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1.1 Hydrogen as Alternative Fuel

Nowadays, in response to population growth and the fast industrialization of
developing countries the world’s demand for energy is projected to double by
2050 as reported by Hoffert and co-workers in 1998 [1]. The supply of fossil fuels
is limited and serious shortage of oil and gas is anticipated within the next
decades [2, 3]. With the increasing global energy demand as well as climate
changes, suggested to be largely induced by CO. emission originating from
burning fossil fuels, there is an imminent necessity to find an alternative chemical

energy carrier with less carbon footprint to replace fossil fuels.

1.1.1 The Hydrogen Economy

Hydrogen (in Greek “water-former”) is one of the most promising chemical
energy carriers [3-6] because it is an energetically rich molecule and only water
is produced upon burning. It was first artificially produced in the early 16th century
by mixing metals with acids. Hz is abundant and distributed over the world and it
can also serve as raw material to synthesize conveniently transportable liquid fuel
such as methanol [7]. However, hydrogen does not naturally occur in nature and
efficient hydrogen production is the critical factor towards the “hydrogen
economy” which is an energy system based on hydrogen [3]. The chemical
energy per mass of hydrogen (142 MJ/kQ) is at least three times larger than that
of other common chemical fuels (for example, the equivalent value for liquid
hydrocarbons is about 47 MJ/kQ).

Hydrogen oxidation, producing only water as only by-product, and efficient

extraction of its chemical energy in the form of heat and/or electricity are the key
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processes to utilize hydrogen as energy carrier. Thus-produced water can be
further used as a feedstock for the production of hydrogen with the co-production
of high purity oxygen.

Even though hydrogen is the chemical of central importance in the current
chemical industry, greater efforts are required to use it as common fuel. Global
efforts towards hydrogen economy have been witnessed, particularly in Japan
where hydrogen fuel-cell cars will be on the market from 2014. However, the
complex issues of safety, transportation and lower energy density of hydrogen in
comparison to the common liquid carbon based fuels are the bottlenecks to be
solved for the wider implementation of H> as energy vector. Also, hydrogen
produces only water in principle upon burning, but due to the high combustion
temperature and utilisation of hydrogen-lean mixtures, formation of nitrogen
oxides (NOx) can occur, although in small quantities [8].

The environmental friendliness depends on the primary energy that is used for
its production. Figure 1.1 shows the world H> production and use in 2008,
according to /nternational Energy Agency (IEA) [9], categorized by the technology
employed for its production and field of application, respectively. About 50
Mt/year of Hz are produced over the world. As evident from Figure 1.1, hydrogen
is most commonly produced by steam reforming of fossil fuels such as natural
gas (48%), oil (30%) and coil (18%). These technologies are, however, destined
to be (or rather should be) obsolete in a long run due to the depletion of fossil
fuels and associated emission of CO2. Therefore, environmentally and
economically sustainable H2 production technologies have been sought for over

the past decades.
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Large quantity of Hz is needed in the petroleum and chemical industries. The
major applications of Hz are the production of ammonia (Haber-Bosch process)
and the processing ("upgrading") of fossil fuels (Figure 1.1). The key consumers
of Hz in petrochemical industry are hydrodealkylation, hydrodesulphurization
(HDS), and hydrocracking processes. Hz has several other important uses mainly
in hydrogenation reactions to produce methanol and to enhance the level of
saturation of unsaturated fats and oils (Figure 1.1).

mNatural gas Ol B Ammonia production M Refining

® Coal Electrolysis = Methanol production Other Uses

5 Mt

WORLD H, PRODUCTION WORLDH, USE

Figure 1.1. World hydrogen production and use in 2008 according to /nfernational Energy
Agency (IEA) [9].

1.1.2 Steam Reforming of Fossil Fuels for Hydrogen Production

Steam reforming is achieved in a processing device called reformer which
reacts steam at high temperature with fossil fuel in the presence of a catalyst.
The typical standard reaction for steam reforming of any kind of fossil fuel can be

written as follows (eq. 1.1):
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Catalystand T m
CoHy, + nH,0 nCO + (n +2)H, (1.1)

Among all kinds of available fuels, steam reforming of natural gas to produce
syngas - sometimes referred to as steam methane reforming (SMR) - is the most
common method of producing commercial bulk hydrogen. It is also the least
expensive method to produce hydrogen at present [3]. At high temperatures (700
— 1100 °C) and in the presence of a metal-based catalyst (nickel), steam reacts
with methane to yield carbon monoxide and hydrogen. These two reactions are

reversible in nature. In case of methane, eq. 1.1 becomes [10-12]:

CH, + H,0 & CO + 3H, AHS = +206 kJ/mol (1.2)

Additional hydrogen can be produced by a lower-temperature gas-shift

reaction with the carbon monoxide produced by SMR (eq. 1.3).

CO + H,0 & CO, + H, AHY = —41KJ/mol (1.3)

The first reaction (eqs 1.1 and 1.2) is strongly endothermic (consumes heat),
the second reaction is mildly exothermic (produces heat). The efficiency for this
process is approximately 65-75%. However, CO2 formation as side-product,
energetically demanding process and the continuous depletion of fossil fuels
make this approach unsustainable. Furthermore, purification of hydrogen
produced by steam reforming reaction is cumbersome and costly. Therefore, a
great efforts have been made in order to stepwise replace steam reforming by

sustainable, efficient and environmental friendly techniques [13-19]. Among them
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water splitting stands out since only water is required as raw material and at same
time oxygen is obtained as a useful by-product. Water splitting can be performed
by means of three main routes, namely, thermolysis [20-22] (also known as
thermal decomposition or thermochemical water splitting), electrolysis [13-16]
(also referred as electrochemical water splitting) and photolysis [23-27] (most
commonly known as photochemical water splitting, where water is directly
dissociated by means of either UV or visible light stimulus and in presence of
catalyst). The photolysis route is still at the premature level of development as a
process, although significant steps have been made forward by year towards
commercialisation. At present, the hydrogen production rates by photolysis are
at least a few orders of magnitude lower than those achieved by thermolysis and
electrolysis. Therefore, in the next sections hydrogen production by means of
either thermochemical or electrochemical routes (Figure 1.2) will be presented

and briefly discussed as feasible candidates for industrial scale water splitting.

1.2 Water Splitting for Large Scale Hydrogen Production

Water splitting is the general term for a chemical reaction in which water is
separated into oxygen (O2) and hydrogen (H2). The standard enthalpy of
formation of water at 25 °C and 1 atm is AH% = -285.8 kdJ/mol (positive sign for
water decomposition/splitting, AH%). Then, it is obvious that water
decomposition/splitting process is not spontaneous and does not occur without
an energy input (Figure 1.2). Hence, enabling efficient and economical water
splitting technologies would be the key element to achieve sustainable hydrogen

economy.
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Figure 1.2. Two main routes for industrial scale water splitting: (a) Thermal decomposition
(thermochemical water splitting) and (b) electrochemical water spliting commonly performed in

an electrolytic cell.

1.2.1 Thermochemical Water Splitting

When water is heated above 1800 °C, dissociation starts. A small percentage
of it decomposes into its constituent elements (eq. 1.4). However, if temperature

is lowered, the components recombine very quickly.

heat
2H,0 —— 2H, + 0, AHS = +285.8 kJ/mol (1.4)

Harsh conditions are required to carry out thermochemical water splitting, and
this fact is not favourable for large scale operation, although solar energy can be

potentially employed as the energy source for the reaction by harvesting the
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thermal energy directly from sunlight [28]. Unfortunately, extremely high
temperatures (ca. 5000 °C) have to be reached in order to obtain 100%
conversion of water into hydrogen and oxygen. Solar furnace system that
concentrates sunlight using large mirrors is the only conceivable source of heat.
The industrial feasibility of this method remains unclear.

There are innovative ideas to make use of thermochemical approach by
combining multiple reaction steps. One example is thermochemical water-
splitting cycles (TCWSCs), which can lower the reaction temperature and help
separate oxygen and hydrogen products to produce pure hydrogen gas.
TCWSCs can improve the efficiency of hydrogen production from 30%, for
conventional thermochemical electrolysis, to around 40-50%. Regarding such
approaches, one of the most promising ones is the sulphur-iodine (S-I) cycle [18,
29]. In this cycle (Figure 1.3), sulphur dioxide (SO2) and iodine (l2) are used as
catalysts lowering the reaction temperatures and also assisting the formation of
pure hydrogen and oxygen [18, 29].

Although thermolysis is achievable and considered as a possible path for
large-scale hydrogen production, generally its current limitations in terms of
operation temperature and gas separation make this approach less feasible and
attractive. In these respects, electrochemical routes have advantages, since the
splitting reaction can take place at low temperature and, at same time, the product

gases can be produced directly in the pure form as described in the next sections.
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Figure 1.3. Sulphur-lodine (S-I) cycle for low temperature thermochemical water splitting.

1.2.2 Electrochemical Water Splitting

Electrolysis phenomenon was discovered by Troostwijk and Diemann in 1789
[30]. Soon later in 1800 Alessandro Volta invented the voltaic pile, and a few
weeks later William Nicholson and Anthony Carlisle used it for the electrolysis of
water. Water electrolysis is the technical term referring to the action of using
electricity to split water into its constituent elements, H> and O [31]. The overall
splitting is accomplished by passing a direct electric current (DC) through
electrodes immersed in water. Thus, electron flow from positive (anode) to
negative (cathode) terminal allows simultaneous Red-Ox reaction over
electrodes surface. Hydrogen is collected at cathode and the oxygen is collected
at anode. Electrolysis can produce very pure hydrogen for use in the electronics,
pharmaceutical and food industries among other applications.

Electrochemical decomposition of water into hydrogen and oxygen at standard
condition is not favourable in thermodynamic terms, since the overall standard
potential value for water dissociation (E°g) into H2 and Oz is -1.23 V (egs. 1.5, 1.6

and 1.7), where E° = EOeqc — EOeda and EOq refers to standard reduction
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potential either at cathode (Efed,) or anode (E%eq,a) . Thus, electrical potential

equal or higher than IE%%I, has to be supplied for triggering the decomposition.

Anode (oxidation) :  2H,0qy = Oy (g) + 4Hq) + 4™ Epeq, = 1.23V (1.5)
Cathode (reduction): 2H{,q) +2e™ = H, () Epeqc = 0.0V (1.6)
Full Reaction: 2H,0(y = 2H; (g) + 02 g EJ = —1.23V (1.7)

From eqgs. 1.5 and 1.6, at anode and cathode, the oxidation and reduction
reactions take place, respectively. Specifically, water oxidation is performed at
anode and this reaction is called oxygen evolution reaction (OER) since oxygen
is evolved from the electrode. On the other hand, at cathode a reduction reaction
called hydrogen evolution reaction (HER) occurs because of evolution and
release of hydrogen from the electrode surface. In water electrolysis, the molar
ratio of product gases (H2:0>) is stoichiometric (2:1).

Pure water behaves as insulator since its autoionization constant at room
temperature, Ky defined as [H*]-[OH], is equal to 1.0-10-'4 and its electrical
conductivity is poor (ca. 0.055 uS/cm). Thus, pure water is not a suitable medium
for ion transport, that is, for H* or OH- to travel towards cathode and anode,
respectively. Consequently, water splitting using pure water is rather difficult,
demanding higher potential condition than thermodynamic one. To overcome this
issue, electrolyte is often added. Strong acids such as sulphuric acid (H2SO4) and
strong bases like potassium hydroxide (KOH) and sodium hydroxide (NaOH) are

frequently used as electrolytes due to their strong conducting abilities.
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On the other hand, the most common electrode material (both cathode and
anode) is Pt due to its excellence in electrical conductivity (higher than gold) and
high resistance to corrosion. Usually, it is employed in a form of wire or foil.
However, its low abundance on Earth’s crust and extremely high price restrict its

use and implementation in large-scale industrial electrolysis processes.

1.2.2.1 Thermodynamics & Electrochemistry of Water Splitting

Electrolysis (or dissociation) of liquid water in the standard condition (P and T)
requires a theoretical minimum of 237.2 kJ as work input (AG9%), in form of
electrical energy (cell potential, Ecen) to dissociate every mole of water.
Furthermore, heat input is also required in order to overcome the thermal barrier
imposed by TASY%, ca. 48.6 kdJ/mol. Thus, standard enthalpy of liquid water
dissociation (AH%) is obtained from AH% = AG% + TASY%, giving as final result,
an endothermic reaction of 285.8 kJ/mol (section 1.2.2). This amount of
demanded energy can be supplied by means of electrical + thermal energy
combination or only applying electrical energy.

AHY4 for liquid water is also referred to as higher heating value (HHV). Gibbs
free energy of water dissociation is connected to electrical potential (E%)

according to eq. 1.8.

AGY = —nEJF (1.8)

Where n is the moles of electrons involved in the reaction and F is the Faraday

constant (96.485-103 C/mol). Assuming that overall water splitting is a 2 electron
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transfer reaction, taking AG% and rearranging eq. 1.8, theoretical potential of
water electrolysis (E%)is -1.23 V in the standard condition (eq. 1.9). Therefore to
activate the reaction, Ecei = IE%I condition must be accomplished. This potential
(E%) is known specifically as reversible standard potential (E%v) and it is of great
importance for more advanced calculations and assumptions.

AGY _  AHG-TASg _

Edrevy = — o= ——4——4=-123V (1.9)

However, electrolysis will not generally proceed at this voltage shown in eq.
1.9, since the electrical input must provide the full amount of enthalpy of the H>
and O2 products (285.8 kJ/mol) formation. This leads to the threshold potential of
electrolysis to -1.48 V (Ecen = IE%|) commonly known as thermoneutral potential,
E% (Ew in non-standard condition) (eq. 1.10). For latter occurrence both Eey and
Et will be taken in their absolute value.

E;’h:—%:—msv (1.10)

Voltage efficiency (€an) [16, 17, 32], either in standard or real conditions, of a
water electrolysis cell (eq. 1.11) is defined by the thermoneutral potential (E)
over the cell operating voltage (Ecen) or also the HHV (AHq4) divided by the cell
energy consumption in terms of Gibbs free energy (AGcen calculated from eq. 1.8
using Ecen instead of Eq) [13, 14, 16]. Since electrical energy is proportional to

voltage under constant current, the efficiency can be equally calculated in both

ways (eq. 1.11).
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Etn — AHg
Ecell AC‘cell

Ay = (1.11)

Analogously, € can be also expressed as energy efficiency (€ac), using Ereyv (Or
AGy) instead of Eiw (or AHg) in eq. 1.11. Energy efficiency will be always lower
than voltage efficiency since Erev < Eth.

From eq. 1.11 the efficiency trend can be elucidated while increasing potential,
that is, the higher the cell voltage, the lower the efficiency (€an or €ag). It should
be noted that, at same time, the higher the cell voltage the higher is the current

density through electrodes and the production rate of both H> and Oz is enhanced.
Therefore, in reality a good balance between cell voltage, current density and
efficiency (usually €an) has to be stablished in order to achieve high rate of Ho
and O2 production while minimising electrical power input.

Isothermal operation at the thermoneutral potential (Ecen = Ew), that is
supplying AHg (or AH% in standard condition) completely from electrical source,
corresponds to 100% voltage efficiency in electricity-to-chemical energy
conversion. Theoretical voltage efficiencies greater than 100% are possible when
the cell operates at a lower potential than the thermoneutral potential. In such a
case, external heat would be required to supply the remaining energy necessary
(TASq) by operating electrolysis at temperature higher than standard condition
(25 °C). Furthermore, this thermal contribution to overall process energy
consumption is of great importance in solid oxide electrolyser cell (SOEC)
technology (voltage efficiencies higher than 100%), since it allows to work at

electrical potentials even lower than reversible potential (Ecen < 1.23 V).
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Moreover, eq. 1.11 shows the overall electrolysis efficiency which already
includes all irreversibility and non-ideality, termed overpotentials (n in Volts).
Overpotentials, are defined as the part that exceeds 1.23 V (reversible condition),

i.e., N = Ecar-Erev. Overpotentials are always affecting the overall system
efficiency. Therefore, in a non-ideal case €an is defined as in eq. 1.12. Where, A
Grev refers to Gibbs free energy at reversible potential (AGd), AGoverpot t0 €nErgy

change due to overpotentials (AGceil = AGrev + AGoverpot OF Ecell = Erev + Nt) and nt

to overall overpotential (in Volt).

Eth _ AHg
Erevtnt AGrev+AGoverpot

gy = (1.12)

In an electrolytic cell, existence of n results in more energy input than that
expected thermodynamically to drive the reaction. Overpotential is specific to
each cell design and varies across cells and operational conditions. The most
important contributions to the overall overpotential (n:) are related with (i) ohmic
losses within the cell and its components, that is, Joule heating due to electron
flow through a conductor (calculated by means of Ohm’s law, I-Rit in Volts, or
12-Rtt in Watts when refers to heat), (ii) ionic transport through electrolyte (Nionic,
conductivity (o) dependent), (iii) concentration or mass transport overpotentials
(Nconc, Mass transport limitations due to diffusion and involving charge-carriers
depletion over electrode surface), (iv) activation overpotential at cathode (n¢) and
(v) activation overpotential at anode (na). Thus, the complete expression for
defining the real potential applied on an electrolysis cell corresponds with eq. 1.13

(same calculation can be done using E analogously).
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Ecell = Erev + IRtot + Nionic +Ynconc + Ne + Na (1-13)
Nt

Large R+D efforts have been spent in reducing such overpotentials at the
minimum level possible, but there are important innovations to be made to reduce
the overpotentials further.

The key quantity of an electrolysis system characterising the performance is
the current which passes through the system. The goal is to reach the highest
current densities (;, A/cm) at the lowest possible voltages thermodynamically
allowed (1.23 V with thermal contribution). For example, 1 A/cm?2 was fixed as
standard current density in some scientific works [16, 32] in order to evaluate
voltage/energy efficiency. As mentioned above, current density through the
electrodes (anode-cathode system) is directly related with both H> and O
formation (Chapter 3); therefore, linear scaling of current density with electrolysis

cell voltages is an important factor in electrolyser design.

1.2.2.2 Applications of H2 Produced via Electrolysis

Currently about five percent of hydrogen gas produced worldwide is created
by electrolysis (section 1.1). The majority of this hydrogen is the side product in
the production of chlorine in water-alkaline electrolysis, which is the most

common electrolytic approach for H2 and Cl2 production at once (eq. 1.14).

2NaCl + 2H,0 - Cl, + H, + 2NaOH (1.14)
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Water electrolysis is also used to generate oxygen for the International Space
Station [33, 34].

Efficiency of modern electrolysers is measured by power consumed per
standard volume of hydrogen produced (MJ/m3 or kWh/m3), assuming standard
temperature and pressure of Ho. At 100% efficiency, 39 kWh of electricity and 8.9
L of water are required to produce 1 kg of hydrogen at 25 °C and 1 atm [19].
Moreover, over the past decades the ever-increasing price of electricity has
hindered and/or postponed the production of electrolytic hydrogen [35]. This
figure is about to change with the recent growth in energy capacity based on
renewable sources like photovoltaics and wind turbines [36]. The U.S.
Department of Energy (U.S. DOE) has set a cost goal for the renewable hydrogen

at $2.00-$3.00/kg; including production, delivery, and dispensing [37].

1.3 PEM Electrolysis Technology

Conventional water splitting (in acidic or alkaline conditions) described in
previous section is the first stepping stone on the way towards the large scale Hz
electrochemical production. However, several drawbacks exist related with
conventional electrolysis, namely, higher overpotentials to be overcome, use of
electrolytes like SO42 to improve water conductivity, low current density and gas

separation issues.

1.3.1 Background

To overcome aforementioned engineering bottlenecks of conventional

electrolysis, in 1960s a new electrolysis technology/approach was born. This
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novel technology was called polymer electrolyte membrane (PEM) electrolysis
[14, 15, 38]. PEM electrolysis was first introduced by General Electric in 1966 [14,
15] using a solid PEM. The PEM was coated with a heterogeneous electrode
catalyst on each side of the membrane. The system could efficiently split water
molecules at low potential [14, 38] and solve the issues described above. Such
electrolysers were initially developed for special purposes like spacecrafts,
submarines, and also for needs of the civil industry.

The concept of PEM electrolysis (Figure 1.4) is the same as in case of
electrolytic cells (Figure 1.2). The red-ox reactions take place, but with a physical
separation between anode (OER) and cathode (HER). This physical separation
enabled by a thin PEM allows efficient separation of H2 and O and cell operation

at high current densities with a low potential input.

Figure 1.4. PEM electrolysis working principle. Proton exchange membrane (Nafion®) coated with
catalyst layer on each side. Water oxidation takes place at anode side (+). Proton recombination

to hydrogen occurs at cathode side (-).

Development of PEM electrolysers is historically related to the development of

perfluorinated ion exchange membranes (Nafion®) discovered by Walther Grot
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(DuPont®). The main feature of such material, also called ionomer, is its unique
capability for proton (H*) transport through its internal channels (Figure 1.4) as a
result of incorporating perfluorovinyl ether groups terminated with sulfonate
groups onto a tetrafluoroethylene (Teflon®) backbone [39, 40]. Nafion® (Figure
1.5, hereafter it is denoted as “Nafion”) has received considerable attention
because of its excellent thermal and mechanical stability. These features made
this material suitable for both fuel cell and electrolyser systems. Its optimal
working temperature is about 80 °C, where the proton conductivity reaches the

maxim value (ca. 0.1 £ 0.02 S/cm for Nafion 117, 175 pym) [14, 41, 42].

[(CFCF,) (CF.CF)).]

I
_ (OCF2CIZFO)X(CF2)ySO3'H+ —
CF

3

e - n

Figure 1.5. Sulfonated tetrafluoroethylene based fluoropolymer-copolymer (Nafion®) molecule

chemical structure. Sulfonate group depicted in blue and free proton in red.

In PEM electrolysers, high-purity hydrogen can be generated, promoted by
heterogeneous catalysts with a voltage efficiency (€an) reaching around 67-82%
(calculated from HHV) [14], and the efficiency keeps improving year by year.
Furthermore, PEM electrolyser technology can overcome the drawbacks
observed in alkaline electrolysers, such as low partial load range (evolved gases
cross-diffusing through anode and cathode compartments), limited current

density and low operating pressure [14]. Noble metals such as platinum (Pt black)
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and iridium (IrO2 or Ir black) are widely chosen as the catalyst because of their

superior performance.

1.3.2 High Temperature Electrolysis

High-temperature electrolysis is the technology arising from high-temperature
fuel cells (HTFC). The electrical energy needed to split water at 1000 °C is
considerably less than that at 80-100 °C. This means that a high-temperature
electrolyser (HTE) can operate at significantly higher overall process efficiencies
than regular low-temperature electrolyser. A typical technology related with high
temperature electrolysis is the solid oxide electrolyser cell (SOEC). This
electrolyser is based on the design identical to that of the solid oxide fuel cell
(SOFC) [43], which normally operates at 500 to 1000 °C. At these temperatures,
the electrode reactions are more reversible and the fuel cell reaction can more
easily be reversed to the electrolysis reactions. Attempts are currently underway
to develop systems in which some of the electricity consumed by the electrolyser
can be supplemented by the heat available from geothermal, solar or natural gas

sources, thus reducing the consumption of electricity significantly.

1.3.3 Perspectives

One of the remarkable advantages of PEM electrolysis is its ability to operate
at high current densities (ca. 2 A-cm-2) at low potentials (ca. 1.7 V) [14, 16, 44],
without apparent degradation for a long period of time. PEM, due to its solid
structure, exhibits a low gas crossover rate resulting in very high purity gas

product (>99.999%) [14, 15, 17, 32]. Thus, hydrogen generated by means of
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electrolysis e.g. using PEM electrolysers is a very promising. The technology has
been shown to be a viable (5 Mt Ho/year) alternative for large-scale production,
although the gap in the production quantity is considerable compared with
methane steam reforming (24 Mt Ho/year) as the leader in global H2 production.

Utilization of green hydrogen, obtained from water by electrolysis and sourced
by renewable energies, as reagent in industrial processes like hydrogenation
reactions is a very attractive future strategy [3]. Such hydrogenation reactions
with great importance in environmental and energetic impacts are for example
CO2 hydrogenation to produce liquid fuels [45-47] and abatement of aqueous
nitrates (NO3-) and nitrites (NO2") to harmless nitrogen molecule [48-50].

In the following section, the latter reaction, namely nitrates hydrogenation, will
be presented as a potential application to directly use sustainable H2 produced

within PEM electrolysis cell.

1.4 Hydrogenation Reactions for Nitrate Abatement

Hydrogenation is a chemical reaction between molecular hydrogen and
another compound or element, usually in the presence of a catalyst such as nickel
(Ni), copper (Cu), palladium (Pd) or platinum (Pt). Such catalytic reaction can be
either in homogeneous or heterogeneous phase depending on the catalyst
employed and reaction to be performed. Heterogeneous catalytic hydrogenation
is more common on a large scale industrially.

On the other hand, among several pollutants as well as harmful compounds,
nitrate (NOs) is the most common chemical contaminant in the world’s

groundwater aquifers, and pollution of ground and surface water by nitrate is a



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYTIC MATERIALS AND STRATEGIES FOR HYDROGEN PRODUCTION AND HYDROGENATION REACTIONS BASED ON PEM ELECTROLYSIS

Jordi Ampurdanés Vilanova

Diposit Legal: T 85-2015

common environmental problem [51]. Furthermore, intake of such anion and
derivatives may cause human health problems [52]. As an example, high nitrate
amount in blood can lead to generalized lack of oxygen in organ tissue and to a
dangerous condition called methemoglobinemia. Besides that, formation of
nitrosamines from nitrite (derived from nitrates) can give rise to cancer of the
digestive tract since they are the most efficacious carcinogens in mammals.
Therefore, nitrate removal from waste water has become considerable
importance during the last decades. Since nitrate is regarded as potentially
harmful to human health, European Environment Agency (EEA) established the
limit for nitrate in drinking water (98783/EC) to 11 mg NO3- - N/L (or 50 mg NO3-
/L or ppm) [53, 54]. Moreover, World Health Organization (WHO)
recommendation is even stricter, suggesting the limit allowable for nitrate in
drinking water to 10 ppm NOs-.

Several physical and chemical NO3z- removal strategies have been employed
including reverse osmosis, ion exchange, and biological denitrification among
others. Main drawbacks of these methodologies are related to the fact that
nitrates are not transformed into harmless compounds but they are only
concentrated, thus becoming even more dangerous than the raw wastes upon
disposal [55]. Obviously, the most attractive strategy is to convert nitrate to
harmless gaseous nitrogen (N2) avoiding the formation of nitrite or ammonium
ions, the most common by-products after hydrogenation reaction, which are
regarded more toxic than nitrates. Thus, the limits for NO2- and NHs*
concentration in drinking water, established by EEA (98783/EC), are 0.1 ppm

NO2- and 0.5 ppm NHa4*, respectively, even harder than the limit for nitrate.
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The requirement for a chemically sustainable route for nitrate transformation
led to the study and further implementation of nitrate catalytic hydrogenation as
one of the most effective way for nitrate abatement. Thus, hydrogenation of
nitrate and nitrite over noble metal catalysts was reported for the first time in 1989
by Vorlop et al. [56]. Catalytic hydrogenation (Figure 1.6) has been considered
as one of the most effective methods for nitrate reduction to nitrogen [57]. The
major problem of the approach is the usage, storage, and infrastructure needed
for hydrogen gas that is dissolved in the aqueous solution containing nitrate ion,
besides poor N2 selectivity in some cases producing even more harmful NO2- and

NH4* by-products.

'ON,) + 20H" + 4H,0
INO, + 5H, ’

Figure 1.6. Catalytic nitrate hydrogenation towards harmless nitrogen scheme. Aqueous phase

and supported catalyst.

Catalytic hydrogenation using bimetallic catalysts [48, 56, 58-60] supported on
a variety of materials like Al203, TiO2, SiO2, ZrO2, zeolites and carbon-based
materials [48] is the most common process employed, although hydrogenation
reactions using monometallic supported catalysts [57, 58, 61, 62] and
photocatalytic processes [48] have been demonstrated to remove nitrates

efficiently.
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In the light of these backgrounds, electrolysis-assisted nitrate reduction
(Chapter 5) is a promising approach due to possible process simplicity and the
generation of H> or H* used for nitrate reduction in situ by electrolysis of water.
Recently, Machida and co-workers reported the possibility of selective
electrocatalytic hydrogenation of NO3- to N2 using electrochemical reactors [63,
64]. The use of a PEM allowed the transport of in situ generated protons on the
anode side to the surface of the catalyst deposited at the cathode (Figure 1.4),
enabling nitrate reduction at surface. Among others, some advantages of this
approach include high system efficiency, near ambient operating conditions,
small equipment sizes, high purity oxygen production, no external hydrogen

source and rapid start-up.

1.5 Motivation and Aim of this Thesis

Electrolysis of water and PEM technology play very important roles towards
industrial hydrogen production, but still some technical and economic issues have
to be solved for further technological spread and establishment. Hurdles like low
efficiency and performance compared with H2 production via steam reforming are
expected to be overcome in the near future thanks to the continuous advances
and improvements of electrolysis technologies and also greater availability of
renewable energies. Still there is one hurdle which needs to be lowered greatly.
That is economic one closely related to the abundance of specific chemical
elements. The most effective and efficient materials in PEM electrolysis are
precious/noble metals, namely Ir-based materials (IrO2 or Ir black) for OER and

Pt (raw or Pt black) for HER. Even though the amount of these metals in the
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catalysts are minimized by dispersing on inexpensive support materials (e.g.
carbon), their use and low abundance make PEM electrolysis extremely
expensive [65], unsustainable and particularly unfavoured in a large scale
production [14]. The quest for non-precious metal alternatives started a long time
ago and several candidates have been reported as a replacement for HER and
OER materials. For HER finding alternatives to Pt are increasingly reported [66,
67], whereas for OER no good alternative has been found and the trend in R+D
is still trying to decrease the loading of IrO2 as much as possible by supporting it
on SnO2, Ta20s or Sbo0s [68, 69]. In this thesis, efficient, alternative HER
catalysts made of abundant, inexpensive and non-precious chemical elements
were sought for. The performance and stability of such catalytic materials in PEM
electrolysis was compared with the standard reference catalyst, Pt black.

The second major challenge of this project was to exploit PEM electrolysis as
a mean to perform hydrogenation reactions using H*/H2 generated in situ. This
approach, we call “electrolysis-assisted hydrogenation”, has an obvious
advantage over ordinary hydrogenation because of process simplicity and
flexibility, avoiding the use of hydrogen gas source (e.g. cylinders) and producing
hydrogen on demand by applying electrical potential. As our target reaction,
nitrate reduction was chosen and the effect of active metals and operation
conditions, such as constant current or potential, on reaction performance and
selectivity were examined.

In order to enhance conversion and selectivity of electrolysis-assisted nitrate
hydrogenation approach, some technical modifications of the PEM cell
configuration were made and their effectiveness was evaluated for the nitrate

reduction. Moreover, aiming at further abatement of undesired side products
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formed during the reaction, the combination of electrolysis-assisted
hydrogenation setup with secondary techniques (e.g. electrochemical or
photochemical) was also examined.

Finally, as an outlook of this multidisciplinary project and particularly related to
the electrolysis-assisted hydrogenation, initial attempts for continuous CO:
reduction and possible reactor configurations using our electrolysis-assisted

approach are discussed.
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CHAPTER 2

METHODS AND SYSTEMS
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2.1 Catalysts Synthesis

The research work summarized in this thesis unifies two main research fields,
namely, (i) electrochemistry and (ii) heterogeneous catalysis. Hence, the suitable
choice of catalysts plays a crucial role, since such materials should be able to
perform electrochemical as well as catalytic function at the same time. Thus, an
exhaustive literature survey was initially performed to make correct
choice/combination of catalyst materials.

The heterogeneous (electro)catalysts used in this research work can be
categorised in two main types: unsupported and supported (or mixed) catalysts.
In the first category of unsupported ones, the materials employed were: IrO», Pt
black, MoS2 and cobalt (Il, Ill) oxide (Co304) whereas supported ones, the most
relevant for our study, were (i) Pt, Pd, Cu and PdCu supported over SnO> high
surface area or (i) MoS2 and Co304 mixed with electrically conducting carbon
material (e.g. Vulcan®-XC72, for later occurrence it is denoted as “Vulcan”) [1].
Table 2.1 summarises the most important catalysts employed and their
applications in this doctoral thesis project. Furthermore, the distinction between
anode material (performing oxidation reaction) and cathode material (reduction
reaction) is also provided. In all the tests performed the anode side of the
electrochemical reactor was used as a proton (in addition to oxygen) generation

source by means of water oxidation reaction (section 2.3).
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Table 2.1. Catalysts employed in this thesis work and their function. (i) Anode materials for

oxidation reactions (OER) and (ii) cathode for reduction reactions. (¥') Tested and (%) not tested

for the purpose.

Water Nitrate
Electrode Catalyst
Splitting Reduction
Anode IrO2 v v
Cathode C0304 v x
Unsupported Cathode Pt black v x
Cathode MoS: v %
Cathode SnO: x v
Cathode Pt/ SnO; % v
Supported on Cathode Pd/ SnO; x 4
SnO2 Cathode Cu/ SnO> x 4
Cathode  PdCu/ SnO2 x v
Mixed with Cathode MoS2/Vulcan v x
Vulcan Cathode Co304/Vulcan v x

All materials employed in this study (supported and unsupported/mixed
catalysts) were carefully characterized using various techniques. XRD, BET and
H> & CO pulse-chemisorption studies were performed in order to identify the
catalyst crystal structure and calculate the dispersion of precious metal over
support material. Furthermore, catalyst layer characterization over Nafion was
performed to find out the true state of catalyst on top of polymeric membrane. As
clearly seen from Table 2.1, Iridium (IV) oxide (IrO2, >99%, powder, Alfa Aesar)

was used as the only anode catalyst due to its unique and superior ability for
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water oxidation reaction (oxygen evolution reaction, OER) compared to other
materials [2, 3]. Because of the acidic environment and high anode potential
during water electrolysis, non-noble catalytic metals like Ni, Co, and Cu are
subject to corrosion [4]. Among noble metal electrocatalysts, Pt forms a poorly
conducting oxide film and shows a high overpotential for OER. However,
electrocatalysts consisting of Ir, Ru, or their oxides (which are reported to have
the rutile structure and to be very good conductors (metallic type, ca. 104 S/cm))
[5] have been shown to possess very high electrocatalytic activities for OER [6].
Therefore, based on the information available in literature, IrO2 was selected for
both water electrolysis tests (section 2.3.3.1) as well as electrochemical
(electrolysis-assisted) reduction reaction studies (section 2.3.3.2) to make a
straightforward comparison among all cathodes materials and configurations

screened.

2.1.1 Support Preparation

2.1.1.1 Tin (IV) Oxide (SnO>)

High surface area tin (IV) oxide (BET area of ca. 230 m?/g, cassiterite crystal
structure), synthesized by urea (CH4N20, Sigma-Aldrich) precipitation
methodology [7], was used as a support to enhance the metal dispersion over its
microporous surface and to benefit from its capabilities as semiconductor-type
material as well as its durability under harsh operating conditions (e.g. pH and
electrical current) [8].

High surface SnO2 was synthesized by following the procedure described

elsewhere [7]. In brief, an aqueous solution of 0.1 M SnCls and 10-fold excess of
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urea was refluxed at 90 °C for 15 h in a round bottom flask. The precipitate was
isolated and washed by centrifugation, dried at 120 °C for 16 h and calcined at
200 °C for 4 h in air. Figure 2.1 shows the XRD patterns of the synthesized SnO-

and the commercial SnO2 sample (Alfa Aesar, 99.9% metals basis, <10 ym

powder).
7 *
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Figure 2.1. XRD pattern of commercial (blue line) and in-house synthesized SnO: (black line) with
BET area of ca. 7 m2/g and 230 m2/g respectively. (*) refers to the most relevant peaks of the

cassiterite phase crystal structure.

The crystalline structure commonly described in literature and database,
cassiterite phase, was confirmed for both materials with the intense diffraction
peaks located at 26 = 26.6, 33.9 and 51. 8° (highlighted with *) corresponding to
(110), (101) and (211) diffraction planes, respectively. The powder XRD pattern

of the synthesized SnO- (Figure 2.1, black line) exhibited broad characteristic
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diffraction peaks indicating much smaller crystallite size than that of commercial
one (blue line, narrow peaks). This observation was also confirmed by
transmission electron microscope (TEM) investigation, whose results are shown

in Chapter 5.

2.1.1.2 Carbon Support (Vulcan)

Vulcan (carbon black, Fuel Cell Store) was used as received. Its surface area
is around ca. 250 m2/g and the electrical conductivity ca. 70 S/m. Vulcan has
amorphous crystalline structure and commonly acts as a conductive support or
substrate on which typically platinum (Pt) is deposited in case of Fuel Cell
technology. Moreover, it is widely used in plastic compounds for electrostatic

discharge products.

2.1.2 Catalyst Preparation

2.1.2.1 Wet Impregnation

Impregnation is the simplest and the most popular technique in solid catalyst
preparation [9] (Figure 2.2a). Catalysts are prepared by adding a metal salt
solution (typically aqueous solution) over a pre-shaped support, followed by
drying and calcination treatments to remove excess solvent and decompose the
precursor to form metal and metal oxide (nano)particles over the support material.
If the volume of the solution is equal to the pore volume of the support, the
process is called incipient wetness impregnation. Active component (e.g. metal)

can be well dispersed and no loss of active material within the support phases is
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generally observed. The advantage of this method is that catalyst support can be
prepared separately, allowing for higher temperature treatments than the case
where the active metal is already incorporated on/in the support. The distribution
of the active species on the support varies, depending on the preparation
conditions. Various factors such as type, concentration of precursor salt, solvent,
temperature, type of support and contact time with support can be controlled to
obtain optimum dispersion of catalytically active components.

In this project tin (IV) oxide support was decorated with some kinds of metals,
mainly Pt, Pd, Cu, and PdCu by means of the wet impregnation method (Figure
2.2a). Aqueous solutions of the metal precursors were prepared and poured over
the catalyst support, drop by drop, while mechanically mixing the generated
mixture and until whole support is properly impregnated with solution. The most
common metal precursor salts used were those of nitrate, namely Cu(NO3)2,
Fe(NO3)s and Pd(NO3)2 since nitrate decomposition temperature is lower than
chloride based salts, besides its cleanliness upon decomposition (no residual
halogen atoms on the surface). On the other hand, Pt precursor used was
chloroplatinic acid H2PtCle:6H.O (ACS reagent, 237.50% Pt basis, Sigma-
Aldrich).

After impregnation, the samples were dried for 12 h in an oven at 100 °C, once
elapsed drying time, samples were cooled and crushed using pestle and mortar
until they become fine powder. Last step was calcination using a high
temperature furnace in order to remove all the water and decompose the
remaining metal precursors from the surface of catalyst. For all the catalysts
prepared by the impregnation method, calcination temperature was set at 500 °C

for 4 h in air with a temperature ramp () of 5 °C/min.
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Initially we performed measurements using catalysts prepared via wet
impregnation and they gave good results in terms of stability and performance as
catalyst. However, several drawbacks were found to use these materials in PEM
system. Among them, the most problematic one is catalyst activation by pre-
reduction, because all the metals over the supports are in oxidized state after the
calcination treatment. Therefore, along this research we tried other ways for
catalyst preparation although wet impregnation is one of the most employed

techniques for supported catalyst preparation.

b NaBH4

Support
+

Metal precursor

Metal precursor

Support Ultrasound bath

Figure 2.2. Catalyst preparation methods carried out: (a) wet impregnation and (b) ultrasonic

metal deposition and reduction.

Among other possible preparation methods of supported metal catalysts, as a
promising one we have identified a method based on in situ chemical reduction
of metal precursors using NaBH4 and while maintaining continuous sonication in
order to keep a well dispersion of support and metal (Figure 2.2b). A brief

description of this procedure is explained in the following section [10].
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2.1.2.2 Ultrasonic Metal Reduction and Deposition

In the ultrasonic metal deposition method (Figure 2.2b), catalyst preparation
was accomplished as follows: (1) Catalyst support together with metal precursor
(same than those used for wet impregnation) aqueous solution were taken in a
round bottom flask and stirred for 10 min, (2) homogenous solution in the flask
was moved to an ultrasonic bath where reduction of target metal precursor(s) was
performed by stepwise NaBHs (sodium borohydride, >97%, 10-40 mesh
granules, Alfa Aesar) addition [10] and left for 1h under continuous sonication,
(3) powder was filtrated using a vacuum funnel, (4) cleaned with excess of milliQ
H2O (10:1 volume ratio of water compared to the nitrate solution used for the
synthesis) for complete Na* removal and (5) dried at 100 °C for 12 h in the oven.
Consistent sonication is important for homogeneity of the metal deposition by
maximising the contact between all the metal precursor and support particles.
Moreover, material precipitation at bottom of the synthesis flask has to be avoid.

Using this procedure we avoided metal oxides formation (no calcination and
further reduction required) while enhancing metal surface area (m2 cat/gsampie)
and thus degree of metal dispersion over the support calculated by means of
pulse chemisorption measurements and further mathematical treatment. Figure
2.3 shows an example of pulse chemisorption profile obtained for 40 wt% Pt
supported over SnO> catalyst synthesized via this technique. Metal dispersion

and metal surface are also shown.
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Figure 2.3. Pulse chemisorption profile for 40 wt% Pt/SnO2 catalyst prepared by the NaBH4
procedure. Hz was used as probe gas. A known amount of hydrogen (0.34 cm3) was pulsed every

5 minutes. Degree of metal dispersion and metal surface are shown.

Pulse chemisorption measurements were carried out using Hz as a probe
molecule which adsorbs over Pt surface. Each H2 pulse contained the same
amount of H2 (0.34 cm3) and injected to the system (passed over the sample)
every 5 minutes. Hz uptake was calculated from the amount of H> adsorbed over
platinum surface. Figure 2.3 shows one representative profile. From the 1st to the
7th pulse all the hydrogen passed over the sample was adsorbed, showing a
complete uptake of Hz and indicating high metal surface area and high degree of
dispersion of Pt. The degree of metal dispersion was ca. 71.5% and the available

metal surface for catalytic processes was ca. 20 m2 Pt/gsampe- This excellent
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results led us to use the sonication-NaBH4 method to prepare SnO2-supported

metal catalysts throughout this thesis project.

2.1.2.3 Mechanical Mixing

Chemical reduction using NaBH4 was established as a default procedure for
catalyst preparation, but in some cases another preparation route was chosen.
In the case of MoS: and Co304 catalysts the metal salt was mixed with Vulcan.
In these catalysts, Vulcan was used in order to enhance the electrical conductivity
without modifying metal oxides structure and oxidation state. Either
molybdenum(lV) sulphide (>99%, powder, <2 pm, Sigma Aldrich) or Co0304
(>99.5%, nanopowder, <50 nm, Sigma Aldrich) were physically mixed [1] with
Vulcan flakes using a mortar and pestle during the preparation of the cathode
catalyst inks. No further step was required prior to deposition over the PEM

(section 2.2.2).

2.2 MEA Preparation

2.2.1 Polymer Electrolyte Membrane Pre-Treatment

Nafion 117 membrane (175 um thick, lon-Power) was used as the proton
transport medium. Prior to use, the Nafion membrane was treated [11] by
washing in 5 vol% H202 aqueous solution for 1 h at 80 °C to eliminate residual
organic impurities [12], then in 0.5 M sulphuric acid for 1 h at 80 °C to incorporate
water molecules and to activate the membrane by hydration [13]. The membrane

was further treated with boiling water for 1 h in order to remove possible impurities
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remaining from previous treatments. The pre-treated membranes were stored in
water at ambient temperature prior to deposition of the catalyst materials.
Furthermore, treated membranes were kept in flat shape so that further catalyst
deposition would be easier, avoiding possible problems related to membrane

bending and fixation over the holder used for catalyst deposition.

2.2.2 Catalyst Ink Preparation

As a solid particles, catalysts cannot be coated over the membrane since there
would not be any physical binding force between catalyst and membrane surface
and as a result catalysts could get easily removed from the Nafion surface. In
order to avoid this, the catalyst should be prepared in the form of either paste (for
screen printing) or ink (for decal transfer, spray coating, inkjet printing or
electroless deposition).

Typical ink formulation contains dry catalyst, Nafion solution and solvent (e.g.
methanol, ethanol, isopropanol or water) [14, 15]. Catalyst ink composition varies
depending on the purpose and the amount of the material to be deposited over
the membrane, referred as a dry catalyst loading per unit of surface area or most
commonly known as loading (mgcat/cm2). In order to provide ionic transport to
catalytic active sites [16, 17], addition of Nafion solution (resulting in dry Nafion
after deposition) to the catalyst ink is required. Nafion helps to form a thin layer
of catalyst after the deposition over the membrane surface ensuring a proper H*
transport between the catalyst surface (which are not in close contact with PEM)
and the membrane (Figure 2.6). Lee and co-workers investigated the effect of

Nafion addition on commercial low PEM fuel cell electrodes and they conclude
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that without the addition of some Nafion, the majority of the catalyst sites were
inactive [11].

In our studies, catalyst inks were made of a mixture of catalyst powder (amount
depending on catalyst loading over membrane surface, mgcat/cm?2), isopropanol
(4 mL) and Nafion solution (Nafion D-521 dispersion, 5 wt% in water and 1-
propanol, = 0.92 meq/g exchange capacity, Alfa Aesar), in a ratio of 15.4 wt% dry
Nafion in total dry solid. The ink was sonicated for 1 h using an ultrasound bath

(120W/ 60Hz, BANDELIN SONOREX).

2.2.3 Catalyst Deposition

Catalyst deposition over PEM can be accomplished by means of several
techniques such as screen printing [18], decal transfer [19], spray coating [20,
21], electrospray coating [22, 23], inkjet printing [24, 25] and electroless
deposition [26]. As a default methodology to produce our membrane electrode
assemblies (MEAs) we chose spray deposition method (Figure 2.4) due to its
ease of implementation (only airbrush and carrier gas are required), operation
and amount of resources required.

Using spray coating, catalyst inks can be either deposited over membrane or
on diffusion layer (porous material which allows suitable management of gas-
liquid interphase, section 2.3.2) depending on electrolyser configuration. In our
studies all the membranes were prepared by catalyst deposition over the

membrane, by the so called catalyst coated membrane approach (CCM).
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Catalyst

layer

Nafion 117

Catalyst Ink

Figure 2.4. Spray (airbrush) catalyst deposition method over Nafion membranes. (a) Schematic
representation of the methodology employed and (b) actual deposition system built in the lab:
Airbrush connected to a N2z line + heating plate kept at 85 °C with an inner 2x2 or 4x4 cm? frame

to ensure reproducibility in the active area dimension.

Figure 2.4a shows a schematic representation of the catalyst coating
procedure. Figure 2.4b shows actual catalyst deposition system installed in our
lab. The deposition procedure was as follows. Catalysts were coated over the
Nafion membrane (active area of either 2x2 or 4x4 cm?2, depending on final
application) by using a common airbrush (Gnozzie: 0.5 mm, Ventus Titan) and fixing
Nafion membrane in a heated holder with open window (Figure 2.4b). Deposition
temperature was set at 85 °C to evaporate the solvent during the deposition
avoiding membrane swelling and allowing the formation of a homogeneous and
uniform catalyst layer on both sides of Nafion membrane (Figure 2.5). The total
membrane surface covered by catalyst is termed as active area, this is the portion
of area which is used to determine the catalyst loading. The final catalyst layer

will act as an electrode (i.e., anode or cathode depending on catalyst).
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Catalyst Active
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Figure 2.5. MEA produced by spray deposition. (a) Image taken right after catalyst deposition
(fresh membrane), (b) ESEM image of the cross-section of same MEA (in red Nafion 117

membrane thickness, in yellow thickness of catalyst layers).

Ready to work MEAs prepared in our laboratory look like the one shown on
Figure 2.5a. Furthermore, the thickness of the catalyst layer over membrane was
measured by means of environmental scanning electron microscopy (ESEM)
using a FEI Quanta 600 (equipped with EDX from Oxford Systems) by focusing
the electron beam towards the cross section of an entire MEA (Figure 2.5b). The
thickness of catalyst layers at both anode and cathode side was ca. 25 ym.

An effective electrode is the one that correctly balances the various transport
processes required for the operation of PEM system, as shown in Fig. 2.6. Three
processes are required for the transport of (1) protons from the membrane to the
catalyst; (2) electrons from the current collector to the catalyst through the gas
diffusion layer (GDL); and (3) the reactant and evolved gases to/from the catalyst

layer/gas channels [16], respectively.
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Figure 2.6. Transport of gases, protons, and electrons at cathodic electrode of a PEM water

electrolyser, where HER takes place. Dashed arrows show schematic proton (red), electron

(green) and gas (orange) pathways.

Protons (H*), electrons (e), and gases are often referred to as the three
phases found in a catalyst layer [16]. Part of the optimization of an electrode is
the attempt to minimize transport losses. Besides, an intimate connection of these
transport processes at the catalyst particles surface is crucial for efficient
operation of a PEM cell. Figure 2.6 gives a graphical representation of what has
been explained above, taking as an example the cathode of a PEM electrolyser
where HER takes place continuously. All the required reagents (protons and
electrons) must be provided to the catalyst surface in order to produce hydrogen.
If there is no good path and contact among them, the process will fail and

efficiency will dramatically drop.
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2.3 Electrochemical Reaction Setup

Typically, electrochemical reactions and characterization measurements are
performed in a 3-electrodes cell approach (working, counter and reference
electrodes) [27, 28]. Such configuration is currently mainly used for determination
of redox potentials, reaction overpotentials, as well as for electrochemical
sensors testing. Nevertheless such a methodology is only valid for lab-scale
measurements, with no feasible possibility of scaling-up. In this research project,
a PEM based electrochemical reactor approach has been used instead, due to
its simplicity and scale up potential. In all the cases either hydrogen formation

(HER) or hydrogenation reactions were studied.

2.3.1 Background

This doctoral project was initiated as a new line in the research group, without
specific and direct previous experience on active materials and also appropriate
reaction systems. Equipment and strategies for electrocatalytic reaction systems
were designed and improved throughout the project in order to solve technical
issues as well as to meet the demands of the scientific challenges arising.

The goal of this research line was at its first stage (1) hydrogen production via
PEM electrolysis strategy using novel materials, and at its second stage (2) using
the produced hydrogen (in the form of atom, molecule, or ion) to trigger
hydrogenation reactions. In order to accomplish the first stage, a PEM based
electrolysis reactor (PEM electrolyser) was designed and manufactured, using
previously reported designs [29, 30]. PEM reactors have well-optimised structure

and components that were substantially standardised in the last years [29-31].
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This leaves relatively limited room for design improvement and thus most of our
efforts have been focused on catalysts testing and optimization.

In the following sections, electrocatalytic homemade cells will be described
more in detail to give a general idea about the tools we developed to accomplish

our targets.

2.3.2 Electrocatalytic (PEM) Reactor

Overall assembly of the electrocatalytic cell is represented in Figure 2.7a, and
its layer by layer components are shown in Figure 2.7b.

A PEM cell is based on a multilayer arrangement where the most important
parts are (i) membrane electrode assembly (MEA), (ii) diffusion layers and (iii)
current collectors with internal flow field. In our design, we made use of: (1) Nafion
117 MEA, coated with electrode catalysts (anode and cathode), (2) porous
titanium (Ti) gas diffusion layers (GDL, 2x2 or 4x4 cm2, 1 mm thick, Dpores: 50
pum, Sintered-Filter, XINXIANG FILTER TECHNOLOGY CO., LTD) and (3) Ti
current collectors (2 mm thick) with a CNC machined flow field (1 cm? of total
channel volume, with face filling single serpentine groove as shown in Figure 2.8).

Grade 1 titanium (GR1Ti) was used to avoid corrosion of (ii) and (iii). The MEA
and GDL were sandwiched between the current collectors, which were held
together by 8 screws aluminium cell housing plates (1 cm thick). Sealing and
internal electrode insulation was provided by PTFE gaskets (Figure 2.7b). Screw

torque was set at 5 N-m, providing a gas and liquid leak-free system.
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Figure 2.7. Flow-through PEM reactor for water electrolysis and electrolysis-assisted reactions.
It can be operated either in gas phase or liquid phase. (a) Electrochemical cell fully assembled
and (b) layer-by-layer reactor components, from membrane to back plate: (1) MEA, (2) gas
diffusion layer (GDL), (3) PTFE gasket, (4) current collector, (5) PTFE back gasket and (6) front

or end plate.

Power supply electrical connectors were directly plugged to the current
collector plates through the connections pins shown in Figure 2.7 (red and black

for anode (+) and cathode (-), respectively).
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MEA is the heart of the system and current collectors (Figure 2.8) are the
arteries distributing the electrons through or from the diffusion layer depending
whether acting in the cathode or anode side. Furthermore, due to their flow-field,
they allow a proper and continuous water flow through the cell. At the same time

GDL allows optimum liquid (water) - gas (Hz2, O2) interface management.

Flow-field (1cm?®)

Water Outlet

Electrical

_ connector
Water inlet

Figure 2.8. In-house designed current collector plate (Ti Grade1). Inside the dashed rectangle

serpentine flow field can be observed. Water inlet, outlet and current connector are also shown.

2.3.3 Reaction Systems and Methods

2.3.3.1 PEM Electrolyser Configuration

Figure 2.9 shows a scheme of the PEM electrolysis reactor, described in detail
in the previous section (Figure 2.7), integrated in our flow system for water
splitting (Chapters 3 and 4). This system consists of four main components,
namely (1) PEM electrolyser, (2) peristaltic pump system and water reservoir, (3)

temperature controller and (4) computer controlled potentiostat.
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Figure 2.9. Continuous electrocatalytic reaction system configuration for water electrolysis. (1)
PEM cell (electrolyser), (2) peristaltic pump and water reservoir, (3) temperature controller and

(4) computer controlled potentiostat. The inset of the PEM cell shows the multilayer configuration.

A peristaltic pump (Ismatec Reglo Digital, 2 channels) was employed to
continuously supply water to the system. The temperature controller was used to
set the desired working temperature (80 °C, optimum value for Nafion membrane
operation) inside the electrochemical reactor. Voltage (EMF, V), current (I, A) and
current density (j, A/lcm2) values, were controlled, measured and recorded using
a power supply/potentiostat system (CPX400DP, 420 DC Power Supply, 60 V
max, 20 A max), controlled by a custom LabVIEW based interface. Evolved gases

(O2 from anode and H> from cathode) were released to the atmosphere.
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The flow system described above allows to work in several ranges of water
flow, temperature and either potential or current. Similar systems are described
in literature [29-31]. MEA layer-by-layer composition for all water electrolysis tests
was IrO2 | Nafion | CC, where CC refers to cathode catalyst (Pt black, MoS,
C0304, MoS2/Vulcan and Coz04/Vulcan).

Polarization curves were performed from 1.2 V up to 2.7 V by means of
potential sweep measurements with AV= 0.05 V/step. Liquid water flow rate of

0.5 mL/min was found to be optimum for our studies.

2.3.3.2 Electrolysis-Assisted Nitrate Reduction Configuration

Electrocatalytic tests employed for electrolysis-assisted nitrate reduction
(Chapter 5) were performed using the same PEM cell described above (Figure
2.7). Figure 2.10 shows a scheme of electrochemical reaction cell and flow
reaction system configuration. Nitrate solution reservoir and auxiliary peristaltic
pump were added as main feature compared with the electrolyser system.

The pH of the effluent stream at the cathodic side was constantly evaluated
with a Crison pH meter (model 5028, probe @ = 3mm). Peristaltic pumps (Reglo
Digital, 2 channels; Ismatec) were used to feed either milliQ H2O or nitrate
solution to the electrochemical cell. Working temperature and flow rate of nitrate
solution were set at 80 °C, and 160 pL/min, respectively. Pure water was passed
through the anode compartment at flow rate of 0.5mL/min. All NOs- reduction
tests, except potential sweeps (Chapter 5), were evaluated using a 100 ppm initial

concentration solution prepared from NaNOs as precursor salt. MEA layer-by-
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layer composition for all NO3- reduction tests was IrO2 | Nafion |1 40 wt% M/SnO.,

where M = Pt, Pd, Cu and PdCu.
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Figure 2.10. Continuous electrocatalytic reaction system configuration for electrolysis-assisted
nitrate hydrogenation in aqueous media. (1) PEM cell, (2) peristaltic pump and water reservoir,
(3) temperature controller, (4) computer controlled potentiostat, (5) peristaltic pump and nitrate

solution reservoir, (6) ion chromatograph (IC) system for final product analysis.

Potentiostat (SP-150, from 10 nAto 1 A/ 10 V; BioLogic Science Instruments)
was used as an external power source with fine V-l control. For high potential
measurements (ca. 2.1-2.7 V) combination of potentiostat + Booster (VMP3B-5,

5A/20V, BiolLogic Science Instruments) was used. By applying a DC current to
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the MEA, the evolution of H> and the reduction of nitrate/nitrite took place
simultaneously at the cathode surface.

Automated programmable sample collection was done by using an in-house
built autosampler (Figure 2.11). It was computer controlled through a LabVIEW
based interface allowing custom frequency of sampling in each of the 48 available

sample positions (2 mL vials).

Figure 2.11. In-house designed autosampler. (1) Stepper motor, (2) piston, (3) rotatory stage, (4)

moving lid and (5) electronics.

2.4 Analytical System

In nitrate reduction mode, lon chromatography (IC, section 2.4.1) and mass
spectroscopy (MS, section 2.4.2) were employed to analyse the compositions of

product streams, during and after reaction.
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2.4.1 lon Chromatography (IC)

lon-exchange chromatography (or ion chromatography) is an analytical system
that allows the separation of ions and polar molecules based on the charge
properties of the ions/molecules. Any kind of charged molecule, including large
proteins, small nucleotides and amino acids can be separated and detected. This
type of chromatography is further subdivided into: anion or cation exchange
chromatography. Generally, it is used in water analysis. IC provided an easy-to-
use and robust methodology for quantification of aqueous product from NO3-
electrochemical reduction tests.

An 883-IC Basic device (Metrohm AG, Switzerland, Figure 2.12a) was used
for ions (NO3-, NO2- and NH4*) quantification. Metrosep A-Supp4 (250/4.0) and
C6 (250/4.0) IC columns were used for anion and cation detection, respectively.
All the samples were purged using a Nylon syringe filter (0.45um porous
diameter, FilterLab) before injection to a 20 yL sample loop. Samples were
manually injected and subsequently analysed while they were collected from the
reaction system (Figure 2.12b). All the analyses were performed at room
temperature and ambient pressure. All concentration values have been corrected
taking in account the dilution effect at cathode compartment due to the electro-
osmotic drag of water [32-34] induced by the potential applied in our
electrochemical reactors.

Electro-osmosis is the water flux accompanying the proton flux, and can be
characterized by the electro-osmotic drag coefficient (na = H20/H*), which is
defined as the number of water molecules moving with each proton in the

absence of the concentration gradient. For a Nafion 117 membrane (175 pm
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thick), operating at 80 °C, for each H* travelling from anode to cathode, 1.5 to 3
water molecules will be also transported [34, 35]. Thus, cathode side will be
partially wet, humidifying the gas evolved from cathode.

Ammonium analysis is pH sensitive, being the concentration of the cationic
form of the NH3/NH4* pair (pKa = 9.26) dependant on the basicity of the solution,
The pH of our product outlet stream is ca. 10-11, i.e. only the uncharged NH3 can
be present. For analytical purpose, ion chromatograph mobile phase is acidic.
Under these conditions ammonia equilibrium is completely shifted to NH4*in order
to be detected by IC. In our final results (Chapter 5) we refer to ammonium as

NH3/NH4* pair total concentration.

| F T W
A L

e

Figure 2.12. lon chromatography system for water analysis. (a) 883-IC device (Metrohm AG,

Switzerland) and (b) schematic view of ion chromatograph (IC) injection procedure. Nitrates,

nitrites and ammonium containing solutions from reaction system were manually injected.
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2.4.2 Mass Spectrometry (MS)

Mass spectrometer (MS) was used in order to analyse the gas product coming
from cathode outlet of the electrolysis-assisted reaction cells. MS allows to detect
compounds at very low concentration (typically as low as few ppm) and with a
very high time resolution (seconds), allowing real time continuous flow gas
analysis.

Continuous flow of gas products was fed into the MS prior drying, by means of
gas-liquid separation, since cathode products are wet due to the electro-osmotic
drag (section 2.4.1) phenomena that takes place inside the cell [32, 33].

The MS (Pfeiffer Vacuum, Omnistar GSD 320) was equipped with a
quadrupole mass analyser capable of separating fragments with molecular mass
to charge ratio (m/z) up to 100. It is designed exclusively for the analysis of gases.
The analysis chamber is kept under high vacuum (= 10-° bar) by a turbomolecular
pump. Before the sampling capillary, a flow splitting device (essentially a T-piece
open to atmospheric pressure), must be placed to avoid overpressure at the inlet
of the MS. Capillary temperature was fixed at 200 °C and multiple ion detection
mode (MID) was selected as the standard method for detection. Electrolysis-
assisted nitrate reduction gaseous side products (N2, Hz2, N2O, NO, NH3 and
NH20OH) were online monitored when it was required. The target fragments were
N2 (m/z = 28, 14), H2 (m/z = 2), N2O (m/z = 44, 30), NO (m/z = 30, 14), NH3 (m/z
=17, 16) and NH2.OH (m/z = 33, 32, 16). Argon (Ar, m/z = 40) or Helium (He, m/z

= 4) fragments were also followed as reference standards.
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CHAPTER 3

MOS2-BASED MATERIALS AS
ALTERNATIVE CATHODE
CATALYST FOR PEM
ELECTROLYSIS
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3.1 Introduction

Hydrogen is considered as one of the most promising future chemical energy
carriers, because it is energetically rich and clean; and only water is produced
upon burning as described in Chapter 1. However, hydrogen does not naturally
occur in nature and its production is one of the greatest challenges towards the
so-called, hydrogen economy [1].

Among available technologies for hydrogen production, electrochemical water
splitting (eq. 3.1) stands out as a cleaner and more advantageous approach in

performance, reliability, and scalability [2-4].

— _ 1

electricity heat

The approach is also favourable in the light of increasingly available renewable
energy. PEM electrolysis has great advantages over other electrolysis
technologies (Chapter 1). Noble metals such as platinum (Pt black) and iridium
(IrO2 or Ir black) are widely chosen as electrode catalysts because of their high
performance, but their low abundance on Earth’s crust [5] as well as their high
price make them unsustainable for future use and unfavoured on a large scale
[6]. Moreover, Pt can be poisoned by chemical species adsorbed on its surface
affecting the cathodic potential, resulting in decreased performance of HER [7].

In the quest for non-precious metal alternatives, molybdenum disulphide
(MoS2) has been found to be a promising catalyst for HER [8-10]. MoS: is
remarkably more economical than Pt and more importantly Mo is about 104 times

more abundant than Pt [5]. MoS2-based catalysts have been used as



UNIVERSITAT ROVIRA I VIRGILI

NOVEL CATALYTIC MATERIALS AND STRATEGIES FOR HYDROGEN PRODUCTION AND HYDROGENATION REACTIONS BASED ON PEM ELECTROLYSIS
Jordi Ampurdanés Vilanova

Diposit Legal: T 85-2015

MOS2-BASED MATERIALS AS CATHODE CATALYST FOR PEM ELECTROLYSIS _

hydrogenation catalysts in industrial processes like hydrodesulphurisation (HDS)
of crude oil [11-13]. Thus, Mo-based materials are interesting alternatives,
becoming a trending material for researchers during the last few years [10].
MoS, is classified as a metal dichalcogenide and it behaves as a
semiconductor similar to silicon with good chemical stability and laminar
structure, showing great benefits in the performance when used in
electrochemical systems [7]. Electrocatalytic activity of MoS, catalysts correlates
linearly with the number of edges in its substructure [8]. Amorphous MoS:; is
consequentially not as catalytically active as its nanoparticle-sized or hybrid-
supported counterparts [14]. Recently, MoS, has been shown to exhibit
competent performance in microbial electrolysis cells, outperforming stainless
steel which is the leading low cost HER catalyst [7, 15]. Also, MoS, chemically
bound to graphene oxide (GO) or reduced GO (RGO) was reported as a novel

and advanced catalyst [14], exhibiting a high electrocatalytic activity in HER.

3.1.1 Aim of the Study

The aim of this study was to evaluate the performance of MoS»2-based
materials as cathode HER catalyst in PEM electrolysis. We selected three
different forms of MoS2-based materials for this purpose: (1) Bare pristine MoSa,
(2) MoS: physically mixed with an electrically conducting carbon material
(Vulcan) [7] and (3) MoS2 nanoparticles chemically bound to reduced graphene
oxide (MoS2/RGO). The performance of these materials was evaluated by means
of polarization curves and compared with that of Pt black, serving as a highly

performing cathode reference catalyst in HER (Figure 3.1) [16].
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Figure 3.1. Schematic view of MoS2 composites investigated in this study. Top part MoS2/Carbon

and bottom part MoS2/RGO [16].

3.2 From Electrical Current to H2 and O2 Production

There is a linear relation between the current passing in a PEM electrolyser
and the hydrogen and oxygen produced (e.g. mL/min). The higher the current,
the higher the gas production. Oxidation of a water molecule generates 2 protons
(H*) and 2 electrons (e°) (eq. 3.2). Two H* recombine with two e-, generating H>
at cathode. Therefore, for each two flowing electrons, one H> molecule is formed

(eq. 3.2).
- 1 1
H,0 —» 2H" + 2e™ + 20, — Hy(g +5 05 (3.2)

It is rather straightforward to calculate the amount of H> and Oz theoretically
produced as a function of electrical current (I, A) or current density (j, A/lcm?2) for
an electrolyser. Hence, the mass of H> produced (mH2) over time can be

calculated from Faraday’s law of electrolysis, eq. 3.3.
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QM

My, = Tz

(3.3)

Where F is the Faraday constant (96485 C/mol e), Q is the total charge
transferred (I-t) during reaction, Z the amount of electrons transferred per each
mol of H2 produced (i.e., 2:1) and M molecular mass of Hz. At same time, if eq.
3.3 is combined with ideal gas law (PV=nRT, R = 0.082 atm-L/K-mol) together
and later rearranged, flow rate of H> produced inside the electrolyser (Fn2 in L/s)

can be elucidated for any condition of | (A), P (atm) and T (K) (eq. 3.4).

Fy, (%) = % (3.4)

Similarly, from the stoichiometry of the water splitting reaction (eqgs. 3.1 and
3.2), Oz production rate (Fo2) can be calculated as well. Table 3.1 shows several

values for H, and O- flow rates at different electrical current standards.

Table 3.1. Theoretical H2 and Oz production rate (mL/min) versus electrical current through

membrane. T =80°C and P =1 atm.

Current/ A H2 production / mL-min-1 O2 production / mL-min-
0.00 0.00 0.00
0.10 0.90 0.45
0.50 4.50 2.25
1.00 9.00 4.50
2.00 18.0 9.00
3.00 27.0 13.5
5.00 45.0 22.5

10.0 90.0 45.0
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3.3 Materials

3.3.1 MoS:2 Mixed with Carbon Material

Molybdenum(IV) sulphide (MoS2) was physically mixed [7] with Vulcan during
the preparation of the cathode catalyst inks. No further preparation was required
prior to deposition over the PEM (section 3.4). Four different weight percentages
of MoS: in the mixture of MoS2 with Vulcan, 9, 33, 47, and 70 wt% were

examined.

3.3.2 MoS: Nanoparticles Deposited on Reduced Graphene Oxide
(M0S2/RGO)

Graphene oxide (GO) was synthesized using the improved Hummers method
[17] using graphite flakes (natural, 325 mesh, >99.8% metals basis, Alfa Aesar)
as the starting material. The hybrid MoS2/RGO material was synthesized
according to the method described by Li et al. [14]. In short, 10 mg of the obtained
GO were suspended in N,A-dimethylformamide (DMF) by sonication for 30 min.
22 mg of ammonium tetrathiomolybdate ((NHs)2Mo0S4, >99.97% trace metals
basis, Sigma-Aldrich) was added and the solution was sonicated for 30 min.
Then, 0.1 mL of hydrazine (N2Hs4 monohydrate, >99%, Alfa Aesar) was added to
the solution, which was further sonicated for 30 min. The resultant solution was
transferred to a 40 mL autoclave, heated at 200 °C for 10 h. During this
solvothermal reaction, (NH4)2MoS4 precursor was reduced to MoS2 on GO
surface and, at same time, the GO was transformed to RGO by hydrazine

reduction, finally yielding MoS: dispersed on RGO (MoS2/RGO).
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The synthesised MoS2/RGO materials were characterised by transmission
electron microscopy (TEM) using a JEOL 1011 operated at 80 kV (Figure 3.2a).
The sample was dispersed in ethanol, and a drop of the suspension was poured
onto carbon coated-copper grids. Furthermore, the starting and final materials
were characterised by Raman spectroscopy (Renishaw InVia Raman) using a
633 nm excitation laser to confirm whether the desired materials (GO, RGO, and
MoS3) were properly synthesized (Figure 3.2b). Moreover, energy dispersive X-
ray (EDX) analysis was employed to quantify molybdenum to carbon and oxygen
(Mo:C:0O) ratio. EDX analysis was performed on an FEI Quanta 600 ESEM

equipped with an Oxford Instruments EDS Detector.

o

“nOSZ
\'353 T ol T T T = T LR AR |
L > GO
‘0
g
a EE T T T T T T
MoS /RGO

0 500 1000 1500 2000 2500 3000 3500 4000
Raman Shift / cm™

Figure 3.2. MoS2/RGO characterization: (a) TEM images of as-synthesized MoS2/RGO, (b)
Raman spectra of MoS:z (characteristic bands are highlighted in blue shadow), GO (characteristic

bands are highlighted in red shadow), and chemically bound MoS: on reduced GO (MoS2/RGO).
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3.4 MEA Preparation and PEM Electrolysis

MEA were prepared as described in Chapter 2 (section 2.2). Iridium (IV) oxide
(IrO2) was used as the anode catalyst with a fixed loading of 2 mg/cm2. Pt black
(20 um powder, surface area 225 m2/g, 299.97% trace metal basis, Sigma
Aldrich) was used as reference cathode catalyst with 0.6 mg/cm?2 loading.

Catalyst materials for anode or cathode were coated over the pre-treated
Nafion membrane (2x2 cm? active area, 3.5x3.5 cm? total area) by spray
deposition. The inks were composed of a mixture of catalyst powder, 2 g of
isopropanol, and Nafion solution amounting to 15.4 wt% dry Nafion per total dry
solid.

Electrolysis tests were performed at 80 °C using a home-made PEM
electrolyser cell shown in Figure 2.7 integrated in a flow system shown in Figure

2.9 with the procedure described in Chapter 2 (section 2.3.3.1).

3.5 Electrolyser Performance

3.5.1 Hybrid M0S2/RGO Characterization

Figure 3.2a shows the TEM images of the as-synthesized MoS2/RGO. From
Figure 3.2a (top) we can recognize the characteristic folding of graphene oxide
sheets and from Figure 3.2a (bottom) the MoS:> (darker spots) deposited onto the
graphene oxide sheet can be clearly observed. The Raman spectrum of
MoS2/RGO (Figure 3.2b) confirms the co-presence of GO (two bands around
1500 cm') and MoS: (bands in 100-1000 cm-! with the prominent bands at 819
and 991 cm), in agreement with the spectra of the respective reference

materials (MoS2 and GO, Figure 3.2b). Mo:C:0O atomic ratio of the MoS,/RGO
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sample was found to be 1:13.5:2.7, corresponding to approximately 43.8 wt%
MoS: in MoS2/RGO. The characterization results were similar to those reported
in literature [14]; therefore we concluded that the hybrid MoS2/RGO material was

successfully synthesized.

3.5.2 Performance of MoSz/Carbon

First, the effect of mixing MoS> with electrically conducting carbon material
(Vulcan) on PEM electrolysis performance was investigated by means of
polarization curves. The physically-mixed materials with various amounts of MoS2
namely 9, 33, 47, 70 and 100 wt%, with respect to the total weight of MoS2/Vulcan
were evaluated as the cathode catalyst. In the MoS2/Vulcan composite, the
amounts of Vulcan (5 mg/cm?) and the Nafion binder were kept constant;
therefore the amount of MoS> was changed to vary the loading of MoS..

Although the performance of MoS./Vulcan at 9 wt% MoS: is rather poor
(Figure 3.3 curve a), increasing the amount of MoS: in the cathode catalyst
remarkably improved the HER activity and electrolysis performance (Figure 3.3,
curves b (33 wt%) and c (47 wt%)). However, further increase of MoS; in the
catalyst (curve d (70 wt%)) resulted negatively, decreasing the HER activity. Pure
MoS: without Vulcan (curve e) exhibited HER activity, but the performance was
poor and lower than that of the sample where the least amount of MoS, was

mixed with Vulcan (9 wt% MoS/Vulcan, curve a).
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Figure 3.3. Polarization curves (potential sweep from 1.2 to 2.0 V, AV = 0.05 V) for PEM
electrolysis using MoS2/Vulcan as the cathode catalyst with varying amount of MoS: with respect
to total amount of MoS2/Vulcan: (a) 9 wt%, (b) 33 wt%, (c) 47 wt%, (d) 70 wt%, (e) 100 wt% (i.e.
bare MoS: without Vulcan). As a reference, the performance of Pt black (f) is also shown. Anode:
IrO2 2 mg/cm?, cathode: Vulcan (5 mg/cm?2) mixed with proper amount of MoS: or bare Pt black

0.6 mg/cm2.

The results indicate the critical importance of the ratio between MoS; and
carbon material (here Vulcan). The major role of the carbon material is the
enhancement of catalyst conductivity, highly beneficial to efficiently utilize
electrocatalytic sites distributed over the PEM. This was confirmed by a simple
4-point measurement of the resistance through the cathode catalyst coated on
the Nafion membrane using an Agilent 34401A digital multimeter (Figure 3.4).
Using such method, resistivity (p in Q-m, eq. 3.5) of the catalyst layer was
evaluated and thus, conductivity (k in S/m, eq. 3.5) was determined as the

reverse of resistivity.
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A 1
p_RE - K—E (3.5)

Where R is the resistance between the electrical contacts, A is the cross
section (25-104 x 4 cm?) area of the layer and L is the distance in between
contacts. These measurements showed a much higher relative conductivity of
the MoS2/Vulcan membranes, which were between 14 and 20 S/m, than that of
the MoS2 membrane, which showed conductivity values as low as 2:10-3 S/m.
The amount of MoS:; is also critical because this is the active material of the
reaction; therefore, there exists a well-balanced, optimum amount of MoS; in the
MoSz/Vulcan mixture. Following the trend observed in Figure 3.3, it can be
concluded that the optimum lies around 47 wt% MoS2 in MoS2/Vulcan. This is
exactly the value reported to be optimum for HER in microbial electrolysis cells
and this study confirms that the specific amount of MoS2 in MoSz/Vulcan is also

beneficial when used for PEM electrolysis.

Source meter:

*TY

00310

Catalyst layer (25 um)

\

Nafion 117

Figure 3.4. 4-point measurement of the resistance through the cathode catalyst coated on the

Nafion membrane using a digital multimeter.
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3.5.3 Performance of Mo0S2/RGO

Furthermore, PEM electrolysis performance of the MoS2/RGO nano-
composite (Figure 3.2) as cathode catalyst was investigated to examine the effect
of high dispersion of MoS2 nanoparticles over the carbon support (RGO) and
possible synergetic effects.

Figure 3.5 shows the PEM electrolysis performance of MoS2/RGO with two
different deposition loadings (1 and 3 mg/cm?, curves a and b, respectively). It is
compared with those of the optimum 47 wt% MoS»/Vulcan (curve c), pure MoS>
(curve d) and the reference Pt black cathode catalysts (curve e). Evidently,
reasonable HER activities of MoS2/RGO were observed. Increasing the amount
of deposition loading (Figure 3.5, curves a and b) showed that the electrolysis
performance was improved by increasing the amount, although the increase in
current density was not fully proportional to the amount of the catalyst at higher
cell voltage. Also, poorer performance (less prominent increase in current
density) at higher cell voltage was noticed compared to the MoSz/Vulcan
composite catalysts prepared by physical mixing. This feature may be originated
from the lower conductivity of RGO, which calculated from the 4-point resistance
measurement, was between 2 and 5 S/m, much lower than that of MoS2/Vulcan
composites. These can be attributed to the fact that reduced graphene oxide has
lower electrical conductivity than that of graphene because of the lost uniformity
in its structure after reduction, and also tends to agglomerate [18]. In fact,
graphene oxide is known to be an electrical insulator [19], therefore the presence

of remaining oxide groups could diminish conductivity.
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This conductivity problem may be mitigated by the same approach as shown
in Figure 3.3, i.e. physical mixing with carbon materials, or fine-tuning the
reduction procedure of GO to increase the degree of reduction and thus the
conductivity. This, together with the optimum loading of MoS2 on RGO, are

parameters promising to be optimized.
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Figure 3.5. Polarization curves (potential sweep from 1.2 to 2.0 V, AV = 0.05 V) for PEM

electrolysis using two different catalyst loadings of MoS2/RGO over the membrane (a) 1 mg/cm?

and (b) 3 mg/cm2. For the sake of better comparison, the performances of (c) 47 wt% and (d) 100

wt% MoSz/Vulcan as well as (e) Pt black are shown. The loadings of these and the anode catalyst

(IrO2) are presented in the caption of Figure 3.3.

3.5.4 Effect of Hot-Press

Usually when preparing MEAs and before their usage, it is recommended to

apply hot-press to properly embed the catalyst layer into the membrane [20],
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promoting good contact within the three-phase region [21] and alleviating ohmic
losses [18], thus to achieve better PEM electrolysis performance and to avoid
catalyst delamination [22]. We investigated the effects of hot-press on PEM
electrolysis performance using 9 wt%, 33 wt% and 47 wt% MoS,/Vulcan. Hot-
press was performed at a constant pressure (140 bar) for 5 min at 85 °C. Figure
3.6 presents polarization curves obtained without hot-press (as obtained after
spray deposition) and with hot-press. Surprisingly, the MEAs without hot-press
gave better electrolysis performance at all cell voltages examined. At the cell
voltage of ca. 1.6 V and above, the difference started to become prominent with
increasing voltage and amount of MoS:, even ca. 3 times higher for the MEA
without hot-press at 47 wt% MoS> content. This suggests that hot-press strategy
for MoSa/Vulcan materials can be detrimental. Although the reason for the
decreased performance of hot-pressed membranes is not known and further
studies are needed to understand this phenomenon, it can be attributed to a
reduction in the size of the pores of the Nafion membrane which diminishes
proton conductivity and therefore performance [23]. This effect would become
more apparent at higher current densities as observed in the polarization curves
shown in Figure 3.6.

It has been shown that the effect of hot-press varies depending on the
thickness and tensile strength (among others) of the Nafion membrane [24, 25].
Thinner membranes with lower tensile strength such as Nafion 212 have shown
more improvements by hot press than thicker membranes like Nafion 115 [24,
25]. Our data indicates that for Nafion 117 membranes water transport issues are

surpassing the improved contact due to hot pressing.
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Figure 3.6. Effects of hot-press on polarization curves in PEM electrolysis using the MEA with 9
wt%, 33 wt% and 47 wt% MoS2/Vulcan. Hot press condition was 140 bar, 85 °C for 5 min.

3.5.5 Stability Tests

The short-term and long-term stability of electrolysers is of primary importance
in practice, especially at a harsh condition such as at high cell voltage and
consequently at higher current density. This point has been investigated using
the best MoS»-based cathode catalyst found in this work, 47 wt% MoS»/Vulcan,
at the highest cell voltage investigated in this study (2.0 V).

First, we investigated the reproducibility of polarization curves upon forward
(1.2 to 2.0 V) and reverse (2.0 to 1.2 V) potential sweeps without an interval
between the two experiments (Figure 3.7a). Almost identical current density
values were observed at all the cell voltage points along the sweep, although a

slight deviation was observed between 1.65 and 1.90 V. Actually, a performance
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improvement was detected upon reverse sweep due to improving stabilization

period of the MEA (vide infra).
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Figure 3.7. Stability tests of 47 wt% MoS2/Vulcan in PEM electrolysis. (a) polarization curves with
forward and reverse potential sweeps and (b) long term stability test at a constant cell voltage of

20V.
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Secondly, we investigated the long-term stability of the MEA prepared without
hot-press. Figure 3.7b shows the variation of current density profile over 18 h of
continuous PEM electrolysis of 47 wt% MoS2/Vulcan, which was performed
immediately after the continuous voltage ramp from 1.2 to 2.0 V (potential sweep,
Figure 3.7a). A stable and relatively high current density (ca. 0.35 A/cm?2) was
reached after 15 h with no indication of performance deterioration over 18 h. The
performance slightly increased overtime because of possible hydration effects as
the proton and water transport occurred through the membrane [26]. Based on
these results, we can conclude that MoS:/Vulcan catalyst is a stable

electrocatalyst for HER in PEM electrolysis.

3.6 Conclusions

MoS. was found to be an efficient, inexpensive cathode catalyst in PEM
electrolysis when its electrical conductivity is enhanced by simple physical mixing
with highly conducting carbon materials (Vulcan) or by finely dispersing MoS>
over RGO.

The ratio of MoS2 to carbon highly influenced the performance of the physically
mixed MoSy/Vulcan composites. Best performance among all the materials
evaluated in this study was observed with 47 wt% MoS2/Vulcan, which also
showed high long-term stability up to 18 h of continuous operation in a PEM
electrolyser. This material’s stability, facile preparation and improved
performance when compared to pristine MoS2 are encouraging features for

practical application.
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MoS2/RGO was successfully synthesized and characterized. This catalyst
showed reasonable and promising activity in PEM electrolysis; however, further
investigation is required to evaluate the real value of the nano-composite in HER,
e.g. by increasing the conductivity of the material by physical mixing with carbon
material and by tuning the reduction procedure of GO together with the amount

of MoS: deposited on RGO.
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CHAPTER 4

C0304 FOR HIGH POTENTIAL

PEM ELECTROLYSIS
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4.1 Introduction

The quest for novel, abundant, non-expensive, and high-performance
electrode materials in water electrolysis started several years ago. Our attempt
in this direction was demonstrated in Chapter 3 using MoS,-based materials
which exhibited promisingly high performance at the relevant level for practical
applications. During the course of the doctoral thesis project, we encountered
another type of economical material, Co3z04, showing a good HER activity
particularly with excellent stability. This chapter describes evaluation of Co304
and Co304-based materials in HER.

Cobalt-containing materials are known to be active in electrochemical
reactions. Many spinel cobaltite oxides meet the requirement for a wide range of
electrochemical reactions, mainly for OER or oxygen reduction reaction (ORR)
[1]. The presence of mixed valences of the same cation in such cobaltite spinel
systems is known to induce the bifunctional behaviour of the materials towards
OER and ORR by providing donor-acceptor chemisorption sites for the reversible
adsorption of oxygen. Also, these oxides exhibit relatively high electrical
conductivity by electron transfer taking place with relatively low activation energy
between cations of different valences by hopping processes.

Cobaltites (e.g. Co0304, NiC0204, MgCo0204, MNnCo0204 spinel oxides) have
received great interests and they are used in many industrial applications. Co304
has been shown to be an effective anode material for various oxidation reactions
including CI- to Cl2[2], CO to CO2[3], EtOH to AcOH [4] and H20 to O [5-7]. The

same material has also considerable potential for use as electrolytic capacitor [8,
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9], as anode in air-metal batteries, and it has also demonstrated high lithium
storage capacity and good cycle-ability [10].

Co304 adopts the normal spinel (Figure 4.1) structure, with Co2?* ions in
tetrahedral interstices and Co3* ions in the octahedral interstices of the cubic
close-packed lattice of oxide anions. Co3O4is also referred as cobalt (I1,1I) oxide
since it has mixed valences; hence, its formula is sometimes written as
Co!'Co>04 or Co0.Co0203 [11]. The advantages of using these oxides as
electrode materials are associated with their activity, availability, low cost,
thermodynamic stability, low electrical resistance and their environmental
friendliness [1]. In fact, cobalt (Co) is 10 times more abundant than molybdenum
(Mo) in Earth’s crust [11]. Furthermore, current market price of bulk MoS2 or
Co304 is about the same; ca. 0.5 €/g, and this is 400 times cheaper than Pt black,

ca. 200 €/g (values taken from common chemical suppliers brochure).

Figure 4.1. Spinel structure (unit cell) of cobalt (ll, Ill) oxide (Co30a4).
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Our literature survey reveals that many experimental works have focused on
the electroactivity of Co3zO4 in the last two decades [1, 7, 12, 13], all related with
OER and ORR [1]. However, the material was never tested as a cathode material
for HER.

As already mentioned in Chapter 1, PEM electrolysis research is generally
focused on minimizing electrodes overpotentials in order to efficiently work at
either thermoneutral (1.48 V, 100% voltage efficiency) or reversible (1.23 V,
120% voltage efficiency) water splitting potentials while reducing the amount of
noble metal required [14-16]. From literature, the highest performance values of
a PEM electrolyser operating at “low potential” are stacked at ca. 2.0 A/cm? at

around 1.7 V using Pt-based cathodes [14].

4.1.1 Aim of the Study

The main goal of this chapter’s work was to evaluate Co304 as a novel cathode
material in PEM electrolysis particularly in a very wide range of cell voltages (1.2
to 2.7 V). We selected two different forms of Co3z04-based materials: (1) Bare
commercial Co304 and (2) Co304 physically mixed with Vulcan [17]. The latter
was chosen because of the previously-shown great benefit of Vulcan addition to
another alternative HER active material, MoS, (Chapter 3). The performance of
these materials was evaluated by means of polarization curves and compared
with those of Pt black and 47 wt% of MoS2/Vulcan [18] as reference materials for
HER. Moreover, examination of PEM electrolysis stability is of central importance
due to possible high cell voltage applications. Therefore, a long-term stability test

using the most active HER material up to 24 h was performed.
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4.2 Materials

4.2.1 Co304 Mixed with Carbon Material

Cobalt (I, Ill) oxide (Figure 4.2) was physically mixed with Vulcan during the
preparation of the cathode catalyst inks (Chapter 2, section 2.2.2). No further
preparation was required prior to deposition over the polymer electrolyte
membrane. Four Co304-Vulcan composites with different weight percentages of

Co0304, namely 9, 33, 47, and 70 wt% were prepared.

Intensity / A.U.

10 15 20 25 30 35 40 45 50 55
20/°
Figure 4.2. Material characterisation: (a) TEM micrograph of commercial cobalt (Il,Ill) oxide
nanopowder employed in our studies, agglomerated particles, (b) single particle and (c) Powder

XRD pattern of Co30a.
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In Figure 4.2a and b, TEM pictures (JEOL 1011 operated at 80 kV) are shown
(agglomerated particles and single particle, respectively). The observed particle
size of the material was around 20-40 nm, which is in agreement with the
specifications on the datasheet (<50 nm). Apparently, the particle shape was not
well-defined. Figure 4.2c shows and XRD profile of the Co304 where the most
characteristic phases of this material are highlighted, confirming the crystalline

structure commonly described in literature and database [19, 20].

4.3 MEA Preparation

MEA preparation is extensively described in Chapter 2 (section 2.2). It is
important to note that IrO2 (>99%, powder, Alfa Aesar) was used as the anode
catalyst with a fixed loading of 2 mg/cmZ. This IrO2 was from same batch as the
one we used for MoS; studies, in order to allow a proper comparison among
different MEAs (depending on the purchase date, the structure of IrO, was
different, sometimes containing significant amount of metallic Ir). Furthermore, Pt
black was used as reference cathode catalyst with 0.6 mg/cm?2 loading. The
anode and cathode catalyst materials were coated over the pre-treated Nafion
membrane (2x2 cm? active area, 3.5x3.5 cm? total area) by spray deposition,

following the procedure described in Chapter 2 (Figure 2.4 and section 2.2.3).

4.4 System Configuration

The PEM electrolyser system is described in Chapter 2 (section 2.3.2 and

Figure 2.9) and the same parameters as for MoS2-based electrolysers (Chapter
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3) were used. The only difference was the cathode material (Co3Oa4/Vulcan
instead of MoS2/Vulcan).

Polarization curves were evaluated in a wide range from 1.2 to 2.7 V, because
our aims were to study the Co oxides material at the current density (j) through
the system at non-conventional high cell voltages and to examine electrolysis
stability under such conditions. Especially, we focused on the higher cell voltage
range from 2.0 to 2.7 V where not only current density is important but also
stability plays crucial roles. Thus, the study was summarized in two regions
separated by employed cell voltage: (i) Low potential region (1.2-2.0 V) and (ii)

high potential (2.0-2.7 V) region.

4.5 Results

4.5.1 Performance of Coz0O4/Carbon

The effect of mixing Co30s4 with electrically conducting carbon material
(Vulcan) on PEM electrolysis performance was investigated by means of
polarization curves. The physically-mixed materials with various amounts of
Co304 namely 9, 33, 47, 70 and 100 wt%, with respect to the total weight of
Co304/Vulcan were evaluated as the cathode catalyst. In the Co304/Vulcan
composite, the amounts of Vulcan (5 mg/cm2) and the Nafion binder were kept
constant (ca. 15.4 wt%); therefore the amount of Coz04 was changed to vary the

loading of Co30s.



UNIVERSITAT ROVIRA I VIRGILI

NOVEL CATALYTIC MATERIALS AND STRATEGIES FOR HYDROGEN PRODUCTION AND HYDROGENATION REACTIONS BASED ON PEM ELECTROLYSIS
Jordi Ampurdanés Vilanova

Diposit Legal: T 85-2015

4.5.1.1 Low Potential Electrolysis

Operating at low potentials (1.2-2.0 V), several features among all set of
materials screened were observed. First of all, pure Co304 without Vulcan (Figure
4.3 curve e) exhibited HER activity, but the performance at this range was poor
and the onset potential for PEM electrolysis was >1.8 V, likely determined by the
electronic (semiconducting) property of the material.

The addition of Vulcan to the material consistently improved the current density
and thus electrolysis performance (Figure 4.3). Curves a, b, c and d show better
current density than that of bare Co304 (curve e), this HER performance
enhancement is in well agreement whit what we observed in previous studies [18]
(Chapter 3), although in case of the lowest Co304 loading (9 wt%, curve a), the
improvement is very small and j values are almost overlapping with those of bare
Co304 towards 2.0 V (curves a and e). Main reason for this is likely due to the
small amount of Co304 dispersed over Vulcan surface which does not efficiently
provide sufficient active sites for HER. On the other hand, 33, 47 and 70 wt%
Co304 catalysts performed notably better than bare Co304 (100 wt%). The same
trend as observed in MoS: study was recognized. That is, from 9 to 47 wt% Co0304
loading, electrolysis performance improved; however, further increase in Coz04
amount in the Co304/Vulcan composites (curve d, 70 wt%) resulted negatively,
decreasing the HER activity. Thus, the results indicate the critical importance of
balance between the amounts of electrocatalytic material for HER (Co0304) and of
the carbon material (Vulcan). The major role of the carbon material is attributed
to the enhancement of catalyst conductivity, highly beneficial to efficiently utilize

electrocatalytic sites distributed over the PEM.
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Figure 4.3. Polarization curves (potential sweep from 1.2 to 2.0 V, AV = 0.05 V) in low potential
region for PEM electrolysis using CosO4/Vulcan as the cathode catalyst with varying amount of
Co304 with respect to total amount of CosO4/Vulcan: (a) 9 wt%, (b) 33 wt%, (c) 47 wt%, (d) 70
wt%, (e) 100 wt% (i.e. bare Co3O4 without Vulcan). As references, the performance of Pt black
(f) and 47 wt% MoS2/Vulcan (g) are also shown. Anode: IrO2 2 mg/cm?, cathode: Vulcan (5

mg/cm?2) mixed with proper amount of Co3O4 or bare Pt black 0.6 mg/cm?2.

From 1.6 to 1.9V, 33 wt% Co0304 performed better than 47 wt% Co304 which
can be attributed to the better dispersion of cobalt oxides over Vulcan surface;
but it is interesting to note that as soon as potential is close to the high potential
boundary (2 V) 47 wt% Co304 boosts its performance getting almost closer to
that of 47 wt% MoSz/Vulcan (Figure 4.3, curves ¢ and g). The Coz04/Vulcan
catalysts with higher Co304 loading showed superior performance at higher
potentials. Comparing with the performance of our post-Pt reference catalyst, 47
wt% MoS2/Vulcan (curve g), the reference MoSy/Vulcan showed superior

performance in 1.2 - 2 V range. It should be noted, however, that at the highest
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potential range examined 47 wt% Co304/Vulcan achieved nearly the same level

of current density, ca. 0.42 A/lcm?Z.

4.5.1.2 High Potential Electrolysis

Figure 4.4 presents the polarization curves evaluated at the higher potential
range (2.0-2.7 V) using the same materials examined for the low potential
electrolysis (Figure 4.3). Obviously, the trend observed in the higher potential
range changed completely compared to that in the lower potential range. The
most striking observation was that 47 wt% Coz04/Vulcan (curve c) was the best
material in terms of current density at the very high potential region, showing ca.
2 Alcm2 at 2.7 V. The performance of 47 wt% Co304/Vulcan (curve c) surpassed
that of 47 wt% MoS2/Vulcan (curve g) at ca. 2.05 V and, most remarkably, even
that of Pt black (curve f) at 2.3 V. Although the electrolysis performance of the Pt
catalyst could be better than the results we report here by further optimizing the
Pt loading and conditions for catalyst deposition; nevertheless, it is very
significant to observe the higher HER activity than that of the Pt catalyst.
Furthermore, 47 wt% Co304/Vulcan (Figure 4.4, curve c) showed a linear
increase in current density proportional to the cell voltages. It is significant that
there was no symptom of decelerated current increase at higher potentials in all
the range examined (2.0-2.7 V). Similarly linear behaviour of current density
increase at higher potential was observed for 9, 33 and 47 wt% Co0304/Vulcan
(curves a, b and c). Among the three composite materials, 47 wt% Co304/Vulcan

showed the highest performance followed by 33 wt% and finally 9 wt%
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Co304/Vulcan, confirming the consistent trend between electrolysis performance

and loading of active HER material with respect to the carbon material.
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Figure 4.4. Polarization curves (potential sweep from 2.0 to 2.7 V, AV = 0.05 V) in high potential
region for PEM electrolysis using Co3Oa4/Vulcan as the cathode catalyst with same compositions
as presented in Figure 4.3. As references, the performance of Pt black (f) and 47 wt%
MoS2/Vulcan (g) are also shown. Anode: IrO2 2 mg/cmz2, cathode: Vulcan (5 mg/cm?2) mixed with

specified amount of Co3O4 or bare Pt black 0.6 mg/cm2.

Another notable observation was a loss of linearity between cell potential and
current density of two materials with high Coz04 loadings (70 and 100 wt%),
starting at ca. 2.25 V (Figure 4.4). Apparently, the amount of carbon material in
70 wt% Co304/Vulcan was so low that the electronic behavior of the composite
material followed that of bare Co0304. Also, it should be pointed out that not only
47 wt% but also 33 wt% Co304/Vulcan overpass 47 wt% MoS,/Vulcan (curve g)

at ca. 2.2V and Pt black (curve f) at ca. 2.5 V.
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Following the trend observed in Figure 4.4, it can be concluded that the
optimum amount of CozO4 in Co304/Vulcan is around 47 wt%. This is exactly the
value verified for MoS2/Vulcan composites (Chapter 3) and the specific amount
of Co304 in the Coz04/Vulcan composite is also beneficial when used for PEM

electrolysis.
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1.2 1
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Current density / A-cm™
Figure 4.5. Polarization curves (I-V) of bare Co3O4 (red line) and bare MoS:2 (blue line). Potential

steps (AV) of 0.05 V, from 1.2 t0 2.7 V.

In order to clarify the difference of intrinsic HER activities of Co304 and MoS,
PEM performance of the two pure materials were investigated. Figure 4.5 shows
the polarization curves of bare Co304 and MoS: in the full range investigated in
this work (1.2 to 2.7 V). Performance of Co3O4 was much superior to that of MoS2
in all the range where water splitting takes place at substantial rate (>1.8 V), next

to the boundary in between low and high potential regions. At the highest cell
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voltage studied (2.7 V), the current densities for Co304 and MoSz were ca. 1.25
and 0.40, respectively, showing nearly 3 times higher value for Co3z04. This
comparison is consistent with what has been found above for composites with
carbon; that is, Co3z04is a promising candidate for high potential PEM electrolysis

encouraging its utilisation in further studies.

4.5.2 Stability Tests

Short-term and long-term stability of electrolysers is of prime importance in
practice, especially at a harsh condition such as at high cell voltage and
consequently at higher current densities. This point has been investigated using
the best Co30s-based cathode catalyst found in this work for high potential region,
47 wt% Co304/Vulcan, at two cell voltages, 2.0 and 2.5 V. The same MEA was
used for both tests.

We investigated long-term stability of the MEA prepared without hot-press,
because we observed the negative effect of hot-press treatment on the overall
performance for the MoS2/Vulcan composites (Chapter 3) [18] . Figure 4.6 shows
the variation of current density over 24 h of continuous PEM electrolysis of 47
wt% MoS2/Vulcan at 2.0 (red line) and 2.5 V (blue line). This study was performed
immediately after the continuous voltage ramp from 1.2 to 2.7 V (potential sweep,
Figures 4.3 and 4.4).

Operating at 2 V, a stable and relatively high current density (ca. 0.42 A/cm?2)
was reached after 4 h. At 12 h indication of slight performance deterioration was
observed. Such signal drift (Aj /At) was quantified and determined to be around

5 mA/cm2-h from 12h to 24h. This small signal drift may arise from the fact that



UNIVERSITAT ROVIRA I VIRGILI

NOVEL CATALYTIC MATERIALS AND STRATEGIES FOR HYDROGEN PRODUCTION AND HYDROGENATION REACTIONS BASED ON PEM ELECTROLYSIS
Jordi Ampurdanés Vilanova

Diposit Legal: T 85-2015

at 2.0 V the electrolysis performance lies within low-high current density transition
region as shown in Figures 4.3 and 4.4. At higher potentials the Co30O4-based
material outperformed over other materials with a linear response against
potential increase. Therefore, 2.0 V may be in the metastable range where the
stability of the material in electrolysis is not well established. Furthermore, at the
beginning of the test (first 4h) the performance slightly increased overtime, this is
attributed to hydration effects to equilibrate the membrane for better proton and

water transport through Nafion polymer [21].
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Figure 4.6. Stability tests of 47 wt% CosOa4/Vulcan in PEM electrolysis. (i) Long term stability test

at constant cell voltages of 2.5 V (blue line) and 2.0 V (red line).

Figure 4.6 (blue line) shows the long-term stability operating the electrolyser
at2.5V. As in the previous case (2.0 V), at the beginning the performance slightly

increased over time (1 h) because of the hydration effects. After this stabilization
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period, the system was completely stable without noticeable performance
deterioration in PEM electrolysis along the tested period of 24 h. The high current
density value of ca. 1.50 A/cm? was stable. Based on these results, we can
conclude that CozOs4/Vulcan is a very stable HER electrocatalyst in PEM
electrolysis, especially operated at high potential regime (from 2.0 to 2.7 V) with

outstanding long-term stability.

4.6 Conclusions

Co304 was found to be an efficient, inexpensive cathode catalyst for HER in
PEM electrolysis. As in the previous study of MoS2/Vulcan (Chapter 3), addition
of carbon (Vulcan) to the HER active material (Co304) positively influenced the
performance of the physically mixed CozO4/Vulcan composites due to enhanced
electrical conductivity and efficient use of active HER sites. The material showing
the best performance among all the materials evaluated was 47 wt%
Co304/Vulcan. The material enhanced its performance particularly at high
potentials and notably it showed linear response of current density against cell
voltage variations. Strikingly excellent long-term stability at 2.5 V up to 24 h of
continuous PEM electrolysis was shown, elucidating robustness of Coz04 based
materials under harsh conditions.

Low cost and high abundance of Co304, excellent stability and high current
density when used as cathode material in PEM electrolysis, and facile preparation
of MEA are encouraging features to use Co304 for practical application,
especially as a composite with carbon material to boost HER activity. Finally, it is

important to mention about practical implications of the required high cell voltage
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to achieve high current density which can exceed Pt-black cathode. Generally,
lower cell voltages with high current density are the desired condition, but high
cell voltage conditions are also of great value when the current density is very
high. In reality, despite of the high cell voltages, smaller active catalyst area, i.e.
smaller electrolyser, can achieve equivalent amount of H2 production. Further
studies on longer-term stability and heat loss due to higher voltage need to be
performed. Nevertheless, the excellent performance of Co3Os-based materials
shown by this work may pave a new way towards inexpensive, robust, high-

performance electrolyser operated at high cell voltages.
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CHAPTER 5

CONTINUOUS ELECTROLYSIS-

ASSISTED NITRATE REDUCTION
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CHAPTER 5

5.1 Introduction

5.1.1 Catalytic and Electrocatalytic Nitrate Reduction

There are increasing concerns about contamination of drinking water with
nitrogen containing ions such as nitrates, nitrites and ammonium (Chapter 1),
especially nitrates because the other ions are typically derived from them. Among
various physical and chemical methods for nitrates removal, catalytic
hydrogenation (Figure 5.1a) has been considered as one of the most effective
methods for nitrate reduction to nitrogen molecule [1]. In 1989, Vorlop and Tacke
published a pioneering work describing how to successfully remove nitrates from
water [2].

Nitrates hydrogenation is related to an electrochemical process since it
involves the reduction of the nitrogen oxidation state through a stepwise
mechanism leading to the formation of nitrites, ammonium ion/ammonia and No.
Supported metallic or bimetallic catalysts are known to show good activities for
nitrates removal by catalytic hydrogenation [3-6]. Multiple combinations of noble
metal-metal have been tested during the past decades aiming to find an optimal
compromise between nitrate removal efficiency and selectivity towards nitrogen
[2, 7]. PdCu bimetallic catalyst, with Cu as a promoter, is widely known [2, 8, 9]
as one of the best catalysts for either catalytic [10] or electrocatalytic [11] nitrate
hydrogenation. Pd performs in general better than Pt, both in nitrates conversion
and selectivity [7, 8]. Cu is suggested to be indispensable for the first reaction
step, i.e., from NOs3- to NO2 [12]. Besides, the interaction between Cu and Pd is
of major importance to maintain copper in the metallic state due to the high

hydrogenation activity of Pd, facilitating Cu to be in the active, reduced state
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CONTINUOUS ELECTROLYSIS-ASSISTED NITRATE REDUCTION

(Figure 5.2). The major problem of the approach is the usage, storage, and
infrastructure needed for hydrogen gas (H2) that needs to be dissolved in the
aqueous solution containing nitrate ion. Furthermore, poor N2 selectivity is often

reported, producing even more harmful NO2- and NH4* by-products.

©Q 00

Figure 5.1. Catalytic versus electrocatalytic nitrate hydrogenation reaction strategies, schematic

view of process. (a) Catalytic nitrate reduction and (b) electrocatalytic approach.

On the other hand, since past decades, electrocatalytic removal of nitrates
(Figure 5.1b) embraces a big part of the nitrogen electrochemistry. In fact, the
major reaction pathways for nitrate and nitrite reduction on noble-metal
electrodes are properly described in literature [13]. In the light of these
backgrounds, electrochemical and electrolysis-assisted nitrate reduction
combination is a promising approach due to possible process simplicity and the
generation of Ho or H*, used for nitrate reduction, in situ by electrolysis of water.

Recently, Machida and co-workers reported the possibility of selective
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CHAPTER 5

electrocatalytic hydrogenation of NO3z- to N2 using an electrochemical batch
reactor [14, 15]. The use of a Nafion proton exchange membrane allowed the
transport of in situ generated protons on the anode side to the surface of the
catalyst deposited at the cathode, enabling nitrate reduction at cathode surface.
However, its operation in batch mode restricts its industrial application since the
amount of sample processed would be lower than those carried out in continuous
mode, as well as, all the engineering drawbacks associated, like loading and
emptying of reactor.

Currently, only a few studies working in electrocatalytic mode and in
continuous conditions have been carried out [11]. However, the feasibility of this
combined system for nitrate hydrogenation has been proven. Among others,
some advantages of the electrochemical treatment include high system
efficiency, almost ambient operating conditions, small equipment sizes, high

purity oxygen production, no external hydrogen source and rapid start-up.

DN

(N, or NH,") (M= Pt or Pd)

Figure 5.2. Generally accepted reaction mechanism for nitrate and nitrite catalytic reduction over

bimetallic catalyst (Precious metal + Cu) postulated by Epron and co-workers [12].
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5.1.2 Reaction Mechanism and Theoretical Basis

Electrochemical nitrate conversion uses cathodic reactions. At acidic pH,
hydrogen adsorbed on the cathode surface inhibits the reduction of nitrate,
whereas the reaction in alkaline solutions produces ammonia [16-18]. The
reaction has been suggested to take place in a consecutive manner, NO3 to NO2
to (NO) and finally towards NH4* or desired harmless Nz in parallel reaction
(Figure 5.3). Here we will focus on possible reactions involved during nitrate

reduction towards nitrogen by means of either catalytic or electrocatalytic routes.

N2g)

Pd-M Pd TPd

NO3 (2 € Nos'(ads)—> Noz'(ads)_> No(ads)_> NH," aas)

)

NO; (aq) NH," aq)

Figure 5.3. Scheme of the stepwise mechanism for the denitrification process involving bimetallic

catalysts postulated by Warna and co-workers [20].

The most accepted reaction of catalytic nitrate reduction is eq. 5.1. In the ideal
case, 1 mol of Nz is formed for every 2 moles of NO3- hydrogenated. The change
of pH during reaction is nearly equivalent to the amount of OH- formed by eq. 5.1

[12, 19, 20].

2NO3 + 5H, — N, + 20H™ + 4H,0 (5.1)
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CHAPTER 5

The theoretical pH values, depending on initial concentration (Co) and final
conversion (Xnos-) are summarized in Table 5.1 assuming that only the reaction

(eq. 5.1) takes place.

Table 5.1. Theoretical pH values after catalytic nitrate reduction versus initial concentration (Co)

and conversion (Xnos") corresponding with eq. 5.1.

Co/ Conversion / Xnos
ppm NO3- 1% 10% 25% 50% 75% 100%
1 7.40 8.20 8.60 8.90 9.10 9.20
10 8.20 9.20 9.60 9.90 10.1 10.2
50 8.90 9.90 10.3 10.6 10.8 10.9
100 9.20 10.2 10.6 10.9 11.1 11.2
500 9.90 10.9 11.3 11.6 11.8 11.9
1000 10.2 11.2 11.6 11.9 12.1 12.2
3000 10.7 11.7 12.1 12.4 12.6 12.7

The maximum pH value assuming 100% conversion and 3000 ppm initial
concentration would be ca. 12.7. pH values for Co 100 and 1000 ppm are
highlighted (red) since these were the two concentrations used in our study.

Eq. 5.2 [13, 15] describes electrocatalytic nitrate reduction to N2 using protons.
In this case, hydroxyl ions are not formed and therefore pH will not change during

reaction. Protons (H*) are evolved in situ by means of water splitting.

2NO; + 12H* + 10e” > N, + 6H,0 (5.2)
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The third reaction proposed (eq. 5.3) [15] also includes pure electrocatalytic

process since it involves electron transfer (5 mol of electrons per mol of NO3-).

2NO3 + 6H,0 + 10e~ — N, + 120H" (5.3)

Table 5.2 summarizes theoretical pH values at different conversions of nitrates
with various starting concentrations assuming that only the reaction (eq. 5.3)
takes place. The Covalues corresponding with 100 and 1000 ppm are highlighted
(blue).

Table 5.2. After reaction theoretical pH values for electrocatalytic nitrate reduction versus initial

concentration (Co) and conversion (Xnos-) corresponding with eq. 5.3.

Co/ Conversion / Xno3"
ppm NOs- 1% 10% 25% 50% 75% 100%
1 8.00 9.00 9.40 9.70 9.70 10.0
10 9.00 10.0 10.4 10.7 10.9 11.0
50 9.70 10.7 111 11.4 11.6 11.7
100 10.0 11.0 11.4 11.7 11.9 12.0
500 10.7 11.7 12.1 12.4 12.6 12.7
1000 11.0 12.0 12.4 12.7 12.9 13.0
3000 11.5 12.5 12.9 13.2 13.3 13.4

Experimental pH values obtained in this work after nitrate reduction tests are
compared with theoretical ones in order to judge whether the reaction is driven

by catalytic or electrocatalytic path.
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CHAPTER 5

5.1.3 Aim of the Study

A novel approach in nitrate reduction is a process combining (i)
electrochemical Ha/H* production by water electrolysis and (ii) utilisation of these
as reactant to reduce nitrates over heterogeneous cathode catalysts in the same
electrolyser cell. The obvious advantage is to produce hydrogen in situ, thus
avoiding extra gaseous hydrogen sources, and also the reduction activity may be
boosted due to the enhanced Hz/H* concentrations at the interface (cathode
catalyst surface). The electrolysis-assisted approach has been reported recently
by the group of Machida and co-workers using selected pure metals, e.g. tin,
silver or other noble metals, as cathode catalyst typically using batch operation
mode [21] [11]. The feasibility has been show proven, but it requires definitely
deeper investigation and further development.

The target of this chapter was to evaluate electrolysis-assisted nitrate
reduction process operated in continuous-flow mode using practical and highly
stable, conducting metal oxide supported metal catalysts. Monometallic or
bimetallic nanoparticles of Pt, Pd, Cu or PdCu were supported on high surface
area tin oxide (SnO2, ca. 250 m2/g) as cathode catalyst. The optimum strategy
for selective NOgs- reduction to diatomic nitrogen was searched for by using
several reactor configurations. The electrolysis-assisted approach takes a full
advantage of our experience with PEM electrolysis and cell design we acquired
previously (Chapters 3 and 4). The feasibility of the process and the contribution
of monometallic (Pt, Pd, Cu) and bimetallic (PdCu) supported catalysts were

evaluated based on nitrate conversion (Xnos") and product selectivity (S;).
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5.2 Experimental Section

5.2.1 Materials

Tin (IV) oxide was chosen as the support material for active metal components
because of its good electric conductivity and good performance for PEM fuel cell
technology [22]. Furthermore, we wished to avoid the utilisation of carbon-based
supports in our electrocatalytic system due to possible contamination of liquid
samples and generation of undesired side-reactions under high potential
conditions despite of the higher electric conductivity of carbon materials than that
of SnOa.

In order to increase the active surface area of supported active metals, high
surface area SnO> (ca. 250 m2/g similar to Vulcan) was synthesized according to
the procedure described in Chapter 2 (section 2.1.1.1). The surface area is
considerably high than that of a commercial SnO2 (7.2 m2/g). Figure 5.4 shows a
TEM micrograph image (JEOL 1011 operated at 80 kV) of (a) synthesized high
surface area SnO2 and (b) commercial SnO.. In case of the high surface area
SnO2, The particles size of high surface area SnO, was small, roughly 3 nm,
whereas that of the commercial one was ca. 50 nm.

Iridium (IV) oxide (IrO2, >99%, powder, same batch than that used for water
electrolysis studies) was used as the anode catalyst in all MEAs prepared with a
fixed loading of 2 mg/cm2. Metallic nanoparticles were deposited over the high
surface area SnO2 support by means of the ultrasonic metal deposition method,
i.e. reducing the metal precursor(s) by stepwise NaBHs (sodium borohydride
>97%, 10-40 mesh granules, Alfa Aesar) addition in a liquid suspension of the

SnO». After ultrasonic metal deposition, the powders were filtered, cleaned and
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dried. Extended explanation about materials examined in this study can be found

in Chapter 2 (section 2.1).

5 50 nm
Figure 5.4. TEM micrograph images of (a) high surface area SnO: particles prepared by urea

precipitation method and (b) commercial SnO2 (A/fa Aesar) particles. Particle size is shown inside

each the micrograph.

All the catalysts had same metal loading, adjusted to 40 wt% M/SnO. (where,
M= Pt, Pd, Cu and PdCu (4:1) [23]), in order to maximize the reaction rate. The
metal types were chosen based on their high and contrasting nitrate reduction
ability reported for catalytic reduction. Cathode catalyst loading over the Nafion
membrane was fixed at 1 mg M/cm?2 corresponding to a total catalyst loading of

3.5 mg cat/cmz2.
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5.2.2 Reaction Setup

Detailed explanation of electrochemical reactor and reaction system can be
found in Chapter 2 (Figures 2.7 and 2.10, section 2.3.3). Water and nitrate
solution flow rates were 0.5 and 0.16 mL/min through anode and cathode
compartments, respectively. Temperature was fixed at 80 °C. Five different
MEAs, namely, IrO2 | Nafion | 40 wt% M/SnO2 (where M=Pt, Pd, Cu and PdCu)
were examined (4x4cm? active area). Two different initial concentrations were
tested (100 and 1000 ppm NO3) to study the concentration effects on the
reduction performance.

Product analysis and quantification was performed by means of ion
chromatography (883-IC Basic; Metrohm, Switzerland). Samples were injected
directly or as a diluted form depending on the initial concentration of the nitrate
stream. Nitrate/nitrite or other N-containing species were not detected in the
effluent exiting from the anode compartment.

Electro-osmotic drag effect [24-26] (Chapter 2) was also taken in account in
order to calculate the final concentration values properly. Therefore, correction
was made depending on the drag impact, that is, the dilution effect by the
transported water into the cathode compartment through the membrane.
Assuming a value of 3 (H2O/H*) as the drag coefficient (n4), which corresponds
with the case with highest water transported for a Nafion 117 membrane, the
actual impact of nq can be theoretically calculated depending on electrical current
(directly correlated with Ho production and therefore H* transport) and solution

flow rate through cathode compartment (Table 5.3).
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Under our working conditions of 160 pL/min nitrate solution, it can be
emphasized that at low electrical current (e.g. 100 mA) electro-osmotic drag
effect can be negligible since the dilution effect is ca. 1%. However, when the
current rises typically as a consequence of increased cell potential, the dilution
factor starts to be prominent i.e. 1 A about 10%. Obviously, there is a linear

dependency among current and dilution effect.

Table 5.3. Electro-osmotic drag impact (dilution effect) on liquid solution flow rate (mL/min) in the
cathode compartment versus electrical current (A) for a Nafion 117 membrane operating at 80

°C, with the cathode flow rate of 160 pL/min and assuming nd=3.

Current/ A Dragged Water Dilution effect / %
flow rate / yL-min-1
0.00 0.00 0.00
0.10 1.72 1.10
0.50 8.60 5.10
1.00 17.2 9.70
5.00 86.0 35.0
10.0 172 51.8

As an example, Machida and co-workers used low current values in their
electrolysis-assisted nitrate reduction studies using the PEM in batch (7 mL
cathode reservoir) operation (100 mA and 16.7 mA/cm2) [11, 14, 15, 27]. We
suppose that they minimized the effect of electro-osmotic drag by the flow current
and therefore continuous dilution of target solution, or their system was not fully
optimized so that the electrical potential was too high to achieve higher current

(used cell voltages were not disclosed).
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5.3 System Flexibility

In this work several experimental arrangements were tested in terms of
powering mode or flow conditions using an identical electrochemical reactor
without making any modification to the MEAs. Figure 5.5 shows and illustrative

scheme about the flexibility of our electrolysis-assisted nitrate reduction system.

Figure 5.5. Various approaches for NOs- (electro)chemical reduction performed in this work: (a)
potential sweep mode with step-wise cell voltage increase, (b) constant current mode, (c)
constant potential mode, (d) recirculation mode at constant current of 100mA and (e) catalytic

reduction at 0 V using hydrogen saturated solution.
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Regarding the powering mode, our system allowed us to work in (i) potential
sweep (potentiodynamic) conditions (Figure 5.5a), that is, gradually (step-wise)
increasing cell voltage with time, (ii) continuous current mode (galvanostatic)
(Figure 5.5b), or (iii) continuous voltage mode (Figure 5.5¢). In all cases one-pass
flow through condition was used. Related with flow conditions, we tested flow
through condition in loop mode recirculating the solution through the cathode
compartment (Figure 5.5d). Furthermore, hydrogen was directly bubbled at the
inlet of cathode (saturated solution) without any cell voltage (Figure 5.5e) to
examine the hydrogenation activity of the catalyst coated over the Nafion
membrane instead of suspended in solution.

Among all working arrangements shown in Figure 5.5, the most efficient mode
for catalyst screening was potential sweep mode, since it allowed screening
several potential conditions and its effect on the reaction performance. Using this
mode, selection of the most efficient catalyst for further tests as well as finding

optimum working conditions were facilitated.

5.4 System Performance

5.4.1 Catalytic Nitrate Reduction

Prior to the investigation of electrolysis-assisted nitrate reduction, the activity
of the prepared materials (40 wt% M/SnO2) was evaluated in order to validate
their activity and trends in selectivity as catalysts for NO3s- reduction. The study
was performed in a batch reactor (Figure 5.6). Catalyst was suspended in nitrate-
containing solution by mechanical stirring under Ha flow (bubbling through the

solution at 30 mL/min). Initial concentration (Co) of NO3- was 100 or 1000 ppm,
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prepared from NaNOg3 as a precursor salt. A glass round bottom flask was used
as the reactor and filled with 100 mL of starting solution kept at room temperature

(RT). The catalyst amount was 50mg.

a H? b H2 C02

Figure 5.6. Catalytic NOs- hydrogenation. (a) Hz bubbling (30 mL/min) without pH control and (b)
pH buffering (constant pH achieved at ca. 5.5-7.5 depending on material and reaction) by means
of CO2 bubbled through the solution (20 mL/min). The reaction was performed under stirring

condition at room temperature.

If catalytic nitrate reduction towards N2 follows the general accepted reaction
path (eq. 5.1), it generates OH- as a side-product; therefore a final pH after the
reaction is expected to be high (basic) as described previously. In literature, pH
evolution during the reaction and its effects on final product distribution are
described [19, 28]. Although it does not remarkably affect nitrate conversion,
reaction selectivity can be greatly influenced, i.e. under basic conditions NH4* as
well as NO> formations are known to be enhanced [28, 29]. Well accepted
strategy for the mitigation of pH variation effect is pH buffering by bubbling CO>

in the solution [28-31] since it dissolves in water and forms carbonic acid (H2CO3),
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also dissociates into HCO3-and H* (pKa = 6.35) (eq. 5.4) and thus allows keeping

pH stable (buffering) during nitrate reduction.

CO, o H,C0; & H* + HCO; (5.4)

Therefore, non-buffered (Figure 5.6a) and buffered (Figure 5.6b by 20 mL/min
CO2 bubbling) approaches were examined. The pH evolution during reaction was
followed by a pH probe (Crison pH-meter model 5028 (probe @ = 3mm))
immersed in solution and connected to a computer for continuous online

monitoring.

5.4.1.1 Catalytic Activity with pH Buffering

First, catalytic nitrate reduction using pH buffered solution was tested to
properly evaluate the catalytic activity because buffered conditions (pH range: 4-
7) are known to show better nitrate reduction performance using the same
catalyst in terms of conversion and selectivity. In this study, the four catalysts
described in Section 5.2.1 (Pt, Pd, Cu and Pd supported over SnO2) were
evaluated. Figure 5.7 shows the profile of nitrate conversion (Xnos") using the
catalysts and the nitrate solution with initial concentration of 100 ppm NOs- for a
reaction time of 3 h.

Generally, Pd-containing catalysts showed significantly higher nitrate
conversion rates, reaching nearly full conversion in 30 min for PdCu (black ®) and
in 120 min for Pd (red ). Excellent performance of PdCu and Pd catalysts in
nitrate reduction is widely reported in literature [19, 32, 33] and it was confirmed

here using SnO2 supported catalysts. On the other hand, Pt (blue 4) and Cu
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(green v) catalysts reached about 60 and 25% conversion after 3 h, respectively.
Cu is suitable metal for first reaction step of NO3-to NO2-[12]; however it is known
to deactivate fast. This is likely the reason for the low reaction rate observed for
the Cu catalyst. Pt is a valuable hydrogen activator and results in acceptable
conversion for NO3- reduction, although its capability is not as high as that of Pd,
as described in literature [28]. Catalytic activity using bare SnO> manifested no

nitrate conversion without the presence of active metal component(s).

100 - S .
40%Pd/SnO,
80 o
<
X 60+ Dt_!
T o 40%Pt/SnO,
=z A
> 40+
20 |
40%Cu/SnO,
0 -
I T T T I T I ' I T I T I
0 30 60 90 120 150 180

Reaction time / min

Figure 5.7. Nitrate conversion profile over 3 h during the batch reaction. Hydrogen flow of 30
mL/min and COz2 flow of 20 mL/min. Four different metal catalysts supported on SnOz2: Pt (blue 4

), Pd (red ®), Cu (green v) and PdCu (black ®). The initial nitrate concentration was 100 ppm.

Selectivity values (S;) for NH4* (Snha*) and NO2- (Snoz2’) as well as pH values

after 3 h of the reaction are summarized on Table 5.4.
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Table 5.4. Selectivity (Snna*, Snoz’) and pH after 3 h of catalytic nitrate reduction in a batch reactor.
Hydrogen flow of 30 mL/min and CO: flow of 20 mL/min using four different catalysts: Pt, Pd, Cu
and PdCu supported on SnOa.

Cathode Catalyst pH Snoz2/ % SnHat [ %
40 wt% Pt/SnO2 7.70 2.20 76.6
40 wt% Pd/SnO> 7.60 0.10 69.7
40 wt% Cu/SnO> 6.70 1.90 30.2

40 wt% PdCu/SnO: 5.50 0.30 21.3

Nitrite reduction towards N2 and ammonia is self-inhibited by presence of
hydroxide ions (OH-) formed during reaction [32, 33]. However, as reported in
literature, nitrite selectivity was well supressed in all the cases by the use of CO>
as a buffer agent for pH control (Table 5.4). This effect is attributed to a very
efficient pH buffering, overtaking local diffusion problems, within the pores and
over surface of catalyst [28, 29] allowing for OH- removal from the active sites
boundaries. For all catalysts Sno2- was lower than ca. 2.5%. On the other hand,
selectivity towards ammonium was very high, even reaching values of ca. 77%
for Pt catalyst and ca. 70% for Pd catalyst. Remarkable synergetic effect was
confirmed for bimetallic PdCu, significantly lowering both Sno2> and Snna*,
compared to Pd. Cu catalyst showed also lower Snna*, but considering the much
higher reaction rate of PdCu catalyst over Cu catalyst, the benefits of the Pd-Cu
synergetic effects are clear in catalytic nitrate reduction. Moreover, a clear trend

between Snnsa* and pH could be observed; the higher the Snnsa* the higher pH.
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5.4.1.2 Catalytic Activity of PAdCu/SnO2 without pH Buffering

Based on the much superior catalytic performance of PdCu catalyst, this
catalyst was further investigated in nitrate reduction without pH buffering. Its
conversion profile as well as pH evolution during the course of 3 h reaction are

shown in Figure 5.8.
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Figure 5.8. Nitrate conversion profile for 40 wt% PdCu/SnO: (black line, left y axis) over time after
3 h of continuous catalytic batch reaction. Hydrogen flow of 30 mL/min. Evolution of pH after 3

hours reaction (blue line, right y axis), 100 ppm nitrate solution.

Similar to previous study, after 30 min of reaction PdCu reached almost 100%
conversion, showing its effectiveness even in the absence of a buffering agent.
In terms of product selectivity, both selectivities to undesired products, Sno2-and
Snha*, increased to 12.5 and 33%, which was expected due to the absence of

COz. Consequently, pH was raised from 5.5 to 10.9 during the reaction. This final
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pH indicates that almost 50% of nitrate in the solution was directly converted to
N2 (Table 5.1) starting from the 100 ppm initial concentration of nitrates.

As a final test, 1000 ppm nitrate solution was also subject to the catalytic
reduction using PdCu catalyst with or without the presence of CO2. The most

remarkable results are summarized in Table 5.5.

Table 5.5. Performance parameters (conversion and selectivity) of catalytic nitrate hydrogenation
over 40 wt% PdCu catalyst. Initial nitrate concentration of 1000 ppm and 3 h of batch reaction.
Hydrogen flow of 30 mL/min and CO2 flow of 20 mL/min.

CO:2 buffering pH Xnos / % Snoz [ % SnHa*/ %
b 4 12.2 76.2 20.9 13.2
J 6.70 79.3 2.30 12.5

Resembling the case of 100 ppm initial nitrate concentration, CO. buffering did
not affect Xnos~ (76.2% without CO2 vs. 79.3% with CO3), although lower Xnos
values were found compared with the case 100 ppm nitrate solution was used
(Figure 5.7). On the other hand, the selectivity to ammonium ion remained almost
unaltered. The quantity affected greatly by CO2 was nitrite concentration, differing
roughly one order of magnitude (20 vs. 2%). The findings are in good agreement
with literature [28, 29].

Finally, a long term reaction (24 h, Co= 1000ppm of NOz-) under CO- flow was
performed to clarify the reaction evolution over the long periods of time. Nearly
100% Xno3  was achieved (99.9%) with Sno2- and Snhsa* values about 0.04 and

18.5%, respectively.
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5.4.2 Continuous Flow Electrocatalytic Tests

5.4.2.1 Potential Sweep Study

After studying the catalytic behaviour of the SnO. supported catalysts,
performance (Xno3- and Si) of the catalysts in continuous electrolysis-assisted
nitrate reduction was evaluated by potential sweep measurements, i.e. by
gradually increasing PEM cell voltage step-wise (from 1.5 10 2.7 V, AV=0.2 V, 60
min each step). Standard MEA composition, IrO2 | Nafion | 40 wt% M/SnO. was
employed to test four different catalysts and also bare support (SnOy). Initially,
aqueous solution containing 1000 ppm of nitrate ion was fed through the cathode
compartment at a constant flow rate of 160 pL/min. Sampling was made as
follows. 2 mL of solution were collected during the last 15 min of each potential
step (60 min) after stabilized electrical current was confirmed.

Product quantification clarified that nitrate hydrogenation took place in all set
of materials over the bare support (Figure 5.9). Generally, higher nitrate
conversion was observed at higher cell voltage. This suggests that
electrocatalytic promotion for nitrate reduction or enhanced hydrogenation
activity due to higher surface hydrogen concentration at the cathode. Addition of
metal to the SnO support enhanced nitrate conversion. The conversion profiles
of Pt (blue line 4), Pd (red line ®) and PdCu (black line ®) catalysts were similar
especially in a low potential range (from 1.5 to 1.9V). For these materials, a
maximum Xnos- value was observed at the highest potential (2.7 V) with the value
ranging from 58% (Pt) to 68% (Pd). Similar to the case of catalytic hydrogenation
(Figure 5.7), Pd and PCu were giving good Xnos-, but Pt yielded also as good

results. Cu (green line, v) catalyst was the worst performing material, as in the
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catalytic reduction, likely due to its low capability for H> activation. Still, at high
potential region (from 1.9 to 2.7 V), the activity Cu catalyst was continuously

improved, reaching about 50% Xnos.

Cell voltage / V
0.0 1.5 1.7 1|.9 251 2i3 2.5 2.7

100
1 —A-40 wt% Pt
—@—40 wt% Pd
80 4 =V¥-—40 wt% Cu
—H—40 wt% PdCu
i =0O=38n0,

0 1 2 3 4 5 6 7
Sweep time / h
Figure 5.9. Nitrate conversion profiles over 7 h of potential sweep experiments (from 1.510 2.7 V,
AV=0.2 V, 60 min each step) of electrolysis-assisted nitrate reduction. Four different catalysts: Pt

(blue 4), Pd (red @), Cu (green v) and PdCu (black ®) and bare SnO2 (grey ©) were tested at 80°C

with nitrate solution of 1000 ppm NOs-at 160 pL/min. Electro-osmotic drag effect was corrected.

Change in pH of the effluent solution is a convenient way to verify that NO3-
reduction is taking place. For all potential sweeps performed, a great increase in
pH was observed (from 5.8 to ca. 12) due to the OH- formation as more NO3- was

conversed to products (NO2-, NH4*/NH3 or N2) (Figure 5.10, only the profile of
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representative PdCu catalyst is shown). Please note that hereafter we will refer

to the NH4*/NH3 pair as simply NH4*.
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Figure 5.10. Current and pH profile during electrolysis-assisted nitrate reduction over 7 h of
potential sweep experiment (from 1.5 to 2.7 V, AV=0.2 V, 60 min each step) using 40 wt%

PdCu/SnO:z2 catalyst at 80°C, 1000 ppm NOs-at 160 yL/min. Electro-osmotic drag effect corrected.

The electrical current profile is also plotted together with pH evolution (Figure
5.10). From the electrical current profile, current reached a stable value after ca.
30 min at each potential step, allowing a reliable and representative sampling at
the end of the step. Furthermore, final pH (ca. 12) together with Xno3 (ca. 62%)
for PdCu indicates that the process is likely due to catalytic hydrogenation of NO3-
by H2 (Table 5.1), which is evolved electrochemically over the surface of the
cathode catalyst. Theoretically, for a pure electrochemical process at such value

of Xnos, final pH should be ca. 12.7-12.9.
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Product distribution was also examined. Selectivity values at each potential
point categorized by each material are summarized in Table 5.6. For this and
later calculation of product selectivity, we made an important assumption: Total
selectivity (Stota) Only included Sno2, SnHa* and Sn2 since from MS analysis
(Pfeiffer Vacuum, Omnistar GSD 320) we could not confirm the presence of any
side-product (N20O, NO, NHs or NH2OH) even at high potentials where, for
example, NH2OH could be formed [18]. Therefore, Sn2 was estimated from the
difference between total selectivity and the selectivity sum of nitrite and
ammonium. Furthermore, for convenience and clarity we also defined selectivity
towards undesired side-products (Ssige) as the sum of Snoz- and Snha*.

Interesting information about the performance of different catalysts in
electrolysis-assisted reduction of nitrates can be extracted from Table 5.6. First
of all, at the lowest potential examined (1.5 V) Snna* was higher than Snoz- for all
materials except for Cu catalyst. This unique feature of Cu is most likely related
to the efficiency of Cu for first step of nitrate reaction, i.e. NO3 to NO2-[12, 15]. In
the low potential range (1.5-1.9 V) there is a clear trend of Snoz™ increase,
although at high potential range (2.1-2.7 V) Sno2-is lowered due to compensating
increase of Snna*. As a general trend, the higher value of SyHa* was observed at
higher cell voltage with exceptions of Cu and Pd catalysts for which their highest
Snhat was found at 1.5 V. This behaviour matches with conventional
electrochemical nitrate reduction where the product distribution highly depends
on the applied electrolysis potential, even in case of bare SnO2. At low cell
voltages, selectivity to NO2- is high, whereas reduction at high cell voltages

produces mainly NH4* [15, 18].
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In terms of total undesired products selectivity (Sside), Pd catalyst exhibited the
highest value ca. 90% at 1.5 V. At 2.7 V the maximum Ssjqe Was observed for Pt
catalyst (ca. 65%), followed by PdCu (ca. 52%) and Pd catalysts (ca. 51%),
whereas the best catalyst in terms of Ssige Wwas Cu (ca. 24%). At an intermediate
potential (2.1 V), Pt was the catalyst with the highest selectivity towards undesired
products (ca. 84%), followed by Pd catalyst family. Furthermore, Pt tend to yield
high amount of NH4* compared to other catalysts, which is in good agreement
with electrochemical nitrate reduction using PEM [11, 27]. The relatively high
NH4* selectivity of PdCu and Pd catalyst are also in agreement with literature
[14].

Performance of bare SnO2 (grey line, ©) is also interesting since Snoz™ as well
as SnHa* in the middle range of the cell potentials were lowest, thus showing the
best selectivity towards N2. Although the conversion is markedly low over the cell
potentials examined compared to the supported metal catalysts, the high
selectivity of SnO> should be highlighted. The presence of metal components
improves hydrogen activation, but at the same time it seems to facilitate over-
reduction of nitrates and intermediate species to undesired nitrites and
ammonium ions.

At high nitrate concentration examined here, mass transfer, active sites
accessibility, and large pH change (in the absence of buffering agent) may be an
issue since they can affect the reaction performance. For this reason we
examined electrolysis-assisted nitrate reduction using the same catalysts using
lower concentration nitrate solution (100 ppm). The results of potential sweep
experiments using 100 ppm NOg- initial solution are summarized in Figure 5.11

in same manner as the previous experiments.
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Figure 5.11. Nitrate conversion profiles over 7 h of potential sweep experiments (from 1.5 to 2.7
V, AV=0.2 V, 60 min each step) of electrolysis-assisted nitrate reduction. Four different catalysts:
Pt (blue 4), Pd (red ®), Cu (green v) and PdCu (black ®) and bare SnO:2 (grey ©) were tested at
80°C with nitrate solution of 100 ppm NOs- at 160 pL/min. Electro-osmotic drag effect was

corrected.

As in case of 1000 ppm nitrate initial solution, Xnosz  raised gradually with
increase of cell voltage (Figure 5.11). Bare SnOz (grey line, ©) consistently gave
the lowest nitrate conversions among all the materials examined at all cell
voltages, showing the important effects of metal components in nitrate reduction.
With 100 ppm nitrate solution, PdCu catalyst (black line, ®) was clearly the best
catalyst reaching almost full conversion, ca. 95% at 2.7 V, followed by Pt (ca.

85%) (blue line, 4) and Pd catalysts (ca. 80%) (red line, ®). While the general
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trend observed for 1000 ppm nitrate solution (Figure 5.9) holds for this study, the
reaction performance was greatly enhanced for 100 ppm nitrate solution. Cu
catalyst (green line, ¥) among the supported metal materials showed the poorest
Xno3™(ca. 65%), although the activity was improving at higher cell potential without
any sign of deactivation often reported for catalytic hydrogenation. It is also
remarkable that for the best catalyst (PdCu), at an intermediate potential of 2.1
V, nitrate conversion value were already ca. 80%.

Itis also important to point out that the current at each potential step was higher
than in case of 1000 ppm nitrate solution with faster current stabilisation (Figure
5.12). The higher current level was attributed to the lower amount of cations in
solution like Na* (originating from nitrate salt employed for nitrate solution
preparation). The presence of such cations in contact with Nafion membrane is
known to hinder and sometimes blocks the ionic channels for H* transport from
anode to cathode. Na* has high affinity to the channels of Nafion according to
literature [34-37]. In fact, such cations have a higher affinity than protons for the
sulfonic acid group sites in the polymer electrolyte and can replace protons in the
membrane by ion exchange processes.

From pH profile of 40 wt% PdCu/SnO2 shown in Figure 5.12 it can be observed
that at the end of the potential sweep (2.7 V) the highest pH value reached is
around 11, which is lower than the corresponding value using the 1000 ppm
nitrate solution (ca.12). The main explanation is due to the difference in the initial
concentrations (Co), yielding difference in the amount of produced OH-. Again,
this profile and obtained values are consistent with theoretically ones (Table 5.1)

expected from catalytic nitrate reduction, although the reaction can be induced
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by electrochemically triggered hydrogen production [15]. In case of pure

electrochemical reaction pH should be around 12 (Table 5.2).

Cell voltage / V
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| |
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Figure 5.12. Current and pH profile during electrolysis-assisted nitrate reduction over 7 h of
potential sweep experiment (from 1.5 to 2.7 V, AV=0.2 V, 60 min each step) using 40 wt%

PdCu/SnO:2 catalyst at 80°C, 100 ppm NOs-at 160 yL/min. electro-osmotic drag effect corrected.

Furthermore, Table 5.7 summarises the product selectivity in terms of Snoz
and Snhat. Compared to the case of 1000 ppm nitrate solution, there was an

evident decrease in Ssige for all materials tested. In fact, more than one order of

magnitude decrease in Ssige Was achieved.
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Generally, Sno2 was low at all cell voltages examined for all materials
examined. Upon the potential rise, there was an increase in Snoz2™ at low potential
region (1.5-2.1V, it varies dependent on the material) then followed by noticeable
decrease up to 2.7 V. Regarding Snna*, in case of Pd and Cu catalysts ammonium
ion production was enhanced at higher cell voltages, whereas with PdCu, Pt and
SnO: the tendency was opposite; Snnsa* decreased at higher cell voltages. PdCu,
which gave the highest conversion, also gave the best results in terms of Sside
(ca. 4% at 2.7 V) along all the potentials swept. Pt catalyst also presented
similarly good results. In both cases this would mean about 96% of selectivity
towards nitrogen (Snz2) was achieved.

Evaluating both Xnos- and S; values, it was obvious that the best performing
material for electrolysis-assisted nitrate reduction at low nitrate concentration
conditions was 40 wt% PdCu/SnO, giving almost full conversion of nitrates and
high selectivity towards N2, although rather high cell potentials were required to
achieve the excellent performance. We have selected this material as a reference

cathode for further investigations.

5.4.2.2 System Flexibility Evaluation

Results obtained with 100 ppm nitrate solution in continuous mode are
comparable with those reported by Machida and co-workers [11], with an
important difference of the absence of pH buffering agent in this work.
Encouraged by the results, we extended our study in order to minimize further
the selectivity towards undesired products and improve performance. It has to be

noticed that, although selectivity results (Snna* + Snoz2) obtained working at 100
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ppm of nitrates were promising (only 4% at 2.1 — 2.7 V) we have to keep in mind
that milder conditions of cell voltage and also achieving 0% selectivity towards
undesired products are of critical importance in practice because of possibly over-
generated hydrogen at high potential conditions and the very stringent
regulations for drinking water quality. Considering the actual regulation of NO3-
(50 ppm), NO2 (0.1 ppm) and NH4* (0.5 ppm) in drinking water (EEA 98/83/EC),
Snhat + Snoz” should be lower than ca. 2.5%. To tackle this great challenge,
different powering conditions as well as system configurations were tested as
follows.

(a) The first operation mode we evaluated was a constant cell voltage condition
(Figure 5.5¢). In particular, electrolysis-assisted reduction under a high potential
condition (2.5 V) was examined based on the excellent results given by PdCu
catalyst under the high cell voltage conditions.

(b) The second operation mode was a constant-current condition (Figure 5.5b).
The advantage of this operation is to avoid fluctuations in H* transport and
therefore in hydrogen production rate over cathode catalyst (Chapter 3). The
constant current was chosen to be low in order not to affect membrane stability.
Other operation conditions remained unchanged (T, nitrate solution flow rate
(Fnos-) and cathode catalyst composition) from the previous measurements. A
freshly prepared membrane was used and electrical current was fixed at 100 mA
[11, 15] giving an average potential of 1.6 V, that is, in the low potential region.

(c) The third operation mode examined was a ‘loop’ (i.e. recirculation) mode
(Figure 5.5d). The effluent solution was recirculated through nitrate
solution/effluent solution reservoir (100 ppm, 20 mL) by means of the peristaltic

pump. In this operation mode, improvement of the reaction performance was
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aimed by increasing the contact time of nitrates and nitrites with the catalyst.
According to the flow rate of solution and the volume of reservoir, roughly the
solution passed through over the catalyst three times in 3 h. This mode was
tested under constant current mode at 100 mA with an averaged cell potential of
ca.1.6 V.

(d) The fourth operation mode was catalytic nitrate hydrogenation over PdCu
catalyst coated over the PEM membrane (Figure 5.5e). The reaction was
performed at 80 °C by saturating nitrate solution with H2 before passing into the
reactor cell. Obviously, no cell voltage (0 V) was applied. Nitrate solution flow rate
was kept the same as in the other modes (160 yL/min).

Figure 5.13 shows the Xnos™ profiles over the reaction time of 3 h using the four
different strategies described above. Continuous flow electrocatalytic reduction
at constant cell voltage of 2.5 V (Figure 5.13a) showed the best results in terms
of nitrate conversion (ca. 97%) after a short stabilization time of 30 min as
previously observed (Figure 5.8). Also, it was remarkable to observe a stable
performance at the high nitrate conversion, showing the stable continuous
operation of the reaction under the high cell voltage condition. The second
strategy of a constant current at 100 mA did not show a satisfactory performance
with a slight decrease in activity (Figure 5.13b), although the nitrate conversion
was stabilized at ca. 30% towards the end of the run. Employing the constant
current, the recirculation strategy, by increasing the contact time of the reactants
with the catalyst, can improve the reaction performance (Figure 5.13c). At 3 h
reaction time NOg3- conversion of ca. 68% was observed. Importantly, the
conversion was linearly increasing with time and it is expected to be higher at

higher reaction time. Indeed, after 4 h the conversion rose up to ca. 84%. This is
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an important finding since this strategy clearly shows that the catalytic
performance can be improved even under mild conditions (low cell voltages) by
changing the operation modes and conditions. Furthermore, catalytic nitrate
reduction (without applying cell voltage) using H> saturated 100 ppm NO3
solution exhibited the worst conversion (ca. 5% Xnos’) among all modes tested in

this study (Figure 5.13d).

100

80

20

(I) | 3|0 | 6|0 | 9|0 | 12|0 | 1t|'>0 | 1E|50
Reaction time / min
Figure 5.13. Evaluation of different operation modes in nitrate reduction using the PEM
electrolysis cell using 40 wt% PdCu/SnO2 as cathode catalyst at 80°C with 100 ppm nitrate
solution for 3 h. Fresh membranes were employed for each measurement. (a) Constant cell
voltage mode at 2.5V, (b) constant current mode at 100 mA, (c) recirculation mode at constant
current of 100 mA and (d) catalytic nitrate hydrogenation over MEA without applying cell voltage.

Nitrate flow rate was 160 yL/min.

Based on the findings above, it can be concluded that the electrochemically

generated hydrogen/proton over the MEA is highly reactive compared to
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molecular Hz used in catalytic nitrate reduction. This enhancement may be
originated from an electrochemical promotion effect known as NEMCA (Non-
faradic electrochemical modification of catalytic activity) effect [38, 39] or
electrochemical promotion of catalysis (EPOC) [40], although the origin of the
activity enhancement has not been firmly identified in this work.

The reaction performance cannot be evaluated by only nitrate conversion. The
reaction selectivity is graphically summarised in Figure 5.14. Interestingly, a clear
trend between product selectivity and conversion could be established; the higher
the nitrate conversion, the lower the selectivity towards undesired products. The
constant potential mode (a) showed the best overall selectivity to N2, while
achieving the highest Xnos-, ca. 97%. The second best strategy was recirculation
mode at a constant current (100 mA) (c) with Ssige ca. 13.7% at Xnoz of 68%. The
third one was constant current mode (100 mA) without recirculation (b), showing
Sside Of 26% at Xnoz™ of 29%. Finally, the worst performing strategy in terms of
reaction selectivity was the catalytic hydrogenation over MEA (d), showing Sside
ca. 32.5% at Xnosz  of 5%. It is also worth mentioning that the high selectivity to
both NO2- and NH4* when the reaction was performed in catalytic hydrogenation
mode (strategy d).

The detailed evaluation of system flexibility by studying different operation
modes provided us very interesting and useful insights to operate the reaction for
the best performance. Particularly, with a high constant cell voltage an excellent
reaction performance was confirmed. In comparison to the reaction selectivities
observed in the catalytic nitrate reduction in a conventional setup (Tables 5.4 and
5.5), the excellent catalytic performance in terms of high N2 selectivity can be

highlighted.
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Figure 5.14. Nitrate conversion (Xnos”) and product selectivity (Snoz and Snna*) employing the
four strategies (caption of Figure 5.13) shown above and using 40 wt% PdCu/SnO- at 80°C and
100 ppm nitrate solution after 3 h of reaction. Fresh membranes were employed for each
individual measurement. The values shown on top of the bar are total selectivity to the undesired

products (Sside = Snoz” and SnHa*).

5.5 Conclusions

The feasibility of PEM electrolysis-assisted concept for aqueous nitrates
abatement under continuous operation was investigated in detail to maximize the
nitrate conversion and Nz selectivity. The results were compared with those of
catalytic nitrate reduction using molecular H> saturated in aqueous nitrate
solution.

Supported metal catalysts with 40 wt% loading of metal (Pt, Pd, Cu and PdCu
(4:1)) over high surface area SnO2 were synthesized and tested in catalytic

hydrogenation as well as in electrolysis-assisted nitrate reduction. All the



UNIVERSITAT ROVIRA I VIRGILI

NOVEL CATALYTIC MATERIALS AND STRATEGIES FOR HYDROGEN PRODUCTION AND HYDROGENATION REACTIONS BASED ON PEM ELECTROLYSIS
Jordi Ampurdanés Vilanova

Diposit Legal: T 85-2015

CONTINUOUS ELECTROLYSIS-ASSISTED NITRATE REDUCTION

catalysts prepared were active in the catalytic nitrate reduction showing high
nitrate conversion, however, often with low N2 selectivity. Among the catalysts
tested, PdCu showed the best performance in terms of low nitrite and ammonium
ion selectivity. In the electrolysis-assisted operation, the reaction performance
using 1000 ppm nitrate solution did not show satisfactory reaction performance
likely due to the high pH of the solution (no pH-buffering CO2 was added in this
work), which resulted in low N2 selectivity, as well as due to deteriorating
performance in PEM electrolysis by blockage of the H* transport channels of
Nafion membrane by the metal cations (Na*). Nevertheless, using a more realistic
concentration for drinking water, i.e. the nitrate solution of 100 ppm, excellent
results have been gained using the electrolysis-assisted approach. 40 wt% PdCu
was found as the best performing material among those tested. Excellent Xno3-
and Ssige Of ca. 97% and 4%, respectively, could be achieved. Using different
modes of operation based on constant cell voltage, constant current with/without
recirculation, and catalytic hydrogenation; the flexibility of operation strategy was
shown and the best mode of operation, approaches towards more effective nitrate
abatement, were suggested.

According to the pH profiles during the reaction, we concluded that nitrate
reduction in the electrolysis-assisted mode occurs via catalytic hydrogenation of
NOs- by H», the latter being evolved electrochemically on the surface of the
cathode electrode. Moreover, the synergetic effects of PdCu catalyst, well
documented in catalytic hydrogenation, hold for the electrolysis-assisted nitrate
reduction. Using 100 ppm nitrate solution, the electrolysis-assisted operation
performed considerably better than classical catalytic reduction in terms of N2

selectivity.
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CHAPTER 6

6.1 Introduction

The effectiveness of electrolysis-assisted nitrate reduction using supported
catalysts and hydrogen generated in situ has been proven in Chapter 5. Despite
of the excellent results obtained, there are two aspects which could be and need
to be improved further, related to (i) lowering cell voltage and (ii) lowering
ammonium ion concentration to meet with the stringent regulations for drinkable
water. This chapter describes our attempts to tackle the two issues by making
modifications to the electrolyser cell and by examining new reaction system
configurations.

As described in Chapter 5, almost full conversion (ca. 97%) of nitrates was
achieved using PdCu catalyst in electrolysis-assisted nitrate reduction with a low
selectivity towards undesired side products of ca. 4% at 2.5-2.7 V. Although the
performance was very good, lowering the working cell voltage (thus electrical
current) would be beneficial in (i) overall system long-term stability, (ii) decrease
in electro-osmotic drag effects, and (iii) lowering electrical energy for operation.
Our study (Chapter 5) already showed that increase of residence time of solution
in the cathode compartment can proportionally enhance the nitrate conversion.
The next step was to examine operations with a long residence time and thus a
batch operation in electrolysis-assisted mode was investigated. Feasibility of
such operation mode has been reported by Machida and co-workers [1-4] at 100
mA constant current using unsupported metal catalysts.

Another very important point for further investigation is the mitigation of NHs*
as evidenced from the major constituent of undesired side-products (ca. 85% of

NH4* out of 4% of Ssiqe Observed in the constant cell voltage mode). Careful
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literature survey indicated that NH4* conversion to N2 can be carried out by means
of oxidation or decomposition reactions. Several of these reaction are known
such as catalytic oxidation [5, 6], electrocatalytic oxidation [7-9] and
photocatalytic oxidation [10-12]. We examined these paths to manage and
mitigate the produced NH4* (instead of suppressing its formation) upon nitrate

reduction to the tolerated level, which is very difficult in reality.

6.2 Low-Potential Electrolysis-Assisted Batch Operation

Decreasing both ammonium selectivity and cell voltage while keeping high
catalytic activity (Xnos") is a great challenge we wish to tackle and for this reason
we have investigated batch operation mode. For this purpose we modified our
PEM electrolysis cell. The flow through cathode compartment was replaced by
batch cell compartment made of aluminium, with 20 mL solution reservoir. Herein,
we will refer to this new approach as electro-batch configuration. The main
features and design of electro-batch cell are shown in Figure 6.1.

In the electrochemical cell the solution was in contact with the cathode catalyst
(Figure 6a). This reactor was placed in a horizontal-MEA position (Figure 6a)
since the batch cell had a small hole at upper part for gas (mainly Hz) release
(Figure 6.1b). MEA composition (PdCu catalyst) was same as in Chapter 5. Fresh
MEA was tested for 3 h at 100 mA. The mode of operation slightly influenced and
increased the cell voltage at the constant current and the average cell voltage
was ca. 1.8 V (ca. 1.6 V in case of flow-through operation). Water flow rate in the
anode compartment was kept at the same level as in the previous studies (0.5

mL/min). The solution in the cathode compartment was stirred in order to
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enhance mass transfer and solution homogeneity. Operation at 100 mA has the
benefit of low electro-osmotic drag and the amount of dragged water
(continuously accumulating at the cathode compartment) is ca. 2 yL/min, so its
impact on the concentration after 3 h of batch operation would be less than 1.5%

(0.3 mL over 20 mL initial solution).

a

Batch
cathode

Figure 6.1. Home-made PEM electrolysis cell for electrocatalytic tests in batch configuration.
20mL cathode reservoir and 80°C, operation in horizontal position. (a) Schematic side view of the
electrolysis-assisted batch cell and (b) the assembled cell ready for operation, top part was closed

with a plastic window.

Electro-batch conditions were also tested under flow of CO> (20 mL/min) as a
pH buffer so that comparisons of product distribution could be made. Nitrate
conversion profile using this operation mode with/without CO2 is shown in Figures

6.2 and 6.3.



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYTIC MATERIALS AND STRATEGIES FOR HYDROGEN PRODUCTION AND HYDROGENATION REACTIONS BASED ON PEM ELECTROLYSIS

Jordi Ampurdanés Vilanova
ADVANCING NITRATE MITIGATION STRATEGIES _

Diposit Legal: T 85-2015

100

30 60 90 120 150 180
Reaction time / min

Figure 6.2. Nitrate conversion (Xnos-, red line), product selectivity (Snoz- (grey bar) and Snna*
(green bar)), and pH change (blue line) using the electro-batch operation over 3 h using 40 wt%
PdCu/SnOz2 at 80°C and with 20 mL of 100 ppm nitrate solution. The values shown on top of the

bar is total selectivity to the undesired products (Sside = Sno2- and Sna*).

After 3 hours of batch operation starting from 100 ppm NO3- without CO flow
(Figure 6.2), Xnosz™ reached ca. 95%, showing very similar high catalytic activity
as in case of flow system at high potential (Chapter 5). PdCu catalyst
demonstrated its ability for nitrate conversion in batch mode as in the continuous
flow mode. Conversion increased proportionally with time, but the very high Sside
was observed, decreasing from almost 100% to 58% (Figure 6.2). Such
selectivity values were more than one magnitude order higher than those
observed under flow conditions (ca 4%, 2.5 V and continuous flow). Main
contributor for this high Ssige was due to the formation of ammonium ion, reaching

a constant value of ca. 50% with time. On the other hand, NO2 selectivity
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continuously decreased with time up to the end of the test due to further reduction
to N2 and NH4* over time. Besides, the evolution of the solution pH showed its
maximum value at ca. 10 at 3 h. This value matches again with the previous
interpretation regarding the origin of reduction activity; it is an electrochemically
promoted catalytic process.

Due to the high selectivity towards NHs4* under the non-buffered condition, a
further test was performed using CO2-buffered nitrate solution.

Figure 6.3 shows that CO. buffering has great beneficial impacts particularly
on suppressing nitrite formation. This observation was previous discussed
(Chapter 5) and also described in literature [13, 14]. From 0 to 90 min, Sno2" was
stepwise decreasing (from 15 to 2.5% approximately) and later the amount of
nitrite was very low (ca. 0.5%). On the other hand, Snns* was not positively
affected by CO2 buffering. The value was almost constant throughout the reaction
(ca. 60%). It was also interesting to observe that under pH-buffered conditions
(pH of ca. 8) the amount of ammonium ion produced was higher than in the case
of non-buffered condition (ca. 60% vs 50%, respectively) (Figure 6.2 and 6.3).
Nitrate conversion rate was higher with pH buffering and the conversion value
was almost full (ca. 99%) after 120 min of reaction. All the observations resulted
from the CO> addition, namely, nitrite suppression and enhanced ammonium ion
formation, agree with the trend observed in literature [1, 4].

Therefore, it could be concluded that the electro-batch strategy operating at
mild conditions allowed us to reach the maximum level of nitrate conversion
having as a drawback its poor selectivity towards nitrogen (Sn2 < 50%) with high
level of ammonium ion formation. Therefore, the strategy as it is cannot be used

for water purification for drinking water. However, such approach could be used
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for the production of concentrated ammonium ion solution such as the one used
in selective catalytic reduction (SCR) in automotive industry or for the production

of gaseous ammonia.

100 A

o) - 12

(o)

o
o—

30 60 920 120 150 180
Reaction time / min

Figure 6.3. Nitrate conversion (Xnos-, red line), product selectivity (Snoz- (grey bar) and Snna*
(green bar)), and pH change (blue line) using the electro-batch operation over 3 h using 40 wt%
PdCu/SnO:2 at 80°C and with 20 mL of 100 ppm nitrate solution buffered with CO2 (bubbling at 20
mL/min). The values shown on top of the bar is total selectivity to the undesired products (Sside =

Snoz” and Snha*).

Since ammonium ion formation was recognized as the bottleneck of the
electrolysis-assisted process (also in catalytic reduction), our research was
directed towards ammonium ion mitigation instead of preventing its formation; its
conversion towards N2 was targeted. Such strategies are described in the next

sections.
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6.3 NH4* Abatement Strategies

Throughout our research on nitrate reduction, we noticed that reduction of
ammonium ion concentration below the maximum limits allowed for drinking
water (i.e. NHs* < 0.5ppm) is very challenging regardless of mitigation strategies
(catalytic or electrolysis-assisted one) employed. Therefore, we investigated two
different approaches for NH4* oxidation towards N2: (i) oxidation of ammonium
ion in the anode compartment where oxygen is generated by directly feeding the
cathodic effluent stream containing ammonium ions, leading to sequential Red-

Ox strategy (Figure 6.4) and (ii) photocatalytic NH4* oxidation [10-12] (Figure 6.5).

6.3.1 Electrolysis-Assisted Ammonium Oxidation

Electrolysis-assisted ammonium oxidation strategy was examined in flow
configuration passing NH4*-containing effluent stream to the anode compartment
of either the same reaction cell (Figure 6.4a) or the separate cell (Figure 6.4b).
The electrolyser cell(s) was (were) maintained at 80 °C. NH4*-containing effluent
stream was fed to a selected anode compartment at constant flow rate of 160
ML/min. For tests performed using the same cell for both NO3- reduction and NH4*
oxidation (Figure 6.4a), MEA configuration was IrO> | Nafion | 40 wt%
PdCu/Sn0O.. Pt either in the supported or unsupported form is widely used as
catalyst for electro-oxidation of NHs4* using batch reactors [7]. Therefore, when
the reactions were performed in separate cells (Figure 6.4b), the MEA
composition of NHs* oxidation cell was Pt black | Nafion | Pt black. Cell voltage
for both primary and auxiliary were fixed at 2.5 V (in flow conditions suitable

potential for Xnos- > 90%), as well as, nitrate Co was fixed at 100 ppm.
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In the electrolysis-assisted NH4* oxidation mode (Figure 6.4a), we observed
a considerable decrease in the concentration of NH4* in the final effluent stream.
The final NH4* concentration was ca. 2 ppm, giving us a hint on how to lower
NH4* concentration below the maximum allowed for drinking water. However,
optimizing the reaction conditions did not show further improvement. The reasons
for this could not be found out at that time, but we suspected about anode catalyst
used in this mode, IrO2, since it may not be efficient enough for ammonium
oxidation.

On the other hand, using the separate cell strategy (Figure 6.4b), NHs*
concentrations below 0.5 ppm were systematically observed. However, there was
one major issue associated with the approach. Unfortunately after detailed
investigations of all effluent streams from the two electrolyser cells, we realized
that ammonium ion was diffusing from anode to cathode compartments through
Nafion membrane continuously. Therefore, we obtained a highly concentrated
ammonium solution in the cathode effluent stream from the NH4* oxidation cell.
Actually, the same phenomena, i.e. transport of NH4* through the membrane,
was also suspected to occur in the first one-cell approach (Figure 6.4a). In fact,
the high affinity of NH4* to Nafion and its transport through its channelled structure
is known [15], surprisingly with higher transport rate than that of H*. Besides,
incorporation of ammonium ion (and other ions like alkali and alkali earth metal
ions in reality) in the membrane can decrease system performance (current and

stability drop).
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Figure 6.4. Electrolysis-assisted ammonia oxidation. (a) One-cell mode; nitrate reduction and
ammonia oxidation in the same PEM electrolysis cell and (b) Two-cells mode, nitrate reduction
cell (1) and ammonium oxidation (7) in separate cells under continuous flow of nitrate solution

(100 ppm, 160 yL/min).
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Not being able to achieve effective NH4* oxidation we focused our interest

towards ammonium photo-catalytic oxidation.

6.3.2 Photocatalytic Ammonium Oxidation

Photocatalytic ammonium oxidation is an environmentally friendly technique
for ammonium oxidation, since only UV light and a suitable catalyst are required.
Taking advantage of the knowledge in our laboratory about photocatalytic
reactions and the availability of all equipment required, we have examined this
strategy in depth. Commercial, and non-toxic, P25 Titania (TiO2, Degussa)
prepared by flame pyrolysis was chosen as the catalyst for ammonium
photooxidation. Capability of the material for such photo-oxidative reactions has
been reported during the last 15 years by the scientific community [12, 16].
Besides this standard well-known P25 photocatalyst, other catalysts were also
tested, namely NHs-treated P25, commercial TaxOs (tantalum (V) oxide,
99.993%; Alfa Aesar) and photo-deposited 0.5 wt% Pt/P25. Among them, only
P25-based catalysts showed good activity and these results are described below.

Round bottom flask equipped with cooling jacket for temperature control (built
in our glass blowing workshop) was used as batch photo-reactor (Figure 6.5) with
catalyst concentration of 3 g/L under vigorous stirring. The light source was a UV-
curing 100 W high-pressure Hg lamp (Handy Cure HLR400T-1, Senlight Corp.
with a nominal UV-light intensity of 170 mW/cmZ2, specified by the supplier).
Round UVFC window was placed on top (EKSMA OPTICS, 1 cm thick) to avoid

evaporation of the solution (Figure 6.5).
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UVFS Window Photocatalyst

Figure 6.5. Batch reactor used for photocatalytic ammonium oxidation. (a) Schematic

representation and (b) lab system equipped with cooling water.

Selectivity towards N2 was the key factor in order to evaluate the feasibility of
photo-oxidation approach. Metal doped P25 is known to enhance NHs*
conversion into N2 [10]. In this work, photo-deposited Pt/P25 is used because it
has been reported as one of the most promising photocatalysts to convert NH4*
into H> and N2 as main products [11]. Bare P25 is also well known for its
capabilities to convert NHs* to NOs and NO». [10, 12]. Figure 6.6 shows a
comparison between P25 and Pt/P25 in terms of Xno3z- and Sn2 during 6 h of

photo-oxidation of 1000 ppm NH4* (pH ca. 11) at room temperature (ca. 20 °C).
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Figure 6.6. Conversion NH4* versus UV-light exposure time at 20 °C using 3 g/L of (blue ®) 0.5

wt% Pt/P25 and (black m) P25. Initial concentration of ammonium ion was 1000 ppm.

NH4* conversion profile (Figure 6.6) elucidated that photocatalytic reaction
took place over both materials. As expected, Pt/P25 showed better photocatalytic
activity for ammonium transformation (ca. 60%) than raw P25 (ca. 40%) after 6 h
of continuous exposure to UV radiation. Furthermore, for all reaction sampling
points Pt/P25 catalyst gave consistently better performance.

From the results of reaction selectivity shown in Table 6.1, after first hour of
exposure to UV-light both materials achieved similar total selectivity towards
nitrate and nitrite (Snox = Sno2™ + Sno3z’). Thus, assuming nitrogen selectivity (Sn2)
as the difference in between Stotai (100%) and Snox, maximum value achieved
of Snz2was ca. 70% for both materials after 6 h. The concentration of nitrates is
rather high after this process, but this scenario is better than higher

concentrations of nitrites and ammonium ion because of more stringent
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regulations of the latter ions. Evidently, 0.5 wt% Pt/P25 nitrate formation was
enhanced compared with that of P25 (Table 6.1). From the concentration
evolutions of nitrites and nitrates, it is evidenced that the presence of Pt on P25

enhances the secondary oxidation of nitrites to nitrates.

Table 6.1. Product distribution versus exposure time for 0.5 wt% Pt/P25 and P25. Ammonium

onset concentration of 1000 ppm. Working temperature 20°C. S; in (%), where Snox = Snoz™ +

Snos.
Exposure P25 0.5 wt% PYP25
time /h Snoz” Snos” Snox Snoz” Snos- Snox
1 21.1 3.90 25.0 25.1 10.3 35.4
24.8 4.20 29.0 16.3 10.9 27.2
26.0 4.00 30.0 11.8 18.1 29.9

23.8 4.40 28.2 6.90 24.0 30.9
245 4.40 28.9 3.00 28.0 31.0

(o)) (&) BN w N

24.7 4.20 28.9 1.00 29.0 30.0

After confirming catalytic activity, photocatalytic ammonium oxidation and its
product selectivity, next step was the evaluation of the approach using the effluent
stream after electrolysis-assisted nitrate reduction. Only 0.5 wt% Pt/P25 was
tested since its better performance (Figure 6.6 and Table 6.1) compared to P25.
The typical effluent solution containing ca. 8 ppm NHs* (pH ca. 9) was tested
under the same condition (6 h, 20 °C, stirring, 100W UV lamp) for its oxidation.
Unfortunately, at 20 °C almost no conversion of NH4* was observed (ca. <4%).
For this reason higher reaction temperature was tested. Operation at 50 °C for 6

h enhanced the reaction performance to some extent, reaching roughly ca. 30%
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NH4* conversion. Thus, we concluded that probably the strategy is not as
effective when the concentration of ammonium ion is low and prevents bringing

down ammonium ion concentration up to the desired value (<0.5 ppm).

6.4 Reduction-Oxidation Cycle

After reaching the limit of the approaches tested above, we further evaluated
possible ideas on how to deal with nitrates, nitrites and most importantly
ammonium ions. As the result, a combined Red-Ox cycle is proposed here
(Figure 6.7), stimulated by the concept given by Al Sawah and co-workers [10].
This new model graphically shown in Figure 6.7 combines two processes in one;
where waste and process water (for H*/H2 production) would be required as
feedstock and the main products would be clean water and nitrogen. Once
formed nitrate and ammonium would be continuously recycled (reduction and re-

oxidation in loop) until the desired quality of water is reached.

> 4 4
R
)
'\_( N\ NOs ( )

Waste » Electrolysis é Photo- Clean
water assisted catalytic water
Process reduction * oxidation

P{ZCD \_ 4} + \‘ J

NH,

Figure 6.7. All in one reduction-oxidation cycle proposed for water denitrification. Idea taken from

literature [10].
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An electrolysis-assisted-photocatalytic system was developed taking
advantage of positive effects resulting from electrolysis-assisted nitrate reduction
process either in continuous or batch mode (high nitrate conversion, > 90% and
low Sno2-) and the possibility of ammonium oxidation via photocatalytic route,
(Figure 6.8). Among all strategies and modifications examined for electrolysis-
assisted reduction system, the most convenient one to couple with photo-reaction
system was electro-batch configuration (Figure 6.1) giving Xno3™ > 90%, Sno2- ca.
8% and Snns* ca. 50%. This combination was possible by covering the cell with
a UV-light transparent window instead of a plastic one used previously. (Figure
6.8).

Square UVFS window (1 cm thick) was placed on top of cathode reservoir to
irradiate the desired spectrum of the UV-light. Standard MEA composition was
employed, using 40 wt% PdCu/SnO as cathode material. Photocatalysts (0.5
wt% Pt/P25) was suspended in solution by means of vigorous stirring inside
cathode compartment (Figure 6.8a). Real appearance of the lab-scale cell is
shown in Figure 6.8b.

As an example, results obtained after 8 h of continuous batch operation (100
ppm synthetic nitrate solution) under photoelectro-conditions were: Xnoz > 97 %,
Sno2- ca. 0.6% and Snha* ca. 2.0%, with final concentrations for NOs-, NO2- and
NH4* being ca. 2.4, 0.6 and 0.5 ppm, respectively. These values were very close
to the final aim of this research (maximum limit for drinking water: 50, 0.1 and 0.5
ppm for NO3-, NO2- and NHa4*, respectively). Notably, the high concentration of

NH4* observed in our electro-batch approach was greatly solved.
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Photocatalyst

Figure 6.8. Reduction-oxidation in one step for water denitrification combining electro-batch
reduction conditions with UV lamp irradiation (photoelectro-batch cathode). (a) Schematic
representation and (b) lab system. Operation at 80 °C under stirring condition and 100 W UV

light.

Only few tests could be performed using this new Red-Ox cycle system, since
several issues such as cathode reservoir temperature and stirring efficiency to
enable suitable photocatalyst dispersion had to be overcome. Therefore, further
systematic measurements and optimization have to be performed to confirm the
results and verify the power of such combinations to abate all nitrogen containing

contaminants in water.
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6.5 Conclusions

In this chapter, several system configurations, modifications and couplings for
electrolysis-assisted nitrate reduction and ammonium ion oxidation were
presented. The main aim was to develop a feasible and reliable strategy for (i)
performance enhancement at low cell voltages and (ii) mitigation of by-products
by adding secondary reaction step using one or two reactors.

Related with the enhancement of reaction performance under mild conditions,
electro-batch configuration system was developed and tested in detail. Low
current/potential operation (100 mA, average cell voltage of 1.8 V) was feasible
with this configuration, achieving almost full conversion of nitrate and minimizing
nitrite selectivity, although large ammonium ion production appeared as the main
drawback of the process.

Different approaches were evaluated aiming for ammonia mitigation.
Electrolysis-assisted ammonium ion oxidation strategy showed good
performance; however, ammonia oxidation did not seem to occur since the
ammonium ions accumulated at cathode by its transport through Nafion
membrane.

A different photocatalytic oxidation approach was examined. Titania-based
catalyst, P25 or Pt/P25, showed good conversion of ammonium (ca. 60%) and
selectivity towards nitrogen (ca. 70%) when synthetic test solutions were
employed, but the activity was not satisfactory with the real solution with low
concentration of contaminants.

Finally as the last approach examined here, electrolysis-assisted nitrate

reduction and photocatalytic ammonium oxidation were combined in one single
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batch cell. Preliminary results were encouraging; reaching nearly the target
concentration of the contaminants starting from 100 ppm of nitrates, although
further experiments are required to guarantee both reliability and feasibility of this
hybrid approach.

More importantly, the work presented in this chapter shows new directions and
approaches for water denitrification and ammonium ion abatement. The
electrolysis-assisted and combined approaches have been shown to be
extremely powerful because of the great difficulty in achieving full selectivity to N2
by nitrate reduction and consequent formation of NHs* in reality. Thus,
incorporation of an effective NH4* mitigation method in nitrate reduction system

seems to be promising.
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SUMMARY AND OUTLOOK
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7.1 Summary

Multipurpose polymer electrolyte membrane (PEM) electrocatalytic reactors
operated at 80 °C and integrated in a continuous flow-through system for (i)
hydrogen production and (ii) nitrate reduction; were successfully designed,
constructed and evaluated for the target reactions, accomplishing the major
tasks of this thesis. However, other related tasks such as materials synthesis,
characterization, catalyst coating strategy optimisation, flow system design and
reaction products analysis, were successfully accomplished too.

Utilisation and application of PEM technology has become hot topic in the
last few decades [1-4], since it offers efficient alternatives for industrial-scale
pure hydrogen production and electrochemical reactions. Despite of the
knowledge reported in literature, the development of this project, initiated about
4 years ago, was very challenging.

Membrane electrode assembly (MEA) is the engine of the PEM system since
catalyst layers as well as Nafion membrane are its main constituents. In fact,
Red-Ox reactions take place over the electrode catalyst surface. Thus,
successfully optimised processes related with MEA preparation include (i)
catalyst synthesis, (ii) catalyst ink preparation and (iii) catalyst ink deposition
over PEM. A standard MEA formulation was stablished for majority of the tests
performed namely, IrO2 | Nafion | CC, where CC refers to the cathode catalysts
employed. Several anode catalysts were examined, and we finally selected
iridium oxide (IrO2) with 2 mg/cm?2 loading because of its stability and greater
performance in water oxidation. Also, depending on purpose (i.e. target

reaction) cathode catalyst material and composition were modified.
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Efficient hydrogen production from water by PEM electrolysis using novel
materials was the first goal to be achieved. For hydrogen evolution reaction
(HER) commonly platinum or platinum supported catalyst (usually conducting
support like carbon) are employed. These catalysts show excellent efficiency
and low overpotentials, but their high price and low abundance will restrict their
use in near future. Therefore, our attention was given to find promising
alternative catalysts with high performance and - elemental abundance. On our
quest for non-noble metal based catalyst, MoS> appeared as promising
candidate, since it had been already tested for HER [5-7] with significant
performance, although it had never been tested in PEM electrolysis. Systematic
studies were performed in order to elucidate its feasibility. MoS; was found to
be an efficient, inexpensive cathode catalyst for PEM electrolysis, especially
when electrical conductivity of the catalyst material was enhanced by simple
physical mixing of MoS2 with highly conducting carbon materials (Vulcan) or by
finely dispersing MoS. over reduced graphene oxide (RGO) [8]. The best
performance (ca. 0.30 A/cm? at 1.9 V) among all the materials evaluated in this
study was achieved with 47 wt% MoS2/Vulcan. This material also showed high
long-term stability up to 18 h of continuous operation in PEM electrolysis. This
material’s stability, facile preparation and improved performance when
compared to pristine MoS2 were encouraging features for practical application.

After this remarkable success, other common materials were tested in order
to achieve a similar or better performance than that of MoS2-based materials for
HER. Following with the quest for novel materials, Co304 was found to be a
promising candidate too. The material’s capabilities, stability and robustness for

both oxygen evolution reaction (OER) and oxygen reduction reaction (ORR)
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have been already reported [9]. However, its performance for HER had never
been tested before. Therefore, a similar study to that of MoS: was
systematically performed by physically mixing with carbon black to increase the
conductivity. In conclusion, Co030s4 was found to be very efficient and
inexpensive cathode material for HER in PEM electrolysis at high potential
range (2.0 to 2.7 V) when its electrical conductivity is enhanced by simple
physical mixing with Vulcan. The best performance among all the materials
tested was obtained with 47wt% Co304/Vulcan (ca. 1.95 A/lcm2 at 2.7 V).
Strikingly good long-term stability up to 24 h of continuous operation in PEM
electrolysis was achieved at 2.5 V (ca. 1.5 A/cm?2), elucidating a high robustness
of Co304 based materials for HER in electrolysis at high cell voltages.

After confirming the functionality of our electrochemical system as
electrolyser, the idea of using this electrochemically evolved hydrogen to
perform hydrogenation reaction came out. As the target reaction, we chose
nitrate abatement by means of nitrate reduction from waste or ground water.
Our major aim was to operate the reaction under continuous flow using
supported catalysts. Specific cathode catalyst materials were synthesized and
deposited over the PEM. In situ Hx produced was directly used with no-
requirement of an external source, like in case of classical catalytic reduction
[10]. This approach was named in this work as electrolysis-assisted nitrate
reduction. The feasibility of this concept was investigated, targeting at nearly full
conversion of nitrate to N2o. 40 wt% Pt, Pd, Cu and PdCu (4:1) catalysts
supported over SnO2 were synthesized and further tested in MEA format (IrO2 |
Nafion | 40 wt% M/SnO., M: Pt, Pd, Cu, PdCu). Product distribution was

determined by ion chromatography (IC).
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After verifying the suitability of 40 wt% M/SnO: catalysts for nitrate reduction
(standard catalytic hydrogenation), these catalysts were tested for electrolysis-
assisted nitrate reduction. Based on the potential sweep experiments, 40 wt%
PdCu was found to be the best performing material with nitrate conversion
(Xno3') and total selectivity to undesired side products (Sside; sum of nitrite and
ammonium ion selectivity) of ca. 97% and 4.0%, respectively. Such promising
results are comparable with those already reported in literature [11] but with the
added value of working with supported catalysts instead of pure metals and
without pH buffering.

Taking into account pH evolution during reaction, nitrate reduction takes
place via catalytic hydrogenation of NOs- by H», which was evolved
electrochemically on the surface of the cathode. This mechanism, implies that
the reduction of nitrate could be promoted significantly by applying a cathodic
potential due to higher concentration of hydrogen/proton at the catalyst surface.

Furthermore, versatility of electrolysis-assisted systems was examined to
enhance overall performance of the reaction and at same time exploring new
ways of performing nitrate reduction reaction without modifying reaction cell
design. Among all modifications explored, constant potential approach yielded
the best overall results. Along the same direction, several system configurations
involving cell modifications from continuous to batch, and various couplings of
electrolysis-assisted and photocatalytic reactions were evaluated (Chapter 6).
The main aim was to develop a feasible and reliable strategy to enhance the
reaction performance at mild conditions (low cell voltage) and to minimise
undesired by-products, nitrites and ammonium ion, by means of additional

secondary step.
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Electrolysis-assisted reduction in batch reactor (electro-batch) configuration
was developed to perform the reaction at low cell voltage and electrical current.
Low current/potential operation (100 mA, average cell voltage of 1.8 V) was
feasible with this configuration, achieving almost full conversion of nitrate and
minimizing nitrite selectivity. However, a great amount of ammonium ion
production appeared as the main issue of the process.

To deal with that ammonium ion production, secondary treatment
methodologies were evaluated, namely (i) electrolysis-assisted ammonium
oxidation and (ii) photocatalytic oxidation. Oxidation of ammonium ion did not
work as we expected using the electrolysis-assisted approach because
ammonium ion could diffuse to the cathode compartment via Nafion membrane.
It could be used as a potential removal strategy of ammonium ion but it was not
an effective approach for its oxidation. For this reason, we tested a different
approach, photocatalytic oxidation using titania-based catalysts. The results
showed good conversion of ammonium (ca. 60%) and selectivity towards
nitrogen (ca. 70%) when synthetic test solutions were employed. However, the
method was not effective for actual effluent stream containing low concentration
NH4*.

Finally, electrolysis-assisted nitrate reduction was combined with
photocatalytic ammonium oxidation in a batch reactor (photoelectro-batch
system). The results were preliminary but excellent, showing feasibility of
simultaneous abatement of nitrates, nitrites, and ammonium ion. This work

shows a promising new strategy for deep nitrate reduction to Na.
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7.2 Outlook

This thesis dealt with hydrogen production by PEM electrolysis and secondly
electrolysis-assisted nitrate reduction. There are many ways to improve both
reactions such us by improving cell design, material characteristics, and
operation mode. Regarding the second part, i.e. electrolysis-assisted reduction,
there are new open challenges in terms of new applications as a novel method
for hydrogenation reaction. Among them, CO2 electrochemical hydrogenation in
gas phase by using PEM system attracted our attention. In the next sections, an
overview about carbon dioxide transformation as well as strategy for

electrolysis-assisted CO2 hydrogenation will be presented.

7.2.1 Background on CO: Conversion

Converting captured CO> into products such as valuable chemicals, fuels,
building materials, and other commodities could form an important part of a
solution to reduce CO2 emissions in an economic, ecological, thus sustainable
way. Heterogeneous catalytic hydrogenation of CO2 bears a strong potential to
treat large amount of CO2 in a short time, rendering it an important mean for
CO2 mitigation. In the past few decades conversion of CO2> by means of
catalytic hydrogenation has attracted considerable attention as one of the key
processes for CO: fixation and as recycling of elemental carbon emitted as CO2
[12]. Numerous research works have been reported on converting CO2 into
fundamental chemicals such as methanol [13], hydrocarbons, esters, and

ethers by means of CO2 hydrogenation.
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Appropriate choice of catalysts allows conversion of CO2 to useful chemicals
by hydrogenation reaction [13, 14]. Bearing in mind the continuous decrease of
fossil fuels resources, the needs to develop feasible, new and safe ways to
store and distribute the energy as well as to produce efficiently manmade
hydrocarbons out of CO> are urged due to its increasing abundance.

Heterogeneous catalytic processes facilitate convenient, continuous
production of desired products. Three main different routes, namely thermo [12-
14], photo [15-18] and electrocatalytic [19-22] routes, can be employed in order
to hydrogenate CO» towards added value fuels and chemicals like methane and
methanol. In each route, the driving force to carry out the reaction is different. In
the case of thermocatalytic route pressure and temperature (P and T) are the
key parameters (Figure 7.1a), while in photocatalytic pathway the driving force
is commonly visible and/or UV light (Figure 7.1b). Finally, electrocatalytic
strategy is driven by electrical potential and flow of electrons (Figure 7.1c).

All of the strategies shown in Figure 7.1 can be flexibly tuned and the
reaction can operate under either batch or continuous flow conditions.
Application of such strategies may give light to the current global concern about
climate change due to CO. accumulation on the atmosphere. As previously
mentioned, electrochemical route was chosen as outlook of this thesis for CO2
reduction, since it is closely related to the topic presented in this thesis and we
have already initiated the investigation. An overview of the current status of our
research on electrochemical CO2 reduction and future challenges will be

described in the following section.
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Figure 7.1. Common CO: mitigation strategies: (a) thermocatalytic, (b) photocatalytic and (c)

electrocatalytic methods using heterogeneous catalysts.

7.2.2 Electrolysis-Assisted CO2 Reduction

Making analogy with the nitrate reduction study, this approach is called
electrolysis-assisted CO reduction, since the goal is to (electro)catalytically
reduce carbon dioxide by using in situ evolved hydrogen in an electrolyser cell.
Based on the previous experience, (Chapters 5 and 6), a flow through system
for gas phase CO: electrochemical reaction was designed (Figure 7.2). The
PEM reactor is essentially the same as that described in Chapters 2 and 5, with
some modifications to adapt the cell for gas phase reactions.

CO:s: is fed to the cathode compartment from a gas cylinder by means of an
MFC. We expect that working temperature is an important parameter and it was
raised to 120-200 °C, since the typical temperature used for electrolysis (80 °C)

is likely too low for common CO> hydrogenation reactions. Moreover, operation
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at higher temperature should be beneficial for the electrocatalytic process in

terms of reaction kinetics.
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Figure 7.2. Continuous electrolysis-assisted gaseous CO2 reduction system. (1) PEM reactor,
(2) peristaltic pump and water reservoir, (3) temperature controller, (4) computer controlled
power supply, (5) CO2 source and mass flow controller (MFC), (6) water trap, (7) gas
chromatograph (GC) and (8) mass spectrometer. Working temperature range of MEA is 120-

200 °C.

Different type of PEM is required to handle the new system conditions since
the traditional Nafion 117 membrane is not stable at high temperatures. A state
of the art PEM (fumapem® AM membrane, fumatech, Germany; herein it is
referred as fumapem) based on a polybenzimidazole copolymer was selected

as new solid electrolyte media for CO2 reduction system. This membrane,
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widely employed for high-temperature PEM fuel cell (HT-PEMFC), allows
proton transport at low relativity humidity (%) conditions which is the actual
situation inside the cell due to the high working temperature range (water is
present as vapour instead of liquid). MEA composition is IrO2 | fumapem | M,
where M is referred to metal based catalyst in either supported or unsupported
form. Finally, cell voltage is varied.

In our lab, currently preliminary tests are being performed using a wide set of
MEAs. Good results are to be come in the near future. Nevertheless, it is
feasible to test electrolysis-assisted CO2 reduction and this work is in current
progress. A number of parameters including catalysts and operation conditions
will be examined in detail to identify highly energy efficient CO2 mitigation

strategy sourced by renewable electricity.
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SHORTHANDS AND GLOSSARY

BET: Brunauer-Emmett-Teller theory employed for the measurement of the
specific surface area of a material (m2/g)

CC: cathode catalyst

DC: direct current (mA or A)

EC: European Council

EDX: energy-dispersive X-ray spectroscopy

EEA: European Environment Agency

EPOC: electrochemical promotion of catalysis

ESEM: environmental scanning electron microscopy

GDL: gas diffusion layer

GO: graphene oxide

GRA1Ti: grade 1 Titanium

HER: hydrogen evolution reaction

HHV: higher heating value (liquid water’s enthalpy of dissociation, ca. 285.8
kJ/mol)

HTE: high temperature electrolyser (or electrolysis)

HTFC: high temperature fuel cell

HT-PEMFC: high temperature polymer electrolyte membrane fuel cell

IC: ion chromatograph (or chromatography)

IEA: International Energy Agency

MEA: membrane electrode assembly

MFC: mas flow controller

MID: multiple ion detection for mass spectrometry analysis

MilliQ H20: trademark created by Millipore Corporation to describe 'ultrapure’

water in terms of resistivity (typically 18.2 MQ-cm at 25 °C)
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MS: mass spectrometer (or spectrometry)

Nafion®: synthetic polymer with ionic properties (H* transport) also called
ionomer, developed by DuPont®

NEMCA: non-faradaic electrochemical modification of catalytic activity
OER: oxygen evolution reaction

ORR: oxygen reduction reaction

PEM: polymer electrolyte membrane

PEMFC: polymer electrolyte membrane fuel cell

PTFE: best known brand name is Teflon® by DuPont®

P25: titanium dioxide manufactured according to the AEROSIL® - process
RGO: reduced graphene oxide

SOEC: solid oxide electrolysis cell (or electrolyser)

SOFC: solid oxide fuel cell

TEM: transmission electron microscopy

TWSCs: thermochemical water splitting cycles

US-DOE: United States Department of Energy

UV: ultraviolet light

UVFS: ultraviolet fused silica

Vulcan-XC72®: conductive and high surface area carbon black type material
WHO: World Health Organization

XRD: x-ray diffraction
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