(CoNiM)100-x /C.

The catalytic activity of MOR for the Ptx(CoNiM)100-x /C was investigated in 1 M methanol
and 0.5 M H2SOs4 solutions, and the corresponding CV profiles are shown in Figure 5.6 (a).
The CV traces show that each catalyst has two unique oxidation peaks, one in the forward
direction (anodic scan-If) and one in the reverse direction (cathodic scan-ly). Figure 5.6 (b)
depicts the processing of current densities in terms of mass and specific activity. I/l value
calculated for comm. 20% Pt/C and PtxoFes1C0235Nizp3, PtsiFeig4Co13Niize,
Pt7sFe11.6C06.1Nig 3, Pt2sRU246C023.2Niz6.2, PtasRU16.6C0186Ni18.8 and PtzsRu10.7C04.7Niss found
to be 0.5, 0.98, 0.99,0.97, 0.93,0.96, 0.95 respectively. In terms of activity, these alloy catalysts
perform better than the catalyst studied in the previous chapter. Among all Pty(CoNiM)100-x /C

alloy, Our findings show that a quaternary metal alloy containing 50% Pt and 50% of all other
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metals outperforms alternative combinations, which is consistent with our group's studies and
other literature[7,18-19]. Further studies like cycle stability, chronoamperometry, CO
poisoning, I¢/lco need to do to analyze this sample further.

5.4. Conclusion:

In conclusion, this chapter deals with the synthesis of multi-metallic alloy by simple microwave
method. More specifically, we synthesized a quaternary alloy out of Pt, Co, Ni, and Fe/Ru
metal. Metals are chosen based on their use as a bifunctional or electronic effect, which leads
to increased catalytic activity. According to our findings, a quaternary metal alloy including
containing 50% Pt and 50% of all other metals performs better than other combinations, which
is consistent with our group's research and other literature. We would like to conduct a long-

term stability and CO poisoning investigation for this catalyst, in addition to OER and ORR.
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This chapter includes a summary and concluding notes for the work detailed in this thesis, as
well as the future scope of this study.
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6.1 Summary of the Thesis:

Direct Methanol Fuel Cells (DMFCs) have received a lot of interest in recent years as
promising technology for producing clean and efficient energy. DMFCs have a promising
future since they cause significantly less harm to the environment. Methanol is utilized as a
fuel in DMFC. The anode catalyst is an important component of DMFCs since it is involved
in the oxidation of methanol, which produces electrons that can be used as an energy source.

In recent years, significant progress has been achieved in the development of anode catalysts
for DMFCs. Pt is the most commonly utilized metal in DMFC due to its outstanding catalytic
activity.[1] However, due to catalyst poisoning, commercialization of this catalyst is restricted.
CO is an active intermediate formed in the methanol oxidation reaction, and the extremely
stable Pt-CO complex adsorbs on the catalyst surface, lowering DMFC efficiency.[2,3] Many
efforts have been made to improve the effectiveness of the catalyst. Despite this, identifying a
commercially viable electro-catalyst material with consistent performance remains a

significant issue, owing to our inadequate understanding of the specific MOR mechanism.

In this background, we chose to investigate the MOR in depth for the scope of the thesis. A
standard cyclic voltammogram (CV) for MOR reveals two peaks, one in forward (lf, anodic
scan) and one in reverse scan (ly, cathodic scan). It is also proposed that the peak current ratio
(commonly referred to as I+/lv) is a good marker for evaluating electro-catalyst performance in
MOR. It is generally perceived that the higher the I¢/ly, the greater the CO tolerance and thus
the better the electrode performance. However, this criterion has lot of ambiguities and there

are different opinions about the origin of Iy and the species responsible for it.[4-11]

With this background, we investigated the MOR mechanism in depth using a simple cyclic
voltammetry. The study included in this thesis is directed to determining the true poisoning
species responsible for catalyst deactivation and proposing a mechanism based on it. Many
previously unknown facts were discovered during the re-investigation of the cyclic
voltammetric (CV) response of MOR in acidic medium utilizing Pt/C as electro-catalyst.
Systematic CV study clearly indicated that the peak during the cathodic scan in CV for MOR
is primarily due to CO electro-oxidation. According to the findings, the current response of this

peak is not entirely responsible for adsorbed species.

After successfully investigating the MOR mechanism, we attempted to establish the criteria to
measure the poisoning of the catalyst during MOR based on the understanding gained from

this work and the previous knowledge accessible. We proposed a new criterion for addressing
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CO surface adsorption by conducting a simple experiment based on the proposed mechanism.
We also validated this criterion using readily available marketed catalysts. Finally, using
experimental data and fundamental knowledge from CV analysis, we synthesized trimetallic
catalysts with higher activity and stability for MOR when compared to comm. Pt/C. The
synthesized catalysts were examined using UV, PXRD, and electron microscopy. After
Synthesizing a catalyst and analysing it using new criteria, we decided to take it a step further
and shift our focus from trimetallic to quaternary alloys. Subsequently, we also synthesized
and analysed quaternary alloys of Pt, Co, Ni, and Fe/Ru metals in various compositions for
MOR. The extra metal was chosen for its bifunctional and electronic capabilities, which will
boost the activity of the multi-metallic alloy. Further studies like long term stability, CO

tolerance are still needed to be done on these samples.

6.2 Scope for future work:

Recently flexible devices catch lot of attention as an emerging field due to its used in wearable
and portable devices.[12] Traditional energy sources, however, are stiff in shape and hefty in
weight due to the materials and cell configuration currently used, making integration into
flexible energy sources difficult. So, it is important to replace stiff material by conducting
material to fit them in flexible devices. Significant advance has been made in this area which
includes flexible lithium/sodium/zinc ion battery and flexible supercapacitors.[13-15] Among
flexible batteries lithium ion battery is considered as an ideal storage device due to high energy
density and long stability cycle. Despite of this advantage it suffers with many problems which
hindered its commercialization. Because of its high energy density (4820 Wh /L, significantly
more than LIBs), the DMFC is a typical and ideal model for these devices, and will serve as an
exciting contender for the future flexible energy source. A flexible DMFC refers to a DMFC
that is designed to be flexible or bendable, rather than rigid. This type of fuel cell could
potentially have applications in wearable technology, portable devices, and other products
where flexibility is important.

In general, flexible DMFCs are still a relatively new technology and research is ongoing to
improve their performance and durability. The maximum power density of a flexible DMFC
based on a quasi-solid potassium polyacrylate hydrogel electrolyte was recently reported to be
8.86 mW /cm?.[16] However, the ability to make fuel cells that are flexible has the potential to
open up new possibilities for their use in various applications. Several different materials have
been explored as potential anode materials for flexible DMFCs.[17-20] We would like to use

our catalyst to study flexible DMFC.
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One of the challenges in developing flexible DMFCs is finding materials that are both
electrically conductive and flexible. Researchers have been exploring various materials,
including graphene, carbon nanotubes, and conducting polymers, as potential electrodes for
flexible DMFCs.

Another challenge is finding ways to make the membrane electrode assembly (MEA) flexible,
which is the core component of a fuel cell. Researchers have been exploring various approaches
to make the MEA flexible, including using polymer membranes, and developing new
fabrication methods that allow for the creation of flexible MEAs. Flexible MEAs can be made
with our prepared catalyst and they can be further utilized to fabricate flexible DMFC. We
propose the following method, which has already been published, to create a flexible MEA.
[19]

6.3. Methodology:

(a) Preparation of MEA:

The cathodic and anodic microporous layers (MPL) will be formed by coating carbon cloth
with a well-dispersed slurry of Vulcan XC-72R and 20% wt poly(tetrafluoroethylene)(PTFE),
with a total loading of Vulcan XC-72R of 2 mg/cm?. The diffusion layer will be treated with
heating in the air at 350 °C for 1 hour after being dried at 105 °C for 1 hour.

A specific amount of our Ptx(CoNiM)100x/C sample need to be dissolved in 200 pL of a 1:1
ethanol:water mixture containing 10 % nafion solution to make the catalyst ink. The prepared
catalyst ink can be drop casted on the previously mentioned MPL and vacuum treated for 1
hour at 105 °C. The alloy samples prepared as part of this thesis work could be used as an
anode and a cathode. Finally, using the hot-pressing process, the nafion membrane can be
sandwiched between these two layers for 3 minutes, resulting in the production of MEA. PDMS
could be utilized as a packaging material in the development of a flexible fuel cell. Liquid
methanol could pose challenges in the construction of flexible DMFCs. The problem of liquid
methanol can be solved by solidifying it by reacting it with Polyacrylic acid and
triethanolamine solution.[17] There are other factors to be considered before making DMFC

flexible, and these need to be investigated in future.
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Direct Methanol Fuel Cells (DMFCs) have received a lot of interest in recent years as
promising technology for producing clean and efficient energy. This thesis focused on the
methanol oxidation reaction (MOR) that occurs at the anode of the DMFC. The anode catalyst
is an important component of DMFCs. Generally, Pt is the most commonly used anode catalyst
for DMFC, but due to catalyst poisoning, commercialization is restricted. The MOR process is
characterized by two peaks, one in forward (lf) and one in reverse (ly). I¢/lp is the most
commonly used criteria to study catalyst poisoning . significant progress has been made in
terms of defining the MOR mechanism and clarifying the exact performance determining step,
certain ambiguities still remain regarding the poisoning species and the criteria to judge
poisoning, which we believe are impeding the systematic development of new catalysts. This
evidently demonstrates the need to reconsider the MOR mechanism and criteria (I¢/15) that are
regularly utilized for evaluating electrode performance in MOR. We investigated the MOR

mechanism in depth using a simple yet sophisticated technique called cyclic voltammetry.

The research in this thesis aims to identify the real poisoning species responsible for catalyst
deactivation and propose a mechanism based on it. Many previously unknown facts were
discovered during the re-investigation of the cyclic voltammetric (CV) response of MOR. We
attempted to design criteria to measure the poisoning of the catalyst during MOR based on the
information acquired from this work and the previous knowledge available after successfully
investigating the MOR process. We proposed a new criterion for addressing CO surface
adsorption by conducting a simple experiment based on the proposed mechanism. We also
validated this criterion using readily available market catalysts. Finally, using experimental
data and fundamental knowledge from CV analysis, we synthesized catalysts with higher
activity and stability for MOR when compared to comm. Pt/C. The synthesized catalysts were

examined using UV, PXRD, and electron microscopy
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Mechanistic Aspects of Methanol Electro-Oxidation
Reaction through Cyclic Voltammetry: Is It Correct to
Blame Carbon Monoxide for Catalyst Poisoning?

Pooja S. Deshpande, Vijay R. Chaudhari, and Bhagavatula L. V. Prasad*

Many previously unknown facts have been revealed by the reinvestigation of the
cyclic voltammetric (CV) response of the methanol oxidation reaction (MOR) in
acidic medium using Pt/C as the electrocatalyst. Systematic CV analysis clearly
suggests that the peak during the cathodic scan in the CV of MOR belongs mainly
to electro-oxidation of the carbon monoxide (CO) species, which is not truly
adsorbed on the electrode surface and hence has less possibility to poison the
electrode surface. Interestingly, an additional peak is observed in the anodic scan
at higher scan rates and the results suggest that this peak is associated with
surface-confined electrochemical processes related to the oxidative desorption
of leftover CO. This clearly highlights the necessity to relook at the notion of
correlating the ratio of the peak currents in the anodic versus cathodic directions
to CO poisoning, which is routinely used for the evaluation of the electrode
performance in MOR. Through simple but accurate CV experiments, this report
clearly brings out the important criteria that should be looked into while eval-

believe, these are impeding the develop-
ment of new catalysts in a systematic way.

Attempts to understand the MOR mech-
anism has been initiated a couple of deca-
des ago. The first noticeable contributions
came from Kunimatsu etal., who, through
a combination of infrared (IR) spectroscopy
and electrochemistry techniques demon-
strated that CO is a major intermediate spe-
cies during MOR. Later on, the research
focus related to the MOR mechanism
shifted to the determination of different
intermediates through various combined
electroanalytical and spectroscopic techni-
ques. These investigations suggested that
at initial MOR stages, formic acid, formal-
dehyde, acetic acid, methoxy, and CH,

uating the electrocatalyst performance in the MOR process.

1. Introduction

Improvement in direct methanol fuel cell (DMFC) efficiency
is currently being pursued fervently due to the current energy
concerns and the ensuing demand for enhanced electrocatalyst
performance. This has led to massive efforts to find new electro-
catalysts.l"™ Despite all this, the discovery of an electrocatalyst
material which is commercially viable with consistent perfor-
mance continues to be a great challenge, mainly due to our lim-
ited understanding of the exact methanol oxidation reaction
(MOR) mechanism. We would like to add here that although
noticeable advances have been made in terms of delineating
the MOR mechanism and elucidating the exact performance
determining step,®”! certain ambiguities still remain and, we
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species (x=0-3) are formed as the inter-

mediates in addition to CO,.M31722

Nevertheless, over a period of time CO,

gets liberated as the sole product of

MOR. Later on, Buschmann etal. using in situ secondary ion
mass spectroscopy (SIMS)'” and simultaneously Willsau etal.
using in situ differential electrochemical mass spectroscopy
(DEMS)™Y analyzed the MOR intermediates based on the number
of electrons involved in the electrochemical conversion of inter-
mediates to CO,. Accordingly, Willsau etal. inferred that CO
was not the intermediate and they deduced the actual intermediate
to be CHO. However, it has been shown that CHO as an inter-
mediate is quite active in nature and ultimately gets converted
to CO with the aid of surface oxides present on the electrode
surface.'®!" This conjecture is also supported by the detailed
cyclic voltammetric (CV) investigations of Mancharan and
Goodenough where they also concluded CO to be the intermedi-
ate” Apart from concluding the intermediate to be CO,
Mancharan and Goodenough also proposed a criterion for evalu-
ating the electrocatalyst performance in MOR as described later.!”
Figure 1 shows the standard CV routinely observed for MOR
by all the researchers when platinum on carbon is used as a cata-
lyst. Typically, it shows two peaks: one each in anodic (P,;) and
cathodic (P.;) scans. Mancharan and Goodenough proposed that
methanol is oxidized to CO during the anodic scan (P,;) and part
of this generated CO oxidizes to CO, at higher anodic potential
(Pa1’). The remaining CO now gets adsorbed on the electrode sur-
face which on scan reversal converts to CO, (P.;). Based on this
mechanism, they correlated the peak current at P to the extent of
adsorbed/unoxidized CO that is responsible for the decrease in
performance of electrocatalyst, and termed it as “CO poisoning.”
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Figure 1. CV scan recorded using 20% Pt/C in 0.5M H,SO, and 1m
methanol solution. Scan rate: 50 mVs™".

Furthermore, they also proposed the peak current ratio Ijp, /I,
routinely referred to as (I/Ip,) as a marker for evaluating the per-
formance of the clectrocatalyst in MOR. They concluded that the
higher the I¢/ I, the greater would be the CO tolerance and, hence,
the better the electrode performance.

Although the If/I;, ratio is the most generally accepted and
majorly used marker test to date, attempts to re-evaluate the
MOR mechanism gained momentum recently and new mecha-
nisms and marker tests for MOR started appearing in the
literature.>*) Among them, the studies by Hofstead-Duffy et al.,
Zhao etal.,, and Chung etal. are the most important to consider
for the current study."*® For example, Hofstead-Duffy et al. eval-
uated the MOR mechanism on Pt/C and PtRu/C using in situ
surface-enhanced infrared absorption spectroscopy (SEIRAS) and
proposed that electrochemical process associated with P,; and P
are due to the same chemical species, i.e., both the peaks cor-
respond to electro-oxidation of methanol and these are not related
to any oxygenated carbon (formate, CO, CO,, and so on) species.
This proposal was further supported by Zhao etal. and Chung
etal. through different experimental approaches. Zhao etal.
started the CV measurements without methanol and then added
methanol during the initial stages of the cathodic scan and as
soon as they added methanol they observed the peak P..'”
Consequently, they surmised that as the potential scan direction
is cathodic at the time of methanol addition, the possibility of
methanol electro-oxidation to CO is negligible and hence the spe-
cies contributing to the P is not CO. They further claimed that
P, is related to the oxidation of methanol and not to any oxygen-
ated carbon species. At the same time, Chung et al., using com-
bined CV and electrochemical impedance spectroscopy (EIS), also
suggested that a similar process to be occurring at Py, that is, it
resulted from the electro-oxidation of methanol alone.!®

However, these arguments have an issue. For example,
Hofstead-Dufty etal. justified their claims by correlating the
IR intensity changes for methanol between the potential region
of Py, Py peaks in the MOR CV.™ But, it can be clearly seen
from their results that the observed current for both the peaks in
CV are comparable, whereas the corresponding IR intensities of
the species claimed to be responsible for these two peaks are
vastly different from each other. The claims by Zhao etal. and
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Chung etal. that the process occurring at P is the electro-
oxidation of methanol and is not related to any oxygenated carbon
species also have a similar problem. It may be noted that
although they recorded the CV in the cathodic direction, they
ignored the fact that the potential at which the scan was started
would be sufficient enough to oxidize methanol.'>1¢!

Summarizing the aforementioned discussion, it can be easily
observed that there is a great deal of ambiguity in the CV analysis
for MOR and most of this is majorly associated with the process
occurring at P. Therefore, we believe that careful CV analysis
and gaining of deeper insights about the electrochemical phe-
nomenon associated with P.; may help us to resolve the issue
and would provide us a clear picture about the MOR interpreta-
tion. With this background, we aimed to understand 1) the elec-
trochemical phenomenon associated with Py, 2) the nature and
role of intermediates during MOR and their interaction with
the electrocatalyst, and 3) the evaluation parameter for the
MOR process. We chose commercial Pt on carbon (20% Pt/C)
as an electrocatalyst material for these investigations, as it is
the active and most studied material. Our investigations clearly
demonstrate that CO is most electroactive intermediate being
formed during MOR and is not completely in the adsorbed state.
Rather most of it is in the solution phase. We believe that this
better understanding of the MOR mechanism will help research-
ers to develop new catalyst materials with improved performance
characteristics in a rational manner. We also wish to mention
here that we use simple CV tools in our investigations, which
highlights the fact that by designing and performing strategic
CV experiments, deeper insights into the MOR mechanism
could be attained.

2. Results and Discussion

Figure 1 shows the CV recorded using 20% Pt/C in 0.5 M H,SO4
and 1M methanol, which matches well with most of the CVs
reported for MOR in the literature.*’!

As mentioned earlier, there is significant ambiguity in terms
of the electrochemical processes occurring at P.;. Therefore, we
set out to gain deeper insights into this process and conducted a
series of systematic CV experiments. First, we recorded the CV
for the MOR using Pt/C at the extended anodic potential limit, as
shown in Figure 2A.

In Figure 2A, the black curve corresponds to the CV profile
where the potential was varied from 0V to +1.0V to 0V.
Similarly, the red curve corresponds to the CV profile where
the potential was varied from 0V to +1.6 V to 0V. It can be seen
from the inset of Figure 2A that with increase in the anodic poten-
tial limit, the position of the peak P, shifted toward the left, indi-
cating that the separation between P,; and P.; peaks changed as
the anodic potential limit is changed (inset of Figure 2A). Based on
this, we precisely selected the potential value between P,; and P,
and used the same (0.5V) as the starting potential to record the
MOR CV in the cathodic scan direction (Figure 2B). The purpose
behind this strategy is to completely avoid the electrochemical
process associated with P, by starting the scan at a lower poten-
tial than the onset potential of P,;, so that one can clearly empha-
size whether P is truly associated with P,; or the processes
occurring at these two potentials are independent of each other.
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Figure 2. CV recorded using Pt/C in 0.5 M H,SO,4 and 1 M methanol. A) Representative CVs recorded with end potential 1V (black) and 1.6 V (red). The
separation between the peaks increases as the anodic potential limit is changed (inset of part (A)). B) CV started in the negative scan direction with start

potential 0.5V. Scan rate: 50mVs™".

From Figure 2B, it can be clearly seen that P does not appear
when the CV is recorded in the cathodic direction by starting
the scan at ~0.5V. If P belongs to methanol oxidation only,
as suggested by Zhao etal., then it should have appeared irrespec-
tive of the potential at which this scan was started, as methanol was
present in the system."*™" Therefore, we believe that the appear-
ance of P, in the experiments of Zhao etal. and Chung et al.'>'®
during the first cathodic scan is due to the high potential at which
they started the scan, where the oxidation of methanol was possi-
ble. This clearly proves that P,; and P are related to each other
and that P; emerges only after methanol oxidation, forming the
oxidized species. As expected in our experiment as well, P.; does
appear in successive cycles when the limiting potential is above the
value where P,y occurs (Figure S2B, the red curve, Supporting
Information). To further support our hypothesis that the appear-
ance of P, is due to the overpotential at which the scan was
started, we recorded different sets of CVs for MOR in the cathodic
direction by varying the starting potential in a systematic way. We
started our experiments well below the onset potential of P,; and
slowly increased the starting potential to the potential range just
above it (Figure 3).

From Figure 3, it can be clearly seen that P is insignificant
when the start potential is lower than the onset potential of P,;.
As expected, Py started appearing as the starting potential is
closer to the value of P,; and when we started the scan at a poten-
tial higher than P,;, the intensity (current value) of P.; gradually
increased. One can also imagine another possibility that the Pt
surface was already largely poisoned by methanol-generated CO.
However, this possibility is discarded based on the in situ
SEIRAS investigation, where no adsorbed CO was found within
this potential region."* Thus, our experiments clearly confirmed
that P.; does not belong to methanol oxidation. Rather, it is
related to the new species formed when the starting potential
is close to P,; or higher.

As mentioned earlier, different intermediates of MOR have
been traced out through different in situ techniques.'***3l
However, it should be noted that most of these species would
be either unstable or ultimately get converted to CO, or in few
instances, their overall observed concentration in the system
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Figure 3. CV recorded using Pt/C in H,SO, and methanol at different

cathodic start potentials. The legend in the figure corresponds to the start
potential. Scan rate: 50mVs™".

would be very less.'") Examining the claims of different inter-
mediates being formed and their observed concentrations and
comparing them with the charges associated with P4, it is hard
to believe that only these other intermediates and not CO would
Faradically contribute to the total current observed for P..
Moreover, recent attempts of analyzing the MOR intermediates
through highly sensitive in situ techniques also detected CO as
major intermediates of MOR.!"*'*! All these facts strongly point
to CO as the most probable electroactive intermediate; thus, we
focused on the CO pathway only during this study for the electro-
oxidation of methanol."? Nonetheless, to unequivocally confirm
that the species formed by methanol oxidation at potential close
to or higher than P, is CO, we performed the following experi-
ment. We first conducted the linear sweep voltammetry (0-1V)
experiment in methanol (experimental condition: 20% Pt/C in
0.5M H,80, and 1 ™M methanol) and then transferred the same
electrode into an electrochemical cell containing 0.5M H,SO,
and recorded the CV (Figure S3, Supporting Information). As
can be seen from Figure S3, Supporting Information, an anodic
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peak at 0.56 V is observed in the first cycle, which is absent in sub-
sequent cycles. Interestingly, the position and characteristics of
the peak at 0.56 V matches with CO stripping and thus strongly
suggesting that the intermediate being formed is CO.**2°!

Thus, this experiment and the aforementioned literature!*%
clearly confirm CO as an intermediate of MOR when the poten-
tial is at or above the potential of P,; and the dependency of P
on P,; suggest that P, is due to electro-oxidation of CO, although
we cannot completely deny the contribution of other intermedi-
ates as well toward P;. After confirming that CO is indeed one of
the species responsible for the peak observed at P, we pro-
ceeded to evaluate its role as a catalyst poison as alluded to by
Mancharan and Goodenough.™?

After ascertaining that CO poisoning has been linked to
its adsorption on the catalyst, we contended that in the CV, it
should show characteristics similar to that of surface adsorbed
species.””! To check this, we recorded that the CVs for MOR
at different scan rates (Figure 4A). Surprisingly, with increase
in scan rate, an additional peak (termed as P,, in Figure 4B)
started developing at 0.5V in the anodic segment (Figure 4B).
This peak always invariably appeared after the first cycle
(from the second cycle onward). Furthermore, the current at
P,, increases relative to the P.; as we increase the scan rate
(Figure S4, Supporting Information). Recently, Haram and
co-workers also observed this peak in a fast scan voltammetry
experiment using a Pt/carbon nanotubes (CNTs) microelectrode
and attributed it to oxidative adsorption of CO on the electrode
surface.l”® Nevertheless, to identify the origin of this peak in our
experiments, we first analyzed the variation of peak current (I,,)
for P and P,, with respect to the scan rate.

In Figure 5A, it is clear that the current value (I,) associated
with P, varies linearly (linear fit with R* = 0.99) with respect to
the square root of the scan rate (v/?). On the other hand, linear
fitting of P.; peak current against scan rate is poor (Figure S5A,
Supporting Information).

This clearly points to the diffusion-controlled nature of the
species responsible for this peak. In contrast, the current
observed at P, showed good linear relation with respect to
the scan rate (Figure 5B), which suggests adsorption-controlled
behavior. The electrochemical nature of the species responsible
for P,y and P,, was further confirmed by plotting the log(v)
versus log(I,) (Figure 5C,D). It is well established that for
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diffusion-controlled processes, the slope is expected to be 0.5,
whereas for adsorption-controlled process it would be 1.293%
As can be seen, in the current case, the slopes are found to
be 0.45 and 1.25 for processes associated with P and P,,,
respectively, and are close to the expected values for diffusion
and adsorption-controlled processes respectively. Thus, this anal-
ysis clearly suggests that the electro-oxidation of CO at P, is dif-
fusion controlled, whereas the electrochemical process related to
P,, is adsorption controlled. To further support the diffusion-
controlled behavior associated with P.;, we recorded the CVs
at different electrode rotation speeds. For this, we have started
the CV at 0 V without electrode rotation and then began the elec-
trode rotation when the potential reached 1V, so that there would
not be any interference of rotation as the P,; peak emerged. We
surmised that if the entire CO that gets generated is truly not
surface confined then during the scan reversal, the P, peak cur-
rent would decrease. Expectedly, the P.; peak current systemati-
cally decreased with an increase in electrode rotation speed
(Figure 6), which clearly confirmed that not all CO is surface con-
fined and that there must be some contribution from the solution
phase CO to this peak. To avoid confusion between solution-
phase CO and methanol, we performed another experiment in
which we started the CV at 0V for MOR with electrode rotation
so that the effect due to the interference of rotation on P,; and P,
was the same. The logic behind this experiment was that if both
the peaks belong to the same chemical species, then the effect of
rotation should be the same for both the peaks, i.e., the current
ratio of these two peaks must be constant with respect to change
in the rotation speed. Furthermore, the current should increase
with the electrode rotation speed which is a characteristic fea-
tures for the species present in the solution. However, the results
clearly (Figure S6A,B, Supporting Information) suggested that
although the peak current of P,; decreased only slightly, the cur-
rent for P, decreased significantly strongly indicating that P is
not associated with the solution phase species, i.e., methanol.
A slight decrease in current for P,; with respect to the rotation
speed has been attributed to the adsorption characteristics of
methanol during that potential region and this possibility can
be ruled oul for P, due lo the presence of lhe oxide layer.
More importantly, this experiment unambiguously points out
that the species responsible for P,; and P, are distinct from
each other.
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Figure 4. A) CV (first cycles) recorded using Pt/Cin 0.5 M H,SO, and 1 M methanol at different scan rates. B) First and second cycle recorded at scan rate:
300mVs . Scan rate-dependent comparison of second cycle is included in Figure S4, Supporting Information.
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Figure 6. CVs recorded using Pt/C in 0.5 M H,SO, and 1 M methanol at
different electrode rotation speed. Scan rate: 50mVs ™'

Furthermore, we determined the oxide monolayer coverage
on the electrode surface by recording the CVs at different
anodic potential limits, which was deduced to be 1.4V (see
Figure S7A,B, Supporting Information, and refer to the corre-
sponding discussion). Keeping this view, the CV was recorded
in the presence of methanol, where it was clearly observed that
the peak at P.; appeared irrespective of the level of oxide coverage
on the electrode surface (even beyond the 1.4 V anodic potential
limit, Figure S7C, Supporting Information). This can be only
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possible when the entire CO in the system is not completely
in the adsorbed state.

Second, the MOR CVs recorded at different anodic potential
limit and at higher scan rate (300 mV s ') (Figure S8, Supporting
Information) clearly demonstrated the presence of a peak corre-
sponding to the reduction of the surface oxide layer on the cata-
lyst, which happens at a positive potential compared with the P,
where CO oxidation occurs (Figure S8, Supporting Information,
denoted by arrows). This undoubtedly confirms that the reduc-
tion of surface oxide on the catalyst happens first, followed by the
CO oxidation process. Based on this, we propose the following
processes to be occurring. The presence of surface oxide at
extreme positive potential protects the electrode surface from
complete CO coverage. Reductive cleaning of oxide from the elec-
trode surface creates a fresh metallic surface, ™ which is more
active than the catalytic surface present at the beginning of the
reaction. Such an active electrode surface oxidizes the solution
phase CO at P;. As all the CO that is getting oxidized at P
is not surface confined, the I¢/I;, concept is not an appropriate
one to evaluate the electrocatalyst performance in MOR. We
believe that it can only be used to determine the Faradic effi-
ciency of the MOR process. Another important point that needs
to be clarified is the appearance of P,, at faster scan rates. As
mentioned previously, this peak hag been observed only in a
few reports and was attributed to the oxidative adsorption of
CO. To verify this, we again recorded the CV for MOR (starting
from 0 to 1V a complete cycle), where the CV scan was stopped
at the negative potential end followed by transferring the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Schematic representation of the electrochemical MOR on Pt/C electrocatalyst in acidic medium.

electrode to a 0.5M H,SO, electrolyte and the recording of
the CV (Figure S9, Supporting Information). Interestingly, we
observed a peak whose characteristics and position matches with
the CO stripping process, which clearly suggests that P,, belongs
to oxidative desorption of adsorbed CO and not to the adsorption
of CO, as mentioned by Haram and co-workers.?®

Based on all the aforementioned systematic studies, we finally
propose the following as the most plausible MOR mechanism
(Figure 7).

As we start the CV from 0V, during the first anodic scan meth-
anol oxidizes to CO at P,; part of which gets oxidized to CO, at
P,1. The majority of the remnant unoxidized CO stays in the solu-
tion phase, whereas a small part resides adsorbed on the electrode
surface. This adsorbed CO, along with the CO present in the solu-
tion, oxidizes at P, on scan reversal (cathodic scan). ITowever, at
higher scan rates, as the kinetics of catalyst surface oxide reduction
i slower, it impedes the extent of CO oxidation at P,y and, hence,
restricts complete oxidation of CO. This left over CO gets reduc-
tively adsorbed on the electrode surface,***! which ultimately oxi-
datively desorbs at P,,. With increase in scan rates, the proportion
of leftover CO increases due to sluggish catalyst surface oxide
reduction kinetics. This leads to an increase in the CO concentra-
tion in the system and, hence, the current for P,, increases at
faster scan rates. In fact, the results in few recent reports also hint
at the presence of leftover CO."*'*l Although the presence of this
leftover CO was not discussed clearly in those reports, our results
arc successful in explaining its presence.

3. Conclusion

The exact mechanism of electrochemical MOR in the acidic
medium using Pt/C was reinvestigated through a systematic
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CV technique. The origins of the reverse peak in the cathodic
direction (denoted as P; in this report) was identified, through
selection of the appropriate starting potential and scan direction,
and it was concluded that the major contribution is from the
electro-oxidation of CO. It was clearly established that the CO
formed in the methanol oxidation process followed diffusion-
controlled behavior and, hence, it is not completely responsible
for electrode poisoning through adsorption. Therefore, the
concept of I¢/1,, is not appropriate to evaluate the electrocatalyst
performance in MOR. Rather, it can be used to determine the
Faradic efficiency of the MOR process. Furthermore, the origin
of an additional peak in the successive anodic cycle has been
unveiled and was demonstrated to be associated with the oxida-
tive desorption of leftover CO and not due to the previously
reported oxidative adsorption of CO.

4. Experimental Section

CV experiments were performed using the CHI660B potentiostat in a
three-electrode system. The working electrode was prepared by depositing
the electrocatalyst material on a glassy carbon (3 mm diameter) disc.
Electrocatalyst ink was prepared by dispersing 10 mg of 20% Pt/C
(Johnson Matthey, Batch#108X029) in 1 mL of a 1:1 water:ethanol mixture
containing 0.5% Nafion through sonication, drop-casted on a glassy car-
bon electrode, and allowed to dry at room temperature. Ag/AgCl (3 M KCL)
and Pt mesh were used as reference and counter electrodes, respectively.
H,SO,4 (0.5m) was used as an electrolytic medium and MOR was per-
formed using 1 M methanol concentration, unless and until mentioned
otherwise. During the electrochemical measurements, inert atmosphere
was maintained by bubbling nitrogen gas and also jacketed during mea-
surement. 20% Pt/C was first characterized by recording CV in 0.5m
H,SO, and also by performing X-ray powder diffraction analysis
(Figure S1, Supporting information). For MOR, electrode was stabilized
by recording the repetitive CVs (mostly 220 cycles) until a stable voltam-
mogram was obtained and then further data were collected.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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A few experiments were also performed using rotating disc electrodes.
For this purpose, a 2 mm-diameter glassy carbon was used to deposit the
electrocatalyst material.

CO stripping experiments were performed in CO-saturated 0.5M
H,SO, solution. CO gas (purity 99%) was bubbled for 15 min and the elec-
trode potential held at —0.2V for 5 min. Stripping was done in nitrogen-
saturated 0.5 M H,SO, solution.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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ABSTRACT: To improve the catalytic performance and
durability of Pt catalysts used for the methanol oxidation reaction
(MOR) in direct methanol fuel cells (DMFCs), alloying of Pt with
other transition metals such as Ru, Co, Ni, and Fe is considered an
effective approach. Despite the significant progress made in the
preparation of bimetallic alloys and their utilization for MOR,
improving the activity and durability of the catalysts to make them
commercially viable remains a stiff challenge. In this work,
trimetallic Pt;o,_.(MnCo), (16 < x < 41) catalysts were
successfully synthesized via borohydride reduction followed by
hydrothermal treatment at 150 °C. The electrocatalytic perform-
ance of the synthesized trimetallic Pt;o,_,(MnCo), (16 < x < 41)
catalysts toward MOR was studied using cyclic voltammetry and
chronoamperometry. The results affirm that all Pt;,_.(MnCo), (16 < x < 41) alloys have superior MOR activity and durability as
compared to bimetallic PtCo alloys and commercially available Pt/C (comm. Pt/C) catalysts. Among all the compositions studied,
the PtsoMn, ,Co555/C catalyst exhibited superior mass activity (1.3 and 1.9 times higher than those of Pty;Co;,/C and comm. Pt/C,
respectively) toward MOR. Furthermore, all the newly synthesized Pt,o,_,(MnCo),/C (16 < x < 41) catalysts showed better CO
tolerance when compared with comm. Pt/C. This improved performance of the Pt;4_,(MnCo),/C (16 < x < 41) catalyst can be
attributed to the synergistic effect of Co and Mn on the Pt lattice.

KEYWORDS: electrocatalysis, trimetallic alloy catalysts, direct methanol fuel cells, methanol oxidation reaction (MOR), CO tolerance

Methanol Oxidation Reaction

PtggMn, ;C0455/C

Catalytic efficiency

1. INTRODUCTION

Direct methanol fuel cells (DMFCs) have long been
considered an attractive alternate power source for a large
number of energy applications due to their high energy density,
high efficiency, and low operating temperature. DMFCs are
also much safer to operate because they deal with liquid fuel
(methanol)."™ The methanol oxidation reaction (MOR) at
the anode and the oxygen reduction reaction (ORR) at the
cathode are the main processes that determine the perform-
ance of DMFCs. Out of these, MOR is considered more
important and determines the overall efficiency of DMFC
technology. It is well known that Pt is the most effective
catalyst for MOR.* However, key obstacles like sluggish
kinetics, high manufacturing cost (mainly due to the expensive
Pt-based catalyst), and the poisoning of the Pt catalyst by CO
make the commercialization of DMFCs a difficult task.’~"
Therefore, the search for an alternative Pt-based catalyst that
circumvents the above issues is one of the most pressing
research problems.

Alloys of Pt with other transition metals such as Ru, Co, Ni,
and Fe are known to enhance the activity and durability of the
electrocatalyst.ll Thus, Pt-based alloys such as PtRu,'” PtNi,"
PtAu,"* PtPd,"> and PtCo'® have attracted widespread

© XXXX American Chemical Society
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attention in recent years. Among the various Pt-based alloys,
PtCo bimetallic alloys have been the most promising catalysts
for MOR."”"® Despite great progress made in the development
of bimetallic alloys as MOR catalysts, a material that displays
better activity and durability than commercial Pt-based
catalysts is still elusive. Recently, a few reports have claimed
that the addition of a small quantity of another metal to the
bimetallic system can enhance the durability of the Pt-based
bimetallic catalyst, making it better tolerant to CO poison-
ing."”~** In addition, a ternary Pt-based alloy is likely to show
better activity than a single or bimetallic alloy due to change in
the electronic and structural characteristics of Pt.>° Therefore,
it is expected that trimetallic alloys of the variety PtMCo
(where M is any transition metal) could further enhance
durability as well as display better electrocatalytic performance.
Among the transition metals, Mn is an abundant and
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Figure 1. (a) XRD patterns for Pt;po_,(MnCo), (16 < x < 41) alloys. (b) Zoomed-in image of the peak (111).

inexpensive metal that shows variable oxidation states and
therefore could be a good electrocatalyst.”” >’ Interestingly,
while a few investigations show that Mn has a beneficial
influence on the electrocatalytic activity of Pt,*°~>* the impact
of Mn doping in PtCo catalysts and their efficiency for MOR is
scarcely studied, and that too largely for ORR.>*~** Thus, to
the best of our knowledge, the effect of trace quantities of Mn
on the catalytic activity of the PtCo alloy toward MOR has not
been evaluated. The fact that PtCo catalysts are known to
perform better as MOR catalysts inspired us to carry out a
systematic investigation on the possibility of doping Mn into
them and testing their catalytic efficiency for MOR.
Accordingly, herein we report the synthesis of PtCo alloys
with a small amount of Mn (Pt;,_.(MnCo),) (16 < x < 41)
and the effectiveness of trimetallic PtMnCo alloys as a catalyst
for MOR. The comparative performance of these new
PtMnCo catalysts vis-a-vis the bimetallic PtCo alloy and
commercially available Pt/C (comm. Pt/C) is also presented.

2. EXPERIMENTAL SECTION

For the synthesis, metal chloride salts like platinum(II) chloride,
manganese(II) chloride tetrahydrate, and cobalt(II) chloride hexahy-
drate were used as metal precursors. All the metal salts were
purchased from Sigma-Aldrich and other chemicals like methanol,
ethanol, sodium bicarbonate, and NaOH were procured from local
agencies. Commercial Pt/C (Comm. Pt/C) with 20 wt % Pt was
purchased from Alfa Aesar. All the chemicals were of analytical grade
and were used without further purification.

2.1. Synthesis of Nanoparticles. Pt;,,_,(MnCo), (16 < x < 41)
alloys were prepared via borohydride reduction followed by 3 h of
hydrothermal treatment at 150 °C.*” For the synthesis, the metal
precursors were dispersed in a mixture of water and ethanol (20 mL
of water and 10 mL of ethanol) in a Teflon bottle. The mixture was
stirred for 10 min to ensure complete solubilization of the metal
precursor. After complete solubility of the metal precursor, a S M
NaOH (10 mL) solution was slowly added to the above mixture. As
soon as S M NaOH solution was added, the color of the mixture
changed from pale yellow to black, which shows the formation of
metal oxide/hydroxide. A solution of 0.01 g of sodium borohydride in
30 mL of water was used as a reducing agent and was added slowly,
drop by drop, using a syringe to the above black-colored mixture. The
mixture was kept for vigorous stirring for another 10 min. The Teflon
bottle was then placed in a stainless-steel autoclave and sealed tightly.
Hydrothermal treatment was performed by keeping the autoclave in
an oven at 150 °C for 3 h. After 3 h the autoclave was allowed to cool
to room temperature (RT), and the resultant mixture was then treated
with a 1 M HCI solution until the pH became acidic. The resultant
mixture was magnetic and was separated with the help of a magnet.
The separated sample was washed with an excess of water and
ethanol, followed by drying at RT.*

2.2. Characterizations of Pt,(MnCo),_, Nanoparticles. The
synthesized PtMnCo alloys were characterized using different
techniques like X-ray diffraction (XRD), high-resolution transmission
electron microscopy (HR-TEM), and the inductively coupled
microwave plasma atomic emission spectroscopy (ICP-AES)
technique. The alloy formation and structural characteristics were
primarily tested and concluded by XRD analysis using Cu Ka (1.5418
A) as a radiation source. XRD analysis was performed on an X’pert
Pro model PANanalytical diffractometer from Philips PANanalytical
instruments. For the operation of XRD instrument, the voltage and
current were maintained at 40 kV and 30 mA, respectively. The
samples for XRD were prepared on a glass slide using ground powder.
The samples were scanned in a 26 range from 10° to 80° with a scan
rate of 0.3° per minute. The average crystal size and lattice parameter
were calculated using full width half maxima (FWHM) and the
angular position of the Pt (111) peak.

Elemental composition was determined using an Agilent 4200
model ICP-AESi instrument. For this analysis, the sample was
prepared by dissolving a fixed milligram of the alloy in a minimum
quantity of aqua regia and making up the volume to 100 mL.

The size, morphology, and chemical nature of the sample were
studied using HR-TEM (JEM-F200, JEOL, operated at 300 kV). The
HR-TEM sample was prepared by drop casting a solution of the
ultrasonically dispersed catalyst in ethanol on a copper TEM grid
(200 mesh) followed by the evaporation of ethanol at RT.

2.3. Electrochemical Measurements. Electrochemical measure-
ments were performed on a conventional three electrode, CH
Instruments 660B electrochemical workstation. Pt wire and Ag/AgCl
electrodes were used as counter and reference electrodes, respectively.
The electrochemical activity of the catalyst toward MOR was
measured by drop casting electrocatalyst material ink on a glassy
carbon electrode, which acted as a working electrode. For the
preparation of catalyst ink, the prepared Pt;o,_,(MnCo), (16 < x <
41) alloy samples were loaded on Vulcan XC-72 carbon first, keeping
a 20 wt % loading of the respective sample. These samples will be
referred as Pt;4o_,(MnCo),/C (16 < x < 41) in the rest of the paper.
For all electrochemical studies, we used 20% loaded samples. In a
typical procedure for loading, the catalyst and Vulcan XC-72 carbon
ratio were taken as (1:4), such as 4 mg of Pt;q,_,(MnCo), (16 < x <
41) nanoparticles (NPs) and 16 mg of Vulcan XC-72 carbon, and
were dispersed separately in 10 mL of ethanol followed by
ultrasonication for 30 min. Subsequently, the sample dispersion was
added to this carbon dispersion and was stirred for approximately 15
h. After stirring, it was subjected to centrifugation followed by acetone
wash and ambient condition drying. TGA analysis for two samples
was performed to crosscheck the loading of the catalyst on the carbon
support (Figure S1). Finally, for the preparation of the working
electrode, electrocatalyst ink was prepared by dispersing 2 mg of
Pt;50_(MnCo), in 200 uL of a 1:1 ethanol/water mixture containing
5% Nafion solution. From this dispersion, 4 uL was drop-cast on a
glassy carbon electrode and dried at RT. A similar procedure was
followed for the preparation of the comm. Pt/C (20 wt % Pt) working
electrode.
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The cyclic voltammetry (CV) measurements were conducted to
investigate the electrochemical behavior of different catalysts. The
electrochemical active surface area (ECSA) of a Pt-based alloy has
been determined by recording CV in N,(g)-saturated aqueous 0.5 M
H,SO, with a scan rate of 50 mV s”'in the potential region 1.4 to
—0.23 V vs Ag/AgCl. The first potential region from —0.23 to 0.1 V
indicates the adsorption/desorption region of hydrogen on the Pt
surface. The electrochemical surface area (m*/g) was calculated using
the monolayer charge on platinum (210 xC/cm?), loading of
platinum, and the integrated charge in the hydrogen adsorption and
desorption region. To find out the activity of the catalyst toward
MOR, experiments were conducted in a N,(g)-saturated 0.5 M
H,SO, and 1 M CH;0H aqueous solution, and CVs were recorded at
a scan rate of SO mV s~ 'in a potential range from 0.0 to 1.0 V vs Ag/
AgCl. Chronoamperometry (CA) curves were recorded to check the
stability of electrodes for 8000 s. The CO stripping experiment was
carried out in CO-saturated 0.5 M H,SO, solution. CO gas (purity
99%) was bubbled for around 20 min to saturate the 0.5 M H,SO,
solution. To adsorb CO on the electrode surface, electrode potential

-1

was held at —0.2 V for 10 min. Stripping was done at SO mV s™".

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Microstructural Analysis.
The PXRD patterns of Pt;y_.(MnCo), (16 < x < 41) alloys

Table 1. Lattice Constant, Crystal Size, and % Strain for
Pt;o_(MnCo), (16 < x < 41) Alloys Calculated from
Corresponding XRD Patterns

sample lattice constant (a) (A) crystal size (nm) % strain
Ptg,Coy 3.9059 4.92 + 0.50 —0.517
PteoMn, -Coss 3.8785 373+ 016  —1227
PtysMn,; Coyg 3.8996 43 £ 0.02 —0.679
PtssMng 9>C034.08 3.8954 3.67 + 024 —0.788
P.,,MngsCosyo 3.9047 407 + 0.19 —0.548
Pt,Mng sCoss.» 3.9146 476 + 0.90 —0294

are presented in Figure 1. It should be noted that the
composition of the alloys as mentioned in Figure 1 has been
determined using ICP-AES analysis (Table S1). Along with the
compositions that were investigated in detail further in this
study, a trimetallic alloy with excess Mn content was also
prepared. More detail about this sample is given in the
Supporting Information (SI, Figure S2). However, as it did not
show any enhanced catalytic activity toward MOR, we did not
peruse this sample further. In the PXRD patterns of all other
compositions, the diffraction peaks located at 39.8°, 46.4°, and
67.8° for Pt are ascribed to the Pt (111), (200), and (220)
facets, respectively. Compared to the standard diffraction peaks
of Pt (JCPDS 001_1190), the positions of all the peaks in
PtMnCo alloys were found to be slightly shifted to higher 20
values (Figure 1). The lattice parameter “a” for Pty Coy,
PtsoMn; ;Co353, Ptg;Mn,;Coyq, PtgsMng 9,Co34 gs,
P.,,Mn;4Co,,4, and Pt;;Mn;3Co,5, were determined to be
3.9059, 3.878S, 3.8996, 3.8954, 3.9047, and 3.9146 A, which
shows discernible reduction in the lattice parameter with
respect to the values for comm. Pt/C (a = 3.9261 A)*° or that
of the Ptg;Co,y sample prepared as part of this study. The
average crystallite sizes as determined from the Scherrer
formula using the full width at half maximum of the (111)
plane were found in the range of 3.5 to 5.0 nm (Table 1).
TEM micrographs for Ptg_.(MnCo), (16 < x < 41) alloys
are presented in Figure 2a—c,g,h. These images suggest that all
prepared materials have a nearly spherical morphology with
individual particle sizes in the range of 5 to 8 nm, confirming

that the synthesized materials can be classified as NPs. The
average TEM particle sizes (Figure 2d—f}ij turned out to be
50+1.1,82+2.1,55+13,6.7+1.7,and 7.3 £ 1.62 nm for
PtsoMn, ;Co353, Ptg;Mn;Coyq, PtgsMng 9,C034 05,
P,,,Mn4Co,49, and Pt;,Mny3Co,s, NPs, respectively. In
comparison, the average TEM particle size for the Ptg;Co,
sample turned out to be 8.3 + 2.57 nm (please see Figure S3
or the TEM and HAADF-STEM images of this sample). We
have further analyzed PtsMn,,Cos53, Ptg;Mn;Coy,
PtssMng9,C03408 P742Mng9Coy49, and Pt;MnsCoys, sam-
ples by elemental mapping (Figure S4) and EDS line scanning
(Figure SS) to know the distribution of Pt, Mn, and Co in
them. These results unambiguously establish the simultaneous
presence of Pt, Mn, and Co throughout the examined area in
all these samples. It is worth mentioning that the weak signal of
Mn was possibly due to the low amount of Mn present in the
Pt;40_(MnCo), (16 < x < 41) NPs.

The Pt;o_.(MnCo), (16 < x < 41) alloys were further
subjected to XPS analysis. The detailed discussion about XPS
analysis is given in the SI, Figures S6 and S7. In the
PtgoMn, ,Cosg5 catalyst, the Pt spectra after deconvolution
shows four peaks at 71.20, 72.44, 74.48, and 75.46 eV, of which
the peaks at 71.20 and 74.48 €V correspond to the Pt’ state
and those at 72.44 and 75.46 eV correspond to the Pt™ state.'
XPS spectra of the PtgyMn,,Cosg5 catalyst mainly show the
presence of metallic Pt° (Figure S6a). The less noble metals
Co and Mn, however, exist mainly in an oxidized state (Figure
S6b,c). Despite the presence of Co and Mn in the oxidized
state, XRD analysis does not show any distinct peak for metal
oxide, confirming the formation of metal alloys as the main
material and the oxides being likely present on the surface as
detected by XPS. This contention is also supported by the
lower binding energies noticed for the Pt 4f peaks in all the
XPS spectra of the Pt;4y_.(MnCo), alloys (Figure S6d). This
clearly suggests the electron transfer process occurring from
Co and Mn to Pt, making it electron-rich.**** The
deconvoluted XPS spectra for the remaining Pt;4o_,(MnCo),
(16 < x < 41) alloys along with comm. Pt/C are shown in the
SI, Figure S7, along with the fraction of Pt° and Pt**content in
each catalyst (Figure S7f).

3.2. Electrocatalytic Properties of Pt;y,_,(MnCo),
Alloys. The ECSA of all carbon-loaded Pt;o,_,(MnCo), (16
< x < 41) alloys, along with comm. Pt/C and Ptg;Co,,-NPs/C,
were determined by a CV experiment in N,-saturated 0.5 M
H,S0, solution at 50 mV s~ and the CVs (after stabilization
over several cycles) obtained are shown in Figure S8. The
electrochemical surface area (m”/g) was calculated using the
monolayer charge on platinum (210 #C/cm?), the loading of
platinum, and the integrated charge in the hydrogen
adsorption and desorption region. The ECSA for comm.
20% Pt/C and Ptg;Co,o/C, PtsoMn; ,Co;55/C, PtgzMn;Co,q/
C, PtgsMng 9,C03405/C, P;4,Mng¢Co,4,4/C, and
Pt;,Mn;¢Co,5,/C was found to be 46.25, 17, 8, 18, 12, 12,
and 17 m’/g, respectively. The reduction in ECSA values for
Pt;50-«(MnCo),/C alloys compared to the value for comm.
Pt/C, even after normalization with only Pt mass, indicates
that on the surface of the catalyst, Mn and Co atoms are also
present along with Pt.

The process by which methanol oxidizes in an acidic

. . 25,44
environment can be broken down into a number of steps.”
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Figure 2. (a—j) TEM images and corresponding particle size distribution plots of Pt;y,_,(MnCo), (16 < x < 41) alloys.

1. Methanol molecules electroadsorb on a Pt electrode,
resulting in the generation of intermediates including
—CHO, —COOH, —CQO, etc.

2. Generation of Pt-OH on the catalyst surface as a result
of water breakdown, followed by hydroxyl group
participation in the oxidation of intermediate products.

3. Interaction of Pt-OH with intermediates resulting in the
formation of CO,, and its elimination.

The most common intermediate formed during MOR is
CO. The Pt catalyst surface becomes chemisorbed with CO

molecules, blocking the catalyst’s active surface area and
decreasing its activity. Doping the Pt catalyst with different
noble metals (Pd, Ru, and Au) and some transition group d-
metals (Cu, Ni, Fe, Mn, Co, etc.) helps the removal of this CO
from the surface, enabling its oxidation to CO,. The catalytic
activity for MOR of Pt;,_,(MnCo),/C (16 < x < 41) was
investigated in 1 M methanol and 0.5 M H,SO, solution, and
the respective CV profiles are shown in Figure 3a. From CV
traces, it can be observed that all the catalysts show two well-
defined characteristic oxidation peaks, one in the forward
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Figure 4. CO-stripping CV curves in N,-saturated 0.5 M H,SO,
solution for Pt;4_.(MnCo),/C (16 < x < 41) catalysts.

direction (anodic scan-I}) and other oxidation peak in the
backward direction (cathodic scan-I,). Generally, the current
observed in the forward direction is used to evaluate the
activity of the catalyst toward MOR. The current obtained in
the backward direction is related to the amount of residual
unoxidized CO. Therefore, more the height of the reverse
peak, more the poisoning. For all Pt,4_.(MnCo),/C (16 < x <
41) samples, it can be observed that the reverse peak is shifted
to higher potential with lower current values, which clearly
indicate the less amount of residual CO and hence less
poisoning of the catalyst as compared to Pt/C.

The current densities were processed both in terms of mass
and specific activity, as represented in Figure 3b. The mass
activity of Pts,Mn;,Co353/C was found to be 0.67A/mg,
which is 1.3 and 1.9 times higher than that of Ptg;Co,,/C (0.53
A/mg) and comm. Pt/C (0.35 A/mg), respectively. In the SI, a
comparison table of the Pt;y_.(MnCo),/C (16 < x < 41)
catalyst with other trimetallic platinum catalysts is provided
(please see Table S2). Furthermore, the ratio of the forward
peak current (I;) to the backward current (I,) is generally used
to judge the tolerance of the catalyst toward CO." The higher
the value of I;/I, the more catalyst is considered tolerant
toward CO. I¢/I, values for comm. 20% Pt/C and Ptg;Co,,/C,
PtsoMn, ,Co353/C, PtgsMn ;Co4/C, PtgsMng,C03405/C,
P.,,Mn;4Co,,4/C, and Pt,,Mn,3Co,5,/C were found to be
0.50, 0.74, 0.94, 0.86, 0.85, 0.89, and 0.87, respectively.

Higher I;/I, values for Pt;4,_,(MnCo),/C (16 < x < 41) as
compared to comm. 20% Pt/C clearly indicate the superior
CO tolerance of Pt;o,_,(MnCo),/C (16 < x < 41) catalysts.
Furthermore, the onset potential of the forward peak (I) in
MOR for all Pt;o,_,(MnCo),/C (16 < x < 41) catalysts were
also found to be lower as compared to comm. 20% Pt/C
(Figure S9). Table S3 summarizes the electrocatalytic
performance of Pt;4_.(MnCo),/C (16 < x < 41) catalysts
and comm. 20% Pt/C.

Apart from the mass and specific activities, electrochemical
durability is another important parameter that is vital to
ascertaining the effectiveness of a catalyst. A CA test can be
used to study the rate of CO-poisoning during MOR and
catalyst stability at a fixed potential. Figure 3¢ displays the CA
profiles for all catalysts recorded at the peak potential for 8000
s in a mixture of 1 M methanol and 0.5 M H,SO, solution. All
the samples displayed a sharp drop in current at first, followed
by a gentler decay. In Figure 3c, the current retention vs time
graph is presented. In the literature, it is proclaimed that the
decrease of current with time is due to the accumulation and
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adsorption of intermediates such as CO, CHO, and
COOH™ % gpecies on the catalyst surface, which results
in a reduction in activity and affects the durability of the
catalyst. Figure 3c clearly demonstrates that among all
Pt;00_.(MnCo),/C catalysts, Pt;oMn;,Cos45/C has the high-
est retention of initial activity (22.5%) after 8000 s, whereas
Pt/C has the lowest (7.75%). Furthermore, 1000 cycle
accelerated durability tests were performed, and the electro-
chemical findings are shown in SI Figures S10 and S11. After
1000 cycles, PtsoMn; ,Co353/C exhibits the maximum activity
retention of roughly 55%, which is higher than comm. Pt/C.
The research on catalyst stability in accelerated durability
testing revealed that trimetallic catalysts degrade less than
conventional Pt/C catalysts. This was also clearly demon-
strated by measuring the CV in 0.5 M H,SO, solution before
and after the accelerated stability test (SI Figure S12). The
ECSA of comm. Pt/C has dropped, while it almost remains the
same for the Pt o_,(MnCo),/C (16 < x < 41) catalyst.
PtgoMn; ,Co353/C was analyzed by TEM and ICP following

the long-term stability test to further investigate the electro-
chemical changes in the surface structure and composition. SI
Figure S13 depicts the elemental mapping for Pts,Mn, ,Cos5 3/
C prior to and following the stability test. The figure clearly
shows that all three elements were present. PtgoMn, ,Co353/C
had the same (111) facet lattice fringes (0.2 nm) before and
after the durability study (SI Figure S14). ICP analysis
performed on samples before and after the durability test,
nonetheless, shows that some amount of the Mn metal does
get leached.

In addition to the above experiment, CO oxidation was
performed to study the tolerance of the Pt;4_.(MnCo),/C
(16 < x < 41) catalyst after methanol electrooxidation. The
CO stripping experiment was carried out in 0.5 M H,SO,
solution at a CO adsorption potential of —0.2 V vs Ag/AgCl
for 10 min and a sweep rate of 50 mV s™". As shown in Figure
4, comm. Pt/C shows a small peak around 0.53 V. For
Ptg,Co,9/C, the CO stripping peak shifted slightly to a lower
potential value of 0.45 V, and for Pts,Mn,,Cos53/C,
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Ptg:Mn;Co,4/C, PtgsMngg,C03405/C, PryaMngC0,46/C, and
Pt,,Mn,4Co,5,/C, the peak was further shifted to a lower
potential of 0.41, 0.43, 0.43, 0.44, and 0.43 V, respectively. The
low CO-stripping peak potential of PtgMn;,Co353/C when
compared to all other alloys confirmed that CO is probably
weakly adsorbed on its surface compared to other
compositions tested, resulting in its better catalytic activity
for MOR. All the above results show that all Pty,_,(MnCo),/
C (16 < x < 41) catalysts have better long-term stability and
CO tolerance as compared to comm. Pt/C.

Based on the outcomes of CV and CA evaluations of the
catalytic activity, stability, and tolerance to CO, it was found
that despite having lower ECSA values compared to comm.
Pt/C, trimetallic catalysts have the highest activity and stability
for MOR. In our opinion, the increase in activity and stability
of the Pt;y,_,(MnCo),/C (16 < x < 41) catalyst is primarily
attributable to the following factors:

As the atomic radii of Co and Mn are less than those of Pt,
the resulting Pt;q_,(MnCo),/C (16 < x < 41) catalyst will
compress the surface Pt layer. As previously stated, the lattice
constant computed for all Pt;4_,(MnCo),/C (16 < x < 41)
catalysts is less than that of comm. Pt/C. This confirms the
presence of compressive strain to some extent. According to
Norskov and co-workers, the strain effect causes changes in the
metal d-band by changing the geometry of the electron
population. The metal—adsorbate bond strength has been
observed to alter as a result of d-band center shifts caused by
strain variation in the metal structure. Such alterations
eventually result in changes in adsorption/desorption capa-
bilities of activating reactants or intermediates,** ™% which is
one of the important features influencing the electrocatalytic
activity. This finding is consistent with the existing XPS study
of the Pt 4f XPS spectra and the CO stripping experiment. It is
obvious that the higher the proportion of the metallic state on
the catalyst surface, the more active sites for MOR electro-
catalysis. As discussed earlier in the XPS spectra, as compared
to comm. Pt/C, the Pt;3_,(MnCo),/C (16 < x < 41) catalyst
shows a negative shift in binding energy due to the difference
in electronegativity. The negative shift in the binding energy of
the Pt;o_,(MnCo),/C (16 < x < 41) catalyst is due to the role
of Co and Mn as electron donors and Pt as an electron
acceptor. The incorporation of extra transition metals like Mn
and Co into Pt in a Pt;o,_,(MnCo),/C (16 < x < 41) catalyst
is expected to modify the electronic structure of the Pt surface,
promote reaction kinetics, facilitate electron transfer, and also
accelerate the removal of CO molecules to improve MOR
catalytic activity, as has been confirmed in numerous
reports.m_zs’53 These findings, as summarized in Figure §,
help to explain why the trimetallic Pt,q,_,(MnCo),/C (16 < x
< 41) catalyst is active as compared to Pt/C. Previously, we
have reported a DFT study for PtCo binary alloy catalysts with
different compositions and tested them as catalysts for MOR."®
In this study, it was concluded that an increase in electron
density on Pt significantly improves the electrochemical
performance of Pt-based catalysts.'*"** The current results
also endorse this postulation.

4. CONCLUSIONS

In summary, Pt;5_,(MnCo), (16 < x < 41) catalysts with
different elemental compositions were successfully prepared via
borohydride reduction followed by hydrothermal treatment.
TEM and XRD analyses clearly demonstrate the formation of
an alloy with a particle size less than 10 nm. Among all the

compositions prepared, the Pty Mn, ,Co;55 catalyst exhibited
superior mass activity toward MOR, which was 1.3 and 1.9
times higher than those of Ptg;Co;o/C and comm. Pt/C,
respectively. Moreover, the CA test for durability and the CO
oxidation reaction for CO tolerance demonstrate that all
synthesized Pt;o,_.(MnCo),/C (16 < x < 41) catalysts show
better current retention when compared with comm. Pt/C.
Here again, the sample with Pt,,Mn;,Co;43/C was the best
among the compositions studied. This improved performance
of the Pt;p_,(MnCo),/C (16 < x < 41) catalyst can be
attributed to the synergistic effect of Co and Mn on the Pt
lattice.
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