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Abstract

In this thesis work, the effect of cadmium doping on copper zinc tin sulfide Cu2ZnSnS
(CZTS) was investigated for water splitting application in a photoelectrochemical cell.
The aim is to design a replicable photocathode without expensive elements thinking
on a future large-scale production. CZTS is a promising photoabsorber for water
reduction to produce hydrogen due to its optical properties, but the high presence of
defects limits its performance. For the improvement of the bulk properties, Zn was
partially replaced with Cd to prepare a pure sulfide CCZTS via sol-gel method using
spin coating. CdS was applied as buffer layer by chemical bath deposition (CBD), and
Pt was used as catalyst through 10-30 min photo electrodeposition (PED).

XRD was used together with SEM-EDS for the material characterization. A shift in the
(112) XRD peak was found coming from a 17% crystallite size expansion and a grain
size increase from 100nm to 200nm. Linear Scan Voltammetry (LSV) tests were carried
out in a solution containing 0.5 M phosphate buffer and 0.5 M Na25Osat pH 7. Samples

were illuminated from the front and backside with the solar simulator to deliver an AM1.5.

CCZTS photoelectrochemical performance shows an enhancement of photocurrent
density up to 73.86% compared to the undoped CZTS. The doped material improves its
performance when increasing the number of spin coated layers in front illumination,
reaching its maximum with 13 layers (-8.18 mA/cm? at OV vs. RHE). The situation was
inverse in back illumination due to the shorter path that the main carriers must follow to
the surface, achieving its best performance with 2 layers (-2.96mA/cm? at 0V vs. RHE). Pt
PED must be controlled, obtaining the best results with 20min deposition time especially
in back illumination. Finally, maximum 1.68% at 0.74V applied bias was obtained,
showing that although the material can be improved, it is a good starting point for H-

generation.

Key-words: Photoelectrochemical water splitting, CZTS, Cd doping, Pt photo
electrodeposition, PEC device.
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Abstract in lingua italiana

In questo lavoro di tesi sono stati studiati gli effetti del doping con cadmio del solfuro di
rame zinco e stagno Cu2ZnSnS: (CZTS) applicato alla scissione dell'acqua in una cella
fotoelettrochimica. L'obiettivo & stato la progettazione un fotocatodo senza elementi
costosi o tossici pensando a una futura produzione su larga scala. Il CZTS e un promettente
photoabsorber per la riduzione dell'acqua ad idrogeno grazie alle sue proprieta ottiche,
ma l'elevata presenza di difetti ne limita le prestazioni. Per migliorare le proprieta, lo Zn
e stato parzialmente sostituito con Cd per preparare il materiale dopato CCZTS tramite
metodo sol-gel via spin coating. CdS e stato applicato come buffer layer mediante
deposizione in bagno chimico e il Pt e stato utilizzato come catalizzatore attraverso 10-30

minuti di fotoelettrodeposizione (PED) studiata.

XRD ¢ stata utilizzata insieme a SEM-EDS per la caratterizzazione del materiale. E stato
riscontrato uno spostamento nel picco XRD (112) derivante da un'espansione dei cristalliti
del 17% e un aumento dei grani da 100 nm a 200 nm. I test di Voltammetria a Scansione
Lineare sono stati eseguiti in una soluzione tampone di fosfati 0,5 M contenente Na2504
0,5M a pH 7. 1 campioni sono stati illuminati dalla parte anteriore e posteriore con il

simulatore solare per fornire un AM1.5.

Le prestazioni fotoelettrochimiche CCZTS mostrano un miglioramento della densita della
fotocorrente del 73.86% rispetto al CZTS non drogato. Il materiale drogato migliora la sua
performance all’aumento del numero di strati depositati per spin coating quando
illuminato frontalmente, raggiungendo un massimo a 13 strati (-8.18 mA/cm? a 0 V vs.
RHE). La dipendenza si presenta inversa in caso di retroilluminazione a causa del minor
percorso che i portatori di carica devono percorrere per raggiungere la superficie,
ottenendo la prestazione piu elevata con 2 soli strati (-2.96 mA/cm? a 0 V vs. RHE).
L’eletrodeposizione fotoassistita di Pt ha mostrato di richiedere un certo controllo,
ottenendo un miglior risultato per un tempo di deposizione di 20 min, specialmente per
condizioni di retroilluminazione. In conclusione, € stato ottenuto un massimo di efficienza
sotto tensione applicata (ABPE) di 1.68% a 0.74 V, mostrando che, pur con un margine di
miglioramento sulla qualita del materiale, il fotoelettrodo costuisce un buon punto di

partenza per la produzione di Ho.

Parole chiave: Scissione fotoelettrochimica dell'acqua, CZTS, drogaggio con Cd,
fotoelettrodeposizione di Pt, dispositivo fotoelettrochimico
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1. Introduction

11 Energyin the world

The net global energy related CO:2 emissions in 2020 flattened at around 31.3Gt,
showing a reduction of 5.8% respect to the previous year and after two years of
increasing. Although it is the largest percentage decrease since World War II, it was
due to the 4% primary energy demand worldwide. Apparently, this is a good reason,
but the changes produced by the COVID-19 pandemic situation and its consequences
in the industry and thelower use of oil for transport cannotbe ignored. As the situation
improves, travel and economic activities pick up around the world, oil consumption

and its emissions are rising again. [1].

COVID-19 reduced electricity demand 20% on average every month of lockdown. The
global electricity demand decreased 2.5% in the first quarter of 2020, and demand for
oil and coal fell nearly 5% and 8% respectively [2]. After reading this, you must be
thinking that we are not just improving but the world is forcing us too. The Energy
production and use account for more than two-thirds of global greenhouse gas
emissions [3], and this is the reason for what renewables energies sources must be
implemented and improved, because taken together them with the energy efficiency
measures, they can achieve most of the carbon reductions required to keep global

temperature rise below 1.5 degrees Celsius.

In 2019, renewable energy installed power capacity increased more than 200 gigawatts
(GW), it was the highest increase ever, but in 2021 more than 256GW of renewable
power capacity was added globally during the year, surpassing the previous record
by nearly 30%, also, 77 countries, 10 regions and more than 100 cities announced their
commitment to net zero carbon emissions by 2050. [2]. However, the use of renewable

energy alone is not enough, and it is not a matter of simply reduce the consumption of



energy. The energy optimization is influenced by first, technology and design reaching
higher energy efficiencies. Second, structural changes, or changes in the composition
of sectors or within a sector which can be achieved through investments, policies, and
planning processes [4]. Finally, with energy conservation measures, and this is our role

because it depends on the behaviors and habits of energy end-users.
12 Hydrogen

Hydrogen is highly versatile and can be used both as a feedstock and as an energy
source. It is widely employed in the chemical industry as reducing agent for the
synthesis of different chemical compounds. Today, it is mainly used as a feedstock for
industrial processes, including ammonia production for fertilizer (50%), in refining
(35%) as well as for the food, electronics, glass and metal industries [5]. However, as
energy leaders seek solutions for decarbonization, hydrogen as an energy vector is

gaining force.

With the aim of improving the first factor of energy optimization related to technology
and design, hydrogen industry appears as the perfect fuel. It is the most abundant
element on the earth, can be stored in gaseous or liquid state, can be transported by
gas pipelines, replacing natural gas, can give more than 3 times the energy per liter
than diesel or naturalgas, and does not emit greenhouse gasses during its combustion.
However, it is not all good news, the current cost, and the difficulties in the production
of hydrogen make it difficult to use this element as a 100% renewable energy source

nowadays.

Why if hydrogen is the most abundant element of the earth, we cannot simply use it
as energy source? Because Hydrogen is not easy to obtain, since it is not found alone
in nature, but is generated from other substances that contain it, including water, coal,
and naturalgas. For this reason, hydrogen production is classified in colors depending

on the energy source according to the figure 1.



Terminology Technology Feedstock/ GHG

Electricity source footprint*
> Wind | Solar | Hydro
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e Mixed-origin grid energy ~ Medium
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Black Hydrogen Black coal

*GHG footprint given as a general guide but it is accepted thot each category can be higher in some cases.

Figure 1. Color classification of Hydrogen as energy source. [6]

In Europe, the EU introduced a new hydrogen strategy, including a goal of 6 GW of
electrolyser capacity powered by renewable electricity by 2024 and 40 GW of
renewable hydrogen electrolyser capacity by 2030 [2]. Therefore, nowadays the
research is going through find solutions to achieve the green hydrogen as one of the

main energy sources for the future.

Green Hydrogen is produced through renewables driven electrolysis or gasification
using renewable feedstocks. In this way, hydrogen can be directly combusted for use

in transport, heat, or used to generate electricity via fuel cells.

This work will be focused on Photoelectrochemical water splitting, one way to
produce green hydrogen. Specifically on the doping of Cu2ZnSnS4 (CZTS) spin coated
semiconductor as photocathode for solar water splitting, also discussing the

parameters that modify front and back illumination.

1.3 Water Electrolysis

Water electrolysis was first demonstrated in 1800 by William Nicholson and Sir
Anthony Carlisle, it is the process of using electricity for splitting water into hydrogen
and oxygen through the application of electrical energy, this process follows the

equation 1.



H,0 + electricity -» H, + 1/2 0,

At room temperature this reaction is not spontaneous, on the contrary, if we keep
increasing the temperature the reaction becomes spontaneous and the equilibrium
conversion increases because the reaction is endothermic. The system is made using a

power supply, a cathode, an anode, and the electrolyte.

A DC current is applied from the negative terminal of the power source to the cathode,
where the hydrogen is produced. At the anode, the electrons produced by the
electrochemical reaction return to the positive terminal of the DC source. The overall
water splitting reaction is divided into two half reactions that take place at two
different interfaces.

1. Hydrogen reaction evolution (HER)

ZHZO(I) + 2e” - HZ(g) + ZOH(Tg) or 2H30(-th) +2e™ - HZ(g) + ZHZO(l)

2. The oxygen evolution reaction (OER)

3H20(1) - 1/2 02(g) + 2H30(+aq) + 2e~ or ZOH(_aq) d 1/202(g) + HZO(I) + 2e~

HER is the reaction where wateris reduced atthe cathode to produce Hz, so it is giving
electrons to the molecules, and OER is the reaction where water is oxidized at the
anode to produce O, so, at the anode electrons are extracted from the molecules. To
close the circuit and allow the passage of charges without accumulation, the two
electrodes must be linked by an ionic conductor, which is a medium that allows the
passage of ions but not free electrons. One of the critical issues that avoid the practical
use of water splitting is the sluggish reaction kinetics of HER and OER due to high
overpotentials [7], a measure of the kinetic energy barriers. Catalysts are required to

minimize the overpotentials towards efficient H2 and Oz production.



The electrolyte can be made of a proton exchange membrane (PEM), an aqueous

solution containing ions, or by an oxygen ion exchange ceramic membrane as shown

in figure 2.
Cathode '| - + Anode Cathode ~ + Anode Cathode ~ * Anode
H,0 Hs =¥
Hp < 1,0, Hy —— ]
H
1/202 H,0==
Gas separator Polymeric membrane Ceramic membrane
(liquid electrolyte) (solid electrolyte) (solid electrolyte)

Figure 2. Water electrolysis technologies. [8]

The left one is the conventional electrochemical cell and consists of a cathodic and
anodic region separated by a diaphragm. The electrolyte employed is typically 20%-
40% KOH aqueous solution, KOH increases the electrolyte conductivity lowering the
ohmic drops. Moreover, the higher amount of OH- reduces the overpotential for the
oxygen evolution reaction. In the PEM, a solid electrolyte physically separate cathode
and anode allowing only the passage of H* species. The PEM is normally made of
fluorinated polymer typically Nafion and must be mechanically stable to sustain the
high pressure in the cell, de-ionized water is employed. Finally, in the ceramic
membrane a solid oxide diaphragm physically separate cathode and anode allowing
the passage of O? species only. More detailed information is given in table 1.



Table 1. Information of water electrolysis technologies. [8]

Cathodic
. 2H0+2e— H:+20H- 2H++2e-—H:> H:20+2e— H2+0>
reaction
Anodic
20H—1/20:+H:0+2e- H:0 —>1/20:+2H*+2e" 0:-—1/20:+2e
reaction
Cathodi Stainl teel + Carbon +
athodic ainless stee arbon Ni-YSZ
material Pt(Catalyst) Pt(Catalyst)
Anodi Ti/Ni + Titanium +
nodic . i/Ni itanium YSZ/ScSZ
material Ni/Co/Fe(catalyst) Ir(catalyst)
Electrolyti 20-40% KOH Sulfonated
ectrolytic o . aqueous ulfonate La1SrMnOs
material solution tetrafluoroethylene
Temperature
. 70-80 60-80 700-1000
(°C)
Current
density 200-400 600-1000 up to 1000
(mA/cm?)
H:2 generation
capacity 1-800 up to 10 research state

(Nm?/h)
Electric power 5kW - 3.4MW 0.1kW - 100kW research state




2. State of art

2.1 Conductors, semiconductors, and insulators

The electronic properties of materials are important because depending on the type of
material we can have different absorption of photons and so, give different level of
energy to the system. Electrical conductivity is an interesting property of the solid
materials, it is a huge range where on one side there are the conductors with high
conductivity, on the other side materials called insulators with low conductivity, and
semiconductors in an intermediate region between these two. Although the electrical
conductivity of semiconductors is much less than the one of metals, here this property

increases with the temperature while on the metals it decreases.

To explain the difference of these three types of materials we can start from the band
theory and definition of the bands. In a solid, electrons rather than having distinct
energy levels, their behavior is related to the behavior of all other particles around it,
and so the energy states form bands. There exist some allowed and forbidden bands,
the former are the valence and the conduction band, and the forbidden band is the
difference between the previous two, called energy band gap. The valence band (VB)
is the highest range of electron energies in which electrons are normally present at
absolute zero temperature. The conduction band (CB) is the band of electron orbitals
thatelectrons canbounce up into from the VB when energized. The difference between
the highest and lowest occupied single-particle states in a quantum system of non-
interacting fermions at absolute zero temperature is called Fermi Energy [9]. The Fermi
level is the highest energy level that an electron can occupy at the absolute zero

temperature.

In a metal, either the conduction band is partly filled, or no separate conduction and
valence band exist, electrons can move freely, the resistivity increases with the

temperature and the electrons give their energy to the photons very fast. In the case of



insulators, the distance between the valence band and the conduction band (Energy
band gap) is so high (Egap>3eV) that usually no conductivity despite doping is
possible. Then, there exist the semiconductors which are insulators at low
temperature, conduction band at low temperatures is almost empty, valence band is
almost full, the band gap is between 0.1eV and 3eV so it is possible to have
conductivity with higher temperatures. See figure 3. Conductors, semiconductors, and

insulators energy bands.

‘ overlap

Electron energy

metal semiconductor insulator

Figure 3. Conductors, semiconductors, and insulators energy bands.[10]

2.2 Electrons and light

To create green energy, the aim is to be able to perform the water electrolysis using
renewables sources. It means that the energy provided to the system, and so, the
electrons travelling inside the system allowing the reactions previously shown in the
section 1.3, are produced by clean energy. One way, to achieveit is through the solar
energy and separation of charges. This method will be introduced in section 2 but the
point is that the photons can interact with the electrons giving energy. This energy
absorbed by the electrons will excite them to higher energy levels where charges can
be extracted.

The energy that a photon can give to an electron and cause the excitation process

follows the Plank-Einstein relation:



Where E is the energy, h is the Plank’s constant 6,626x10-%J*s, and v is the frequency,
in this case, the frequency of the monochromatic light. However, E is only the energy
carried by a photon, but it is not sure that the electron will be excited because it needs
to overcome the forbidden energy gap. So, an electron will be excited to the CB only if
the energy is equal or higher than the Egap.

Absorption is the transition stimulated by a photon from a vibrational level of the
ground state to a certain vibrational level of an excited electronic state. This is a very
fast process, with characteristic time of femtoseconds (10-'°s). Due to this short
characteristic time for the absorption process to occur, no concomitant displacement
of the nuclei is observed during absorption (this is known as Franck-Condon
principle). The higher the energy gap between the ground and the excited state, the
lower the wavelength (1) to be absorbed.

Once the electron is at the excited state, it can experience relaxation or recombination.
Relaxation is the transition to a lower vibrational level inside the same electronic state.
This is a non-radiative mechanism meaning that no photons are emitted because of it.
In this part of the process there are the electron and phonon collisions, electrons and
holes lose energy because they are giving it to the lattice. Relaxation lasts from
picoseconds (10-'%s) to femtoseconds. Finally, the recombination occurs when an
electron jumps back to the valenceband and recombine with a hole, this step lasts from
microseconds (10-¢s) to nanoseconds (10-%s). Fortunately, the recombination is slower

than absorption and the aim is to separate the charges before the first occurs.

Semiconductors are used for these purposes because they give this time slot for the
separation of charges to be achieved. Conductors do not even have a band gap, so it
seems to be the perfect condition because they absorb all the photons, but in that case
the absorption is useless due to the immediate relaxation to the original level thanks
to the continuity of the energy levels, it means that if the band gap does not exist,
electrons cannot keep the energy that they get from photons and there will not be
generation of a current. On the contrary if the band gap does not exist, or if it is too
large as in insulators, no absorption will be possible and so neither will be the

generation of current.
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2.3 Energy levels and conductivity in a semiconductor

At T=0K, all the electrons occupy the lowest possible states in a pure semiconductor.
It means that the CB is completely empty while the VB es full of electrons. In this case,
the Fermi energy level is at the Egap.

At T>0K, higher energy levels start to be occupied due to the excitation of some
electrons, and with the increase of temperature, the increase in the probability to find
an electron in a higher energy level. This probability of an electron occupying an

energy level E varies with e=E/k8T[11].

At thermodynamic equilibrium, probability of finding an electron at the energy level

E is given by the Fermi-Dirac probability distribution f(E).

_ 1
f(E) - 1 +e(E_EF)/kBT

where E is the energy level of interest, EF is the Fermi level, T is the absolute

temperature, and kpis Boltzmann’s constant (1.38*10-2%/K).

For low temperatures, the fermi distribution is a step function thatisnearly 1if E < Ep
andnearly 0if E > Er. This means that the particles are placing from the lowest energy
level upwards due to the Pauli Exclusion Principle until all the particles have been
placed. The energy of the last occupied level is called Fermi energy and the
temperature to which this energy corresponds is called Fermi Temperature, calculated

as EF = kBTF'

Figure 4. Schematic plot of Fermi-Dirac distribution. [12]
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What its important is that at absolute zero temperature, the behavior is like an
insulator because there are no free carriers available, situation that change increasing
the temperature. It is important to notice that here the holes play an important role as
they can also be referred as carrier of electricity, and in an ideal semiconductor crystal
number of holes created per unit time is equal to the number of movements of electrons
to a new site. This rate of creation of electron-hole pair increases when temperature
increases, and when the temperature decreases, the rate electron-hole pairs is reduced

due to recombination in the crystal.

Electrical conductivity is defined as “The rate of charge flow across unit area in a
conductor per unit potential (voltage) gradient”, thus, it depends on the mobility of

the carriers uj and p,, the charge e, and the concentration of carriers p and n.

The mobility is defined as:

.“:m*

Where, 7 is the mean free time of recombination and m* is the effective mass. Thus, the

drift current densities are given by:

Jn = epunE Je =enu.E

And finally, the electrical conductivity is calculated as:

0 =0, +op = e(Npe + pin)

24 Doping

The electrical resistivity (conductivity) of a semiconductor can be changed by doping
by several orders of magnitude, over eight orders in the case of Silicon. A striking
property of these elements is that their conductivities increase abruptly when they are
doped with small quantities of other elements. Doped semiconductors are called
Extrinsic and doping is the introduction of impurities into a semiconductor crystal for

a defined modification of conductivity [8].

N-type material is created when group V atoms area added to semiconductor materials

from group IV, so that the extra valence electron is free to participate in conduction.
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Therefore, more electrons are added to the conduction band increasing the number of

electrons present, consequently improving the conductivity of a semiconductor.

P-type materials are created when semiconductor materials from group IV are doped
with group III atoms for example when silicon is doped with boron, increasing the

conductivity due to the increase in the number of holes.

Doping will change the Fermi level. Too see how let’s start by finding the initial
position of the fermi level. First, the density of states (g(E)) is the number of states per

interval of energy at each energy level that are available to be occupied by electrons:

(2m})3/?
2m2h3

(2m;,)3/?

VE~Fe gv(E) ==z VEv

gc(E) =

Where Ec and Ev are the energies at the CB edge and VB edge respectively. Now, the
CB electron density (n) and VB hole density (p) can be found as the multiplication of
this number of states available by a probability that tells us the portion of those states

which will actually have electrons in them (Fermi-Dirac Distribution):

+00 Ey
n=|  ge®fEE p=| g0 -1 s

Ec

Considering that:

1
exp [(E — Egp)/kT] +1

E—-E
~ exp(— T F) for E —Egp > 2kT

The carrier densities will be:
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3/2

2mrmy kT
n=>2 (—)

Ec.— Ep Ec—Ep
i )

eXp(‘ kT )=1“%TEXP<_ kT

3/2
Ey - Ep Ey — Ep
exp < ) = NJ;rexp (—)

_, (27Tm;;kT)
p= KT KT

hZ

The mass action law states that the number of electrons in CB and the holes in VB is
constant at a fixed temperature and is independent of amount of donor and acceptor
impurity added.

kT \°

mass action law np =4 (W> (mim;,)3/2e~Ea/kT

In the case of intrinsic semiconductor, considering that n=p:

_Ec+Ey
F=

kT v c

And in this point, it is clear that at T=0K, the Er will be in the middle of the gap. But
for a doped semiconductor the fermi level is moving upwards with n doping and

downwards with p doping

However, the assumption of a unique Fermi level not always hold. A semiconductor
under illumination is not at thermodynamic equilibrium, the concentration of
electrons and holes is increased by light absorption and so they cannot be described
by the same Fermi function because under non-thermal equilibrium the product of
electron and hole concentration is larger (generation of carriers) or smaller
(recombination of carriers) than the square of the intrinsic carrier concentration. In this
point we speak about quasi-Fermi levels, one for electrons that are near the Ec (Eg )

and one for holes near the Ev (Ef,,).

i n Np
n — type n = Np, p= N_D EF,ani+len;in+len7
L l
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Where n; and E; are the carrier concentration and Fermi energy level in the undoped

semiconductor, Np and N4 are the concentration of donor and acceptor atoms.
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Figure 5. Energy band diagrams for (a) an intrinsic semiconductor, (b) an n-doped
one, and (c) a p-doped one. [13]

2.5 The semiconductor-electrolyte interface

To measure the electrochemical potential of electrons in a redox electrolyte, physics
has adopted the electron energy in vacuum as reference, whereas electrochemists have
traditionally used the standard hydrogen electrode (SHE) scale. The zero of SHE scale
appears to lie at —4.5 eV with respect to the vacuum level. The relation between redox

potential Eyq0x (as defined with reference to SHE) with the Fermi level Eg.., ., [14].

EFredox = —4-5€V — €oEreqox

This is because to measure the free energy of electrons within a solid, physicists often
employ the concept of work function (y = e,¢; where ¢ is the electric potential below

the vacuum level and e, is the elementary charge of an electron), which represents the



15

energy needed to liberate a bound electron to the level of vacuum (¢4, = 0). By
contrast, electrochemists used the concept of electrochemical potential to measure the

free energy of charges.

When a semiconductor is brought into contact with an electrolyte, a potential
difference is established at the interface and electrostatic adjustment occurs at the
semiconductor-electrolyte interface, electrons flow from the phase of more negative Er
to the other to attain equilibrium, in which the semiconductor Er matches the
electrolyte Ef. ., . causing the formation of the space charge region. Consider the case
of an n-type semiconductor and let ¢(x) be the variation of the electrostatic potential,
we set ¢ =0 in the bulk of the semiconductor. If the value ¢s of the potential at the
surface is positive, the bands band downwards, and the concentration of electrons in
the conduction band is enhanced forming the enrichment layer. If ¢s < 0, the bands
bend upward, and the concentration of electrons at the surface is reduced; we speak
of a depletion layer. the same terminology is applied to the surface of p-type
semiconductors. So, if the bands bend upward, we speak of an enrichment layer; if

they bend downward, of a depletion layer [15]

This depletion layer contributes to an internal electric field in the semiconductor and
the majority carriers are forced away from the interface. For the equilibrium of this
interface the flow of charge from one phase to the other is needed and a band bending
occurs within the semiconductor phase. The magnitude and direction of band bending

can simply be adjusted by an externally applied potential.

The special potential at which the electrostatic potential is constant, is the flat-band

potential, which is equivalent to the potential of zero charge.



16

Vacuum reference

Vso 45
“““““ : A e
______________ E
e EF_ o F, aquil
e Eve Eyg
(b) :QQ@E
E
Ecs \Eca
-==-E
E Frecox _\ ______________ EF. equil
————————— F $ : b
NNNSRRRRRN Evg _‘\Vsc Eve
(c)

Figure 6.a) Energy levels in a semiconductor (left-hand side) and a redox electrolyte
(right-hand side). ¢ and x are the work function and semiconductor electron affinity,
respectively. (b) The semiconductor-electrolyte interface before (LHS) and after
(RHS) equilibration shown for a n-type semiconductor. (c) Same as (b) but for a p-
type semiconductor. [12].

The difference between the Fermi levels of the semiconductor and of the redox couple
before contact will determine the Band bending at equilibrium. The Fermi level is
directly proportional to the electrode potential, which means that the final voltage

across the interface can be controlled. [16]

The depletion width (W) is the distance far away from the surface at which the
depletion of electrons near the surface diminishes. This W, can be calculated based on
the dielectric constant of the semiconductor, the carrier concentration, and the

difference of the fermi level (in vacuum) as mentioned before, as:

280856 kT
Wy = Adse ——
sc j qN ( ¢SC q )

Where N is the carrier concentration, ggegc are the permittivity in vacuum and the

dielectric constant of the semiconductor, and Apgc = ¢rsc — Pr redor- In resume, the
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extend of band bending depend on the applied potential because ¢ sc equals the
applied potential. Why this bending is so important for the green energy generation?
Because as it is mentioned above, the idea is to generate hydrogen using renewable
energy sources, one of these sources is the sunlight (Photovoltaic), and the built-in
formed by the band bending is crucial for the photoelectrochemical water splitting
because it is the driving force for charge separation at the semiconductor/electrolyte
interface that will allow the generation of hydrogen and oxygen. This process is called
Photoelectrochemical water splitting and is the topic in which this work will be center

in.

2.6 Photoelectrochemical water splitting (PEC)

There are four main ways to produce hydrogen, by thermal processes where heat, in
combination with closed-chemical cycles, produces hydrogen from feedstocks (gas
reforming, coal gasification, biomass gasification, solar thermochemical hydrogen
(STCH). Using biological processes, in which Microbes such asbacteria and microalgae
can produce hydrogen through biological reactions, using sunlight or organic matter
(microbial biomass conversion and photobiological water splitting). Third, by
electrolytic processes using electricity to split water into hydrogen and oxygen (water
electrolysis) in an electrochemical cell. And finally, by photolytic processes, splitting
waterinto hydrogen and oxygen by means of light energy (photons) and a photoactive

material (photoelectrochemical water splitting).

The photoelectrochemical water splitting (PEC) is a result of integrated solar energy
conversion and water electrolysis in a single photocell. It uses semiconductor materials
immersed in a water-based electrolyte to convert solar energy directly to chemical
energy in the form of hydrogen. PEC is a promising technology that utilizing 36,000
TW of solar power, a conversion of 1% of the available solar energy, and PEC cell with
10% efficiency, could produce 36 TW power, the predicted global energy consumption
in the year 2050 [17]. The chemical process is shown in the equation 1.

Hy0 +2h* +2e~ > Hy + 1/,0,
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Electrolysis is a photoinduced reaction processes at the interface between a
semiconductor material and the electrolyte solution, which requires a minimum Gibbs
free energy of 237 kJ/mol. The catalyst is directly integrated onto the photoabsorber
material, immersed in the solution. So, photo-active semiconductor, usually a
transition metal oxide, is immersed in water and the photo-generated electrons and
holes are directly used to split water. Upon illumination, electrons are excited in the
conduction band, while holes form in the valence band. The formation of a junction
between the semiconductor material and the electrolyte allows the charge separation

after excitation as follows:

t
caue~® Z.C”’
H,

2H'+1 0,
VE - “’(
\/ H,0
Working Counter
electrode electrode

Figure 7. Working principle and basic configuration of a PEC cell. [18]

PEC cell is made by the working electrode, the counter electrode, one or both being
photoactive (photoelectrode). Sometimes also containsa reference electrode to observe
half reactions in the cell [19]. This electrode system is mainly immersed in an aqueous

electrolyte.

In n-type semiconductors, electrons are collected at the photo anode and transported
through the external circuit to the counter electrode. The electrons are consumed in
the reduction of H* to Hz that occurs at the cathode, on the other hand, the function of
the holes is to oxidize the water into Oz and H* at the anode. If the semiconductor used
is a p type, the photo generated electrons are used to reduce H*in Hz, while in the

counter electrode, the water is oxidized to Oz and H*. [20]
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2.6.1 Photoelectrode requirements

Under standard temperature and pressure conditions, the water splitting process is
not spontaneous, which is why a necessary potential difference must be applied. For
this reason, the most important aspect is selecting the photoanode and photocathode
materials, so, semiconductors with a suitable band gap and energy levels are extremely

necessary to increase the spontaneity of the reaction.

First, it is important to select the appropriate band gap energy and positions. Sunlight
consists of 52% infrared radiation (700-2500 nm), 43% visible (400-700 nm), and 5%
UV (300-400 nm). Thus, it is needed to have a good light absorption in the visible
region. Consequently, considering the proton reduction potential (O0V vs SHE) and the
02/H20 potential (1.23 SHE), the band gap in ideal conditions will be 1.23eV which
corresponds to 1100nm of wavelength. However, this analysis does not consider
neither the overpotential requirement for acceptable surface reaction kinetics (0.4-0.6
eV) nor the energy losses by thermodynamics that are in the range of 0.4eV. Thus, the
minimum band gap for the reactions to occur is ~1.8eV (700nm). But this was only
considering the band gap and not the position, Ev of photoanode should be higher than
1.23V allowing the OER reaction to occur, Ec of cathode should be less than 0V favoring
the HER reaction, and ideally, the upper limit should be 3.2eV because there is a rapid
drop in sunlight intensity at 390nm. In summary, for a single semiconductor, the band
gap should be between 1.8eV-3.2eV. Thereis the need of high photovoltage to separate
the charges, so, tandem (see next section) or external biased devices are needed to

provide the extra voltage.

In second place, the recombination is one of the main causes of low efficiency.
Outstanding charge carrier separation and transportation are fundamental, thus,
mobilities should be high enough but also the crystallinity and nanostructure must be
taken into account avoiding the recombination centers. This recombination can be
asset by the lifetime of carriers or using the diffusion length, in any case, they are
related through the following equation:

Lp = VDt

In which Lj is the diffusion length expressing the average length a carrier moves

between generation and recombination, 7 is the time it takes an electron before
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recombining, and D is the diffusivity, thatis a measure of how quickly a group of

particles fill a space and it is calculated using the intrinsic mobility u by:

_ kTyu
e

D

Third, surface catalytic activity because it will lead to sufficiently fast surface reaction
kinetics that can prevent recombination by charge accumulation at the surface.
Additionally, stability plays a major role against the dissolution of the material in the
electrolyte, the formation of an oxide layer that hinders the passage of carriers, and/or

against photocorrosion (see chapter 2.5).

Finally, low-cost materials are preferred because of the need of producing scalable

devices.

2.6.2 PEC Configurations

) © (b)

©

®

Figure 8. PEC Configurations. [21]



21

The configurations for the PEC devices are summarized in Figure 8. First type (a)
contains a single light absorbing semiconductor and is normally the one used when
the operation of these devices is being described. The semiconductor material can be
used as a photoanode or photocathode to carry out oxidation or reduction of water.
Normally, it consists of an n-type semiconductor as a photo anode and a metallic
cathode separated by the electrolyte. SrTiOs (Egap of 3.2 eV) and KTaOs (3.5 eV) are
used as photoanodes for PEC water splitting cells, with the aid of external bias.
However, their large bandgap generates that only the UV portion of solar energy can
be absorbed. Theoretical maximum STH efficiency limited to less than 1% is a

consequence of this device limitation. [21]

Upon absorption of light, photoelectrons and holes are generated in CB and VB
respectively. Due to the bending of the band formed at the interface, the holes move
to the electrolyte to oxidize the water. Electrons are collected by a metallic substrate or
by the transparent conductive glass (FTO glass or F:5nO2), withdrawn to the external
circuit, pump up by a polarization potential, and come to the metallic cathode

reducing water for the H2 evolution. [22]

Two or more semiconductors are normally used to increase absorption and thus the
number of charges that can be separated. Heterojunction is illustrated in configuration
b, in these systems, light absorption and charge separation are improved by connecting
a secondary semiconductor in the primary absorber. In addition, there are Tandem
configurations where the photoanode and photocathode are connected in series, it is
possible to have a wire connection (Configuration C) in which a conductive metal is
used, or on the other hand, you can have a wireless connection in which a transparent

conductive substrate is used for the electron and hole recombination layer.

Tandem cells increased the photovoltage but also de flexibility in materials selection
because they minimize or eliminates the basic requirement of band edge potentials
seen in a single semiconductor configuration, also, can have smaller bandgap and so
increasing the light absorbability because each semiconductor need to provide only a
half reaction. However, there exist two main requirements, the photoanode CB
minimum must lie at lower or similar potentials than the VB maximum of the
photocathode and both sides must maintain a similar current density when no external

bias is applied.
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In configuration e, there is the coupling with a PV cell that applies the additional bias.
Wide bandgap materials are preferred for the front photoelectrode to enable adequate
transmittance for further light harvesting by the PV [21]. When solar energy passes
through the front PEC electrode and then reaches the rear PV device, the electrons or
holes generated by the PEC electrode is recombined with the energy of the PV
component and the remaining one is contributing tohalf of the reaction. The remaining
charge of the PV device is then transferred to the counter electrode for the other half

reaction of water splitting. [23].

Finally, PEC devices are facing three main challenges for increase the conversion
efficiency: (i) Direct absorber band alignment is required to have the enough potential
for both half reactions, having the proper position of Ec and Ev with respect to OER
and HER. (ii) The wide bandgap is not optimized for the solar spectrum. (iii) Poor
catalytic performance of the absorbers. These weak points can be solved using a
buried-junction photovoltaic (PV) device and an electrochemical catalyst (EC) system,
forming a PV-EC tandem (Configuration f). In a buried-junction device, the electric
field is generated at an internal junction within the semiconductor and using ohmic
contacts is then coupled with water splitting catalysts. The advantage is that it
separates light absorption from catalysis and does not require the absorber to be stable
in aqueous electrolytes in which the pH regime for the absorber and best water

splitting catalyst may not be compatible. [24]

2.6.3 Key efficiencies for PEC devices

The overall solar to hydrogen (STH) efficiency is the most important measurement to
characterize a PEC device. However, there are another important diagnostic
efficiencies to understand the material performance: applied bias photon to-current
efficiency (ABPE), external quantum efficiency (EQE), incident photon to current
efficiency (IPCE), and internal quantum efficiency (IQE), absorbed photon to current
efficiency (APCE). [23]

STH is defined as chemical energy produced divided by solar energy input. The
numerator is the rate of hydrogen production multiplied by the change in Gibbs free
energy per mol of Hz (at 25°C, AG = 237 kJ/mol). The denominator is the incident

illumination power density P.,¢q; multiplied by the illuminated area.
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(mmol H, /s) * 237k] /mol
STH =
Protas (MW /cm?) = area(cm?)

It describes the overall efficiency of a PEC device exposed to solar Air Mass (AM) of
1.5 illumination under zero bias applied. For a correct measurement the WE and the
CE should be immersed in the same pH to avoid Nernstian bias that can arise from the
chemical bias between the two solutions. Additionally, the electrolyte should not
contain any sacrificial donors or acceptors because the redox reactions would no
longer reflect true water splitting. There is an alternative way of calculating the STH
since power can be expressed as the multiplication of the current, voltage and the

faradic efficiency for hydrogen evolution.

_ Jjsc(mA/cm?) x 1,23V * np

STH
Piotal (mW/CmZ)

Sometimes the application of a bias is needed and in that case the STH is not enough
and can give an overestimation. The applied bias photon to current efficiency

expresses the efficiency under the application of an additional voltage V,, as:

Jpn(mA/em?) « [1,23 — V,](V)

ABPE:
Ptotal(mW/sz)

In the ABPE the current j,, is the photocurrent density obtained under an applied bias
Vp.

Another important parameter is the photocurrent collected per incident photon flux
as a function of illumination wavelength (IPCE). It reflects the combination of three

processes efficiencies, (i) photon absorption defined as the fraction of electron-hole
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pairs generated per incident photon flux, (ii) charge transport to the interface, and (iii)
the efficiency of interfacial charge transfer. The last one in PV is often equal to 1
because charges are extracted to a metal forming the ohmic contact, but in PEC the
interfacial charge transfer kinetics are often sluggish giving rise to a value less than 1.
IPCE in a PEC system is measured by a chronoamperometry (potentiostatic)

measurement and is normally calculated as:

IPCE (1) = EQE(A) = Ne=/n* generation * Ntransport * Ninterface

electrons/cm? /s _Jpn (mA/cm?) * 1239,8(V * nm)
photons/cm?/s ~ Ppono(mW /cm?2) * A(nm)

IPCE (1) = EQE(}) =

1239,8 V*nm represents the multiplication of the Planck’s constant and the speed of
light. Pynono is the monochromatic illumination power intensity, and A is the

illumination wavelength.

Finally, absorbed photon to current efficiency or internal quantum efficiency is the
EQE but taking out the losses of impinged photons that are reflected or transmitted.

In other words, is the photocurrent collected per incident photon absorbed.

EQE (2)
APCE (1) = IQE(/D = = Ntransport * Ninterface

Ne=/n*generation

Ne~/n* generation 1S the absorbance and can be found using the Beer’s law [25]. The
absorbance (A) of a sample is the logarithmic ratio of the measured output light

intensity (I) versus the initial input light intensity (lo).
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Jpn (MA/cm?) x 1239,8(V * nm)
Prono (MW fem?) x A(nm)  [1 — 1074]

APCE (1) = IQEQ)) =

2.6.4 Chemical degradation and corrosion

PEC can experience photo corrosion. It is the mechanism of anodic and cathodic
decomposition of semiconductor by bond breaking due to an accumulation of holes or
electrons at the interface. Depends on the competition of charge transfer rates between
the redox reaction and the corrosion process. Most of the semiconductor’s materials
that satisfy the energetic requirements of PEC are found to be susceptible to this type

of corrosion.

At the anode usually all reaction products are soluble in the electrolyte and therefore
the reaction can go on continuously. On the contrary, at the cathode there is the
formation of an insoluble product left on the surface which quickly blocks the
decomposition [magagnin]. The decomposition reactionsare electrochemical reactions

associated to an electrochemical potential called the decomposition potential.

Most of SC have their decomposition potential in the band gap of the SC on the energy
scale. Meaning that for n-type, the holes at the VB can oxidize the SC in addition of
oxidizing aredox couple lying in the band gap. In this case, for n-type the redox couple
should lie negative of the decomposition potential to give electrode stability. In the
case of p-type, SC’s dark anodic decomposition reactions are expected due to the

presence of excess holes at positive potentials respect flat band potential. [26]

EOZ/HZO < Fdec,p EH+/H2 > Faecn
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Figure 9. Effects in corrosion depending on the decomposition potential and redox
couple potentials based on Gerischer and Bard criteria. [8]

Corrosion can be reduced by increasing the water splitting kinetics, avoiding charge
accumulation. Moreover, oxides or conductive polymer like polyaniline coatings with
higher resistance also in acid electrolytes are employed, as well as nanoparticles and
tusible alloys are employed too. Another approach consists of using another
semiconductor more resistant to photocorrosion as a thin layer (TiOz) but it must have
aproper alignment of the band edges to not increase the charge transfer resistance [27],
the anodic deposition potentials of TiO2 and Fe2Os are above the VB potential, but they
are thermodynamically stable because of their very slow decomposition reaction
kinetics. [21]

2.7 Materials for PEC device

Semiconductor materials for PEC photoelectrodes can be classified in poly-crystalline
and single-crystalline. The former includes metal oxides, nitrides, oxynitride and so
on. For example, TiO2, a-Fe20s, BiVO4, WOs, and ZnO are used as photoanodes, while
Cuz20, CuFeO: and CulnS: are used as photocathodes. One the other hand, the
singlecrystalline semiconductors includes Si and III-V materials (for example, GaAs,
InP, GaN and GaP) that are used in both cases. Some materials used as photocathodes
and photoanodes will be described in this Chapter.
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2.7.1 Photocathode materials
Cu20

Cuprous oxide have an Egap of 2eV and its CB position is suitable for light-driven
hydrogen evolution from water. The advantages of using this material are the
scalability, low toxicity, abundance and high theoretical photocurrent of 15 mA/cm?,
together with a potential 18% STH efficiency under AM 1.5G. However, the problem
is that theredox potentials for thereduction and oxidation of monovalent copper oxide
lie within the band gap, affecting the stability [28]. Solutions for this problem can be in
tirst place, the combination with a more positive conduction band material (n-type
semiconductor), promoting the fast transfer of photoelectrons from Cu2O to the n-type

semiconductor through the formation of a p-n junction.

Secondly, the deposition of a thin film made of carbon or metal oxide. Configurations
such as Cu20/ZnO/ALO3/TiO2/Pt, Cu20 nanowire/AZO/TiO2/RuOx and
Cu20/AZO/TiO2/MoS2 have been reported, but their high cost and limited long-term
stability hamper their use in practical devices. [28]

RuO, Co-Catalyst
40 nm

Cu,0
0.5 ym Au
150 nm FTO glass

S N e

Figure 10. Cross-sectional SEM image of a photocathode with respective ALD layer
thicknesses. [28]

CuO can also be used and CuO nanowire-based photocathodes (Figure 11) exhibit an
onset potential at ~700 mV vs. RHE. The CuO photocathode shows a photocurrent of
~l4mAcm?at 0V vs. RHE under AM 1.5G, which is one of the highest
photocurrents based on bare CuO photocathode. The problems of stability are
minimized depositing cocatalyst by galvanostatic photodeposition, RuOx and/or Pt
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nanoparticles on the CuO nanowires surface, accelerating surface reaction and
inhibiting the charge accumulation at semiconductor/solution interface [29].

0.0 4
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Figure 11. (left) I-V characteristic curve for CuO photocathode, and morphology of a
Cu/Cu20/CuO photocathode. (right) Structure scheme of Cu/Cu20/CuO
photocathode prepared via thermal processes. [29].

Cu(In,Ga)Sez2 (CIGS) is a scalable candidate of photocathode material, others
advantages are listed below:

e Tunable Egap over the range of 1.0-1.7 eV by Ga/In ratio.

e Good photoabsorber with a record solar cell efficiency of 20.4%.

e It can be produced with reasonably low cost by industrialized processes.
e (B edge thatis well positioned for the hydrogen evolution half-reaction.

CIGS has a narrow band gap of 1.2eV, being very close to that of the Si. However, its
CB energy is quite deep, lying at —0.2 V vs RHE, that offers only moderate driving force
for the Hz evolution reaction [30]. Thus, the use of Pt as catalyst is mandatory.

An outstanding photocathode generating a photocurrent density of 25 mA/cm? using
CIGS/CdS/Ptat applied potential of 0V versus RHE under standard 1 sun illumination
andin aneutral pH electrolyte wasreported. Surface modification with thin conductor

layers composed of Mo and/or Ti and high degree of contact between the Pt particles
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and the Mo/Ti layer can improve the stability [30]. However, the scarcity of In element

is a real problem in the construction of large scale PEC devices.

GaP has an indirect Egap of 2.26 eV, with a CBlocated at 0.6 V vs. NHE at pH =0, and
InP exhibits a band-gap of 1.35 eV, representing near-optimal absorptivity of the solar
spectrum. These materials could be used for photocatalytic water reduction to produce
Hz, but the problem again is the photocorrosion. Amorphous TiO2 has been employed
as a surface passivation layer and the large VB offset between TiO:2and these metals
phospides can create an energy barrier for holes reaching the surface, reducing the

recombination.

Gallium indium phosphide (GaosilnosP, referred to as GalnP2), is an indispensable
materials component for realizing high STH efficiency (>20%) due to its near ideal
Egap of ~1.8eV for the large Egap material in multijunction photoelectrode [31].
Hannappel and co-workers have developed a tandem structure consisting of a GalnP
n-p top cell (Egap of 1.78 eV) and GalnAsn—i—p bottom cell (Egap of 1.26 eV) with Rh
electrocatalysts deposited onto the surface. The as-prepared tandem device yields an

STH of 14% and 17% for unbiased and potentiostatically assisted water splitting [32].

Silicon with an Egap of 1.11 eV is the most successful material in PV and
microelectronics industries, its Egap is relatively well matched to the solar spectrum
and its theoretical maximum photocurrent can reach up to 44 mA/cm2 under AM1.5
G one Sun illumination [33]. These properties render Si a promising material for
photoelectrodes in a PEC water splitting system. Nonetheless, using Si as a
photoelectrode in PEC devices have some problems to be solved. First, a large
proportion of incident visible light are reflected on a planar Si/water interface.

Secondly, the corrosion, and finally, the sluggish water splitting kinetics on Si surfaces.

To solve these problems, we can increase the surface textures on planar Si surface,
strengthening light absorption and exhibiting the best competitiveness due to the

omnidirectional broadband light trapping and relatively low surface recombination.
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Moreover, this texture will increase the adhesion allowing the deposition of a
conformal thin protecting layer improving the stability of the photocathode. Also, the
use of effective catalyst like Pt, Ru and Ir oxides is important, but they are too
expensive for commercial use. For this reason, metal-based alloys such as NiMo and
NiFe exhibit comparable and even higher PEC activity. Finally, a rear p* emitter on n-
Si photocathode allows light illumination from the rear side of the device, which
spatially and functionally decouples the optical absorption and the catalytic activity of
the photocathode. The highest reported efficiency for a Si photocathode up to now is
11.5%. [33]

Ni(OH)/NUTUp*n-Si (25 h)[131]
a-NIOOH/ITO/SIO/n-Si (30 h)[122)
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Figure 12. Chart visualizing data on reported 1 of various Si photocathodes for HER
and Si photoanodes for OER. [33]

2.7.2 Photoanode materials

2.7.2.1Ti0O2

TiO:2 based photoanodes are composed of earth-abundant, nontoxic elements and are

photochemically stable under either strongly acidic or strongly basic conditions.
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However, the wide Egap of 3.2eV leads to an absorption only of 5% of the solar
spectrum (predominantly UV light), which result in a very low maximum theoretical
STH efficiency (n=1.3% for anatase and 2.2% for rutile TiO2).

The Egap can be modified by changing the VB introducing non-metal species, such as
carbon or nitrogen, through forming mid-gap states, or modifying the CB by forming
donor states below it by doping with 3d transition metal ions. However, the efforts up
to know have not produced a big change and although doping can extend the light
absorption to the visible range, the optical absorption is still very moderate above 450
nm. By introducing a dopant through the hydrogenation of TiO2 nanocrystals, it is
possible to synthesise a disordered TiO2 nanophase of black colour, corresponding to
a band-gap energy of 1.0 eV. [34]

Another issue is the high density of bandgap trap states resulting in fast charge carrier
recombination and poor electrical conductivity. The aim is to create oxygen vacancy
in TiOz2 to modify the electronic and optical properties, this canbe achieved by thermal
annealing, electrochemical reduction, hydrogen treatment, flame reduction and

chemical reduction [35].

The performance of TiO2 improve with the Pt-coated TiO2 nanorods because the last
enhance the photoactivity in the uv-visible region compared to the TiO2, and
photocurrent is dominated by the photoactivity of TiO: in the UV region, thus,
improving the photocurrent 1.86 times from 0.36 mA/cm?2 to 0.67 mA/cm? [36].

Hematite is a natural abundant compound with good chemical stability, low toxicity,
and low cost. In addition, it has a Egap value between 1.9 and 2.32 eV, allowing for
visible light absorption up to 40%. However, the CB position is significantly more
positive than the proton reduction potential and thus can only be used for PEC water
oxidation with an external bias. Other problems are its sluggish oxygen evolution
kinetics at photoanode/electrolyte interfaces, poor bulk charge transport thatleads to
short hole-diffusion length, slow OER kinetics, and high electron-hole recombination

rate.
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Interfacial engineering at photoanode/electrolyte is used to address high electrical
potentials because photogenerated holes need to be transfered from the hematite
surface to the electrolyte. This can be achieved by passivating the surface defect sites
becuase it provides provides a favorable pathway for better holes extracting from its
VB. Also, by using OER catalysts decreasing the activation energy (Figure 13), and
finally, using surface treatments that will activate the surface and remove the defects
improving thestability [37]. This activationis performed reducing the hematite surface
defects, making richer Nb-O and Sn-O bonds, and generating more Fe2+ ions or

oxygen vacancies in hematite bulk [38].
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Figure 13.Schematic description of the role of oxidation cocatalystin (A)
photocatalytic water oxidation and (B) PEC water oxidation. [39]

Photoanode/substrate interface engineering can be implemented by inserting a
conductive underlayers between FTO and hematite, thus, reducing the recombination
sites especially for very thin film of hematite. Finally, interface engineering inside
photoanodes by nano-structuring, heterojunctions, and engineering at grain

boundaries are useful to change the poor carriers transport and separation.

The performance of hematite-based photoanodes have improved in the recent years
reaching photocurrents of 6.0 mA/cm?at1.23 Vrue with stability over 100h but the need
of achieving the maximum theoretical photocurrent delivered by hematite
(~12.6 mA cm™), low onset potential (~0.4 Vrue), long-time stability (>100 h), and

large-area is still present and under research. [37]
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Photoelectrochemical properties of BiVOs are strongly dependent on its crystalline
structure. The highest activity towards water oxidation was reported for the
monoclinic scheelite structure, in which better properties with respect to the tetragonal
zircon-type one appears to be mainly due to the enhanced photon absorption, caused
in turn by an Egap value of 2.4 eV, sensibly lower than the 2.9 eV of zircon-type

structures.

The maximum theoretical photocurrent is 7.4 mA/cm? at 1.23 V vs. RHE and the
maximum theoretical STH efficiency is 9.1%. The latter is limited by fast charge carrier
recombination due to its only 10nm electron diffusion length and the material also
exhibits poor surface water oxidation kinetics. However, the electron diffusion length
can be increased up to 300nm doping with Mo and W. The poor surface reaction
kinetics can be improved by the addition of oxygen evolution co-catalysts such as Co-
Pi (cobalt phosphate). [21]

Some of the most important characteristics that make BiVOs stand out among other

metal oxides for PEC applications are [30]:

e A 2.4eVEgap value of the monoclinic scheelite structure corresponding to the

520nm absorption of radiations, allowing good absorbance in the visible range.

e A sufficiently negative VB edge position (2.4 V vs RHE) with respect to water’s
oxidation potential, providing a high enough overpotential for holes to oxidize
H20 at the anode.

e C(CBlevel around 0 V vs RHE, having a thermodynamic level close to H2.

e The electrons and holes effective masses are lower than in similar
semiconductors (like In203 or TiO2), resulting in easier separation and
extraction processes for charged species.

e non-toxicity of the material.

e inexpensiveness of the elements in the compound.
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The biggest disadvantage is the surface, characterized by inefficient water oxidation
kinetics, poor charge transport properties and high frequency of electron-hole
recombination events. To overcome these problems doping is used, nanostructuring
and control of the morphology, formation of composite structures and superficial

application of photocatalysts are other alternatives.

Mayer[40] found that BiVOs exhibited the highest photovoltage (=1.0 V) among
common visible-light active-metal oxides (Fe:0s, ZnFe:0s, Cu20, and WOs) and
showed the best performance among photoelectrodes working in direct contact with
the electrolyte. Solution-based metal organic deposition (MOD) and thermal
conversion are the most frequently used synthesis methods. The MOD yields BiVO4
with high nanoporosity and it is highly compatible with heterojunctions and doping,
it easily produces BiVOs photoanodes showing photocurrents above 5.0 mA/cm? at
1.23 VRHE under 1 Sun irradiation. The best planar BiVO4 without electron transport
layer fabricated by laser evaporation-driven, facet-engineered BiVO. achieved 6.1
mA/cm? at 1.23 VRHE with Co-Pi and surface etching [41]. 6.7 mA/cm? at 1.23 VRHE
was achieved with a Co-Pi/BiVOs/WOs nanowire prepared by glancing angle
deposition (GLAD) on ITO/Pt/ITO. Figure 14 shows the BiVOs4 performance as light
absorber and forming a heterojunction. The 2.4-2.5 eV indirect Egap cannot realize
nsta above 10%, and further improvement must be achieved by combination with
smaller bandgap light absorber, like Fe20s, or from extending the light utilization to
longer wavelength photons by Egap engineering.
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Figure 14.BiVOa based photoanodes performances at 1.23 VRHE and under

simulated 1.0 Sun condition (100 mW/cm?) working as light absorber and
heterojunction. [41]
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2.7.24CdS

CdS has a narrow Egap of 2.4eV and CB situated at -0.7V while the VB is at 1.7V NHE
(pH=0), so, in theory, H2 and O2 oxidations under visible light are feasible with pure
CdS. The problem is the severe anodic corrosion due to the poor water oxidation
kinetics that generates the accumulation of holes at the surface. Scavengers like SO 32
are used to mitigate these effects. Also, surface passivation layers are used to increase
the reaction kinetics and protect the semiconductor from corrosion. Situation also
needed for other II-VI elements like CdTe, CdSe, ZnTe [21].

There are methods reporting a two-step hydrothermal method to synthesize nanostep
CdS (straight rod as the backbone and a nano step-structured morphology on the

surface) as photoelectrodes for improved PEC performance. (Figure 15)
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Figure 15.SEM) images of (A) sample CdS-2h; (B) CdS-4h; (C) CdS-6h; (D) cross-
section of CdS-4h; (E) Uv-Vis absorbance of CdS-2h, CdS-4h, and CdS-6h; (F) linear
sweep voltammetry (LSV) curves under chopped light illumination. [42]

It is possible to reach a value of 1.88 mA/cm? at 1.23V RHE or 0.576V SCE [42]. This
canbe improved by a immersing during 30s the CdS-4hin 3.7wt% HClsolution before
a second hydrothermal process is applied. Then, this sample is placed in an autoclave
containing the same precursor at 200°C for 3 h and now it is named CdS-HT-3h. The

results are shown in figure 16. [42]
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Figure 16. Comparison between the absorbance and the LSV of the CdS-4h, CdS-T-
3h, and CdS-HT-3h. [42]

In figure 13 it is observed that the photocurrent density is almost 2.7 times times of the
CdS-4h reaching up to 5 mA/cm?.

2.7.3 CZTS

As it was stated above, the scarcity of In element is a real problem in the construction
of large scale PEC devices. In this context, there is the need of search for potential
alternatives to these chalcopyrite-type materials. Although, the current record of such
a chalcogenide-based photocathode is 32.5 mA cm? at 0 VRHE using a
CIGSe/CdS/ZnO stack, the CIGSe was fabricated using vacuum coevaporation, which
is costly and may be challenging for large-scale application [43]. An attractiveexample
is Cu2ZnSnS4 (CZTS), a p-type quaternary semiconductor compound with the kesterite
crystal structure which has a direct Egap of 1.5 eV and CB edge potential of 0.7 V vs.
RHE. The advantages are that CZTS is composed of abundant elements in the earth's
crust, fair absorption properties, and environmental friendliness that serves as a
suitable photocathode candidate. However, its performance is limited by poor bulk

and surface transport properties.

The first application of CZTS as a photocathode achiveved a photocurrent of 9 mA/cm?
[44]. After that, using a similar photocathode stack of solution-processed
CZTS/CdS/TiOz/Ptillustrated in figure 17, the highest photocurrent was, as shown in
tigure 18, 11 mA cm?at 0 VRHE [45]. This difference in performance between CZTS
and CIGS, despite their similar optical properties, presents an opportunity to improve
the stack and the bulk properties of CZTS.
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The limitation in performance of CZTS solar cells is due to the large concentration of
CuZn antisites that form defect clusters and the formation of detrimental secondary
phases such as ZnS and CuzS [46]. To improve the performance of CZTS, doping

operations must be performed. This will be explained in the next section.

Figure 17. Cross-sectional SEM image of a CZTS/CdS/TiOz/Pt photocathode. [45]
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Figure 18. (a). Current density-potential curves of a CZTS/CdS/TiO2/Pt photocathode
in a phosphate-buffered aqueous solution at pH 6.85 under chopped solar-simulated
light illumination (AM 1.5G) and (b) the corresponding current density-time curve
with an applied bias of 0 V vs. RHE. [45]

2.8 Doping of CZTS

To improve the defect characteristics of CZTS, cation substitution is employeed.

Specifically, cations in CZTS are replaced by other isovalent elements preventing the
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formation of antisite defects. For example, Cu+ can be replaced by Ag+, and Zn*? can
be substituted by Ba*? or Cd*2 [47].

2.8.1 Selt-doped CZTS

A series of self-doped CZTS nanocrystal (NC) films with Sn ions partially replaced by
Zn ions were prepared from their colloidal solutions, depositing Zn on a fluorine

doped tin oxide (FTO) glass substrate by electrophoretic deposition. Seeing the figure
19, the Raman peaks of the self-doped CZTS samples showed gradual shifts toward

higher wavenumbers.
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Figure 19. (a) XRD patterns, and (b) Raman spectra of CZTS and self-doped CZTS. (c)
The schematic supercell of CZTS and self-doped CZTS. The red dash rectangle shows
the self-doping site.[47]

The difference in the reaction rate of Zn and Sn precursors with sulphur generates that
the particle size decreased with the increase in the doping ratio. Also, Increasing the
self-doping ratio change the Egap from 1.50 to 1.55 eV. The current—potential curves
of CZTS and self-doped CZTS NC films are shown in figure 20.
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Figure 20. (a) Current density—potential curves of the CZTS-x photocathodes with
varied x values. (b) Photocurrent density of CZTS-x photocathodes measured at an
applied potential of -0.3 V vs. RHE. (c) Current density—potential curves of CZTS-
40% and Pt/CdS/CZTS-40% photocathodes. (d) IPCE measurement of the
Pt/CdS/CZTS-40% photocathode at an applied potential of 0 V vs. RHE.[47]

First, in figure 20(a) is clear that all the samples exhibit negative photocurrents
meaning that the material is a p-type, so it works as a photocathode for hydrogen
production. Self-doped CZTS films showed improved PEC performances compared to
the pristine film. The best PEC performance gives a photocurrent density of -0.25 mA
cm? at -0.3 V vs. RHE using CZTS-40% photocathode but if it is improved with CdS
and Pt, a photocurrent density of 1.2 mA cm?is achieved. Furthermore, it was found
that the VB minimum and the CB maximum of the self-doped CZTS both showed an
upper shift compared with those of CZTS, the defects in CZTS can induce a deep trap
state within the Egap that works as a recombination centre (Figure 21). This is not the
case of the CZTS NC self doped where a shallow defect level forms, increasing the

carrier density and improving the carrier mobility.
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Figure 21.Schematic of the proposed mechanism for the charge transfer in CZTS and
self-doped CZTS. [47]

2.8.2 Si-Doping of CZTS

The density functional theory calculations show that increasing Si yields an Egap rise
due to shifting of the CB minimum towards higher energy states in the
Cu2Zn(Sni1-xSix)S4, Si doping inverts the band bending at grain boundaries (GB) from
downward to upward and the fermi level of the new compound CZTSiS shifts
upward. The Si doping arises from the idea that Sn is volatile at T>400°C, temperature
achieved during the sulfurization process. The problems are that SnS: will form a
secondary diode, and the formation of SnSsecondary phase will form an non desirable
band alignment with CdS.

The Si substitution can be performed by sputtering method (RF of 70W for 5min)
depositing a thin film of Si over the CZT layer. The CB minimum and the VB maximum
are dominated by hybridization of the S-p and Sn-s orbitals and the Cu-3d and S-p
hybridization respectively. Therefore, the modification in the density of states near the
CB minimum where chemical environment changes from Sn to Si increase in the Egap
of the material from 1.44eV to 1.47eV, and up to 1.86eV for pure Cu2ZnSnxSii-S4 [48],
which is considered to be the ideal Egap for water splitting process. Tauc plots are

shown on figure 22 d.
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Figure 22.a) XRD spectra, and Raman spectra at b) 563nm, c) 633nm laser excitation
sources, and d) Tauc plots of kesterite thin film samples.[48]

CdS was used as the buffer layer, followed by the protecting layer ZnO. The
photocurrent density of the CZTS/CdS/ZnO electrode was 1.9 times higher that the
pristine CZTS reaching 3.75 mA cm2 at —0.40 VRHE. The photocurrent density using
CZTSiS with the same buffer and protecting layer reached 5.41 mAcm-2at—-0.40 VRHE,
whichis 2.8 and 2.1 times higher than that of pure CZTS and CZTS:iS, respectively [48].

Results are shown below in figure 23.
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Figure 23. a) Cross-sectional image of CZTSiS/CdS/ZnO sample (ZnO is top layer), b)
current density—potential curve, c) Nyquist plots, and d) Mott-Schottky plots of the
CZTS, CZTSiS, CZTS/CdS/ZnO, and CZTSiS/CdS/ZnO photocathodes.[48]

2.8.3 Cd Doped CZTS

In this work, a photocathode design consisting of solution processed CuCdZnSn
(CCZTS) photoabsorber coated with Pt is going to be studied. Basically, we replaced

Zn with Cd partially to prepare a pure sulfide (CCZTS)-based photocathode via sol-
gel method.

Cd substitution increases the grain size, suppresses formation of ZnSsecondary phase,
and reduces Cu/Zn antisites. Ying Fan Tay et al [49] performed Cd doping on CZTS
improving the bulk quality and enhancing the photocurrent from 4 mA/cm? to 17
mA/cm? at OVRHE, leading to an increase in EQE and an overall power conversion
efficiency enhancement from 5.3% to 9.24% with 40% Cd doping. CZTS is a promising

photoabsorber as a photocathode for water reduction to produce hydrogen, but its
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performance is often limited by the presence of a high concentration of defects, large
concentration of CuZn antisites that form defect clusters and the formation of
detrimental secondary phases such as ZnS, SnSx and CuzS. The objective is to integrate
this solution on a transparent substrate producing a monolithic cell that will be

analyzed in front and rear illumination.

Materials and methods

3.1 Preparation of CCZTS films

The precursor sol solution was prepared by dissolving Cu(CH:COO)-H:O (0.38 mol
L), Zn(CH>COO)2H:0 + Cd(CH:CO0)2-xH:O (0.25 mol L-1), SnCL-2H-O (0.2 mol L),
and SC(NH:). (0.8 mol L) into 2-methoxyethanol. Adjusting Cd and Zn relative
quantities so that Cd/(Zn+Cd) = 0.4. Then, stirring in warm water bath at 50 °C for 2 h

to get dark yellow solution.

The ratios of Cu/(Zn+ Cd + 5n) and (Zn + Cd)/Sn were 0.86 and 1.25 respectively in the
precursor solutions, following a Cu-poor, Zn-rich composition. The selected FTO
substrate was cleaned by sequential ultrasonication in 10 g/ ALCONOX detergent
solution and ethanol. Then, the prepared sol solution was spin coated on FTO at 3000
rpm for 30 s followed by preheating at 200 °C for 2 min on a hot plate in air. The spin
coating was repeated from 2 to 20 times to obtain the desired thickness (2,5, 10, 13, 15
and 20 layers).

Spin coating is a method to apply a uniform film onto a solid surface by using
centrifugal force and requires a liquid—vapor interface. In a typical procedure, a liquid
is placed at the center of a circular surface and is rapidly rotated to produce uniform
films of 1-10pum in thickness. The substrate is firmly secured onto a rotating plate
thanks to a vacuum pump connected to the instrumentation, and it starts rotating with

increasing speed. Rotation at high speed is needed to produce centrifugal forces
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allowing the liquid phase to spread evenly onto the substrate, with excessive fluid
being spun of the plate’s edges, until the desired film thickness is produced. The spin
coater used was the Laurell ws-650 sz-8npp/lite.

Then, precursor films were subjected to sulfurization at 560°C in sulfur atmosphere to
obtain CCZTS thin films. The sulfurization treatment was performed placing the
precursor inside a graphite box of 20cm? internal volume, with 150 mg of elemental
sulfur and 15mg of metallic Sn powder. The furnace was heated at 15°C/min to 560 °C
and maintained for 45 min in argon atmosphere. The films were cooled naturally in
the furnace under sulfur atmosphere. The concentration of each metal ion is close with
the generally reported data for high efficiency cells, thiourea was used to complex
metal ions and to provide sulfur during the annealing process. Tin powder is

introduced in the chamber to compensate tin loss from the precursor.

Detailed reaction equations are shown as follows:
M-X+ Tu = [M(Tu)m]-X
[M(Tu)m]-X + ROH - [M(Tu)n]-OR + H-X
M(Tu)m]-X + [M(Tu)m]-OR = [M(Tu)m]-O-[M(Tu)m] + R-X
[M(Tu)m]-O-[M(Tu)m] + R—-X = CuxS + ZnS + SnxS + SnO2 + volatile matter
CuxS+ZnS + SnxS » Cu2ZnSnSs
CuxS+ZnS + SnO2+ S - Cu2ZnSnSs

In these equations, the symbols (M, X, Tu and R) represent metal ions (Cu?*, Zn?*, Sn?),
anions (CHsCOO- or CI), thiourea and organic molecular chains of 2-methoxyethanol,

respectively.

3.2 Deposition of CdS

CdS was used as a buffer layer and it was deposited onto the absorber material by
chemical bath deposition (CBD), a two steps method (nucleation and particle growth,
and is based on the formation of a solid phase from a solution) to deposit thin films
and nanomaterials that requires only solution containers and substrate mounting

devices and yields adherent, uniform, stable and hard films with good reproducibility.
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CBD for CdS requires cadmium acetate dihydrate (Cd(CH3sCOOQO):) as precursor for the
cation (Cd?*), ammonium chloride (NH4Cl) as complexing agent, thiourea (SC(NH2))
wasthe precursor for sulfur, and ammonium hydroxide (NH4OH) solution was added
in order to have a basic pH. The complexing agent is used to slow down the process,

while the basic pH is needed to hydrolyze thiourea and release sulfide ions.

Several reversible reactions are involved in the process. In case of the deposition of
CdS they are:

Cd(CH3CO0) g <> Cd*2(eqp+ 2CH3CO0 g
NH4Cleg) <> NHa*g) + Cliag)
NH4"(ag) + OH @) <> NHa(ag) + H20()
Cd*?ag) + 4NHsgg) <> [CA(NHs)a] *%aq)
Cd*2(q) + 2Claq) > CdClygag)
SC(NH2)2(aq) + 20H @g) > S?(aq) + CHaNagag) + 2H20¢,
Cd*?(a) + S?(aq) <> CdSgy)

The growth of the buffer layer occurs by the direct deposition of the ions onto the
surface of the sample and by the deposition of crystals formed in the liquid bulk. CdS
gives rise to a yellow suspension, the intensity of the color of the mixture increases

with time and the solution becomes less and less transparent.

The CBD of CdS was performed according to the following recipe. First, an aqueous
solution of 216ml containing about 5.8 mM Cd(CH3sCOO)z, 44 mM NH4Cl and 840 mM
NH4OH was prepared. The sample is put into the solution, which is then heated up to
75 °C and covered to limit the evaporation of water and ammonia. After the desired
temperature has been reached, an aqueous solution of 35 ml containing 79 mM
thiourea is added to the hot liquid causing a temperature drop of about 5 °C, then, the
temperature stays between 70 °C and 75 °C. After the addition of thiourea, the process
lasts about 10 minutes, but the sample must be taken away before the solution becomes
completely opaque. At the end of the deposition, the sample is rinsed with deionized

water, it is sonicated for 5 minutes and finally dried with a nitrogen stream.



46

3.3 Surface modification with platinum

Photo-electrodeposition (PED) was performed for depositing Pt using a three-
electrode PEC system, this wasdone to promote the hydrogen evolution reaction. PED
activates additional charge-transfer path utilizing electrons photo-excited to the CB.
Fine and dispersed particles were electrodeposited under illumination, indicating the
nucleation process was prevailing, allowing a better distribution of Pt on the surface
of the semiconductor and improving the photocurrent density, charge transfer, and
photoconversion of the photocatalyst. The working electrode were CCZTS and CZTS,
the anode made of mixed metal oxides (MMO) as counter electrode, and Ag/AgClin
3 M KClI solution as the reference electrode. These electrodes were submerged in a
solution containing 1 mM H:PtCls. The PED took place in potentiostatic condition (at
-0.1 Vvs. Ag/AgClfor 10-30min) with constant illumination using ABET SunLite solar
simulator 11002, provided by a 100 W Xenon arc lamp with 1 sun power and AM 1.5G
filter. The deposition was performed with potentiostat/galvanostat AMEL 2559.

3.4 Testing and material characterization

3.4.1 X-Ray diffraction (XRD)

XRD is a technique used to study the crystallographic structure of a material and can
provide information on unit cell dimensions, different phases, crystal orientation,
grain size, presence of defects and other structural parameters of the analyzed sample.
It is based on constructive interference of monochromatic X-rays and a crystalline

sample.

Figure 24 shows the basic principle of XRD technique. The interaction of the incident
rays with the sample produces constructive interference (and a diffracted ray) only
when Bragg's Law (nA=2d sin©) condition is satisfied. In the equation, n is an integer
number, A is the wavelength of the incident radiation, d is the distance between
consecutive atomic planes generating diffraction, and 9 is the angle between the
sample’s surface and the incoming X-rays. By scanning the sample through a range of
20 angles, all possible diffraction directions of the lattice should be attained due to the

random orientation of the powdered material. Diffraction peaks are converted into d-
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spacings quatities allowing the identification of the mineral because each mineral has

a set of unique d-spacings.
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Figure 24.a Basic scheme of an X-ray diffraction experiment. An incident X-ray beam
enters the crystal, and the diffracted rays produce a diffraction pattern (diffraction
spots), which are recorded on a detector. b Diffraction according to Bragg’s Law.
Constructive interference is depicted. [50]

The graph with constructive interference pattern is transposed onto an intensity vs
angle (20) plot for easier interpretation. For this work, Malvern Panalytical
EMPIREAN diffractometer was used. Tests were performed in thin film mode, using
a Cu target to generate X-Rays.

3.4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray Spectroscopy (EDS)

SEM produces images of a sample surfaceby scanning the surface with a focused beam
of electron. In order to generate the beam, a tungsten filament is heated until its
electrons are thermionically ejected due to the high energy they possess, and then

directed towardsthe sample under analysis. There are twomodes of electron detection
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which allows for different types of imaging and analysis. Secondary electrons, emitted
close to the surface of the sample, give information about the surface topography. The
other kind of electrons are the Backscattered ones, they canbe detected to give contrast

based on different chemical compositions across an image.

Figure 25 shows the SEM principle. Electrons are generated at the top of the column
and then accelerated under vacuum, which helps to prevent any atoms and molecules
present in the column from interacting with the electron beam and ensures good

quality imaging.

The path of the electrons is controlled by electromagnetic lenses. The condenser
defines the resolution by the size of the electron beam, while the objective lens” and
scanning coild main roles are the focusing of the beam and raster it onto the sample
respectively. The size of the beam is controlled by combining apertures with the lenses.
[51]
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Figure 25. Scanning electron microscopy (SEM) working principle. [52].

Sometimes it is possible to observe the emission of X-rays or Auger (secondary)
electrons, based on the energy possessed by the primary ones upon collision with the
surface. When exposed to the electron beam, an atom emits characteristic X-rays
unique to its atomic number. This allows a sample’s elemental composition to be
analysed by Energy-dispersive X-ray spectroscopy (EDS). For this work, ZEISS EVO
50 EP, equipped with an OXFORD INCA ENERGY 200 EDS unit was used.
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3.4.3 Solar Simulation

The solar simulator used for all the tests is an Abet Technologies’ model 11002
SunlineTM solar simulator. This solar simulator utilizes an optimized optical system
to deliver an AM1.5 (100 mW/cm?2) sun irradiance over an area of 50x50 mm, using a
100 W Xe arc lamp.

3.4.4 Linear Scan Voltammetry (LSV)

Linear scan voltammetry (LSV) is an analysis method in which the current at a
working electrode is measured while the potential between the working electrode and
a reference electrode is swept linearly in time. This technique consists of a 3 electrode
system, working electrode, counter electrode, and reference electrode. The electrodes
are placed in an electrochemical cell containing the solution of interest, and are
connected to a potentiostat. The potentiostat controls the potential between the
working and reference electrodes and measures the current at the working electrode
so that a plot can be made that shows the electrochemical response (oxidation or

reduction) of the material in question.

Photoelectrochemical testing by linear scan voltammetry was performed with Amel
2559 galvanostat/potentiostat. Samples were tested in a 3 electrodes configuration with
CZTS photocathode as WE, Mixed metal oxides (MMO) net as CE and a Ag/AgCl1 (3M)
reference electrode. The electrolyte was an aqueous solution containing 0.5 M
phosphate buffer and 0.5 M Na2504 at pH 7. Samples were illuminated from the front

and backside with the solar simulator.

By imposing a decreasing potential, every peak with negative current values can be
associated to a reduction phenomenon, while positive current ones indicate oxidation
reactions. For this work, LSV was the main technique used to find the
photoelectrochemical current and efficiency of the samples produced for potential use
in PEC systems for water splitting. In this case, higher values (more negative) of
cathodic current corresponds to higher photocurrent density produced and better

performance of the material.
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4. Results and discussion

4.1 Material characterization

In the following figures, it is possible to see the results obtained for the composition of
CZTS and CCZTS calculated from the EDS analysis as a function of these ratios used

in the precursor composition:
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EDS spectrum of CZTS and atomic concentration of the three samples.
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EDS spectrum of CCZTS and atomic concentration of the three samples.
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With the EDS, the atomic and normalized mass concentrations for CZTS and CCZTS
were obtained with the following results:

Atomic ratios for CZTS and CCZTS.

Composition
Ratio CZTS CCZTS
Cu/(Zn+Sn+Cd) 0.727  0.803
(Zn+Cd)/Sn 0.834  0.903
Cd/(Zn+Cd) 0 0.39
S/metal 1.036  0.933

The material should be created with Cu-poor and Zn-rich composition, that is because
this improves the efficiency of CZTS solar cells due to formation of shallow acceptor
levels of Cu vacancies in CZTS leading to p-doping, while Zn-rich conditions prevent
the substitution of Cu on Zn sites, which gives rise to relatively deep acceptor levels.
The calculated acceptor (0/-) transition energy level for Vcuis at0.02 eV above the VBM,
whereas for Cuzn is at 0.10 eV above the VBM. (Figure 28). This can be explained by
the fact that the p—d coupling for Cuznis enhanced, whereas it is reduced for Ve, thus
the acceptor level of Vcu is shallower [53]. To maximize the absorber performance,
growth of Cu2ZnSnSsunder Cu-poor and Zn-rich conditions will be optimal, if the
precipitation of secondary phases can be avoided. However, in this case,
Cu/(Zn+Sn+Cd) and (Zn+Cd)/Sn were lower than in the precursor, possible because

an extra Sn signal from SnSz, SnS, or substrate, this will be confirmed with the XRD
tests.

Formation Energy (eV)

R . L L
0 0.5 1 1.5
Fermi Energy (eV)

Formation energy of intrinsic defects as a function of the Fermi energy at
point which all intrinsic defects have positive formation energies. [53]
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Looking at the exact composition values for CCZTS, the Cu/(Zn+5Sn+Cd), (Zn+Cd)/Sn,
and Cd/(Zn+Cd) are close to the ideal values of 0.8, 1.2 and 0.4 respectively, especially,
the ratio Cd/(Zn+Cd) is almost the same, so the doping with Cd was performed
correctly. However, these values can be optimized. The Sn content is too high,
decreasing its quantity the (Zn+Cd)/Sn and the Cu/(Zn+5n+Cd) ratios can increase
achieving values that are closer to the ideal ones. This difference can be explained due
to the sulfurization annealing in the oven, precursors were put inside the graphite box
where it is sulfur and metallic Sn but the last has a high vapor pressure and tends to
go away from thesamples, for this reason it was necessary to put Sninside the graphite
box but the quantity was slightly higher decreasing the (Zn+Cd)/Sn and the

Cu/(Zn+Sn+Cd) ratio more than expected due to Sn sulfides formation.

It is true that Cu-poor and Zn-rich material is better but there is a limit because it is
also observed a decline in Egap with the increase in Cu/(Zn + Sn) [48], and considering
that the CZTS bandgap is 1.5eV, the idea is not to increase it taking into account that
the ideal bandgap for a solar cell has a direct band gap of 1.4 eV to absorb the

maximum number of photons from the sun's radiation.

Slightly difference in composition and morphology can be attributed also to the lower
temperature of pre heating step on the plating of layers in spin coating that was used.
The prepared sol solution was spin coated at 3,000 rpm for 30s followed by preheating
at 200°C for 2 min on a hot plate in air. Using 280°C as shown by Ying Fan Tay et al.
can result in better crystallinity, larger grains, and improved surface morphology with
less oxygen content. Nevertheless, the oxygen contentis notso high, XRD did not show

relevant peaks associated with CdO.

the problem was that microcracks were observed when the samples were heated at

this higher temperature.

XRD was performed to identify the structure of the samples and look for possible

secondary phases that can affect the performance of the absorber material.
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The XRDs show that the structure achieved corresponds effectively to that of CZTS
kesterite with its main characteristic peaks at 28.5°,47.3°, and 56.1°. Theoretically, the
existence region of single phase kesterite CZTS is rather small, therefore secondary
phases such as SnxS, CuxS, ZnS, or Cu2SnSs appear in CZTS thin films. This situation
can be seen in the XRD, there are three peaks at 50.1°,54.6° and 78.7° that can be
attributed to SnS [54] and one peak of SnSz at 15.2° [55]. Although relative intensities
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of all the peaks matching with the kesterite phase are higher than the intensities of the
peaks due to secondary impurity phases, it is important to take them into account since
for example SnS: is a kind of compound with high resistivity generating lower carrier
concentration of the films. There are also some SnO: signals coming from the FTO
substrate. Furthermore, it is important to consider that ZnS XRD diagram is really
close to the CZTS one, peaks superimposition prevents from distinguishing them, so
it is possible that some ZnS was present in the sample affecting the performance of the
material. The formation of ZnS second phase on the CZTS surface has harmful effects
decreasing the conversion efficiency by 2%, it can deteriorate the photovoltaic power
conversion efficiency from 10.2% to levels of 8.8%, depending on the material buffer
layer and the thickness of ZnS second phase [56]. These secondary phases can be
detrimental to the device performance because the ZnS phase can block current flow
and introduce dead areas, while SnS phase has lower bandgap than CZTS phase

modifying the interface properties.

Here the sulfurization temperature plays a major role, with the increase of the
sulfurization temperature, Sn and Zn are diminished seriously resulting in an increase
in the carrier concentration, and a decreased in the resistivity [54]. For this reason, it is

important to use a sulfurization temperature higher than 500°C.
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The XRD patterns of the CZTS films obtained at different sulfurization
temperatures. [55]

There is also a small shift in the (112) XRD peak from 28.65°C to 28.4°C showing the
expansion in crystal lattice as the larger Cd*? ion replaces Zn*2. This can be proved also
using the full width at half maximum (FWHM) of the main peak to show the size D of
the crystallites determined from XRD data by the Scherrer formula:
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D= K2
~ Bcosb
Where K is a dimensionless shape factor, with a value close to unity. The shape factor

has a typical value of about 0.9, but varies with the actual shape of the crystallite, 5 is
full width at half maximum (FWHM) in radians, 4 is the wavelength of X-ray, and 6 is
the Bragg angle [57]. Furthermore, the interplanar spacing can be determined using

the Bragg’s Law:
4
" 2sinf

Studying the main peak for CZTS and CCZTS, crystallite size and interplanar spacing
were determined:

Data for Crystallite size D calculation.

Sample CZTS CCZTS
Angle 20 (°) 28.65 28.4
Lamda A (nm) 0.15406 0.15406
Interplanar spacing dnx (nm) 0.3113 0.3140
k 0.9 0.9
FWHM (rad) 0.003126  0.002679
Crystallite size D (nm) 45.8 53.4

Table 3 shows an increase in the interplanar spacing but also an increase in the
crystallite size of about 17%. From the point of view of the efficiency it is good because
increasing the crystallite size can result in a bigger grain size, meaning there are less
grain boundaries that normally tend to decrease the electrical conductivity of the
material, strongly affect the growth process, and the number of voids in the absorber
layer, which are critical to the efficiency enhancement. This will be evaluated using
SEM images.

SEM images give information about the possible secondary phases and grain size of

the material.
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Figure 32. SEM Images of 1kX of (a)CZTS and (b)CCZTS.

In figure 32(a) it is possible to see SnSx phases on the material, as was expected with
the XRD results, on the other side, figure 32(b) shows that CCZTS material is more
homogeneous without large zones of secondary phases that can change the properties
of the material. CCZTS thin film showed a compactand uniform image, indicating that

its crystalline quality was optimized.
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Figure 33. SEM Images of 15kX of (a)CZTS and (b)CCZTS.
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Figure 34. SEM Images of 30kX of (a)CZTS and (b)CCZTS.

On figure 33 and figure 34, the change in the surface relief and particle size can be seen,
meaning that, replacing Zn by Cd has a synergistic effect of not just improving the
ordering of the crystal atoms but also increasing the grain size from approximately
100nm in CZTS to 200nm in CCZTS.

4.2 Photoelectrochemical testing

To see the performance of the absorber material, linear scan voltammetry was applied.
The production rate of hydrogen wasnot measured and only the photocurrent density
was recorded at different values of the electrode potential. However, during the tests,
small bubbles were visible, especially when the current density was high, so hydrogen
evolution was occurring. Figure 35 show the photocurrent density vs. potential curve
for the optimized 13 layers CZTS, and CCZT photocathode coated with CdS/Pt under
front illumination of simulated sunlight (AM 1.5G).

The photocurrent measured at -0.6V vs. Ag/AgCl reference electrode was used for the
comparison of different samples, corresponding to 0 V vs RHE, thermodynamic
potential of hydrogen evolution. Conversion to RHE reference is a convention used to
compare samples tested at different pH and with different reference, following the

Nernst equation:

Erne = Eagjagci+ 0.059pH + Efg a0c1
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Where Egyg is the converted potential vs. RHE, Eg;/4,c; = 0.1976 at 25 °C, and

Eag/agc is the experimentally measured potential against Ag/AgCl reference. [58]
OV = Egg/ager +0.059 * 7 + 0.1976
—0.610V = EAg/AgCl

The analysis under chopped illumination allows to obtain the plot of the current
density in the dark and under illumination during one single test, but several transient
peaks, which are a consequence of the initial accumulation of photogenerated charges
then partially consumed by recombination, may disturb the reading of the data,
because they do not show the performances of the photoelectrode under steady-state
conditions [56]. For these reasons here we used a continuous measurement of the
photocurrent density since results at dark were closed to zero and because two
consecutives measurement using chopped illumination will be probably altered by the
polarization of the photoelectrodes during tests. Finally, one measurement from the
front and one from the substrate side were taken in order to study the performance of
the materials and the PEC device.
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As expected, and following the literature [49], Figure 35 shows a significant
enhancement of photocurrent from -4.7045 mA/cm? to -8.1795 mA/cm? at -0.6 V vs
Ag/AgCl when Cd substitution was introduced into CZTS kesterite films, also using
10 min Pt photodeposition as a catalyst for hydrogen evolution reaction, the effect of
Pt deposition time will be analyzed later. It was also observed that Cd substitution
decreases the onset potential of the photocurrent, requiring more cathodic potentials
to be applied before appreciable photocurrent of at least 1 mA/cm? can be achieved,
this can be due to an unfavorable band alignment of the CCZTS absorber with respect
to either CdS buffer layer or the water reduction potential.

Figures 36 and 37 show the photocurrent density vs. potential curve for different layers
of CCZT photocathode coated with CdS/Pt under front illumination of simulated
sunlight (AM 1.5G).
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Front illumination photoelectrochemical performance of CCZTS/CdS/Pt
photocathode varying the number of layers.
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Front illumination photoelectrochemical performance of CCZTS/CdS/Pt
photocathode varying the number of layers at OVRHE.

It can be seen that the photocurrent density increases in absolute value when the
electrode potential is more cathodic. At 0OV Ag/AgCl its value is about -0.1 mA/cm?,
while the greatest value at -0.6V Ag/AgCl or OVRHE is about -8.18 mA/cm? for the
optimized CCZTS-CdS-Pt with 13 layers.

In front illumination, deposition of a low number of layers gave low photocurrent
density of -3.1451 mA/cm? for 2 layer and -4.2439 mA/cm? for 5 layers. The
photocurrent increases with the number of layers up to -8.1795 mA/cm?. This happens
because below a certain thickness, the photoactive film is not able to absorb enough of
the radiation coming from the solar simulator and cannot therefore produce a number
of charged species comparable with the ones originated by thicker deposits. However,
this raise in the performance of the absorber material does not keep increasing
continuously without a limit, there is a maximum number of layers depending on the
composition in which the carriers must cover a longer distance and increasing the

layers will increase the probability of recombination events.

Another aim of this work is to analyze the performance of the absorber material when
it is illuminated from the back, through the transparent substrate. Figure 38 shows the
photocurrent density in back illumination vs the potential vs Ag/AgCl. At -0.6V vs
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Ag/AgCl, the values for back illumination are lower than for front illumination. The
maximum value for front illumination is 179% higher than the one for back
illumination. Figure 39 shows a comparison between all the curvesjust to have the

idea of the differences depending on the side where the light is coming.
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Now, it is important to observe the trend for back illumination photocurrent density
with respect to the number of layers. Figure 40 shows a clear trend of decreasing the
photocurrent density with the increase in the number of layers of the material.

However, as it was seen in Figure 39, the value for the maximum photocurrent density

is much lower in this case.
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This difference with respect to the front illumination is because in back illumination
photo-charges are formed closer to the substrates, so electrons have a longer path to
the surface. for this reason, the trend is inversed. Furthermore, in back illumination
the path is shorter for a minor thickness. However, the overall photocurrent is lower
because a thinner material absorbs less light. In fact, 2-layer samples are brownish and
transparent, thicker ones are darker and almost opaque, they absorb almost all the
impinging light. Figure 41 illustrates the comparison of the maximum photocurrent
density for each number of layers.
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In order to promote the hydrogen evolution reaction, platinum nanoparticles were
deposited onto the surface of the photocathodes by photoelectrochemical deposition
(PED). The effect of Pt deposition time on the CCZTS performance is going to be
studied. Based on the previous results, 2 layers was used especially for back
illumination and 13 layers was used to study the Pt effect in front illumination.

However, the samples were always tested from both sides.

Figures 42 and 43 show the performance of CCZTS/CdS/Pt for the 2 layers sample in
front and back illumination. As it was expected, the photocurrent density achieved
was higher in the case of back illumination with -5.2 mA/cm? against -3.63 mA/cm? in
the case of front illumination, so it means 43% higher thanks to the lower distance the
electrons must travel to reach the substrate. Furthermore, the best performance was

achieved with Pt deposition time of 20min, neither the lower, nor the higher.



64

2 layers CCZTS/CdS/Pt Front lllumination

0.8 -0.7 -0.6 -0.5 -0.4 -0.3 0.2 0.1 0 0.1 0.2 0.3

Photocurrent density (mA/cm?)

Potential (Vvs.Ag/AgCl)
CCZTS/CdS/Pt 20 min CCZTS/CdS/Pt 30 min = = = Dark

CCZTS/CdS/Pt 10 min

Front illumination photoelectrochemical performance for 2 layers
CCZTS/CdS/Pt. at different Pt PED times.

2 layers CCZTS/CdS/Pt Back lllumination

-0.8 0.7 -0.6 -0.5 -0.4 -0.3 -0.2 0.1 0 0.1 0.2 0.3

P 1

o

§ N e i Bdh e iy R P——— X4

<

S -1

>

2 -2

(%)

T

-o -3

=

gy 4

! 5

]

IS

< -6

a

Potential (Vvs. Ag/AgCl)
CCZTS/CdS/Pt 10 min CCZTS/CdS/Pt 20 min CCZTS/CdS/Pt30 min = = = Dark

Back illumination photoelectrochemical performance for 2 layers
CCZTS/CdS/Pt at different Pt PED times.

The same situation respecting the Pt deposition time was obtained for the
CCZTS/Cd/Pt 13 layers sample. In the case of 13 layers, the front illumination will be

higher due to thicker absorption volume, achieving almost 4 times the photocurrent
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density obtained with back illumination (-3.37 mA/cm? vs. -0.86 mA/cm?). It is
important to observe the trend of the material performance with the increase in Pt.
Apart from the fact that Pt is the preferred catalyst for hydrogen generation and
increasing its quantity (up to a limit) will benefit the When Pt was deposited on the
CCZTS film, sparsely grown Pt dots could be created on the CCZTS film. Rough
surface could be built and possibly being in direct contact with the electrolyte
enhancing the interfacial photocatalytic activity. In that case, a continuous energetic
state can be provided by Pt dots, which facilitated the efficient transport of large
number of electrons during the redox reaction. This improvement will increase at the
beginning while Pt is being deposited, but there is a limit and keep incrementing the
amount of Pt is counterproductive. The clustering effect by the excessive Pt over the
surface prevents the absorption of sufficient light by the CCZTS layer, which hindered
the generation of electron-hole pairs due to a higher reflection phenomenon.
Furthermore, those negative effects are more visible in the front illumination case
because the clustering is directly affecting the entry of the light. For these reasons,
platinum controlled deposition is recommended, because it can notably improve the

performance of the PEC device.
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Front illumination photoelectrochemical performance for 13 layers
CCZTS/CdS/Pt. at different Pt PED times.
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13 layers CCZTS/CdS/Pt Back lllumination
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Finally, these measurements and the photocurrent density were obtained applying an
external bias between the WE and the CE in a two-electrode configuration in order to
havethewater splitting reaction in the PEC cell. Thus, ABPE (see section 2.6.3) is useful
to find the conversion efficiency. ABPE is the IUPAC-suggested definition of the solar
conversion efficiency of a cell that has a dark electrode and a semiconductor-based
photoelectrode. It measures the net chemical output power of a system in units of
incident solar power [59], and it is calculated as the ratio between the electrical output
of the electrode (subtracting the external contribution of the applied bias) over the
solar energy power input. Due to the interest in build a photocathode that works for
back illumination, the ABPE was measured for the 2 layers CCZTS/CdS/Ptin a two-
electrode system. Figure 46 shows the ABPE vs. the bias applied. The maximum ABPE
was 1.68% at 0.74V applied bias for back illumination, a value that although it is not
the 7.2 maximum achieved for CZTS based photocathode by Huang, D et al[60], but
for a large scale cost effective PEC device is a promising value that could help in the
development of green hydrogen for renewable energy sources.
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ABPE for 2 layers CCZTS/CdS/Pt

ABPE (%)
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ABPE calculation for 2 layers CCZTS/CdS/Pt (20 min).

Conclusions

In the present work, the effects of cadmium doping on copper zinc tin sulfide
Cu2ZnSnSs (CZTS) were investigated for water splitting application in a
photoelectrochemical cell. CZTS has emerged as a potential absorber towards
inorganic photovoltaic device application for its outstanding properties like
nontoxicity, optimal Egap matched with solar spectrum (1.5eV), earth abundancy
nature, and high absorption coefficient (10*cm™). Cd substitution on Zn sites was done
as an improvement in CZTS thinking on an alternative for the CIGS/CdS/Pt
photocathode, which have the rare element indium, but also, is fabricated using
vacuum co-evaporation, a high vacuum challenging technique for large scale

production.

The precursor was prepared adjusting Cd and Zn relative quantities so that Cd/(Zn+Cd)
=0.4. In this way, the composition ratios Cu/(Zn+ Cd + Sn) and (Zn + Cd)/Sn were 0.86 and
1.25 respectively in the precursor solutions, and 0.80 to 0.90 in the Cd doped CZTS after
sulfurization treatment. The prepared sol solution was spin coated on FTO glass substrates

followed by preheating on a hot plate in air. The spin coating was repeated from 2 to 20
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times to obtain the desired thickness. CdS was used as a buffer layer and it was deposited
onto the absorber material by CBD, and finally, Pt PED was performed at different times

to see the consequences of the catalyst deposition.

XRD reveals the effectively CZTS structure of the samples but also some SnS: and SnS
peaks appeared. A shift in the (112) peak from 28.65°C to 28.4°C showed an expansion in
the crystal lattice due to the larger size of Cd*? compared with Zn*?, resulting in 17%
crystallite size expansion and also a grain size change from 100nm to 200nm. However,
the result could be better (400nm to 700nm) if the preheated were performed at 280°C [49],
but the problem was the cracking of the samples at that high temperature. The tin sulfide
second phases were confirmed with SEM-EDS analysis where some SnSx bright spots
showed up, but the improvement in the uniformity and homogeneity of the material were

also confirmed.

Photoelectrochemical performance was studied with LSV. In the case of front illumination,
the photocurrent density obtained increase with the number of layers, Cd doping and Pt
deposition allowed to obtain 8.18mA/cm? for the CCZTS in front illumination with 13
layers, increasing 73.8%. On the other hand, 2 layers of the photoabsorber was the best
scenario for back illumination achieving -2.96mA/cm?. Higher thickness experiences high
recombination of the photo-generated carriers which recombines before reaching the
buffer layer/CZTS layer interface. Increasing the thickness, the photocurrent density
increases too, because the thicker CZTS layer will absorb more photons and generates
more electron-hole pairs. But after a certain thickness, the performance again starts to
deteriorate as the CZTS layer crosses its minority carrier diffusion length. For back
illumination, lower number of layers is better because of the fast electron extraction to

the back contact with lower transport distances.

Pt PED optimum time was 20min with an increase in photocurrent density of 16% for
13 layers front illumination, and 240% for 2 layers in back respect the 10min values. The
increase in deposition time of the catalyst could create a rough surface possibly being
in direct contact with the electrolyte enhancing the interfacial photocatalytic activity.
Nonetheless, keep increasing the deposition time lowers the photocurrent density because
of clustering effects that blocked and reflected the light.

A promising ABPE value of 1.68% at 0.74V applied bias was found in back illumination

for 2 layers material, showing that there is space for green H2 generation with PEC device,
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but improvement in fabrication reaching higher temperatures without cracking that
allows to increase the grain size and decrease recombination sites are needed in order to
reach higher efficiencies. Although the efficiencies are not still the best ones, the potential
for cheaper renewable hydrogen through device integration, the use of stable and
abundant materials, and the use of waste heat to accelerate the electrochemical reactions,
provide a strong motivation to continue efforts in developing CCZTS solar water splitting

devices.
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