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Chapter 1:

Introduction

Having a sustainable, robust, and zero-emission energy system is one of the greatest challenges
facing humanity; the economic, social, and environmental sustainability of the planet depends
on its achievement.[1] Currently, initiatives toward mitigating climate change enjoy of broad
support. The international community has embraced the idea in multiple international
agreements, including the Sustainability Development Goals (SDGs), Habitat 111, and COP21
in Paris[2]-[4]. With COP21, 195 countries adopted the first universal, legally binding global
climate deal. It aims to keep “the increase in the global average temperature to well below 2°C
above pre-industrial levels and to pursue efforts to limit warming up to 1.5°C by 2050.”[5] To
reach this ambitious goal, a steep and continuous downward trajectory on global CO>
emissions from now on is required to reach the net zero goal [4], as shown in Figure 1.1. The
energy sector is responsible for 80% of anthropogenic CO2 emissions, primarily originating
from fossil fuels such as oil, carbon and natural gas [6], [7]. Therefore, a radical change in the
energy supply and demand must happen in the following years.
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Figure 1.1: Planned strategy to achieve net-zero emissions by 2050, reaching the Paris
agreement goal of 1.5°C scenario. Extensive efforts in different energy sectors need to be
performed to achieve a rapid reduction on the global emissions. *



The changes toward a low-emissions economy are untrivial and must overcome 5 major
challenges[2], [8], [9]: i) Increasing renewable energy sources and electricity demand will
unbalance the power systems due the intermittency of the resources (i.e. sun and wind). ii) The
transportation and energy supply infrastructure need to be modified to ensure a secured energy
supply across countries, regions, and cities. iii) Buffering the energy system cannot depend on
fossil resources. Hence different reserve carriers must be available to anticipate system
imbalances. iv) Several sectors are highly complex to electrify, such as transportation (heavy-
duty transport, non-electrified trains, overseas transport, and aviation) energy-intensive
industries and residential heating. v) Even if a completely renewable energy system is
achieved, it is impossible to replace all the raw materials of the petrochemical industry,
fundamental in our modern human society.

Hydrogen is presented as the super star to empower the energetic transition[10], [11]. As an
energy carrier, hydrogen tackles the above-mentioned challenges presenting an opportunity to
store excess of energy, buffering the grid and supporting renewable integration, additionally it
offers a viable solution in sectors where electrification is not possible[8]. These benefits are
anticipated by their unique properties[12]: hydrogen is light, storable, reactive, has high energy
content per unit mass (141.9 MJ/Kg against the 44.8 MJ/kg from Diesel) and can be used
without direct emissions of air pollutants or greenhouse gases.

However, the climate impact of hydrogen depends entirely on how it is made. Three main types
of hydrogen are discussed today[7], [13]. First, ‘grey’ hydrogen is made from natural gas,
corresponding to the vast majority of currently hydrogen in use, with a demand of more than
70 million tons per year (MtH2/yr)[8]. This process typically emits CO2, being responsible of
around 830 MtCO2/year [4]. Second, ‘blue’, or ‘decarbonized’ hydrogen is made from natural
gas with carbon capture and storage (CCS). Despite being a promising strategy to consolidate
hydrogen markets and financially support new emerging technologies, CCS is not 100%
efficient, their commercial viability is far from represent a reality and the process keeps on
depending on the non-renewable gas resource. Finally, ‘green’ or ‘renewable’ hydrogen is
made from the electrolysis of water powered by renewable energy. This attractive option has
been considerate as the ultimate goal for hydrogen production[3], [14]. Once the hydrogen is
produced sustainably, issues will remain concerning storage and transportation of the
hydrogen; about cost and efficiency of fuel cells; and about replacing an old, fossil based,
infrastructure with a new hydrogen built one[14]. These later problems are, however, subject
for other works.

In this work, the sustainable generation of hydrogen was explored using the sun as direct
energy resource. Other forms like wind, geothermal, ocean waves or biomass will contribute
to the overall hydrogen inventory in the long-term applications but those are out of the scope
of this work. Figure 1.2 shows a detailed scheme of the methods to transform solar energy into
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Figure 1.2. Detailed scheme of technologies that uses solar energy as primary resource for the
generation of hydrogen?.

hydrogen[15]. Concentrated solar thermal energy uses high-temperature heat (500°C —
1000°C) from concentrated solar light to drive a chemical reaction that produces hydrogen.
The process implements a closed-loop, where the only net reactants are water, producing
oxygen and hydrogen[16]. In 2019, the startup Heliogen announced the first commercial
prototype for such technology[17]. In photobiological processes, photosynthetic organisms
like algae, cyanobacteria, or photosynthetic bacteria, use enzymatic reactions to produce
hydrogen at room temperature[18]. However, the efficiencies of these systems are around 1%
with low rates of hydrogen production[18]. In this work, our attention will be focused on
discussing and developing photoelectrochemical systems where solar energy is transformed
into electrons ultimately driving the separation of water in their constituents. This alternative
represents the most promising option for the generation of green hydrogen.

1.1. The electrochemistry of water splitting reaction.
The electrochemical separation of water was firstly achieved in 1800 by Nicholson and

Carlisle, just a few weeks after VVolta fabricated the first batteries[18]. To refer to the separation
of water in an electrochemical way, the reaction is divided into two-half reactions, the oxygen
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evolution reaction (OER) and the hydrogen evolution reaction (HER), those reactions occur at
the anode and cathode, respectively. Under acidic conditions (pH=0 and T=298.15 K), the
involved reactions are:
OER (anode)

2H,0(1) » 0,(g) + 4H* + 4e™ ;E°, = —1.23V
HER (cathode)

4H* + 4e~ - 2H, (g) ;E%.q =0.0V

Where E’ox and E red represent the standard oxidation and reduction potential of OER and HER
at 1 bar. Under alkaline conditions, however, the half reactions are modified, considering now
the hydroxide ions. Here the reactions are represented as follows:
OER (anode)

40H~ - 0,(g) + 2H,0 (1) + 4e™ ; E°ox = —0.40V

HER (cathode)
4H,0(l) + 4e~ - 2H,(g9) + 40H~ ;E°,; = 0.83V

To have a pH-dependent scale, the potentials are referred to the reversible hydrogen electrode

(RHE), here, the potential is referred as a function of the pH by the Nernst equation: Exryr =

E°syp — 2'3(;3” pH = —0.059pH were R is the gas constant, T the temperature, F the faraday

constant and SHE refers to the standard hydrogen potential. Therefore, thermodynamically,
1.23 V is the minimum electrical potential required to split water molecules independently of
the pH. However, in practical applications, the required potential is much higher
(overpotentials) due to the presence of kinetic and engineering issues like activation energy
steps, mass transport limitation, internal resistances, etc. These additional parameters are
strongly limited by the used pH. Alkaline media induces faster OER kinetics due to the low
concentration of protons and high concentration of hydroxide ions, also, the stability of
materials on alkaline media is enhanced. Alternatively, acidic media favor a faster HER
reaction due to the high concentration of protons and fast mobility of protons reducing mass
transfer limitations.
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1.2. Electrolyzers and catalyst

On a global scope of the device, the green hydrogen production could be fragmented in 3 main
parts: The system level, the stack level, and the cell level. Those are represented in Figure 1.3.
The system level, represents all the units involved on the hydrogen production, from the raw
material and energy input to the fuel distribution and purification, also denoted as the balance
of the system (BOS). On the stack level and cell level, the attention is focused on the
electrolyzer, where the electrochemical reactions will take place. Here the anode and cathode
electrodes are placed between a membrane that selectively separates the reaction products
without affecting the ionic conduction.

Dryer Deoxo

Titanium
coated with

Catalyst
Iridium

Platinum

/

Gas separator Gas separa

Electrolyser
®)g) stack

Feed water
supply

Carbon

- —oo— D~ >
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Rectifer

Cathode
electrode

Porous
transpors layer

Ancde
electrode

Membrane

Transformer

Figure 1.3: List of overpotentials required for different electrocatalysts in acid and basic media,
for the OER and HER reactions.®®

To improve the overpotential of the water splitting reactions, a catalyst is added to modify the
energetic requirements associated with the activation energy barriers. Compared to the HER,
the OER is far more complicated from a kinetic perspective, due the sluggish kinetics and high-
activation energies of four-electron transfer processes[19]. In alkaline media, which is the pH
used in this thesis, the mechanism adopted for the reaction was introduced by Rossmeisl and
Noskov[20]-[22]. This mechanism follows the next 4 reactions.

M*+0H  2M—-0H"+e~ (1)

M —O0H*+0H™ 2M — 0"+ H,0 +e™ (2)
M—0*+0H™ 2M - 00H" +e~ (3)

M — O0H* + OH™ 2 M* + 0, + H,0 + e~ (4)
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The superscript “*” indicates the active metal site (M*) or the adsorbed intermediate. Each
step involves one electron transfer (ET). At each reaction, the oxidation state of the metal ion
at the active site may change, with the metal undergoing either oxidation or reduction or the
metal oxidation state remaining unchanged. Additionally, there are pure chemical steps
between ET that also occur, especially when a rapid discharge step is followed by a slow bond-
restructuring process[23]. Regarding the OER mechanism, a strong debate prevails and
different experimental and theoretical efforts have been made to reduce the overpotential
caused by these reactions[24], [25]. For the HER, the reactions follow a 2-electron transfer
process. Here, two mechanisms have been widely adopted: the Volmer-Tafel and the Volmer-
Heyrovsky mechanisms[23]. On alkaline media these reactions are[26], [27]:

H,0+M+e~ > M—H,;, + OH™ (Volmer)
2(M —Hgys) = 2M + H, (Tafel)
H,0+M —H,;s+e~ > H,+ M+ OH™ (Heyrovsky)

Here, M refers to the metal oxide surface and the M-Hags depicts hydrogen intermediates
adsorbed on the electrode surface. To more insights about the mechanism and details in the
water splitting mechanism, please refer to the work of Bockris et al. [28], Zhang et al. [20] or
Song et al. [29].

Unfortunately, the catalyst that has demonstrated the lowest overpotentials and highest
exchange currents is based on rare and expensive noble metals such as platinum and RuO: for
HER and IrO2 for OER[30]. Extensive efforts have been devoted on explore earth-abundant,
efficient, and inexpensive catalysts. Many cheap and earth-abundant transition-metal-based
materials have been explored as potential electrocatalysts for the OER and HER in the past
few decades[31], [32]. Some examples in basic and acid media are shown in Figure 1.4. Among
these catalysts, transition metal oxides[33] and (oxy) hydroxides[34] receive widespread
attention due to their significant catalytic performance toward the OER. They possess high
electrical conductivity and structural stability when operating in alkaline solutions making
them excellent candidates for water splitting[35]. Chapter 3 will explore the development on
this type of catalysts.

1.3. Semiconductors and solar cells
So far, previous sections show how to separate the water molecules using an electrical input.

Referring to the solar energy, the electrical input is generated through the absorption of photons
by a semiconductor to transform it to electrical energy. Here 4 fundamental steps must happen
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to ensure the obtention of photoinduced work[36]: light absorption, carrier separation, carrier
transport and collection.

OER Activity of Various Catalysts after 2 h at 10 mA cm™

(e)-200090IN
(q)-200029IN
(9)-e4o0MIN

Overpotential at 10 mA cm™

Figure 1.4: List of overpotentials required for different electrocatalysts in acid and basic media,
for the OER and HER reactions.®

When a photon with an energy higher than the bandgap of the material is absorbed, electrons
are promoted from the valence band to the conduction band. Here, the carriers are created,
named as electrons with negative charge and holes with positive charge[37]. The number of
generated carriers will be a direct function of the band gap, the absorption coefficient, and the
irradiated flux spectra[38]. After the excitation process, carriers must be separated before they
recombine. This separation could occur by different mechanisms[36], [37], [39] like drift
(movement of electrons due an electric field), diffusion (movement due concentration
gradients) or recently polarons (movement due the distortion of a polarized lattice)[40]. Fine-
tuning strategies of the energetic structure of the device like building up p-n junctions[41], the
addition of selective transport layers[42], or adding external bias[43], allows to maximize the
charge separation limiting recombination. Once separated, the charges need to be transported
through the semiconductor interface to allow the final charge collection. This transport will
also be influenced by the electric field and concentration of carriers built in the structure[44].
Moreover, the transport distances could vary on the system (from nanometers to micrometers)
and will ultimate depend on the system resistance and recombination on the materials[45]. This
recombination will be strongly affected by defects, grain boundaries, or interface defects[46].
Ultimately, the charges are collected by a metal or redox system to complete the electrical
circuit.

As mentioned earlier in this chapter, the minimum amount of energy for driving the water-
splitting reaction is 1.23 eV. This means that only photons with greater energy (A < 1010nm)
are capable to generate photo-exited charge carriers and carry reactions at the interface
electrolyte-semiconductor[38]. Adding Kinetic overpotentials and losses in the device, a single
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junction device must have a bang-gap between 1.6-2.4 eV to drive this reaction. Plus, the
position of the band edges is of importance. Semiconductor must straddle the redox levels for
water, and the proper alignment of the band determines the band bending, further separation
and transport of the charges. This introduces additional constraints and further narrows down
the set of semiconductors with suitable optical properties that could be of interest. Some
semiconductors studied in this regard are TiO2[47], BiVO4[48], Fe203[49], and CuO[49].

A strategy to circumvent the problem with the solar spectrum mismatch encountered for one
band gap, single-cell devices, is to fabricate tandem devices, where two or more
semiconductors with different band gaps are stacked on top of each other[50]. Here, the light
absorption is more carefully managed, allowing that losses associated with thermalization are
reduced[51]. A tandem cell can absorb a greater part of the solar spectrum compared to a single
band gap device; in spite of that as a high photo-potential can be generated. Nonetheless, the
semiconductor band-alignment is challenging, and the system complexity increased
dramatically, increasing costs, and narrowing the fields of application[52]. Another approach
to solve the solar spectrum mismatch problem is to interconnect several single band gap cells
in different configurations[53]. In this way, the required voltage and current could be supplied
by arranging the device in series or parallel configurations, depending on the employed
semiconductor absorber[54].

1.4. Photoelectrochemical systems

Considering the integration of the semiconductor and catalyst to drive on the water splitting
reaction, there are three options as shown in Figure 1.5: Photovoltaic+electrolyzer (PV+E),
photoelectrochemical cells (PEC) and particulate photocatalyst.

In the PV+E, the semiconductor is located outside the electrolyte and therefore, the
performance of the cell is completely independent of the character of any solid/electrolyte
interface[55]. The light absorber is completely out of water, and hence, stability against
corrosion in the aqueous medium is of little concern[56]. Also, sizes of PV and electrolyzer
components (EC) can be freely modulated because they have different balance of system
(BOS). The BOS denotes auxiliary components needed for operating the device such as piping,
controller, fuel or charge transfer roads[14]. For the PEC systems, the semiconductor is
immersed in the electrolyte, when an electrolyte-semiconductor junction is formed, the
photovoltage and photocurrent produced in the presence of light arise from the differences in
the electrochemical potentials of the solid and the electrolyte, as well as from asymmetries in
the charge-transfer kinetics for electrons and holes across the junction. Electrocatalysts could
be used in the device to enhance the charge transfer kinetics, but the operation of the device
will still rely in the electrolyte-semiconductor interface[55]. Finally, the particulate
photocatalyst powders are dispersed in the medium, and thus the charge transfer pathway is

15
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significantly shorter (several micrometers or nanometers) than usual charge collectors in the
other systems (sometimes tens of meters)[57], [58]. Each unit individually absorbs light,
generates excited carriers and performs the desired chemical reactions at the
particulate/molecular electrolyte interface, significantly reducing the system complexity but
lowering drastically the overall efficiency[59]. Important advances have been made in the
photocatalysis field in this direction but those are out of the scope of this thesis.

Different perspectives, including economical, physical, and engineering ones — must be
evaluated in searching for the optimal configuration. The common argument in favor of the
PEC cell research is based on an economical benefit from the device structure integration.
Nonetheless, with the drastically reduction on photovoltaic prices and the economy of scale of
electrolyzers, this argument is hard to maintain. Recent techno-economic studies have pointed
a levelized production cost of hydrogen (LCOH) for PV+E at 6.22 $/kg H2 versus 8.43 $/kg
H. for PEC[60]. One should also consider that BOS costs for collecting hydrogen with pipes
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and membranes over large solar collection areas will likely be much higher than those for a
PV-electrolysis installation (even though there may be some savings on the inverters)[61].
Nonetheless, the technological readiness level of the PEC system is still very low, and a lot of
uncertainties make difficult to predict the final cost and decide for the best technology[12].
Therefore, technical arguments must be also considered on the discussion. PEC cells operate
at very low currents (10-20 mA/cm?), 100 times lower than conventional electrolyzers (1-2
Alcm?). This feature increases the internal electrolysis efficiency, requiring less overpotential
for the reaction. Also, the stability of the catalyst is further enhanced, losses for bubbles are
diminished and the possibility of membrane-less devices are more facile to consider[62].
Nonetheless, operating at low currents will demand a very large area to supply the same PV+E
hydrogen production[23], but their impact in the final cost need to be evaluated. Another
benefit of the PEC relies on the thermal management. Solar cells have a drastically effect on
temperature, operating at 60°C-80°C the devices could reduce their efficiency in up to
10%[63]. In PEC, the immersion of the absorber in the electrolyte allows a more effective heat
transfer to the solution. Not only reducing the losses on the photo absorber, but also improving
the reaction kinetics by 2 per 10°C increase (Arrhenius law)[61]. Studies have shown that the
improvement in the kinetics is larger than the decrease in the photovoltaic properties of the
PEC absorber[64].

In a critical analysis, presented later in chapter 4, previous benefits of PEC could be also
applied to PV+E systems following a different engineering approach. Therefore, the actual
distinction between the systems must rely on a more fundamental level. The PEC and PV+E
differ in a small but important detail: the formation of the electrolyte/solid junction[55].
Therefore, a PEC configuration will be preferable if the electrolyte/solid junction present any
benefit in the efficiency of the final device. This benefit could be in two forms: (i) improving
the operation potential of the semiconductor or (ii) modifying the kinetics of the reaction. In
theory, when a semiconductor is in contact with the electrolyte, it forms a nearly ideal
junction[65]. This junction will reduce interfacial losses that otherwise could affect a PV
device and therefore, allows a more efficient and simpler device. In the second option,
photocatalytic studies have been demonstrated that a light induced photocatalyst could be more
efficient than only an electrocatalyst exploding quantum mechanical effects like hot
carriers[66]-[68]. Thus, considering excited states, the energetic barrier could be reduced and
therefore, less overpotentials are necessary for the reaction[19]. These concepts are still far
from the real application on PEC devices, but the research of new materials must account this
fundamental concepts. Without this clear goal, the collective advance of the PEC technology
will be stacked, and, in the end, the challenge of global warming depends in having as many
options as possible to sustain our global energy system. In this thesis, the analysis of both
conditions PV+E and PEC are presented for a very special family of semiconductors, the lead
halide perovskite semiconductors.
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1.5. Lead halide perovskite ssmiconductors

Until now, no single-junction material has been capable to supply the water splitting reaction
potential without any additional bias. Thus, the key research needed for solar fuels generators
based on PEC cells involve the discovery and development of semiconducting materials that
possess both the proper band gaps for effective sunlight absorption and well-positioned band
energetics to perform the water splitting reactions. Additionally, key features such as earth-
abundant materials-based and large-scale production economy are crucial to make PEC devices
economically competitive against the PV+E systems[69], [70].

Lead halide perovskites have revolutionized the solar cell industry due to their amazing
semiconductor properties. This group of materials follows the perovskite structure ABXS3,
where A is a cation (including organic like CH3NHs*, CH(NH2)?* or inorganic Cs*, Rb*), B is
a metallic cation (Pb*? or Sn*?) and X a halide anion (I, Br-, or CI). This material possesses
excellent optoelectronic properties such as high incident light absorption capacity (absorption
coefficients in the order of 10* - 10° cm™), and high charge transport and mobility[71]-[74].
Moreover, this family of materials is constituted by earth-abundant elements and their devices
can be manufactured by continuous printing methods, such as ink-jet printing, slot-die coating,
among others, compatible with roll-to-roll processing[75]. Additional concerns with lead
content on the perovskite absorbers have to be addressed but interesting advances towards tin-
based perovskites or double perovskites had gained important advances in the last years[76].

These semiconductors have been implemented on photoelectrochemical cell research. In 2012,
Luo et al[77] reported a PV+electrolyzer using 2 series of MAPbI3 connected solar cells with
NiFe LDH catalyst to obtain a solar to hydrogen conversion of 12.3%. Recently, astonishing
efficiency of 18.7% have been obtained using a silicon/perovskite tandem device connected to
NiFe and TiC/Pt catalysts[78]. A roadmap to achieve over 20% efficient devices have been
proposed, hopefully beating the state-of-the-art devices based in I11-V semiconductors[79].
Perovskite devices also have been studied in integrated devices. To protect perovskite from
direct contact with the electrolyte, 3 main options have been implemented: i) atomic layer
deposition coatings (ALD), ii) metallic electrode encapsulation and iii) carbon electrode
encapsulation.

Kim et al[80], fabricated a photocathode using a layer of titanium dioxide deposited by atomic
layer deposition (ALD) as protection layer. On this approach, authors used thin platinum as
co-catalyst in the photoelectrode measurements. With this configuration current density of 10.5
mA cm at 0V vs RHE and a stability of 2h was achieved. This work is the only report where
a perovskite device is made to preserve the electrolyte/semiconductor junction. In a second
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approach, metals are known to provide absolute protection against moisture. Linked to this
idea, Crespo-Quesada[81] et al used a Fields metal (InBiSn) together with a platinum catalyst
deposited on the surface to elaborate a photocathode. With this strategy, hydrogen generation
is achieved with a current density of -9.8mA/cm™ and a stability of approximately 1h. It has
been proven that hybrid perovskite is susceptible to metal ion migration, resulting in corrosion
by products such as metal halides[82]. For this reason, the long-term stability is strongly
compromised in this type of configurations. Another approach to use metals as encapsulants
have been explored like Ni[83] or Ti[84].

Finally, one of the strategies that has gained momentum is the use of hydrophobic carbon to
protect the hybrid perovskite. Poli et al[85], fabricated a photoanode using a carbon bilayer
joining mesoporous carbon and graphite to protect CsPbBrs-based perovskite, obtaining a
stability of more than 30h and current densities higher than 2.5mA/cm? at 1.24V against the
normal hydrogen electrode. Another example is reported by Tao et al[86], where they managed
to obtain a stability of more than 12 h in different electrolytes and a current of 12.4 mA/cm? at
1.23V. The great advantages of this approach are its stability in contact with perovskite, its
high surface area for catalyst loading and the possibility of implementing them by industrial
printing methods such as screen-printing or doctor-blade.

1.6. Aim of this thesis.

Recognizing the special potential of halide perovskite semiconductor as a material suitable for
large scale production and outperformance efficiency, and the requirement for sustainable
production of green hydrogen, this project aimed to integrate this semiconductor to
photoelectrochemical devices for water splitting reaction. This thesis is written as a stand-alone
section, focusing on special challenges for the main components: Perovskite absorber and
catalyst fabrication. On the end, the integration of both advances is presented to outlook the
requirements for integrate the components on a real device.

On the second chapter, the fabrication of the perovskite absorber is covered, here, different
compositions are explored looking for large-scale production and high-performance devices.
On this sight, the bication perovskite using methylamine was selected as a solvent for the
perovskite production. Here, an interesting correlation between the solvent amount and the
final crystallization phases of the perovskites was found.

On the third chapter, the methods to fabricate and implement state-of-the-art catalyst
compatible with large scale deposition methods was presented. Here, successfully synthesis of
NiFe-LDH catalyst was obtained, with outstanding catalytic performance for oxygen and
hydrogen evolution reaction using scalable coating methods like spray-coating or dip-coating.

On the fourth chapter, the integration of the perovskite and catalyst on a photoelectrochemical
device was introduced. First, an PV+electrolyzer system was obtained with a remarkable STH
efficiency of 10.4%. Herein, an analysis about the non-viability of conductor-based protection
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strategies was presented and externally connected devices exactly reproduce the reported
devices performance. In the end of this chapter, semiconductor-based protection strategies
using TiO2by ALD or 1ZO by sputtering was introduced. These steps suggest a route to further

integrate the perovskite absorbers as suitable semiconductors for photoelectrochemical water
splitting devices.
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Chapter 2:

Looking for scalable perovskite absorbers

Expanding compositional range on methylamine perovskite precursors

2.1. Introduction

On the roadmap of an efficient photoelectrochemical system, the absorber represents the heart
of the operation. According to the processes summarized in the introduction, the overall
progression of solar hydrogen production was divided into four fundamental steps: Charge
carrier generation, separation, transport, and interfacial reaction. Comparing these steps with a
solar cell; the first three are identical. Therefore, fabricating an efficient solar cell device is a
crucial step for the goal of photoelectrochemical device construction. Metal halide perovskites
(MHP) have attracted attention recently due to their low cost and easy solution processability
coupled with interesting photophysical properties such as long carrier diffusion lengths, high
mobilities, direct and tunable band gap, high absorption coefficient and unusual tolerance to
defects.[71], [87], [88] As a result, perovskite solar cells (PSC) have reached record
photovoltaic conversion efficiency (PCE) of 25.5%[89]. Nonetheless, the perovskite literature
is overwhelming with more than 5500 unique devices combinations and 400 families of
perovskites successfully implemented in solar cell devices[90]. Therefore, an important
question emerges. Which is the best choice for the perovskite composition aiming to scalable
and high-efficient devices?

A hint to answer that question arises from the chemical nature of the process. The careful
control of precursor chemistry, and the morphological and crystalline properties of perovskite
films have made possible highly efficient PSCs. Crystallization techniques including
antisolvent[91], gas quenching [92], [93] , vacuum drying [94], and infrared annealing [95]
have been optimized for depositing smooth, highly crystalline and defect-free perovskite films.
Unfortunately, these set of techniques work effectively for depositing perovskite films by spin-
coating but are hardly compatible with scalable techniques such as blade or slot die coating
[96]. Due to the strong coordination ability of Pbl, and the high boiling point of the typical
perovskite precursor solvents (i.e. DMF, DMSQO),[97] the traditional crystallization techniques
rely on external forces for drying the film. Moreover, they have a narrow operation window,
which hampers their reproducible transference to roll-to-roll (R2R) systems.

Recently, researchers have reported the deposition of perovskite films by R2R or blade coating
using a precursor composed of a mixed solvent of methylamine (MA) and acetonitrile
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(ACN). [96], [98], [99] Using this precursor, the above-mentioned drawbacks have been
overcome by allowing one-step deposition of perovskite films with optimal morphology over
large area substrates. The advantage of this precursor relies on the strong coordination
interaction of MA with Pbl, clusters combined with hydrogen bonding with the CH.NH.: (MA-)
cations at A-sites of the MAPDI3 perovskite.[100]-[104]As a result, stable solutions of MAPDbI3
in mixed solvents including MA/ACN [105] and MA/Tetrahydrofuran (THF) [106] has been
reported. Under these solvents, the desirable properties for perovskite precursors such as
surface tension, and boiling point were achieved.

Several methods have been implemented to incorporate MA and fabricate high-quality
MAPDI3 films, as depicted in Figure 2.1. Nakita et al. [107], proposed the bubbling method,
where the perovskite precursors in ACN solution are bubbled with methylamine using N2 as
the carrier gas until a clear solution is observed. Another option is to leave perovskite powder
or crystals in a sealed vessel with methylamine solution, here, the methylamine diffuses and
reach the perovskite material forming a viscous solution. Here, the formed liquid can be diluted
in a proper solvent (dilution method)[99], [108] or applied in the substrate using mechanical
pressure (peeling method)[109]. The last option, referred here as degassing method [110], is a
post-treatment of raw perovskite films that are exposed to MA gas. This leads to a fast
conversion into a bleached film, then after removing the MA gas, the film returns to its initial
state with improved morphology and crystallinity. Note that the MA precursors have been
deposited by spin-coating, blade-coating, dip-coating, or slot-die technique.
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Figure 2.1. State of the art methods for incorporation of methylamine into
MAPbI3 perovskite
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Despite the successful development of the MA based precursors, their application has been
limited to deposit MAPbI, perovskites. One of the most successful methods to enhance the
stability of perovskite materials is A-site cation engineering, leading to the most efficient and
stable perovskites reported to date.[111] The best PSC devices are based on perovskites with
A-site cation combinations of formamidinium (FA-), Cesium (Cs), methylammonium (MA-)
or rubidium (Rb). [112]-[114] Most of these multication perovskites have been processed by
solvent engineering, but there are few reports on multication perovskites processed in the MA
based solvent. Zhao, et al. report that MA exposure into FAPbI,films rapidly forms a bleached
film, but their back conversion upon degasification is sluggish [115]. Benjia, et al. [96]
fabricated efficient blade-coated MA,:FA..:Pbl,; perovskites using the bubbling method with
PCE of 18%, but as proved earlier by Zhang et al.[116], small amounts of formamidinum cation
in the presence of MA form passivating structures of 3-FAPDI, rather than active perovskite
phases. Therefore, there is still a significant lack of understanding of mixed A-cation
perovskite in methylamine solvent.

In this chapter, the requirements to stabilize multication perovskite films with high FA* content
based on MA precursors was explored, looking into high-efficient and scalable devices.
Initially, the consequences of the methylamine incorporation method in the phase stabilization
was explored. Viscous-stage related methods were the only way to stabilize the o-phase
perovskite due to the increased MA incorporation. By tuning the MA ratio in the precursors, a
dependence with the amount of MA was found. Here, at a small amount of MA, crystallization
favors the formation of 1D FA,Pbl, phase and 2H/4H polymorphs. In contrast, at high MA
amounts, crystallization leads to films with solely a-phase perovskite. Moreover, this behavior
was attributed to the formation of FA®- MA complexes that fully determine the final
crystallization phase. This understanding open the window for developing controllable
precursors applicable to one-step deposition of mixed cation perovskites for large-scale
processing. Finally, an overlook to other compositions non-explored in the MA literature was
discussed and results of efficient devices following typical precursor compositions was
presented.

2.2. Experimental

2.2.1. Perovskite powder preparation

The perovskite powders were prepared following a modified procedure by Zhang[117]. Here,
688 mg of FAI and 167 mg of MAI were dissolved in 10 mL of ACN. An excess of 5% of
methylammonium iodide was added to the precursors to ensure full conversion in the reaction.
Afterward, 2305 mg of Pbl> was rapidly added to the solution, and constantly shaken for 10
min. Different color transitions are observed upon final transition to the black perovskite phase.
Finally, the product was dried at 100°C for 20 min and stored in the glovebox for further use.
A yield of around 90% was achieved with this method.
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2.2.2. Perovskite solution fabrication

400 mg of powder was placed in a vial, with 3mL of methylamine solution in a ceramic cresol
and held in a 1470 mL (10 cm height) hermetic jar during different times to ensure a different
amount of methylamine incorporation. This process must be held in non-reactive materials like
ceramics due the high reactivity of MA gas. The ratio of methylamine incorporated in the
solution was determined by the mass difference, before and after the gasification process. The
time and methylamine solution ratios strongly depend on the system configuration. In this
sense, the reactants concentration and spatial configuration, modifies the diffusion rate to the
system, affecting the final viscous solution. In our system, incorporation of 5 mol/mol of
perovskite takes around 12 hours, while the incorporation of 10 mol/mol takes around 7 days.
The incorporation rate follows a logarithmic tendency. Finally, ACN was added dropwise to
the solution until have a 32% wt solution.

2.2.3. n-i-p perovskite solar cell fabrication

Devices were fabricated on ITO coated glass (Naranjo). The substrates were washed with
neutral soap and sequentially sonicated in DI water, acetone and isopropanol. Then, they were
treated with ultraviolet ozone for 5 min. The SnO; was fabricated in two-steps. First, a solution
0.048M SnCl,-2H20 in isopropanol was spin coated at 3000 rpm with an acceleration of
1000rpm for 30 s. Afterward, the substrates were annealed at 180°C for 1h. In the next step,
the substrates were submerged at 70°C for 3 h in a chemical bath composed of 3.75g of urea,
62.5 uL of 3-mercaptopropionic acid, 3.75 mL of hydrogen chloride, 675 mg of SnCl>-2H,O
and 250 mL of deionized water. Then, substrates were washed with deionized water, annealed
at 180 °C for 1 h, and underwent UV-ozone treatment for 15 min. For the perovskite layer, 40
uL of precursor solution was deposited by spin-coating at 3000 rpm for 30 s. The films were
then annealed at 120°C for 30 min. For the hole-transporting material, a solution of 70 mM of
Spiro-OMeTAD in chlorobenzene and doped using 4-tert-butylpyridine and Li-TFSI in
acetonitrile at a molar ratio of Spiro:Li-TFSI:TBP of 1:0.5:3.3 was used. Then, the solution
was spin-coated at 4000 rpm for 20 s. Finally, to complete the devices, 80 nm of gold electrodes
were thermally evaporated under vacuum (=10~® mbar) at a deposition rate around 0.1 nm s™*.

2.2.4. p-i-n perovskite solar cell fabrication

Patterned ITO substrates were washed sequentially in 2% of Mucasol solution in water,
acetone and isopropanol, in an ultrasonic bath for 15 min. After that, UV treatment for 15 min
was performed just before the HTL fabrication. All the deposition steps were conducted in a
nitrogen atmosphere. After, 100 uL of SAM 2PACz solution (3 mg/10 mL absolute ethanol)
were spin-coated at 3000 rpm for 30 s on a closed spin-coater. Annealing at 100°C for 10 min
were performed. The perovskite solution was fabricated following the procedure reported by
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Ramirez et al[118]. Here, 558 mg Pbl,, 152 mg PbBrz, 232 mg FAI, and 72 mg Csl where
mixed with 1 mL of DMF and 0.5 mL of DMSO. 100 uL of the precursor were dripped onto
the SAM covered substrates and spread over the substate before the spinning program (5 s
acceleration to 3500, 35s steady at 4000 rpm). Antisolvent chlorobenzene was added 5 s before
the end of the program. Further, the perovskite was annealed at 100°C for 20 min. For the ETL,
23 nm of C60 were thermally evaporated with a rate of 0.1 A/s. After that, 20nm of SnO
processed on top at a substrate temperature of 80°C via atomic layer deposition (ALD,
Arradiance GEMStar) to form a buffer layer. SnO> precursors were tetrakis (dimethylamino)
tin (IV)(TDMASN) and water. Finally, 100 nm of Cu was evaporated using a rate of 1 A/s.

2.2.5. Characterization

X-ray diffraction patterns were measured using a Rigaku Miniflex600, in the range of 20=5°
to 60° using Cu Ko (1.5408 A) with a step size of 0.02° and a velocity of 5° per minute. Optical
absorption was measured in the range of 400-800 nm using a Cary 100 Agilent
spectrophotometer. FTIR measurements were collected in a range of 500 cm-1 and 4000cm-1
with a resolution of 4 cm-1, using ThermoFisher ATR iS50. AFM images were obtained in a
MFP-3D infinity from Oxford instruments. For solar cell measurements, Keithley 4200SCS
and solar simulator Oriel sol 3A were employed, calibrated to AM1.5 standard conditions using
an oriel 91150 V reference cell.

2.3. Results and discussion

2.3.1. Formamidinium-based perovskites

Although the methods previously reported (Figure 2.1) yield high-quality MAPDI3 films, they
do not apply to mixed A-cation systems. Indeed, when a high amount of FA* replaces the MA*
cations at the A-sites of the perovskites, the interaction of the solvation agent should be
different. To have a better understanding of this process, mixed cation films MAo2FA0sPbls
were fabricated and characterized their crystalline structure by X-ray diffraction (XRD) as
shown in Figure 2.2. Peeling, bubbling and dilution methods showed a-phase perovskite (at
20 = 14.1°) with additional low angle peaks corresponding to non-perovskite phases (2H-o
phases/4H phases) [119] at 26 around 11.6°; while degassing method not stabilize any amount
of the perovskite phase. Additional unknown peaks at 26 = 10.2°, 10.0°, and 9.2° are observed,
those will be of importance in coming discussions. These results indicate that methods
involving a viscous solution intermediate regarded as a metastable perovskite-MA precursor
phase [120], are more prone to form active perovskite phases. Unlike the degassing method,
the formation of the viscous solution intermediate allows the incorporation of several
molecules of MA into the perovskite material. This observation, proven below, suggests that
the amount of methylamine dissolving the perovskite precursor is a critical variable for the
stabilization of the perovskite active phase.
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Figure 2.2. XRD diffractogram of the schematized methods using mixed cation
composition MAo2FA0.sPblz. a) Detailed XRD between 5° and 20°. b) Full XRD spectra

To demonstrate this observation, MA concentration was systematically studied in the dilution
method, since this allowed more a-phase perovskite stabilization (Figure 2.2 line b). Perovskite
films prepared from precursors with different mole amounts of MA were characterized by
XRD, and UV-vis measurements in Figure 2.3. Clearly, increasing MA ratio in the solution
directly increases the amount of a-phase at 14.1° (Figure 2.3 a) and reduces the low angle
peaks (26 < 10.2°). The same trend is observed in the UV-vis measurement, where Figure 2.3b
indicates that the presence of those unknown phases significantly affects the film absorption.
In this behalf, a ratio of 10 mol MA per mol of perovskite powder could fully stabilize the a-
perovskite phase, in agreement with a maximum absorption in the UVvis spectra (500-800nm).
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Figure 2.3. (a) XRD diffractogram at different ratios of methylamine mol per perovskite
mol (b) UV-vis absorption spectra.
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This observation highlights that precise control of the dissolvent has an enormous impact on
the final perovskite film. However, MA ratios greater than 10 destabilized the precursor
solution, leading to the formation of a pale yellowish precipitate as observed in Figure
2.4b. This behavior to was attributed to the consumption of MA molecules from the solution
to form Pb-Alkylamide complexes, as previously reported by Kerner [103].

FTIR measurements of this compound indicate strong features of primary and secondary
amines, as shown in Figure 2.4a. Additionally, XRD characterization shows different low peak
angles under 10° (Figure 2.4b), supporting the Kerner reaction. Moreover, the crystallization
during the spin-coating significantly changes depending on the methylamine ratio. For the case
of low MA ratios, the crystallization is retarded (~ 20s — 30 s) and smooth films are obtained.
In contrast, high MA ratios lead to rapid crystallization in seconds (~1s) similar to MAPDI,
compositions processed in this solvent [108], [121].
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Figure 2.4. Characterization of Pb-Alkyl amide products at high MA amounts. a)
FTIR characterization of the obtained precipitate. b) XRD of the precipitated and
observed precipitate on the solution.

The unknown low angle peaks (26 < 10.2°) in the XRD data was assigned to a corner sharing
structure of FA3(MA)Pbls. This non-perovskite structure is presumably formed for four
reasons. First, it has a remarkable similitude with the reported crystallographic structure of the
adduct phase MA3(DMF)Pbls [122], where larger lattice parameters are expected due to the
presence of larger FA™ cations. Second, the presence of a 460 nm peak in the UVvis spectra
(Figure 2.3b) has been previously attributed to the formation of Pbls> species and assigned
to a 1D formamidinium phase [123]. Thirdly, the ribbon-like structures observed in the AFM
images (Figure 2.5) resemble similar shapes of low dimensional perovskite structures [122],
[124], [125]. Finally, it has been reported that primary amines had greater donor numbers (40
— 50 kcal/mol) than conventional solvents DMF or DMSO (26.6 and 29.8 kcal/mol
respectively). This suggests that the formation of adduct-like phase of MA molecules is rather
possible [126], [127].

27



To disclose the molecular interaction of MA inside the mixed cation precursor, attenuated
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was performed. Several
spectral changes are observed upon increasing the MA ratio. As shown in Figure 2.6a, the peak
at 1705 cm is characteristic of the C=N stretch of FA* cation and gradually disappears upon
the addition of MA, in correlation, a new peak emerges at 1665 cm™. This behavior is explained
by the formation of hydrogen bonds between the methylamine and FA* cation. The interaction
of MA with the amino group of formamidinium lead to an increased electron density around
the nitrogen atom owing an inductive effect that modifies the polarity of the molecule [128]-
[130]. As consequence, the double bond character is weakened, causing a shift of the C=N
stretch to lower frequencies as it is observed. This trend is also observed when FAI is exposed
to MA, indicating that Pblg* is not involved in this new interaction. Also, the dipole interaction
is supported by the Figure 2.6b, where the presence of a right-shift displacement in the
vibrations of N-H stretches of MA (Shift from 3305¢cm™ to 3283 cm™ and 3365¢cm™ to 3332cm”
1y indicates a dipole interaction of MA with the components in solutions and reinforced by the
disappearance of NH: scissoring vibration at 1607cm™. Figure 2.6b also shows an additional
small peak around 3500 cm™ characteristic of O-H stretch of the ethanol diffused from
methylamine solution. This incremental amount of ethanol did not significantly change the
ratio between 1705cm™ and 1665 cm™ peaks and therefore did not have a substantial
contribution to the phase stabilization. Finally, the role of ACN in the solvent was explored.
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Figure 2.6. a) FTIR spectra of perovskite precursors with different MA ratios and FAI
reference dissolved in methylamine. b) FTIR comparison between solution with 10 mol
MA/mol powder and reference of methylamine in ethanol. C) Schematic representation
of the stages involved in MA molecules solvation with mixed cation compositions.
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Also, the results shows no peak displacements suggesting that acetonitrile acts only as a diluent
in the precursor, in concordance with earlier observations by Jeong et al.[99].

To explain these results, a two-step mechanism is proposed, here, the MA interaction with
theperovskite precursor (in this case, perovskite powder), lead to a viscous solution as
summarized in Figure 2.6¢. First, small amounts of physically adsorbed MA in the structure
cause swelling, intercalating in the interplanar spaces and forming 1D FAPbIs ribbons, similar
to the previous mechanism of Wu et al. [108]. Recrystallization at this point lead to the growth
of those formamidinium phases, retaining the MA molecules inside and retarding the
crystallization. Increasing the number of MA molecules allows a fully interaction with
formamidinium cations, breaking the 1D phases in solution to form fully isolated 0D
octahedral structures where the Pblg clusters are solvated by MA molecules, and all the FA
cation complexed with at least one methylamine molecule. At this point, recrystallization
favors the formation of 3D a-phase FAPbIs structures due to the increased cation disorder in
the solution [131]. In addition, intermolecular interactions between MA molecules, leads to
uniform evaporation that favors the rapid crystallization Kinetics. Interestingly, this mechanism
suggests that crystallization and phase stabilization is mediated by the interaction between the
solvent (methylamine) and the site A cations (formamidinium). This observation is contrary to
typical solvents (DMSO or DMF), where the iodoplumbate complexation solely determine the
phase crystallization [132], [133]. Recently, similar observation of the formation of 1D phases
upon MA exposure in MAPDI3z perovskite has been reported [100], supporting the results.
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So far, this work demonstrated that the stabilization of the perovskite phase in FA*-rich
compositions is possible. To validate this in a photovoltaic device, n-i-p solar cells were
fabricated, and the power conversion efficiency (PCE) is illustrated in Figure 2.7, while the
photovoltaic parameters are summarized in Table 2.1. With this morphology a maximum PCE
of 11.1% was achieved for a concentration of 10mol. In agreement with a good quality
perovskite a-phase as the active layer, that film can absorb light and transform it into charges,
high photocurrents were obtained in precursors with high MA content; In contrast, lower
photocurrents were obtained in the precursors with low MA content, since they have a large
number of non-perovskite phases that are not photoactive and therefore cannot contribute to
the generation of charges.[119] However, these devices showed higher open circuit voltage
(Voc) due to their better film morphology. As shown in the AFM images of Figure 2.5, some
pin-holes are present in the precursor with higher MA concentrations, reducing the V. and
future optimization must obtain both, a stabilized perovskite phase (aim of this work) and high-
quality morphology. This affectation on the Vo hinders the future application of this precursor
for the following photoelectrode integration.
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Figure 2.7. Reverse JV curves for the best-performing cells at different MA ratios on n-i-p
architecture

Table 2.1. Photovoltaic parameters in dependence of the methylamine ratio on n-i-p
perovskite architecture

Jo(MA/CmMA2) Vo(MV) FF(%) PCE(%)

5mol/mol  256+0.13 (256)  801.51+139.68 (951.80) 36.3615.07 (43.82)  0.74x0.23 (1.07)
75mol/mol  4.42+0.70 (5.73)  1059.10+21.10 (1102.03)  54.79+1.96 (57.98)  2.55+0.52 (3.66)
10 mol/mol  19.15+0.83 (19.79)  758.63+59.34 (801.56) 70.45+4.89 (69.98)  10.61+2.55 (11.10)
14molimol  13.24+2.77 (15.61)  844.45+138.12 (973.23) 63.28+12.84(63.28)  7.62+2.53 (9.61)
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In conclusion, this chapter demonstrated that for compositions with high FA*, MA-based
precursors are obtained only following routes that allow high contents of MA, like the viscous
solution route. A detailed analysis of the precursor chemistry reveals that perovskites with high
content of FA" tend to crystallize in 1D dimensional FA3(MA)Pbls phases due the incomplete
solvation of the Pble™ clusters. Here, the increasing the ratio of MA molecules in the precursor
leads to full solvation, which is possible for the strong interaction between the FA* cations and
MA molecules. Up to now, this vital role of MA ratio in the precursor has been overlooked
because the traditional methods for the preparation of the MA based precursors do not control
this variable. In contrast, the precursor with optimal MA ratio enabled rapid crystallization of
3D a-phase MAo2FA0sPbls perovskite films, demonstrating great potential for upscaling to
multication perovskite modules based on this precursor.

2.3.2. Beyond FA compositions using MA solvent.

Although the formamidinium cation has been proposed as the best candidate for stable
perovskites, variation in the halide has suited a special part in the perovskite literature due the
band gap tunability, with mayor applications in tandem devices and photoelectrodes [134]-
[136]. Nonetheless, literature involving MA gas in this bromide composition is scarce. Zhao
et al [28] using the healing method, publish that upon MA gas exposure, bromide films form a
bleach state and return to a more crystalline configuration upon MA gas removal. Given the
similarity with iodine compositional films, authors argue that halide did not affect the MA gas
interaction. Years later, Nakita et al [121] found that following the bubbling method is not
possible to obtain a stable precursor solution using MAPbBr3. Although, modifying the lead
source for HPbBIr3, a stable precursor is obtained leading to devices with PCE of 7% and Voc
of 1.52V.

To gain insights into this process, the MAPbBrs perovskite was probed using the earlier
dilution method. First, perovskite bromide crystals were fabricated using the inverse
temperature crystallization method as reported elsewhere[137]. With this method, millimeter
size crystals were obtained as observed in figure 2.8a. Afterward, crystals were placed in MA
gas overnight, obtaining a transparent and clear solution as observed in figure 2.8b. Finally,
anhydrous acetonitrile was added dropwise to dilute the solution, but after contact with the
viscous liquid, a white precipitate is formed as observed in figure 2.8c. This interesting
observation opens a discussion about the role of the MA precursor. According to our previous
observations with iodine compositions, acetonitrile does not affect the interaction and acts only
as a diluent. Nonetheless, the behavior of bromide perovskite suggests that the stability of the
solution is determinate by the diluent. Another interesting question emerges. Why the use of
HPbBrs allows the stabilization of ACN/MA precursors as reported by Nakita? The role of
HPbX3 in perovskites has been controversial. According to Ke et al. [138], the HPbX3 is not
present. Instead, dimethylamine (DMA) molecules are formed in the HPbXs formation
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Figure 2.8: Transformation of MAPbBr3 upon MA exposure. a) Pristine crystals. b)
Crystals upon MA exposure. c) White precipitate upon acetonitrile dissolution.

reaction. If this is the case in the bromide counterpart, this reveals that cation modifications
could alter the stability of precursor independently of the halide. Therefore, there is still a void
in the literature on the role of MA in the case of different halides and their study will open an
interesting discussion around the formation mechanism of such precursors. Although the
deepening of this topic is out of the scope of this thesis, some follow-up experiments are
proposed in the outlook section at the end of this chapter.

2.3.3. Highly efficient compositions with traditional precursors

Very long here, MA precursors remain as an interesting field with a vast range of research
opportunities. Nonetheless, the efficiencies previously reported are not high and more efforts
are required to obtain the desired photovoltaic performances reported elsewhere using
conventional precursors. For this reason, aiming at the fabrication of a photoelectrochemical
device, some literature methods were adopted to reproduce high-efficient devices on p-i-n
architecture. The results are summarized in figure 2.9. In figure 2.9a, record devices with an
efficiency of 19.45% are obtained. The perovskite used for device fabrication was the bication
composition Csg2FAqsPb (Bro2log)s. Also, a superb reproducibility in this process was
obtained with an average efficiency of 18.46%. Remarkably, these devices present an
outstanding Voc of 1.15 V and a high fill factor of 78.6%, as observed in figure 2.9b. To
corroborate the determined Jsc of the best device of 21.3 mA/cm?, the external quantum
efficiency (EQE) was measured showing an integrated current of 21.27mA/cm?, in perfect
agreement with the best device performance. Finally, a maximum power point tracking of the
devices was performed for 3 min. Here, to corroborate the real efficiency of the system, with
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Figure 2.9: Photovoltaic performance of p-i-n devices. a) JV curve of the best device
with PCE of 19.48%. b) Statistical distribution of the performance of 18 devices. c) EQE
spectra and integrated photocurrent response. ¢) Maximum power point tracking for 3
minutes.

a steady-state efficiency of 19.45%. These results will be important in the final chapter of this
thesis concerning the integration of the final device.

2.4. Conclusions

In this chapter, the methylamine was explored as a promising solvent to obtain scalable and
reproducible devices. In this journey, the incorporation of this solvent on formamidinium-
based perovskites is not straightforward because of the formation of 1D phases that hinder the
photovoltaic performance. To ensure a fully 3D perovskite phase, proper tuning of the MA
amount in the precursor is necessary to obtain a fully solvated state that allows a fast
reconstruction of the perovskite active phase during crystallization. Furthermore, the role of
the halide in this precursor was also explored. Here, depending on the halide, the role of the
diluent inside the precursor varies, affecting the precursor stability. Finally, the fabrication of
highly efficient devices using traditional solvent composition was performed, having a suitable
benchmark for the fabrication of the photoelectrochemical devices.
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2.5. Outlooks and recommendations of this section

Despite the advances realized upon here, several questions and issues are still unresolved, and
the deepening in these experiments are out of the scope of this thesis. The summarized key
experiments to follow up the advances on MA based precursors was presented in the
followings.

a) To accelerate MA incorporation is mandatory: MA amount had an important role

on the phase stabilization in FA perovskites. Nonetheless, the ideal amount of 10
mol/mol of MA takes around 1 week to incorporate under the studied conditions.
Despite the previous methodology works as a controlled way to study the effect of the
MA amount, their application is unviable if the reaction time takes a long time. For this
reason, further studies about the kinetics of MA incorporation and methods to
accelerate this process are mandatory to allow the application of this precursor for the
fabrication of highly efficient devices.

b) To improve the crystallization control: According to the previous observations, the

d)

fast evaporation of MA in the spin-coating process, leads to huge voids that damage
the final device performance. As suggestion, the next big step is to control the
evaporation during the crystallization process to ensure a denser and pinhole-free
structure. Here, studies focused on slot-die or blade-coating, could lead a more uniform
evaporation and therefore, a more reproducible film. Also, the incorporation of
additives that enhance the crystallization process could be a good choice for the
implementation of this precursor.

To incorporate Cs in the precursor: According to the literature, the incorporation of
Csl as additive allows the disappearance of non-active perovskite phases, like 4H/2H
phases, also observed in our system as mentioned in figure 2.3. Unfortunately, Csl has
very low solubility in acetonitrile, hence their application to our precursor is difficult.
Therefore, studies focused on the dilution of Csl in suitable solvents or application of
Cs from other precursors like CsSNO, or CsCO; could be interesting for the continuation
of the roadmap to obtain a triple cation composition, the benchmark composition to
highly efficient devices.

To modify the optical bandgap: According to the figure 2b, the optical band gap
appears at 790nm (1.58eV). According to literature, FA-based precursors have a lower
band gap, between 1.45 and 1.51 eV. This observation is important because the
matching of the bandgap is crucial for the obtention of highly efficient devices. That
discrepancies in the bandgap could be because the incorporation of MA molecules into
the structure lead to cation exchange process. According to this, the ratio of 0.8:0.2 is
no longer true and the stability of the final film could be dramatically affected.
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e) Bromine incorporation: As mentioned earlier, the incorporation of bromine into
MAJ/ACN precursor is not straightforward. Modifying the cation for larger spacers like
DMA could allow the stabilization of the bromine precursor. Also, the exploration of
other solvents as diluent like THF, previously used in MA works [106] could help the
stabilization of the bromide perovskite. This work is important because allows the
fabrication of high-band gap perovskites, and the integration on triple cation
perovskites.
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Chapter 3:

Versatile layered double hydroxide NiFe catalyst

From materials characterization to deposition versatility

3.1. Introduccion

Layered double hydroxides (LDHs) have emerged as among the most promising candidates
for water splitting catalysis due to their unique layered structures, providing a high
electrocatalytic activity using low cost and abundant materials[139], [140]. In general, LDH
materials are brucite-like lamellar crystals composed of positive host layers and charge-
balancing interlayers following a general formula [M*21.x M*3; (OH)2]** (A™)xn, in which M2
and M3* represent divalent and trivalent cations and A™" is the charge-compensating interlayer
anion [141]. Among this family, NiFe LDH catalyst have exhibit a great interest due their high
catalytic activity, reporting among the lowest overpotentials in the family of earth abundant
materials combined with high stability and activity for OER and HER reactions[139].

Multiple methods have been implemented to synthesize NiFe LDH powders or thin films.
Some examples are hydrothermal/solvothermal synthesis[142], electrodeposition[34],
coprecipitation[143], pulser laser deposition[144], among others. The
hydrothermal/solvothermal route offers a control over the particle size and the crystal structure,
as well as growth dynamics[139]. As a drawback, this technique uses high temperatures
(~100°C-150°C) and demands long synthesis time (hours or days), limiting their
implementation and scalability[145]. Electrodeposition offers low-cost, close connection, and
electrical contact between the catalyst and the substrate, and also, properties like
microstructure, composition and thickness could be finely tuned varying the bath composition,
pH, temperature, and applied current density[139], [146]. Finally, coprecipitation offers a
simple and versatile route to obtain highly active materials at different pH conditions. Also,
the synthesis is fast, cheap and is usually performed at low temperature. Cheng et al [147],
[148], reported the facile and scalable synthesis of NiFe LDH nanoparticles using this method,
and assisting the obtention of the lamellar structures using ultrasonic exfoliation. With this
method, they showed a high mass activity of 200 mA/mg™ at an overpotential of 260 mV with
a low Tafel slope of 21.2 mV/dec. Also, these nanostructures present a very high stability,
remaining unchanged for more than 100h of continuous operation[148].

Once the material is synthesized, the method of application is crucial. A common method to
probe this material is to apply the catalyst by drop-casting using a conductive binder to improve
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the adhesion of the nanoparticles to the substrate. Nevertheless, this procedure reduces the
electrocatalytic surface area, the mass activity and stability under harsh electrochemical
activities[149]. For this reasons, self-supported electrocatalysts which are anchored directly on
conductive substrates or form free-standing films have been gaining much attention recently.
On this configuration, self-supported catalyst has the benefits of improving the mass transfer,
the electron transport, and the surface area. Also increasing the simplicity of the process and
reducing the final cost[141], [145], [149].

In this chapter, different deposition methods to fabricate binder-free NiFe LDH catalysts using
scalable deposition methods was explored. First, the synthesis procedure of Chen [147] using
the coprecipitation method was adopted, doing an extensive characterization of the produced
NiFe LDH nanoparticles. Next, scalable spray coating technique was used as deposition
method on ITO substrates evaluating their OER performance. Next, the use of printable
conductive matrix by using Ni paste was used to evaluate the bifunctional activity of the
catalyst. Finally, the implementation of the nanoparticles on Ni foam substrates was evaluated
exploring different ultrasound exfoliation power to obtain highly efficient and stable
bifunctional catalysts.

3.2. Experimental

3.2.1. NiFe LDH nanoparticles synthesis

The NiFe nanoparticles where produced by the technique of coprecipitation following an
adapted protocol from Chen[147], 1.05 mol of Ni (NOz3).-6H20 (305.32 mg) and 0.45 mol of
Fe(NO3)3 - 9H20 (181.8 mg) where added to 20 mL of NaOH 0.15 M under vigorous stirring.
After 20 minutes of reaction, the solution was transferred to falcon tubes and centrifuge at
8000rpm for 5 minutes. Afterwards, the nanoparticles were washed using deionized water for
3 times repeating the centrifuge step. The collected precipitate where redispersed in 10 mL of
deionized water to obtain the desired concentration. The nanoparticles exfoliation was

1.5 mmol M(NO;),

Ni(NO,), 6H,0 Fe(NO,), - 9H,0
20 min x4 EtOH or Water
E— _— B [
20mL Stirring DI Water wash Ultrasound Dip coating
(;‘13?; k_ Centrifugation U Spray-coating

Substrate

Figure 3.1. Graphical scheme of the synthesis route.

37



achieved by strong sonication on a Sonics vibracell model VCX130 varying the ultrasound
amplitude to different values. The reached composition where 30% of Fe according to EDX
measurements. The summarized process is represented in figure 3.1.

3.2.2. NiFe LDH nanoparticles deposition

In this work, two main methodologies for deposit the catalyst where used: Spray-coating and
Dip-coating. First, substrates (Ni Foam or ITO substrates) where washed sequentially in
ultrasonic bath of deionized water, isopropanol, and acetone. For the case of ITO substrates,
ultraviolet/ozone (UVO) surface activation was used before the catalyst deposition. For the
spray-coated samples, a quartz spray nozzle nebulizer (Meinhard,USA) was used. Here, a
solution with concentration of 11 mg/mL were pumped at a rate of 1 mL/min and sprayed with
a pressure of 0.5 MPa in the carrier gas. The nozzle was placed at 10 cm of the substrate and
the film heated to 100°C to ensure the solvent evaporation. For the Ni-paste application, 1 mL
of conductive Ni Paste (Voltex®, 1QS SAS company) was applied over soda-lime glass. This
paste was spread using a tip to ensure a coverage of the substrate. The substrates were left aside
for 20 minutes at room temperature and then annealed at 60°C for 30 minutes. Afterward, the
catalyst was added by drop-casting using 20 ul of catalyst solution over the dry substrates.
Finally, for the dip-coated samples, 1 cm? of Ni Foam substrates where immersed in the
catalyst solution, after 2 minutes in the solution, the catalyst was transferred to a hot plate at
100°C for 20 minutes.

3.2.3. Materials characterization

For the crystalline structure, X-ray diffraction patterns were performed using a Rigaku
Miniflex600, in the range of 26=5° to 60° using Cu Ka (1.5408 A) with a step size of 0.02°
and a velocity of 5° per minute. For the case of powders, polylactic acid (PLA) holders were
used to allow the characterization of low quantity of material. For films characterization, the
material was deposited on soda lime glass. The transmission electron microscope (TEM) used
was a Tecnai G2 F20 S-Twin TMP equipment, with a field emission source resolution of 0.1
nm in 200kV, maximum magnification in TEM 1.0 MX, GATAN camera US 1000XP-P.
HRTEM (High resolution TEM) and SAED (Selected Area Electron Diffraction) images were
analyzed using the Digital Micrograph software with the Difftools script[150]. FTIR spectra
were collected in a range between 500 cm™ and 4000cm™ with resolution of 4 cm™, using
ThermoFisher ATR iS50. AFM images were obtained in a MFP-3D infinity from Oxford
instruments. Finally, the zeta potential and particles size were determined using a Zetasizer Pro
with an incidence beam of 25°. For roughness characterization, Brukner perfilometer was used.

3.2.4. Electrochemical characterization

For the electrochemical characterization, electrodes were analyzed using a three-electrode
configuration in an Autolab potenciostat. Pt wire was used as counter electrode and Ag/AgCl
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and Hg/HgO as references electrodes depending on the used electrolyte, 1 M NaOH or 1M
KOH respectively. All potential where calculated against the reversible hydrogen electrode
(RHE) using the Nernst equation. Also, to verify the correct value of the reference electrode,
hydrogen was bubbled in the solution in a platinum wire electrode to determine the potential
difference against the hydrogen standard electrode. Linear sweep voltammetry was performed
from 0.2 to 2.0 vs RHE at 2 mV/s for the anodic reaction and 0 to -0.5 vs RHE at 2 mV/s for
the cathodic reaction. All electrochemical data were corrected with iR losses unless otherwise
stated. For the series resistance determination, AC impedance spectroscopy were performed
from 1000kHz to 0.1 Hz. Resistance value at real intersect were taken.

3.3. Results and discussion

3.3.1. Nanoparticles characterization

The targeted NiFe-LDH nanoparticles were fabricated using the coprecipitation method
followed by ultrasonic exfoliation[147]. The obtained NiFe-LDH presents a plate-like
morphology, which can be observed in the TEM image in Figure 3.2a. Also, uniformly
distributed nanoparticles with a diameter of ~ 4nm was obtained, as shown in the inset image
of Figure 3.2a. The hexagonal nano-shape commonly reported for of NiFe-LDH[151] is not
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Figure 3.2. Morphological characterization of the NiFe LDH particles. a) TEM images of NiFe-LDH
nanoparticles after exfoliation. B) SAED of NiFe LDH nanoparticles. C) HR-TEM of NiFe-LDH
nanoparticles. D) XRD diffractogram C) Zeta potential and images of the obtained dispersion. D) FTIR of
catalyst solution
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observed, indicating a different growth path using the coprecipitation/exfoliation method.
Figure 3.2b shows the SAED and Figure 3.2c the HR-TEM with the fast Fourier transform.
Here, three main d-spacings are observed in both figures: 0.255nm, 0.230nm, 0.150nm. These
are assigned to the planes (012), (015), and (113) of the NiFe LDH phases[152], [153]. The
defined circles of the SAED indicate the low crystallinity of the nanoparticles. Interestingly,
the plane (015) is the majority plane observed by FFT. This plane, along with the edge plane
(012), has been associated with an incremental activity on the OER reaction[154].
Additionally, EDS measurement shows a Fe/Ni ratio of 0.7/0.3, preserving the stoichiometry
from the reactants. Figure 3.2d shows the X-ray diffraction pattern of the NiFe-LDH powder.
Here, peaks at 11.9°, 23.9°, and 35.6° are assigned to the planes (003), (006), and (012). These
planes are also characteristic of the NiFe LDH phase (JCPDS spectra 51-0463).[155] Plane
(015) is not observed in this analysis due the powder drying necessary for this test. Additional
peak at 15.1° was assigned to the PLA holder used to the sample measurment. To further
analyze the stability of the obtained colloidal suspension, zeta potential measurement was
presented as observed in Figure 3.2e. Herein, the large electrostatic potential is related to the
very good stability of the obtained dispersion after exfoliation. The quality of this suspension
can be observed in the inset figures, where the Tyndall effect is observed, also indicating the
colloidal nature of the obtained solution. This solution remains without visible precipitates for
more than a month. Finally, to characterize the interplanar spacer of the NiFe-LDH
nanoparticles, attenuated total reflectance fourier transform infrared (ATR-FTIR)
measurement was performed. The result is observed in figure 3.2f. Strong peak at 1342cm™
was assigned to the COg ion. Also, a shoulder at 1382 cm™ is observed in Figure 3.2f,
attributed to NOs™ ions. The carbonate ion is very common to obtain during the LDH synthesis
as probed by Hunter et al[144], due to the residual carbonates on water or CO> dilution during
the fabrication procedure. Vibrations below 1000cm™ have been attributed to vibrational
modes of the double hydroxide metal M-O, M-O-M, O-M-0O[156]. Herein, the synthetized
NiFe LDH nanoparticles presumably follows the formula [Ni*%7 Fe*3y3 (OH)2]%3 [(COs?)x
(NO3")1-x]Jo.15, as conventionally reported stoichiometry for NiFe LDH nanoparticles.

3.3.2. Deposition of NiFe-LDH Catalyst: Spray coating method over ITO substrates

After obtaining a stable colloidal solution, the question on how to implement the nanoparticles
in a functional device is crucial. Spray coating has very interesting features like direct (mask-
free patterning), purely additive operation, compatibility with versatile materials and flexible
substrates, low waste of materials, cost efficiency and scalability to large area
manufacturing[157]. As an upgrade of spray-coating technique, Nebulizer spray coating allows
a pinhole-free, highly adhesive, and good-quality film[158]. Therefore, in this section this
technique was implemented to the previous synthetized catalyst. Two important variables were
analyzed, the number of spray-coating steps and the solvent of the ink. Other parameters
remain constant like nozzle-to-substrate height, nozzle aperture, spray rate, substrate
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temperature and time of the coating cycle. Please refer to the experimental section to more
details of the spray-coating process.
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Figure 3.3. Spray-coating optimization and electrochemical performance. a - b) Variation of thickness and
roughness in function of the number of spray coating steps in different solvents. ¢) Linear sweep
voltammetry of the deposited catalyst at 1M NaOH (pH 13.3) measured against Ag/AgCl electrode and Pt
wire counter-electrode. Continuous line represents 15 steps and dotted line 10 steps. d) Tafel slope extracted
from linear sweep voltammetry.

Figure 3.3a-b shows the dependence of the solvent in the behavior of the thickness and
roughness upon changes in the number of coating steps. Despite the solvent do not have an
important effect on the film thickness, notable differences are observed in the roughness of the
film. This effect is expected due to the different evaporation behavior on the substrate during
the deposition step, nonetheless, further understanding of the deposition mechanism is
required. An increased roughness implies higher surface area, beneficial for the
electrochemical performance of the catalyst. Figure 3.3c shows the linear sweep voltammetry
(LSV) in both solvents at 10 and 15 steps (Less steps were not evaluated due to the low
homogeneity of the films). With the water solvent, overpotentials of 0.250V and 0.257 V are
obtained at 15 and 10 steps, respectively. For ethanol, overpotentials of 0.290V and 0.283V at
the same conditions were achieved. Note that the presented overpotential was measured at the
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same thickness for both solvents, consequently, the catalyst charge in both cases is similar.
Figure 3.3d shows the Tafel slope extracted from the best conditions in the LSV, noteworthy,
both catalysts present a similar and low value in the Tafel slope. According to previous
references, these low Tafel slopes are referred to the coverage of OH* species in the metal
surface as the restraining step of the reaction at this low current density[20], [22], [159]. The
similitude in the Tafel slope gives hints that the solvent or film morphology do not modify the
kinetics of the reaction and the variations in the overpotential are due to the increase of active
sites[148].

Despite the good performance of the obtained catalyst, due to the self-standing nature of the
particles without binder, the catalyst presents a very poor adhesion to the ITO conductive
substrate. After a long LSV operation, the mechanical stress produced by the bubbles,
delaminates the film from the substrate, resulting in a complete failure in the stability of the
material as shown in figure 3.4. Future efforts to improve the mechanical stability without
affecting the electrochemical performance is required, some insights to improve this feature
are given in the outlook section.

Figure 3.4. Appearance of the catalyst after LSV procedure before and after long term electrochemical
activity.

3.3.3. Deposition of NiFe-LDH Catalyst: Dip-coating on Ni paste

In the previous section, the adhesion of the catalyst was a major issue for the spray-coated
devices. Ni substrates have demonstrated great stability against OER and HER reactions in
alkaline media, being the prime support for commercial alkaline electrolyzers[14]. Aiming to
obtain scalable electrodes, the implementation of commercial nickel paste (Voltex®, IQS SAS
company) as a conductive matrix for the NiFe LDH nanoparticle catalysts was explored. For
detailed information on the paste application, please refer to the materials section. Figure 3.5
shows the anodic and cathodic performance of the catalyst using Ni paste as the conductive
matrix. Without adding catalyst, the Ni paste presents a low catalytic performance with an
estimated overpotential of 413mV at 20 mA/cm?. The prominent peak around 1.43V
(overpotential of 0.2V) is assigned to oxidation of Ni(OH)2 to Ni(OH)s. After adding the
catalyst, a notable improvement in the performance was observed. Using a linear regression an
overpotential of 265 mV at 10mA/cm? was estimated. This value is slightly greater than the
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ITO spray coating devices also in agreement with a larger Tafel slope as observed in Figure
3.5h.
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Figure 3.5. Electrochemical characterizations. All current densities and operating voltages were measured
at 2mV/s in 1 M NaOH aqueous electrolyte against Ag/AgCl electrode with iR-compensation. Resistance
of the substrates are ~ 8.2 Q. a) Anodic LSV b) anodic Tafel slope ¢) Cathode LSV d) cathodic Tafel

slope.

An enormous advantage of the Ni paste over the ITO is the stability under HER conditions.
Figure 3.5 c-d shows the HER performance of the NiFe LDH catalyst. In these conditions, Ni
paste activity is very low indicating the poor activity of only Ni substrates against HER. On
the other hand, the catalyst presents a good overpotential of 189 mV at 10 mA/cm?. Despite
this is far from the state-of-the-art platinum counter electrode, which presents overpotentials
lower than 100mV, these results are comparable with NiFe LDH reports. Further efforts in
tuning the iron amount or compositional variations could drive to a more efficient catalyst as
stated recently in various reports. Regarding the reaction mechanism, the large values of the
Tafel slope (145 mV/dec) are hard to relate with the Volmer reaction mechanism (120mV/dec),
suggesting an additional process that slow down the reaction and increase the overpotentials.
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Detailed mechanistic studies could be made to determine the reaction path in these conditions,
but they are out of the scope of this thesis.

Despite the adhesion of the catalyst was improved (No catalyst residues were observed in the
solution after the LSV cycles), long-term evaluations were no possible due to the swelling of
the Ni paste after the immersion in water, leading to the failure of the system after some
minutes. Moreover, the consistency of the paste does not allow its application with controlled
techniques like blade-coating or screen-printing. Therefore, manually drop coating was
performed leading to variations in thickness and film conductivity, reducing dramatically the
reproducibility of the system. As a result, comparison between different catalyst charge and
drop coating conditions was not possible due to the scattered results when the Ni paste matrix
was employed.

3.3.4. Deposition of NiFe-LDH Catalyst: Dip-coating on Ni foam

In this section, the influence of the ultrasound energy on the catalytic activity of the NiFe LDH
nanoparticles was explored. A commercial Ni foam was used as supporting matrix, this has
been stated as an excellent support for electrochemical applications. In this experiment,
different wave amplitude percentage was used during the nanoparticle synthesis, varying from
40%, 70% and 100% for 30 minutes, equivalent to an energy of 12.56 kJ, 21.40 kJ and 50.613
kJ respectively.

To analyze the effect on the microstructure, TEM and AFM was employed as observed in
Figure 3.6. At low power values (Figure 3.6a and 3.6d) the nanoparticles do not present a well-
defined structure and clusters, or agglomerations are observed. On the other hand, in the
maximum amplitude, clearly defined nanoparticles were observed with both techniques
(Figure 3.6¢ and 3.6f). It is important to note that the preparation of the samples for both
techniques are rather different, indicating that the similitude in the images denotes a clear effect
of the power on the morphology of the nanoparticles. Another interesting feature emerges from
the SAED images. All the images present the rings assigned to the edge planes (012), (015),
and (113). Nonetheless, increasing the exfoliation power, fewer scatter circles are observed.
This increment in the “crystallinity” of the sample is assigned to a decrease of nanoparticles
agglomeration leading to a sample with preferential two-dimensional layered nanoparticles.
These results suggest something important in the further discussion, larger sonication power
produce more exfoliated nanoparticles and therefore, more active sites will be exposed. In
contrast, less exfoliated nanoparticles lead to a more intimate contact between the nanoparticles
due to the cluster morphology, being crucial for the charge transport even more in this binder-
free system.
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Figure 3.6. (a-c) TEM images at 40%, 70% and 100% power. (d-f) AFM images at 40%, 70% and 100%
power. (g-i) SAED images of 40%, 70% and 100%.
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To evaluate the electrochemical performance, the catalyst was deposited by immersing the
foam in the catalyst solution for a minute to ensure full coverage of the foam. Three different
immersion conditions were analyzed to validate the deposition method. The results of the
electrochemical performance of this experimental design are shown in Figure 3.7. Figure 3.7a,
summarizes the anodic performance in function of the exfoliation power and the number of
immersions. Frequently, a larger number of immersions show better electrochemical activity
by a difference of almost 20 mV at 30mA/cm?. Here, a record overpotential of 243 mV at 30
mA/cm2 was achieved at 5 immersions and 70% of the power. Using linear regression to avoid
the contributions of the Ni oxidation, an estimated overpotential of 232 mV at 10 mA/cm2 was
calculated. To analyze in a particular condition, the effect of the power, we could consider the
5-immersion condition as shown in Figure 3.7b and 3.7c. Here, a record performance was
obtained at 70% with a slightly better onset potential. Nonetheless, both conditions present
approximately the same low Tafel slope, also equal to the previously calculated slope on the
spray-coated technique. This indicates that under adequate deposition conditions, the charge
transfer mechanism remains unvaried. On thicker catalyst layers, as expected for 5 immersions,
the conduction between nanoparticles is harsher and their good interconnection is crucial. One
hypothesis for the better performance at 70% is the balance between conductivity and active
sites produced in the exfoliation, contributing to the maximization of the electrochemical
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Figure 3.7. Electrochemical characterizations. All current densities and operating voltages were measured
at 2mV/s in 1 M KOH aqueous electrolyte against Hg/HgO electrode with iR-compensation. Resistance of
the substrates are ~ 2 Q. a) Variation of the anodic overpotential at 30 mA/cm? in function of the power
and the number of coating steps b) anodic LSV at 5 immersions. ¢) anodic Tafel slope at 5 immersions. d)
Variation of the cathodic overpotential at 10 mA/cm?in function of the power and the number of coating
steps. e) cathodic LSV at 5 immersions. d)cathodic Tafel slope at 5 immersions.
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performance of the device. Further efforts to characterize this relationship are required as
mentioned in the outlook of this chapter.

Figure 3.7b, presents the cathodic performance of the NiFe LDH supported in Ni foam. Here,
no significant differences are observed between the immersion times. The 1 immersion system
presents a good overpotential with a minimum value of 201lmV at 10 mA/cm2. Analyzing
again the condition at 5 immersions to compare the influence of the power, we notice that
results do not reproduce the trends of the anodic counterpart. Here, best condition is obtained
at 100% with an overpotential of 204 mV at 10 mA/cm? overpassing the other conditions by
20 mV. This observation is interesting because highlights that active sites for HER and OER
are not necessary the same and focused optimization on each electrode is required to achieve
the maximum performance of this catalysts. Moreover, following the previous trends of the
anodic counterpart, the tafel slopes are equal irrespective of the used power. Nonetheless,
comparing this results with the Ni paste experiments, a notorious reduction in the tafel slope
is observed, suggesting an improvement in the charge transfer kinetics of the reaction. Further
experiments to analyze how the supporting matrix affects the tafel slope are required to gain
insights in these methods. Finally, is important to aware that possible improvements in the
cathodic performance could be present due to the use of platinum as counterelectrode. As stated
by Chen [160], the utilization of Pt as counterelectrode lead to a partial dissolution of the metal
and subsequent deposition on the working electrode, improving the measured catalytic
performance.

Finally, stability was another important parameter to analyze. Here chronopotentiometry
measurements was performed to record the changes in potential on time at 10 mA/cm? for the
3 different power conditions at 1 immersion as presented in Figure 3.8. For the three conditions,
a slightly increase in the potential during the first 5 hours is observed, followed by an almost
steady voltage retaining 99% of the potential for 36 hours. This highlights the high stability of
the synthetized catalyst. A drastically increase in the 40% condition is observed, while 70%
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Figure 3.8. Chronopotentiometry measurement of NiFe LDH in Ni foam at different power sonication
conditions
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and 100% stabilize their potential much faster, probably related with the nanostructure
configuration. On this condition, large clusters are present and therefore, more easily
disconnected from the conductive matrix. After the experiment, an overpotential of 273 mV,
281 mV and 290 mV are observed for 70%, 100% and 40% respectively.

3.4. Conclusions

In conclusion, this chapter explore the fabrication of NiFe layered double hydroxide
nanoparticles as a bifunctional catalyst for water splitting. Using the synthesis method of
coprecipitation and ultrasonic exfoliation, stable colloidal nanoparticles was obtained with a
diameter of around 8 nm exhibiting exposed edge planes. Different methods was evaluated to
implement these nanoparticles as water splitting catalyst following the principle of large-scale
application. First, a protocol was proposed to obtain highly efficient devices with an
overpotential of 250mV using spray-coating technique. Secondly, Nickel paste was explored
as a substrate to improve the mechanical adhesion of the nanoparticles. Despite interesting
results in the overpotential the poor reproducibility hinders their implementation. Nonetheless,
these experiments highlight the versatility of the HER reaction of this catalyst on Ni substrates.
Finally, the catalyst deposition on the commercial-based Ni foam substrates was probed,
obtaining results comparable with the literature with an overpotential of 232 mV for OER and
201 mV for HER. These results are comparable with previous reports on literature as shown
in Table 3.1, suggesting that the versatility of the synthesized catalyst also reproduces the state-
of-the-art performances. These advances suggest an important step towards versatile catalyst
that could drive the water-splitting reaction and be compatible with large area deposition
methods.

Table 3.1. Comparison of the current work with state-of-the-art results.

Synthesis Substrate  Coating NoErR Tafel nuer. Tafel Ref
method (mV) (mV/dec) (mV) (mV/dec
)

Coprecipitation ITO Spray coating 250 46 - - This work
Coprecipitation Ni paste Dip coating 265 60 186 145 This work
Coprecipitation Ni foam Dip coating 232 44 201 75 This work
Coprecipitation GC Dip coating 260 22 - - [147]
Hydrothermal Ni foam none 240 - 210 - [77]
Hydrothermal Ni foam none 270 - 204 154 [161]
Hydrothermal Ni foam none 182 34 204 78 [162]
Hydrothermal GC Inkjet 270 31 - - [157]
Electrodeposition  Ni foam - 205 82 175 127 [163]

* GC = Glassy carbon. None indicates that hydrothermal method deposits the catalyst directly on the substrate.
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3.5. Outlooks and recommendations

e Toimprove the adhesion to the substrate. As stated in the chapter, adhesion was a major
inconvenient in the performance of the studied catalyst, so its improvement is crucial for
the implementation of these methodologies. In the spray coated technique, increasing the
surface roughness of the substrate could favor the anchor of the nanoparticles. Also, the
use of binders is interesting, but carefully control of the amount of binder is important to
avoid the reduction on the electrocatalytic activity. Moreover, the use of composite
materials like graphene or carbon nitrides could be interesting to enhance these systems.

e To modify the substrates for bifunctional support using spray coating technique. The
use of ITO substrates on cathodic potentials are not possible given the corrosion of the Tin
inside the structure. For this reason, the use of another planar substrate like Ni sheet or
stainless-steel sheets could allow the validation of the activity of spray coated catalyst over
the cathodic potentials.

e To study the charge transfer between nanoparticles. An interesting result of this work
is the incremental activity on larger thickness. Previous reports states that NiFe LDH
presents a very low conductivity [147], [161], [164] and so is counterintuitive that thicker
films as much as over 500nm does not present a significant variation on the internal
resistance as observed in measurements form figure 3.3. Therefore, a careful study to
determine how is the charge transfer between the nanoparticles will be crucial for the
design of this binder-free electrocatalyst.

e To study mechanisms on the OER and HER reaction. On the electrochemical systems,
the determination of reaction mechanism is crucial for designing and improving the
working electrodes. In this work, the Tafel slope was insufficient to predict the reaction
mechanisms. Therefore, careful mechanistic studies must be developed to envision
optimization roadmaps in these systems.

e To modify the structural composition to improve OER and HER. Despite the results
are promising, the synthesized catalyst is still far from the best reported catalyst.
Compositional modification toward ternary cations, spacer modifications or inset defects,
could allow a reduction on the onset potential and incremental electrocatalytic activity.
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Chapter 4:

Photoelectrochemical integration

Defining the goals for hybrid-perovskite incorporation

Introduction

Upon this point, this text has been working on the development of the two main components
of photoelectrochemical devices: the perovskite absorber and the reaction catalyst. In this
chapter, our attention will be focused on the integration of a photoelectrochemical device.
Trying to integrate halide perovskites in a water environment is extremely challenging,
considering that they degrade immediately upon water contact[165]-[167]. Therefore, despite
their excellent semiconductor properties make them very interesting materials for
photoelectrode applications, a very important question must be present in the development of
this technology: Which are the advantages to immerse the perovskite absorber in water? The
key claim previously exposed in the introduction is that immersion of the perovskite in water
will be worth it if an electrolyte/semiconductor junction is formed, otherwise the option of
PV+Electrolyzer is more reasonable.

Carefully examining the previous reports on perovskite absorbers as photoelectrodes, only the
report by Kim[168] is compatible with this definition. Here suitable protection in acid
environments is achieved using a bilayer of PCBM and atomic layer deposited (ALD) TiOs,
obtaining a very promising photocurrent of 10.5 mA/cm2 at 0 V and 0.5 suns of illumination.
The authors also try to compare the relationship of this performance with a pure PV cell.
Unfortunately, the sun simulator intensity in the PEC setup was half of the intensity used in
the PV device, causing a reduction in the obtained current. Also, the amorphous nature of the
ALD TiO; coating provokes a reduction on the device Voc, hindering the possible benefits
derived from the electrolyte/semiconductor interface. Nonetheless, this result represents a very
important milestone, demonstrating that perovskite semiconductor heterojunctions are capable
to drive photoelectrochemical reactions. The other three common strategies to protect the
perovskite from the environment (Metal encapsulation[81], Carbon encapsulation[85], [86], or
resin sealing[169]) are more related to integrated PV+E devices than PEC devices. Here, the
operation of the device is identical to a perovskite solar cell externally connected through a
wire to the catalyst. Thus, the physics of carrier generation, charge separation, and catalysis
remain unchanged.
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In this chapter, the route to integrate perovskite semiconductors was investigated on
photoelectrochemical devices. First, the integration of a PV+E using two perovskites solar cells
connected in series to drive the overall water splitting reaction was explored, adding discussion
about the role of tandem devices in this integration. Next, based on the insights previously
exposed, the anodic reactions using an externally connected device on a three-electrode
configuration were analyzed. Then, giving a step towards immersed devices, some concept
demonstrations were given on the development of ALD protection layers for perovskite
photoelectrodes integration. Finally, photocathodes were fabricated using highly degenerated
semiconductors (1ZO) to drive the hydrogen evolution reaction.

Materials and methods

4.2.1. Photovoltaic cell and catalyst

For the perovskite device, triple cation perovskite Cso.osFA0.83MA0.12Pb(lo.6Bro.3)3 solar cells
were fabricated using the procedure described in chapter 2. The NiFe LDH was synthesized
and deposited on Ni foam substrate following the procedures reported in chapter 3.

4.2.2. ALD deposition procedure and 1ZO sputtering

The thermal-assisted ALD for SnO> was performed using an Arradiance GEMstar. SnO>
precursors were tetrakis (dimethylamino) tin (IV)(TDMASN) and water at 80°C. A total of 150
cycles were performed to obtain the desired thickness of 20 nm. For the TiO2, a remote oxygen
plasma ALD was performed using Picosun ALD equipment coupled with a plasma reactor.
tetrakis(dimethylamino)titanium (TDMAT) was used as a precursor during the deposition
process at 150°C. Here 160 cycles were performed to obtain a thickness of 20nm. Finally, 120
was sputtered in a Roth&Rau MicroSys200 PVD. The 2-inch ceramic target consisted of 90
wit% In203 and 10 wt% ZnO. At an RF power of 70 W, the cells oscillated under the target to
have a uniform deposition[170].

4.2.3. Photoelectrochemical characterization

For the PV+E characterization, the Ni foam/NiFe LDH catalyst was immersed in a 1M KOH
electrolyte. Keithley 2400 connected in a four points mode was used as a source measure unit.
For the anodic evaluation, a three-electrode setup was used, here an Ag/AgCl reference
electrode, Pt counter electrode, and 1 M KOH electrolyte were used. All potential was
calculated against the reversible hydrogen electrode (RHE) using the Nernst equation. For this
measurement also the Keithley 2400 was used. The chopped light graph was obtained
manually, blocking the light from the sun simulator (Oriel 3A) on a 3-second interval. For
AZO electrodes, a three-electrode setup using a phosphate buffer (KoHPO4| KH2PO4), Pt wire
as a counter electrode, and Ag/AgCl as reference electrode were used. To calculate the solar-
to-hydrogen efficiency (STH) the formula reported elsewhere was used[171].
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XV, X I
STH(%) = E redox Z WE 100
i

Were P;, is the incident power, I, the operating current, V,..4., COrresponding to the water
redox potential equal to 1.23V and 5y the faradaic efficiency assumed as 1.

Results and discussion

4.3.1. PV + E integration for overall water splitting

Using the catalyst developed in chapter 3, the route of Luo[77] was followed to obtain an
overall water splitting device. As shown in figure 4.1a, two perovskite cells are interconnected
in series to drive the required potential in the reaction. Making use of this architecture, the
device reaches a Vo of 2.20V, Jsc of 11.30mA/cm2, and FF of 60.2, leading to a PCE of 14.9%.
In the catalyst counterpart, the bifunctional catalyst Ni foam/Ni LDH was placed on a two-
electrode set-up to record their potential dependence. At this configuration, a potential of
1.73V at 10 mA/cm? is required to drive the photoelectrochemical reaction, representing an
electrochemical efficiency of 71%. From the intersection of the curve of the PV device and the
two-electrode system is possible to estimate the solar-to-hydrogen (STH) efficiency of this
PV+E system. Here an STH of 10.4% is calculated for the two-electrode system configuration
as observed in Figure 4.1b. Figure 4.1c shows the bubbles of Oz and Hz generated without any
bias applied to the device. On a detailed analysis of the integrated cells using the conventional
perovskite with a 1.52eV bandgap, the room for improvement compared with Luo’s work [77]
is limited. On the best-performed devices for small cells, a maximum Vo of 1.196V and 24.2
mA/cm? are obtained. Therefore, on a series of connected devices without interconnection
losses, the perovskite solar cells will provide a maximum current of 12.1 mA/cm?. Considering
this current performance, a maximum STH of 14.76% could be obtained, significantly far from

Si-Perovskite tandem solar cell*
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Figure 4.1. a) Schematics of the solar cell connection. b) PV+E figure of merit for
overall water splitting. C) picture of the evolving bubbles without any applied bias.

the best-reported efficiencies for PV+E systems (>20%) [172]. On the other hand, explore the
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option of multijunction devices opens a route for more efficient devices. Tandem devices have
already demonstrated an outstanding performance of 29.5% using perovskite/silicon
devices[173]. To outlook this potential, Figure 4.1 also presents a very efficient silicon/tandem
device with a PCE of 27.9%. Here an STH of 14.1% will be obtained with the fabricated NiFe
catalyst. Reducing the required cell potential to 1.5 V at 18 mA/cm? will lead to a potential
STH of >23%. These results are feasible with the current technologies, projecting the
perovskite semiconductor as an outstanding candidate for the efficient production of green
hydrogen.

4.3.2. Literature ambiguity: PEC or integrated PV+E

A common misconception in literature reports using hybrid-perovskites is to call
photoelectrodes to every device that is immersed. Here, to demonstrate the equivalence
between what literature reports as PEC and an integrated PV+E device, a single perovskite
device was connected to drive the anodic reaction following a three-electrode setup. The
detailed scheme of the experiment is shown in Figure 4.2a. The device was placed outside the
electrolyte and connected through a wire to the catalyst emulating the physical connection on
an integrated device. Very interesting features can be extracted from Figure 4.2b. The
maximum current obtained was 23.2 mA/cm? matching the short circuit current of the
perovskite device. According to chapter 3, the used catalyst suffers a transition from Ni*? to
Ni*®around 1.42V. Here this transition is observed around 0.35V, the difference between these
two values is 1.07V, corresponding to the Vo of the photovoltaic cell. Also, the solar cell act
as a diode, therefore no current greater than 23.2 mA/cm? is observed even at potentials higher
than 1.7V. This diode behavior is also observed at dark currents when no evolution reaction is
occurring on larger potentials and the diode rectification at 0.3V vs RHE is observed. The
spikes observed between 0.3V and 1V vs RHE could reveal interesting transient features on
the perovskite absorber and the device dynamics, but detailed studies are required to explain
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Figure 4.2. a) Scheme of integration for three-electrode measurement using external
PV cell. b) Electrochemical response on 1M KOH. Red curve represents illumination,
blue the performance under chopped light and black is the dark performance,
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this observation. In conclusion, the reports of photocathodes or photoanodes in perovskite, are
more related to integrated devices where the catalytic performance is restricted by the diode
nature of the solar cell device, displacing the reaction potential to lower values and restricting
the current to the values of the solar cell device. However, this measurement setup is extremely
valuable. In case a real photoelectrode was fabricated, it provides a direct comparison between
the PEC and PV+E systems.

4.3.3. Toward the development of PEC electrodes
4.3.3.1. ALD

As mentioned earlier, the ALD technique was the preferred method to successfully protect the
hybrid perovskite and conserve the electrolyte/semiconductor interface. The Kim
technique[168] uses a thermal-based ALD process. Despite it successfully protects the
perovskite electrode, the low crystallinity of the TiO> layer limits the device performance,
especially the photovoltage. In this section, to overcome this problem, two paths were
followed: i) Substituting the transport layer by SnO> and ii) Modifying the deposition method
by plasma ALD. Both strategies are described in detail in the following.

ALD SnO; has been used previously as a protection layer for photocathode applications[174].
Also, the SnO- has been applied extensively as a buffer layer on tandem devices, allowing the
usage of sputtering techniques over the perovskite device[175], [176]. In chapter 2, the
successful implementation of a perovskite solar cell using ALD SnO; was presented.
Nonetheless, after exposing the layer to a drop of water, the molecules rapidly diffuse through
the structure, leading to fast degradation of the perovskite film. The pristine film is observed
in figure 4.3a and the resulting color after 2 minutes of exposure to the water droplets is shown
in figure 4.3b. The low protection factor of the SnO., leading to the perovskite degradation, is
probably for pinholes produced due to the presence of dust on the surface of the material or a

Figure 4.3. a) Pristine film after SnO2 deposition process. B) Degradation of SnO> films
after water droplet test
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non 100% conformal coating. Further experiments to reveal the causes of the observed
degradation are required to develop optimization pathways in this direction.

As a second approach for ALD protection, the study of TiO2 by ALD was explored. As stated
earlier, the thermal deposition of TiO- at low temperatures (<200°C) did not form a crystalline
structure affecting considerably the device performance[177]. Moreover, the usage of H,O as
a ligand exchange unit noticeably affects the perovskite interface, requiring an additional
component like PCBM to reduce this affectation[178]. As an alternative to thermal deposition,
plasma-enhanced ALD (PE-ALD) provides a good option where heat treatment of substrates
can be carried out near to room temperature, providing a uniform and conformal coating
without destroying the substrates due to the thermal stress[179], [180]. In addition, impinging
and highly reactive plasma species cause higher degrees of cross-linking within the growing
thin film, making it more compact and denser[179]. Looking for the requirement of
temperature, TiO2 only forms crystalline structures at 150°C, therefore it was selected as the
operating temperature in our study. Also, the remote oxygen plasma was determined as the
best reductant condition for the deposition over perovskite semiconductors due to the reduced
damage of this oxidant over the perovskite structure[181]. Please refer to the materials section
for more consideration of the ALD deposition method.

Figure 4.4 shows the film after the ALD coating of 20nm of TiO2. No visual changes are
observed on the perovskite film after the ALD deposition process at 150°C denoting thermal
stability of the material. Also, as a stability primary test, a water droplet was added to determine
if any color change is observed. From perovskite material the transition to yellow Pbl, occurs
immediately after the water contact, therefore, it is an excellent mark for determining the
stability of the film. In this experiment, a picture in Figure 4.4a shows the film after 20 minutes
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Figure 4.4. a) Perovskite film after 20 minutes of droplet test with TiO> as protection
layer. B) Photoelectrochemical response under intermittent illumination using TiO: as
protection layer
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of droplet exposure. No notorious changes are observed at this time. This stability window
successfully demonstrates the quality of the obtained film. As a second step, the
photoelectrochemical performance of the device was measured. Here, no optical response is
obtained after chopped illumination at 100W/cm? and AM 1.5. Further efforts to optimize the
electronic properties alongside the protection capacity are required but are out of the scope of
this thesis. Some insights to solve this problem are presented in the outlooks of this chapter.
Finally, another interesting feature is observed in figure 4.4b. At potentials of 0.3V vs RHE, a
strong reduction reaction is observed attributed to the lead reduction from Pb*? to Ph°. This
highlights another huge challenge for perovskite as a photocathode. Photo-corrosion reactions
are very prone to occur under the working potentials[172]. Because of this reaction, the
complete damage of the material is produced as observed on the inset of figure 4.4b. Additional
insights on the source of this photo corrosion phenomena will be of ultimate importance for
the usage of perovskites photoelectrodes as stated in an excellent review by Samu and
Janéky[172].

4.3.3.2.AZ0 protection layer

As a final strategy, the use of highly degenerated semiconductors like AZO or ITO, to protect
the perovskite from the water environment was studied. These semiconductors have been
extensively used for the fabrication of semitransparent perovskite solar cells or 4-terminal
tandem solar cells. In these semiconductors, the Fermi level is very close to the conduction
band, providing a high conductivity material and allowing their usage as a semitransparent
electrode. These materials have been used as a protection layer for photoelectrode applications
allowing a successful transport of charges[182], [183]. Here, taking advantage of the protection
of SnO- towards sputtering coatings, the protection of the devices using sputtered Indium Zinc
oxide (1ZO) was studied. First, semitransparent perovskite solar cell devices were fabricated
using a 300 nm thick electrode, obtaining an efficiency of 17.04% with a Jsc of 21.48 mA/cm2,
Voc 0f 1.10V, and FF of 0.725. These results confirm the adequate electronic coupling of the
fabricated device.

Figure 4.5a presents the 1ZO substrate after 20-minute immersion without any applied bias.
No degradation is observed in the material at this time. Subsequently, the photoelectrochemical
response was analyzed on neutral pH (7.0 using a phosphate buffer solution) without any
catalyst. The neutral pH was important due to the indium corrosion under basic or acid
environments according to the Pourbaix diagram. The voltammetry results are shown in figure
4.5b. Some important results can be extracted from this graph. First, very low photocurrent
from the device was observed, nonetheless, the presence of current response suggests some
photocatalytic activity. It is worth highlighting that 1ZO does not present catalytic activity
towards HER reaction, and therefore, the electronic response toward the chopped light might
indicate photocatalytic effects from the heterojunction. Further characterization to analyze the
produced reactants is required to validate the photoelectrochemical performance. Second, the
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Figure 4.5. a) Perovskite film with AZO protection after 20 minutes of immersion in

water b) Photoelectrochemical response under pH=7 (Phosphate buffer solution). c)
Photoelectrochemical corrosion of the perovskite film.

photovoltage generated reassembly of the obtained potential from the PV device as observed
in figure 4.5b, indicating a suitable match between the fabricated junctions. Finally, the
corrosion at potentials near to 0 assigned to the reduction of lead is also observed, attributed to
the dark current observed at this potential. This point is critical because when the potential in
which this reaction occurs is reached, an immediate degradation of the device is observed as
presented in figure 4.5c. One hypothesis for this behavior is that pinholes are present in the
device. Therefore, when the devices are immersed, the decomposition towards Pbl> occurs
immediately on these nanometric spots. Pbl> has very low solubility in water, so the water
spread toward the film is reduced. Nonetheless, when the potential near to O is applied, the
transition from Pb*? to Pb® makes the water ingress very rapidly, also catalyzed by the induced
potential, damaging the perovskite structure.

Conclusions

In this chapter, different pathways to integrate halide perovskites into photoelectrochemical
devices were provided. As a guiding concept, the integration of perovskite-immersed devices
will be worth it if an electrolyte/semiconductor junction is formed. Under this premise, two
perovskites solar cells were connected in series with a bifunctional NiFe LDH catalyst
following a PV+E configuration obtaining an STH of 10.4%. Then, following a PV+E
configuration, the results of commonly named ‘“photoelectrodes” in the literature are
reproduced, demonstrating the equivalence on the physical phenomena involved in these
configurations. Finally, the strategies to obtain an electrolyte/semiconductor junction with
multiple heterojunction configurations were explored. Here, thermal ALD of SnO: is
insufficient to protect the perovskite from direct water contact, but plasma ALD of TiO2 s a
good strategy to obtain suitable water protection, nonetheless, the electrical issues must be
tuned to study the photoelectrochemical performance of these devices. Finally, the protection
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of 1Z0, a highly degenerated semiconductor was studied as a protection option. Here, a
photoelectrochemical response from the system was obtained but the lead corrosion hinders
their application.

Outlooks and recommendations

Membrane implementation to more realistic PV+E systems: To get closer the
evaluated system toward a realistic environment, the addition of an adequate membrane
is mandatory to allow the collection of gases and reduce losses that will be important
on the scale-up of this technology. With the advances proposed in the perovskite and
catalyst section, is expected that further enhancements on the reaction overpotential
could be acquired, achieving higher electrochemical performances.

ALD optimization: Despite the PE-ALD shows promising protection toward the water
environment, the absence of photocurrent indicates a negligible electric contact
between the materials. Improvement of the interface and careful evaluation of the film
properties will be of utmost importance for the development of this protection strategy.
Possible options are the prior deposition of electron transport layers like PCBM or C60,
which successfully extract the charges from perovskite and protect the material during
the growing steps. Finally, a thickness optimization must be performed to minimize the
water permeation without affecting the film resistance and charge transport. Also, the
option of the usage of inorganic perovskite materials like CsPbBrz will allow better
thermal stability, allowing more temperature during the ALD cycles, improving the
crystallinity and the density of the deposited film. Finally, detailed studies of the ALD
growing cycles are important to ensure a fully conformal layer, avoiding pinholes or
artifacts that limit the overall protection of the material.

Organic electrolytes for direct perovskite evaluation: To further evaluate the
semiconductor/electrolyte interface without the requirement of heterojunction
protection, it is mandatory to modify the electrolyte for an organic media. Different
organic electrolytes have been proven to be suitable to analyze the
photoelectrochemical reactions of perovskites without notable degradation. This option
will allow studying the semiconductor/electrolyte interface without the affectation of
chemical degradation, opening the possibility to more detailed characterization in this
field. Despite this option is not related to industrial applications, could open a window
towards the understanding of this material and their possible benefits as a PEC
semiconductor.
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