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Abstract

Using solar energy to meet the world energy demand is one of the greatest challenges in modern society
where a photoelectrochemical approach could aid with solar intermittency by storing the energy in
chemical bonds.* In this thesis, hybrid photocathodes were studied for producing solar fuels either H,
or to convert CO; into syngas (CO:H>), which could be potentially used as a feedstock in the already
installed chemical process.

A hybrid photocathode uses a light absorbing material to harvest the sunlight and a catalyst to carry out
the reduction reaction. In this work, we focused in the covalent immobilization of the molecular catalyst
onto the electrode surface since it could improve the charge transfer at the interface. ZnTe and Sh,Ses
were explored, with focus on the latter since by the careful interface tailoring (mainly through the
addition of CdS/TiO,) to improve charge extraction, significant progress was achieved. This work is
summarised in chapter 2. Sh,Se; has been mainly used with noble metals for H, production as a
photocathode,? and to the best of our understanding, here it was first time coupled with molecular

catalysts.

To accomplish a hybrid photocathode for H production, NiP ([Ni(P22'N2R")2]?* core (P2XN2R" = bis(1,5-
R’-diphospha-3,7-R"-diazacyclooctane)) was chosen as model catalyst since it mimics the hydrogenase,
ranks among the most active molecular catalyst and can be covalently immobilised on TiO; by the
phosphonic acid pendant arm in the outer coordination sphere.® TiO, was incorporated onto Sh,Ses/CdS
as a protective layer and to provide an anchoring surface. The resultant Sb,Ses-NiP hybrid device gave
rise to —1.3 mA cm™ at 0 V vs RHE, representing the highest photocurrent for NiP decorated
photocathodes. It was only possible accomplished by increasing the surface area through a TiO;
mesoporous scaffold (TiO,-meso) for increasing the catalyst loading from 7.08 + 0.43 nmol cm=2 on the
planar device to 45.76 + 0.81 nmol cm™2. However, fast deactivation occurred in the minutes scale due
to photoelectron accumulation which in turns triggers the failure of the TiO; layer. This finding was
supported when the Sh,Ses-NiP hybrid device was benchmarked with Pt as a photoelectron extractor
and by transient photocurrent analysis, it was revealed that the TiO.-meso/Pt interface acted as a
reservoir of photoelectron accumulation for the HER catalysis to occur on Pt suggesting that NiP was

not able to consume all the photoelectrons Sh,Ses generated.

Ni and Co based molecular catalyst, which demonstrated high selectivity for CO production, were

explored to build a hybrid photocathode for CO; reduction.* Ni cyclam in solution (Ni(cyc)?, cyc



=1,4,8,11-tetraazacyclotetradecane), and Ni(cycP) with cycP = [(1,4,8,11-tetraazacyclotetradecan-1-
yl)methyl] phosphonic acid covalently anchored to the planar TiO, were explored. Nevertheless, both
approaches gave rise to low photocurrents ca. 5 nA cm? at -0.41 V vs RHE for Ni(cyc)?* in solution,
and ca. 20 pA cm2 at -0.39 V vs RHE when immobilised. The complete CO; hybrid photocathode using
Ni-based molecular catalyst was not assembled due to the low Ni(cycP) content even when a TiO,-
meso was used to increase the surface binding area (~14 nmol cm), this was attributed to the strong
interaction with the Ni metal centre. CoPP (Co protoporphyrin IX) was covalently anchored to the
TiO2-meso but found that the carboxylic acid anchoring group did not provide enough stability to be
used in a CO2R hybrid photocathode. However, the light absorber architecture used for these devices
did not have the CdS buffer layer which displayed the best PEC activity. Therefore, to assess the
capabilities of Sh,Ses/CdS/TiO, photocathode for CO- reduction, a metal benchmark should be used

like Au or Ag followed by the molecular catalyst for CO- reduction.
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Abbreviations

The following list contains the commonly abbreviated terms used in this thesis, each one was fully

denoted the first time mentioned in each chapter.

AGer
A
&
cyc?
cycP

&sc

TQmax

ALD
ATR-FTIR,
AZO
bpy

BC

CA

cat
CBM
CE

CNT
CO:R
CoPc
CoPcP
CoPP
Co-gPyH
Co-tpyP
CPP
CSS
CW
dcbpy
DMF

Gibbs free energy change for electron transfer

Potential drop across the space charge region

Vacuum permittivity

1,4,8,11-tetraazacyclotetradecane
[(1,4,8,11-tetraazacyclotetradecan-1-yl)methyl] phosphonic acid
Relative permittivity of the semiconductor material

Time at the maximum charge passed

Atomic layer deposition

Attenuated total reflectance (ATR)- Fourier transform infrared (FTIR)

Aluminium-doped zinc oxide
2,2'-Bipyridine

Back contact

Chronoamperometry

Catalyst

Conduction band minimum
Counter electrode

Carbon nanotubes

CO, reduction

Co phthalocyanine

Co phthalocyanine modified with a phosphonic anchoring group
Co protoporphyrin IX

Co quarter pyridine

Co bis(terpyridine)

Control potential photoelectrolysis
Close-spaced sublimation
Constant wave
4,4'-dicarboxy-2,2'-bipyridine

Dimethylformamide
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DSPEC
DSPEC
DSSC
DTDP
Ec

Ecat
EDX
Er

Eq

EIS
Eonset
Ered
ETL
EtOH
Ev

FE
FEG
FTO
GC
HER
HMDE
HT
HTL
IMPS
IMVS
IPCE
LED
LSV
MeCN
NA

N
nEF”
NHE
NiP
no HT
OCP

Dye sensitised photoelectrochemical cell
Photoelectrosynthesis cells
Dye-sensitised solar cell
4,40-dithiodipyridine

Conduction band

Onset potential of catalysis

X-ray spectroscopy

Fermi level

Band gap

Electrochemical impedance spectroscopy
Onset potetential

Redox Fermi level of the electrolyte
Electron Transport Layer

Ethanol

Valence band

Faradaic efficiency

Field emission gun

Fluorine-doped Tin Oxide

Glassy Carbon

Hydrogen Evolution Reaction
Hanging Mercury Drop Electrode
Heat treatment

Hole Transport Layers
Intensity-modulated photocurrent
Photovoltage-modulated spectroscopy
Incident photon-to-current efficiency
Light-emitting diode

Linear Sweep Voltammetry
Acetonitrile

No annealing

Doping density

Quiasi electron Fermi level

Normal Hydrogen Electrode

[Ni(P2XN2R"),]?* core (P2RNR" = bis(1,5-R’-diphospha-3,7-R "-diazacyclooctane))

No heat treatment

Open circuit potential
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PEALD
PEC
pEF’
post-CPP
PS

PV

Q
qPyH
RE
RHE
RuP
SIN
SCLJ
SDD

Plasma Enhance Atomic Layer Deposition
Photoelectrochemical

Quiasi hole Fermi level

post controlled potential photoelectrolysis
Photosensitiser or dye

Photovoltaic

Elementary charge
2,2":6'2":6",2""-quaterpyridine

Reference electrode

Reversible Hydrogen Electrode
Ru'(2,2’-bipyridine)2(2,2’-bipyridine-4,4’-diylbis(phosphonic acid)),
Signal:noise ratio

Semiconductor liquid junction
Silicon drift detector

Scanning electron microscope
Temperature

Time

Transient absorption spectroscopy
Tetrakis (dimethyl-amido) titanium
Transparent electrode
Transmission electron microscopy
Triethanolamine

Turnover number

Transient photocurrent
2,2%6',2"-terpyridine
Time-resolved photoluminescence
Titanium tetraisopropoxide

Ultra violet

Ultraviolet-visible region in the spectra
Valence Band Maxima
Photovoltage

working electrode

Space charge region

X-ray photoelectron spectroscopy

X-ray diffraction
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Chapter 1

Hybrid photocathodes

Inorganic semiconductors-molecular catalyst

Text and figures of this chapter were based on the review ChemPhotoChem 2021,5, 595-61.

1. Introduction

Enabling the use of solar energy to meet the world’s energy demands is one of the greatest challenges
of modern society. However, the intermittent nature of sunlight means that efficient ways to store and
transport the captured energy need to be found. Using solar energy to produce high value chemicals and
feedstock is regarded as one such way.! In particular, the light-driven conversion of water and CO- into
hydrogen and/or carbon-based fuels and feedstocks is particularly attractive, as the products like syngas
can be readily introduced into existing chemicals and energy infrastructure e.g. the Fischer—Tropsch
process.> Some of the most common light-driven approaches for producing solar fuels are shown in
Figure 1: (a) photocatalysis, (b) photoelectrochemistry, and (c) photovoltaics coupled with

electrochemical devices (PV-PEC).5

The PV-PEC approach has progressed significantly in the last 10 years, and is reviewed extensively
elsewhere.”® Although significant challenges remain and concerns persist about the overall system cost,
attempts are being made to commercialise CO; electrolysis.'® Photoelectrochemical (PEC) conversion
(Figure 2b) represents an alternative approach where the electrodes apart from transferring the charge

for a reduction or oxidation reaction are also able to absorb the light, in a photocathode and photoanode,
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respectively without any bias applied ideally. Analyses indicate that the PEC approach may offer a

balance between cost/complexity of system and efficiency.'*16

d
Photoanode(cathode) Cathode(anode)  Photoanode Photocathode Anode Cathode

Figure 1. Solar fuel production by (a) photocatalysis, (b) photoelectrochemistry and (c) photovoltaics coupled
with an electrolyser.®

Significant progress has been made in the field of PEC devices using metal-based catalysts,!’ but in this
work we focus on molecular catalysts since they exhibit high selectivity and turnover frequencies
representing an alternative when coupled with inorganic semiconductors to build a hybrid photocathode
(Figure 2a). A range of light absorber/catalyst interfaces have now been explored, specifically for CO;R,

and some of the typical devices are shown in Figure 2b-e.

Regarding H, hybrid photocathodes, Meyer and collaborators reviewed in detail the mechanism of
photoelectrochemical water splitting, the different ways to interface a H, molecular catalyst with an
inorganic semiconductor and summarised the state-of-the-art devices.?? Given the similarities between
H, and CO-R hybrid photocathodes, here the introduction is focussed mainly on the latter since it
represents additional technological challenges, in both the energetic requirements and the product
selectivity, compared to H, production from water splitting. In section 5, a brief summary of the most
representative devices will be presented to provide context for the H, hybrid photocathode developed

in chapter 2.
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Figure 2. (a) Schematic illustration of a hybrid p-semiconductor (p-SC) photocathode and a (photo)anode in a
photoelectrochemical cell for CO, reduction.® Types of interfaces between the molecular catalyst (green) with
the light absorber material (orange) discussed: (b) molecular catalyst in solution,*® (c) covalently bound to the
semiconductor,*® (d) electropolymerised,?® (e) and supramolecular catalyst composed by a photosensitiser (PS)
and catalyst (cat).?

First, the photoelectrochemistry is briefly reviewed in the following section, followed by the challenges
in the CO2R reduction reaction, and finally the different approaches to build a CO;R hybrid
photocathode will be discussed, (shown in Figure 2 b-d), highlighting the advantages and disadvantages

of the different structures for the state-of-the-art materials.

1.2. Semiconductors as photocathodes

Prior discussing the operational principle of hybrid photocathodes, the ideal semiconductor/electrolyte
interface is presented before addressing non-ideal behaviour often observed in many
semiconductors.?®*2* This is followed by the effect of the applied potential on the band-banding and a
brief description of the p-n junction, a widely-used strategy in some of the state-of-the-art

photocathodes.
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1.2.1 Ideal p-type semiconductor-electrolyte interface

In a p-type semiconductor, the Fermi level (Er) is located just above the valence band edge, Figure 3a.
When the semiconductor is immersed in an electrolyte with a redox Fermi level (Erq) that lies above
Er the difference between Er and Ereq leads to a transfer of charge from solution to the semiconductor
until equilibrium is achieved (Er = Ered), Figure 3b. The accumulation of electrons in the semiconductor
generates a negatively charged region close to the semiconductor liquid junction (SCLJ), and the
negative charge in the semiconductor is balanced by a rearrangement of electrolyte ions within the
double layer structure. This charge redistribution generates an electric field that varies linearly with
distance from the interface in an ideal semiconductor. Hence a parabolic variation in potential across
the space charge region occurs and the energy of the electrons and holes is modified giving rise to

bending of the valence (Ev) and conduction bands (Ec) on the energy level diagrams, Figure 3b.%%

E T
Ec C _’ﬁ
E E E * i e

E — RN T R B N
EF - _i _______ Ered EV Ered EV & +\\ *Ered
Ey \ “—Oh" \,E

p-SC | Electrolyte p-SC | Electrolyte p-SC | Electrolyte

Figure 3 Band diagrams of a p-type semiconductor (a) before, (b) after the equilibrium with the electrolyte, and
(c) under illumination.?>%" \E£" and ,Ef" are the quasi electron and quasi hole Fermi levels, respectively.

Under illumination with photons of higher energy than the band gap (Eg), a hole-electron pair is created
within the semiconductor. When photon absorption occurs within the space charge region, the electric
field present facilitates charge separation® with the migration of electrons towards the semiconductor
surface and holes being moved into the bulk of the semiconductor (Figure 3c). Additionally, the

decreased majority charge carrier (hole) concentration close to the SCLJ lowers recombination rates,
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further increasing the probability of charge carrier separation. As a result, charge separation is often
assumed to occur with unity efficiency within space charge region.?* In contrast, within the bulk of the
semiconductor where the hole concentration is high, recombination rates of photogenerated charges
will be significantly greater. The subsequent low levels of charge separation within the bulk means that
only photoelectrons generated within the distance of the minority carrier diffusion length of the space
charge region are likely to reach the semiconductor surface. Once at the electrode/electrolyte interface,
the ability of the electrons to drive the desired reduction (e.g. H* or CO; reduction) in a net forward
manner is given by the electron quasi-Fermi level (,E£*), illustrated in Figure 3c where ;E£* is the hole

quasi-Fermi level and Vph the available photovoltage for the overall electrochemical reaction.?

The probability of electron-hole separation is far greater in the space charge region than in the bulk.
Nominal widths of the space charge region (Ws) of ~10-100’s nm are often reported, but equation 1
(where & is the vacuum permittivity and g the elementary charge) shows that Ws. depends on the doping
density (Ng), potential drop across the space charge region (Ag) and the relative permittivity of the
semiconductor material (&).

2A¢SC880)1/2

o Eq. (1)

W= (

Therefore, through tuning of the dopant concentration and modification of the potential drop across the
semiconductor, typically by applying a bias to the electrode, it is possible to vary Ws. and hence the

overall efficiency of charge separation under illumination.

1.2.2 Non-ideality of the semiconductor-electrolyte interface

For an ideal semiconductor-electrolyte interface, the incident photon to current efficiency for a
photocathode and its dependence on applied potential is determined only by We, the electron diffusion
length and the absorption coefficient for the incoming photons, according to a model by Géartner.? In

reality, large deviations from such ideal behaviour are often observed. Amongst the assumptions of the
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Gartner model is that electron transfer across the interface is fast, preventing build-up of charge at the
SCLJ. As will be discussed in more detail in section 1.3.1, the rate of electron transfer during a reduction
reaction is likely to be slow in the absence of a catalyst, producing charge accumulation which leads to

a change in band bending, thus increasing recombination losses at the interface.

A further complication are the surface states arising from the termination of the semiconductor lattice
that causes Fermi level pinning, leading to lower band bending than the ideal case. Materials with redox
active surface states, i.e. those able to undergo electron transfer to/from the bulk semiconductor or
to/from species in solution will change the charge distribution at the interface. The occupancy of the
states will depend upon Er, with states filled at values above the energy of the surface states (Ess) and
emptied as Er is lowered. The changing occupancy of these surface states changes the surface charge
of the semiconductor and hence the potential drop across the Helmholtz layer of the electrolyte. As a
result, when Eg is at ~Ess changes in potential primarily occur across the Helmholtz layer and the change
in band bending with applied potential is significantly lower than ideal behaviour would predict. Until
the surface states are either completely populated or depopulated with electrons, the Fermi level
effectively becomes pinned and largely insensitive to applied voltage.?* In cases where the density of
surface states is high enough the potential across the space charge region, and hence the band bending
within the semiconductor, is essentially fixed by these surface states and becomes independent of the
Ereq Of Species in solution, Figure 4. It has been shown in photoelectrochemical studies with many
common photocathodes including p-GaAs, p-Si that Fermi level pinning occurs. Although this limits
the achievable photovoltage, it does enable photoelectron transfer to a wider range of redox couples in
solution including those that may be at a more negative potential than the conduction band edge in the
absence of the redox couple.® Surface states can also play an important role in the trapping of
photogenerated charges. Trap states lying in energy between the conduction and valence band edges,
modify the driving force for charge transfer across the semiconductor/(catalyst)/electrolyte interface

and they can also act as recombination centres.?

It is therefore clear that the result of non-ideal behaviour brought about through nanostructuring and the

presence of surface states, including those induced by the formation of the semiconductor/catalyst

6
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interface, can be hard to predict. This makes measurements to determine the mechanisms and kinetics
of key processes including charge separation, transport and transfer vital in enabling rational design of

hybrid photoelectrodes.
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Figure 4. Interface energetics of a p-SC: (a, b) Band Bending (Egs) dependent on the Ered: Eaxa, Egxs, and (c, d)
Fermi Level Pinning, where Egg is independent of Ereq. Adapted for a p-type semiconductor from *°.

1.2.3 Effect of the applied potential

The previous section discussed the semiconductor/electrolyte interface and highlighted the non-ideal
behaviour of some p-type semiconductors. However, often after illumination, the .Er~ does not have
enough energy to overcome the cathodic overpotential (7, Figure 5g) to drive a reduction reaction
either for HER or CO;R, therefore an additional applied potential is usually required. Figure 5a shows
a “map”, represented in a linear sweep voltammetry, of how the applied potential changes the band
bending in the semiconductor providing the extra energy to carry out the reaction. Applying a positive
potential in an p-type semiconductor promotes an accumulation layer (indicated as red region in Figure
5a, d) where the holes are transferred to the electrolyte and minimal contribution to the current is
observed after illuminating the semiconductor (shown as a red trace in Figure 5). Contrary, applying a
negative potential increases the .Er~ until it reaches the potential required to drive the reaction (Eonset)

then there is an increase in the photocurrent, as shown in Figure 5f. When applying a more negative
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potential, the band bending increases even further promoting the photoelectron extraction towards the
electrolyte and the holes moved towards the back contact (Figure 5e).2”2 An ideal p-type semiconductor
would exhibit a more positive Eqnset meaning that less extra energy is required to drive the reaction since

catalysis is efficient and the recombination processes are minimal.'’

(A) Depletion I A Accumulation
(i) .
= E°
(i) .
Ie
Depletion layer Flat-band potential Accumulation layer
(B [ (C) (D
CB CB
-\ e
oo e Er
VB | o
VB Er
Electrode Solution Electrode Solution Electrode Solution

Figure 5 Influence of the applied potential to the band bending in an p-type semiconductors (a) linear sweep
voltammetry indicating the (b) depletion and (c) accumulation region occurring at negative and positive applied
bias, respectively. Flat band potential (c). (e-g) indicate the change in the energetics of the \E£" level when it is
not enough to drive the reaction (g), at the Eonset potential (f) and when it is increased even further to the Eonset by
the applied bias. 7. and 7, indicate the overpotentials to drive the reduction and oxidation reaction, respectively.
Figure adapted from?’

An important metric at the SCLJ is the flat band potential (Es) which represents the potential where the
Er of the semiconductor is aligned to the redox potential of the electrolyte and no net charge transfer

8
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occurs at the interface due to the lack of electric field, as indicated in Figure 5c¢. The difference between
the Ers and the Ereq Of the electrolyte determines the maximum photovoltage at the SCLJ, which is
located within the Ec and Ev.** A semiconductor with a small band gap is desired to harvest most of the
solar spectrum, but consequently it will provide a low photovoltage, which in the actual PEC device is
even lower due to the charge accumulation and recombination process that modify the energetics of the

nEF*-l7

Note that effect of the applied potential on the band bending was only described qualitatively, the exact

band position was not indicated in Figure 5 and not drawn to scale.

1.2.4 p-n junction-electrolyte interface

An applied potential to promote the reduction reaction and therefore increasing the photocurrent adds
an energy cost to the device. Another strategy that the PEC community has explored to improve the
photovoltage is adding a buried junction when a p- and n-type semiconductors are overlaid, as shown
in Figure 6a.3* The equilibrium is reached when the Fermi level of the semiconductors is aligned caused
by the rearrangement of charges at the p-n semiconductor interface (Figure 6b). In the p-type
semiconductor, the holes are transferred to the n-type creating a depletion layer of the majority charge
carriers, then this interface becomes negatively charged. Meanwhile in the n-type semiconductor, the
electrons are transferred to the p- type leaving a positively charged interface, where an electric field is
generated aiding the charge separation. After photon absorption, the Ef* arises from the large
population of photoelectrons and the photovoltage in this device is dictated by the difference between
the electron ,E* and the ,E£* at the p-n junction as shown in Figure 6¢.% The mismatch in the band

alignment between the p- and n- type junction lowers photovoltage as indicated in Figure 6d.

Adding a transparent n-type semiconductor such as TiO. also provides a protection layer against

photocorrosion which occurs when the p-type semiconductor is in direct contact with the electrolyte.
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This approach has been extensively studied with a large number of semiconductors including silicon,

chalcogenides, CuO, among others.1"%

An alternative approach to induce band-bending in the semiconductor is by adding a molecule with a
large dipole moment at the surface, either carboxylic or phosphonic acids are often added. Nevertheless,
the low stability and the shielding effect caused by the electrolyte are the main drawbacks. 23637
Recently, the introduction of a phosphonic acid layer of 2 nm of thickness at the interface of p-Si and
TiO; created a stable “buried junction” protecting the dipole and shifting the onset potential (AE =
400mV) to more positive potentials for H, evolution reaction in the LSV, when compared with the p-

Si/TiO, device.*”
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Figure 6 Buried p-n junction for a photocathode (a) before, (b) after equilibrium, (c) after photon absorption and
(d) mismatching band alignment. Note that the energetics of the band bending was only described qualitatively,
the exact band position was not indicated. Adapted from3®

1.3. Photoelectrochemical reduction reaction

Charge separation at the semiconductor/electrolyte interface is necessary for achieving efficient PEC
devices. However, the slow kinetics of photoelectron transfer for either for HER or CO2R leads to
charge accumulation at the interface, increasing the recombination rate and the likelihood of trapping

of charges in deep-lying states (see section 1.2.2).

Specifically for CO:R, the low CO, solubility in aqueous electrolytes (~33 mM),*® and the

thermodynamic stability of CO- to reduction® present a great challenge to achieve efficient PEC CO;

10
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conversion.**® The standard potential for the one-electron reduction of CO, (CO./CO,") is -1.9 V vs
RHE, a very negative value *® In contrast, a range of multi-electron, multi-proton reductions of CO; are
achieved at significantly more positive potentials. The various C; products that can be obtained from

the reduction of CO; in aqueous solutions at pH 7 are shown in the Latimer-Frost diagram in Figure 7.4

An effective way to enabling the multi-electron and -proton reduction of CO and to avoid the formation
of CO;" is therefore to first transfer the photoelectrons to a known CO; reduction electrocatalyst which
can accumulate multiple electrons. A further advantage is that by judicious choice of electrocatalyst it
should be possible to target specific CO; reduction products and avoid competitive hydrogen

evolution.®®
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Figure 7. Latimer-Frost diagram for the possible reduction reactions of CO, in water at pH 7 with showing the
relative stability for each species (red, eV). Values taken from ref. 4 and references therein. The blue lines show
the equilibrium potential for the electrochemical reaction to achieve the indicated products (vS NHE).

A range of metals have been shown to be effective as electrocatalysts for CO, reduction and examples

of semiconductor photoelectrodes decorated with metal nanoparticles such as Au, Ag, Ru, In, and Pb

11
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have been reported.r’#5%¢ However the ability of molecular catalysts to accumulate multiple charge
equivalents, 5 the capability to achieve extremely high turnover frequencies (~10° s) and high
selectivity make them an attractive target for use in PEC devices.>** Furthermore, the synthetic
tunability of molecular catalysts also offers control over the electrode/catalyst interface making it
feasible to develop structures that facilitate fast electron transfer from the semiconductor to the catalyst

to prevent charge accumulation within the space charge layer to lower recombination losses.

The following discussion is based on the representative molecular catalysts shown in Figure 8 that were

coupled with inorganic semiconductors to build hybrid photocathodes.

1.3.1 Molecular electrocatalysts for PEC CO; reduction

For a hybrid electrode to operate effectively a negative change in Gibbs free energy for electron transfer
(AGer) from the semiconductor to the molecular catalyst is necessary. Therefore, semiconductors with
particularly negative conduction band potentials e.g., InP:Zn (-0.92 Vrue),*® GaP (-1.77 Vrue),*®” N-
Ta:0s (-1.17 Vree),>” Cu2ZnSnSs (-0.87 Vree),® Cu0 (-1.2 Vree)®® have been investigated as
photocathodes (shown in Figure 14). Most of these are expected to be able to undergo electron transfer
to the commonly used molecular electrocatalysts shown in Figure 8, based on the onset potential for
CO; catalysis (Ecar) with the electrocatalyst either in solution or when immobilised onto an electroactive
support (e.g. [Ru(bpy-R)2(CO)2]** (1-4) ~ -0.7 to -0.9 Vnue® [Ni(cyclam-R)]?* (5, 9, 10) ~ -0.9
VineL62 [Mn(bpy-R)(CO)sX] (15) ~ -0.9 Vire, % [Re(bpy-R)(CO)sX] (11, 12, 14) ~ -0.9 to -1.2

(typically),'*®® Vue, [Co(tpy-R)2]?* (13) ~ -0.8 Vnre®®).

12
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1.3.2. Driving force of electron transfer at the semiconductor-molecular catalyst

As electron-hole recombination within the absorber material is in kinetic competition with electron
transfer to the catalyst,”® it is important to optimise the rate of electron transfer to (and minimise or
ideally avoid the back-electron transfer from) the catalyst. In systems where Fermi-level pinning of the
semiconductor is not occurring, control of the driving force for electron transfer can be achieved through
synthetic modification of the molecular catalyst to change its onset potential for CO,. Motohiro et al.”
studied a series of Ru polypyridyl molecular catalysts modified with differing types of binding groups
(2-4) on p-type N doped Ta.0s for CO; reduction to HCOOH and CO. A correlation between the
catalyst reduction potential and the overall activity of the hybrid photocathode was observed, where the
catalysts with the most positive Eca gave rise to the highest turnover numbers (TONSs). (3) modified
with the phosphonic acid binding group was found to be catalytically active in solution at potentials
+0.1 V positive of those with carboxylic acid groups (4), with the increased driving force for charge
transfer being proposed for the increase in TONs from 24 (HCOOH) and 17 (CO) with 4, to 118

(HCOOH) and 76 (CO) with 3.7

The electron transfer can also be tuned through modification of the energetics in the conduction band
of the semiconductor. The negative shift in Ec for Tii.xZr«O; (ca. 150 mV) compared to TiO; led to a
~50% increase in the rate of electron transfer and enhanced charge separation lifetimes, when modified

with Ni(cyclam)?* (cyclam = 1,4,8,11-tetraazacyclotetradecane) catalyst (5).”

Multiple reports have shown no correlation between PEC activity and predicted AGer based on isolated
measurements of the catalyst and semiconductor. The PEC activity of Cr,Os/N,Zn-Fe,O3/TiO, was
dominated by the binding mode and its strength between the molecular catalyst and the TiO, layer,®
similarly studies on Ru catalysts (6-8) with N-Ta,Os, GaP, and InP indicated that PEC activity was
controlled by the nature of the interface formed such as geometry of components and the electronic
structure.®” These studies demonstrated that factors such as catalyst immobilisation method, orientation
at the surface, presence of charge transfer pathways, and the role of immobilisation on the catalytic

mechanism can instead dominate the overall activity of photoelectrodes.

14
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1.4. Interfacing the catalyst and light absorber

In the following section some of the common approaches for catalyst immobilization on inorganic
semiconductors (shown in Figure 2) are described, highlighting the advantages and disadvantages of

each the system.

1.4.1 Early studies of hybrid electrodes - catalysts in solution

Within 5 years of the first reports of PEC CO; reduction, studies using molecular catalysts in solution
began to appear (Figure 2b).*36%70 A common feature of early works was an improved selectivity
towards a specific CO; reduction product, for example using a CdTe absorber with a cobalt
phthalocyanine complex, Bockris achieved ~100% Faradaic efficiency (FE) for CO production. ¢ A
particular focus of early studies was the use of Ni(cyclam)?* and derivatives (9-10), catalysts known to
be highly selective for CO; reduction in water to CO,”” with a range of p-type semiconductor such as
p-Si®®7° p-GaP, p-GaAs.”® Experiments with p-Si were initially carried out in acetonitrile-water
mixes,®* 7 but soon studies with p-GaAs in water were also reported.”® In all cases addition of 9-10
led to a significant change in product distribution confirming their catalytic role, with CO the dominant
product formed, while in the absence of the catalysts only H, was produced. Notably the total charge
passed also increased in the presence of the Ni catalysts, and photocurrent onset potentials shifted
positive. The ease of use of a photoelectrode and catalyst in solution is still relatively widespread with
recent examples including the use of p-Si with both Re(bpy)(CO)sCl derivatives® and iron porphyrin

complexes (21)2° (both for CO production) and p-GaP with pyridine for methanol production in water.8!

The approach of using the catalyst in solution does have several disadvantages: (1) the high
concentration of catalyst in solution can cause parasitic light absorption, (2) large portions of the catalyst
are not in contact with the semiconductor surface at any one-time decreasing the probability of charge
transfer if multiple charges are required,®?8® (3) the nature/orientation of the catalyst-electrode

interaction is hard to control and highly dependent on the electrolyte,3 light intensity and applied
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potential %8 with some molecular catalyst maybe be photodecomposed during long illumination
periods.® For example, in a recent study of Re-N-heterocyclic carbene complexes (16 and 17) with a p-
Si photocathode, addition of 5% water to an acetonitrile electrolyte was found to be sufficient to prevent
one of the two catalysts studied adsorbing onto the photocathode.®’ Finally, (4) under conditions where
the photoelectron flux is relatively low, it is also feasible that diffusion of partially reduced species

away from the electrode surface may occur prior to completion of the catalytic cycle.

1.4.2 Polymerised catalysts — generating charge transport pathways and imparting stability

Immobilisation of molecular catalysts (Figure 2c-e) onto the semiconductor surface aids separation of
liquid products from the catalyst materials, decreases the amounts of catalyst needed, and in some
studies it has also been shown to improve the rate of interfacial electron transfer from the semiconductor
to the catalyst.”#3# One of the most effective methods to adhere catalysts to semiconductors surfaces

is through electropolymerisation (Figure 2d).575872

Over 30 years ago [Re(vinyl-bpy)(CO)sCl] (14), a derivative of a widely studied class of Re carbonyl
electrocatalysts, was reductively (photoelectrochemically) polymerised onto both p-Si and p-WSe;
photocathodes in MeCN-based electrolytes.?® In this study, a photovoltage of ~0.6 V (with p-Si) was
achieved leading to CO; catalysis occurring at more positive applied potentials when compared to the

complex deposited onto Pt.

More recently, the polymerisation of Mn bipyridine complex (15) onto light absorbing semiconductors
has also been reported for photoelectrochemical reduction of CO,.7 In this study p-type H-terminated
Si nanowires were used as the light absorber, and although product analysis was not carried out for the
hybrid photocathode, the cyclic voltammograms under CO; and light illumination (MeCN, 5% water)

showed a significant increase of the current density compared to Ar and dark curves.

Polymerisation does offer several advantages over the other methods of catalyst immobilisation

described below. Morikawa and coworkers®® demonstrated that electron transfer pathways between the
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semiconductor surface and the catalyst (and in between catalytic centres) were formed using a Ru
catalyst that generates a conductive polypyrrole polymer (6). Furthermore, it offers the possibility to
generate thick polymer coatings with high concentration of catalytic sites on the semiconductor. A 110
nm thick layer based on a Ru(6) precursor was deposited on a Cr,Os/N,Zn-Fe;0s/TiO./6
photoelctrode.” A further benefit of the thick polymer catalyst layer was that it provided a protective
layer over the absorber with the polymerised catalyst photoelectrode achieving a stable photocurrent
(150 pA cm™) over a 13 hour period to produce HCOOH and CO with a high Faradic efficiency (63%
and 30%, respectively). In contrast rapid (minutes) degradation of the Cr,Os/N,Zn-Fe,Os/TiO- structure

occurred with similar Ru complexes when -PO3sH; and -COOH anchoring groups (7-8) were used.”

In addition to these works, a number of other photocathodes have now been studied with polymerised
Ru catalysts for CO, reduction with highlights including the use of 6 electropolymerised on a p-type
InP:Zn wafer®® which was able to produce formate in water with a FE of 62.3% when bulk electrolysis

was carried out at -0.6 Vnwe under visible illumination.

Although control of the catalyst orientation at the electrode surface is not usually possible through
polymerisation, an interesting approach to control and build a more defined interface for charge transfer
is through functionalities that enable covalent binding to the semiconductor surface alongside a
polymerisable catalyst. In studies using Cu,ZnSnS, (CZTS)%® and InP%’ photoelectrodes, mixtures of 6
and 7 lead to higher rates of CO;R to formate compared to each catalyst in isolation. It was then
proposed that the phosphonate groups of 7 enabled binding to the surface of the sulphide and phosphide
semiconductors while 7 acted as an electron transfer facilitator to the conductive polymer network

generated by 6.

In some cases, it has been proposed that the polymer chain commonly used to link molecular catalysts
either acted as the catalyst itself or facilitated the catalytic CO2R. A polypyrrole based photoelectrodes
exhibited a FE of 62% for CH;COOH production,® while polyaniline based photoelectrodes achieved

a FE of 78% for the same reaction.®?

17



Chapter 1. Hybrid photocathodes Inorganic semiconductors-molecular catalyst

Recent advances making use of multifunctional coatings consisting of redox active centres with
functionalities to covalently bind to the electrode surface in a controllable manner and catalytic centres
with polymerizable groups are of great interest. 5% Reisner and co-workers® synthesized a polymer
containing 3 different functionalities: (i) phosphonic acid groups to enable binding to the p-Si/TiO;
absorber, (ii) terpyridine ligands for coordinating Co?* in a similar derivative complex than 13 and (iii)
hydrophobic functional groups in the second coordination sphere of the molecular catalyst which
improve CO; diffusion across the polymer. This approach significantly increase the CO:H: selectivity

from 2:1 to 6:1 compared to the Co-based monomer.

Despite being used in some of the very earliest studies,®® polymerised catalysts have consistently led to
the formation of layers with some of the highest stabilities, however this is often at the cost of control

of catalyst orientation making it hard to design effective charge transfer interfaces.?

1.4.3 Covalent immobilisation of catalysts

The covalently binding the of molecular catalyst onto the light absorber, or onto a protective coating,
provides a way to generate well-defined photoelectrode-catalyst interfaces. In principle such control
enables the fine tuning of the charge transfer efficiency through modification of the chemical
functionality of the anchoring group and by controlling the catalyst binding angle. A range of possible
binding groups to metal oxides are known,*-*® with the majority of the literature coming from the dye-
sensitised solar cell (DSSC) community.® However, most DSSCs work was carried out in organic
solvents, and the stability of the anchoring groups can change in agueous electrolytes or in organic

solvents containing an acid source required for COzR in a PEC cell.”

In general, a good anchoring group should react to form a functionality resistant to detachment from
the surface, promote charge transfer, be able to withstand the reducing environment during catalysis
and be stable to long-term light exposure. These requirements apply to both the catalyst in a PEC or

catalyst and dyes for Dye Sensitised Photoelectrochemical Cell (DSPEC, see section 1.4.4). Table 1
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summarises some of the most reported anchoring groups, the stability across different pHs, the electron
injection after being anchored to a metal oxide, and the possible binding modes highting the most

favourable binding.%" 1%

Historically carboxylates and phosphonates are the most widely studied and employed anchoring groups
as they bind well to oxide semiconductors.*® Although in aqueous solvents phosphonic acid binding
groups offer greater stability than carboxylic acids, the rate of charge transfer to/from the surface bound
molecules is significantly slower with phosphonic acid groups.® In studies of DSSC, this change in rate
of charge transfer has been ascribed to the nature of the sp? hybridised -COOH group which enables
electron delocalisation, in contrast the sp® phosphonic group effectively acting as an insulator between
the semiconductor and bound molecule.®® Theoretical studies of the rate of electron transfer from N-
Ta20s to Ru(bpy-R2)(CO).Cl; (R = PO3H; (7) and CO2H (8)) have also assigned the faster electron

transfer to 8 to be due to increased nonadiabatic coupling between the donor and acceptor sites.*
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modes, the most favourable binding is also indicated. *7:13!
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Table 1 Molecular structure of some of the most common anchoring groups used for binding catalyst/dye molecules to metal oxides surfaces, pH stability and possible binding
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A large number of molecular electrocatalysts have now been modified with phosphonic and carboxylic
acids for immobilisation, and used in photocatalytic CO, reduction, with examples including derivatives
of Ni(cyclam)?*,"1% Ru(bpy)(CO).Cl,,% Re(bpy)(CO)sCl,* Co(ll) bis(terpyridine)®1°t with covalent
immobilisation being shown by TAS to facilitate electron transfer to the catalysts, when compared to
the same catalyst in solution.11 An important breakthrough study was on Re(bpy-PO3H)(CO)sCl
(12) bound to a mesoporous TiO, layer coated on Cu,O/AZO/ALD-TiO, (ALD, atomic layer
deposition; AZO aluminium-doped zinc oxide).'® In a previous work by Gratzel, where an unbound Re
catalyst (11) was used with a Cu,O absorber, the electrostatic repulsion between the reduced catalyst
intermediates and the polarised photoelectrode prevented multiple charge transfer and subsequent
CO;R.22 Immobilisation of 12 onto the light absorber overcomes the repulsion of the catalyst from the
electrode surface. Initial studies where the catalyst was bound directly onto the smooth ALD TiO,
layer (used with AZO to both protect, and form a charge separation junction with the Cu,0)°%1 resulted
in very low catalyst loadings. Under 1 sun the catalyst on ALD TiO, was unable to turnover at a
sufficiently high rate to keep up with the photogenerated electron flux from the Cu.0O. Once a high
surface area mesoporous TiO; layer was added, catalyst loadings of ~85 nmol cm (geometric) were
achieved and a large increase in photocurrent occurred. Although this result was an important step for
the field, activity decreased within 2 hours under illumination, proposed to be due a combination of
catalyst desorption and structural change of the bipyridine ligand of the anchored catalyst. The covalent
immobilisation does bring advantages by facilitating the multi-electron transfers to the catalyst required
for CO2R, but if the catalyst becomes inactive, it may remain fixed on to the electrode surface blocking

regeneration, .5

Recently, Robert and coworkers developed a hybrid photocathode using a photovoltaic solar cell based
on CIGS/CdS/AZ0O/ZnO and a Co quarpyridine modified with phosphonic groups (Co-gPyH, 18)
anchored onto an ALD TiO,.1% The molecular catalyst loading was 3 + 1 nmol cm2 and after 2 hours
of electrolysis at -0.06 V vs NHE the photocurrent decresed from -3 to ~—0.5 mA cm?, however a
remarkable selectivity of 97% towards CO was attained and only 3% for H. despite the hybrid

photocathode operated only in aqueos electrolyte (0.1 M KHCOs; saturated with CO,, pH 6.8). The
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decrease in the photocurrent was associated either to the desorption of the molecular catalyst or to the
degradation of the photovotaic solar cell if the electolyte reached the AZO layer, concluding that an
increase of TiO, surface area could add extra protection to the solar cell and allow higher loadings of

18 to improve the performace.

In section 1.4.2, the application of a cobalt bis(terpyridine) catalyst in a polymer matrix on p-Si/TiO>
was discussed,® and a similar system without the conductive polymer where a phosphonated cobalt
bis(terpyridine) (13) was bound directly to the p-Si/TiO; has also been reported.® In addition to using
entirely earth abundant elements and operating in water, this work was notable for the stability achieved,
with > 8 hrs of activity reported without significance loss in activity. Following in-situ
spectroelectrochemical studies, the stability (and improved onset potential) of 13 was associated with
the change in CO;R mechanism of the catalyst upon immobilisation, Figure 9. In contrast to solution
studies where cobalt bis(terpyridine) catalysts undergo loss of one terpyridine ligand prior to CO;
binding, which can be irreversible if the ligand diffuses away, the 13-catalyst immobilised onto the TiO;
scaffold was thought to retain its bis(terpyridine) ligation with only a single Co-N site detached to

enable CO; binding.

Catalyst desorption has been reported to occur even when phosphonic acid binding groups are used,
and to reach a level of stability where devices are of practical use orders of magnitude increases in
stability are required.1%193-19 Recently, within the PEC water splitting community, hydroxamates and
silatrane groups have been explored as alternative. Carboxylates and phosphonates hydrolise at
moderate pH values (pH >4 for carboxylates, pH > 7 for phosphonates). Hydroxamates and silatranes
are stable across a much greater pH range (2-10 and 2-11, respectively). Silatranes have similar injection
rates than phosphonates when the anchors were used to bind a porphyrin dye onto TiO; in a DSSC cell.
Furthermore, hydroxamates have shown faster charge injection rates compared to even carboxylic acids
when equivalent dye centres and semiconductors are used.'® They have been applied to PEC devices
for hydrogen evolution and Table 1 summarises some of the key features. Gong and co-workers
modified a cobaloxime with carboxylic, phosphonic and hydroxamates anchoring groups and studied

the effect of the anchoring group on the surface of p-Si/TiO,.2" This study demonstrated that
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hydroxamates moieties displayed superior capabilities in aqueous electrolytes, generating higher
photocurrents, achieving faster electron transfer and better stabilities when compared with carboxylic
and phosphonic anchoring derivatives. However, this is the less explored functionality used as

anchoring group.

[Cal]n

Pathway

— : Previous reports

— : Shared

HO™, CO

. [Co'-cos T2

HCOg[

[Ca'(tpy)]™~
He
COs

[Col(tpy)]™- [Co'l(tpy)(COz7))"—2

+H* +e e
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Figure 9 Proposed mechanism for CO, reduction by 13 anchored to TiO2-meso (orange pathway), in contrast to
catalyst in solution (blue pathway).%

1.4.4 Dye and supramolecular constructs

Turnover frequencies as high as 10° s for CO; reduction to CO have been reported for some Fe
porphyrin electrocatalysts under idealised conditions,® however the kinetics of the CO:R of many
molecular catalysts under practical operating conditions can be much slower (e.g. Re(bpy)(CO)sCl Kcat
~150 s, CHsCN%), Therefore kinetic competition between back electron transfer from the catalyst to
the semiconductor can become limiting.%®%88319 |n part, this can be overcome through the use of a

greater number of catalysts immobilised on high-surface area supports, in the manner described above
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for Cu,0/AZO/ALD-TiO,/m-TiO2/12'° and Si/m-TiO,/13 electrodes.®® Alternatively the lifetime of the
charge-separated state can be increased through modulation of the internal electric field of the
semiconductor,” the use of multi-layer solid-state structures®*!° or by the design of supramolecular

constructs for energetic and longer range (spatial) charge separation.'

A different approach to building photocathodes for CO2;R has emerged based on the field of dye-
sensitised solar cells, which makes use of supramolecular structures to generate long-range charge
separated states (Figure 2€).112-115 Here, rather than using a narrow band-gap semiconductor as the light
absorber, a wide band-gap material is used as a hole transporting layer (HTL) with a molecular
photosensitiser for light harvesting.8311® The cascade of events that leads to CO; reduction is: (1) the
photosensitiser or dye (PS) absorbs the light, (2) the wide band-gap semiconductor, usually NiO extracts
the holes from the excited photosensitiser (3) electron transfer from the reduced photosensitiser to the
catalyst (cat) occurs and finally (4) CO, reduction takes place at the molecular catalyst, as indicated in
Figure 10.1¢ The resultant charge separated state is with the electron residing on the catalyst and the

hole on the semiconductor, with the neutral dye molecule between them.

The group of Meyer have recently reported the use of silane binding groups to link a vinyl group-
containing Ru absorber (poly(Ru")) on the surface of p-type NiO photoelectrodes via
electropolymerisation in order to build a DSPEC.'’ The CO; reduction centre, a Re polypyridyl
complex (poly(Re'")) was then bound to the poly(Ru'") also by electropolymerisation. The photocathode
was able to reduce CO; to CO under 100 mW cm, A > 400 nm at —0.7 V vs Ag/AgCl with more than
80% of the initial photocurrent (ca. 15 pA cm2) being maintained after 10 hours. The prolonged PEC
activity was a result of the strong Si-O bonds compared with equivalent phosphonated catalysts which
showed rapid loss in activity. TAS analysis on the ns-ps scale indicated that the recombination rate of
the catalytically active state (NiO(h*)-poly(Ru'")-poly(Re®)) was in the us-ms scale, suggesting that the
presence of the aliphatic chains connecting the metal complexes to the NiO surface may be an important

factor in achieving a long-lived charge separated states improving the PEC activity.
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E vs NHE
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= ‘/O . 03,@%;&
NiO Co;
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Figure 10 Working principle of a DSPEC (1) the photosensitiser or dye (PS) absorbs the light, (2) NiO extract
holes from the excited photosensitiser (3) electron transfer from the reduced photosensitiser to the molecular
catalyst (cat) and (4) COR at the cat. Adapted from®,

The difficulty of synthesis of the complex molecular architectures is potentially a major drawback
which may limit the emergence of more complex structures for use in DSPEC. A simple method to
construct a dye-catalyst supramolecule was recently reported, where each component (electron donor,
dye, catalyst) was added in a layer-by-layer approach using Zr-phosphonate bridges onto mesoporous
NiO.!! The phosphonated dianiline donor between the NiO and the dye ([Ru((4,4'-(PO3H.CH,)>-2,2'-
bipyridine)(2,2"-bipyridine)).]**)% played a critical role leading to ca. 8 times higher photocurrents (at
-0.54 Vnne) compared to photoelectrodes where only the dye and the catalyst ([Re(I)((4,4’-
POsH,CH,),-2,2’-bipyridine)(CO)sCI]) were present. While the stability of the photoelectrodes was in
this example quite low, further studies by the same research group!'® showed a marked increase in
stability when using a binary p-n junction with a protective coating. Here n-type GaN nanowires were
deposited on n*-p-p* silicon wafer (Si/n-GaN) with a sub nm thick NiO or Al,O3 overlayer to stabilise
the phosphonate linkage to the surface were interfaced with a range of phenylene diamine donors, as
shown in Figure 11. Remarkable photocurrents of —1 mA cm at —0.25 V vs RHE were achieved for 20
h with HCOOH as CO:R product. TAS and emission spectroscopy revealed the highest PEC activity

was achieved on photocathodes where the donor exhibited the most positive reduction potential,
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confirming that a high driving force between the photoelectrode components was highly desirable.'

This work also represents the state-of-the-art DSPEC device.
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Figure 11. (a, b) Photocathode structure of a supramolecular dye build by Zr bridges on Si/n-GaN where NPhN,
Ru(CP),?*, RuCt act as electron donor, dye and catalyst, respectively. (c) SEM image of the on Si/n-GaN
nanowires and (d) Energy level diagram of the different redox process occurring at the photocathode, the red
arrows indicated the direction of photoelectron transfer.

Some of the most representative hybrid photocathodes have been described highlighting the advantages
brought about by each immobilization method. As a general trend, still most of the hybrid photocathodes
achieved photocurrents in the microamperes scale. Recently, the PEC community has also explored
immobilising molecular catalysts on conductive carbon supports such as carbon nanotubes (CNT) or
graphene by non-covalently n-nt stacking, which significantly enhanced the PEC activity and will be

discussed in the following section.
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1.4.5 Molecular catalyst immobilised on carbon materials

The immobilization of molecular catalysts by =-rt stacking on carbon supports has been extensively
studied and demonstrated clear improvement in the CO.R catalytic activity with lower catalyst
content.!8119 Furthermore, this approach does not require the modification of the catalyst with an
anchoring group which sometimes could hamper the electrocatalytic activity, and opens a wide range
of opportunities for studying molecular catalyst immobilised on carbon substrates alongside light

absorbers.

Recently, the catalytic activity of a group of Co-based molecular catalyst supported on CNT was studied
onto p-nSi/TiO,, including cobalt bis(terpyridine)*?° and Cobalt phthalocyanine (CoPc, 19).*%* The
CNT@Co'"(BrgPy), (with BrgPy = 4’.4°’-bis(4-bromophenyl)-2,2:6’,2°°:6>*,2°>’-qua-terpyridine)
displayed the largest photocurrent —1.5 mA c¢cm? at —0.11 V vs RHE in aqueous electrolyte (0.1 M
KHCO; pH=6.8) with notably 100% FE for CO during 2 h.}? Using the same light absorber (p-type
Si/TiOy), the production of methanol was demonstrated at —0.36 V vs RHE with FEmeon 0f 8% when
CoPc was immobilised on graphene oxide (GO), representing the first hybrid photocathode that
achieves 6 electron transfer for CO2R. Linking the active material (GO@CoPc) onto p-type Si/TiO;
was accomplished by adding 3-aminopropyl) triethoxysilane which reacted via silanization with the

TiO; and anchored the GO@CoPc through hydrogen bonds of the linker amines.*?

Using carbon-based supports for molecular catalyst in photocathodes with front illumination involves
a trade-off between light harvesting and active dark composite loading, therefore careful tailoring is
required to achieve high PEC activity. Furthermore, for this approach the interface
TiO2/carbon@molecular catalyst demonstrated to be the most vulnerable region in the device since the
deactivation was associated to the detachment of the CNT@Co"(BrgPy)'?° and the linker failure in p-

type Si/TiO,/GO@CoPc.!%

Another remarkable photocathode architecture was accomplished by using (19) immobilised on CNT
alongside a perovskite based solar cell ((Cso.15FAo.85)Pb(lo.9Bro.1)3), shown in Figure 12. The perovskite

instability in water was successful avoided by carbon encapsulation giving rise to —15.5 mA c¢cm 2 at
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—0.11 in V vs RHE in CO»-saturated 0.5 M KHCO3 demonstrating to be stable upon 25 h with a FEco
of 80%.122 A similar approach was also reported by Reisner and collaborators with a perovskite solar
cell alongside cobalt(ll) meso-tetrakis(4-methoxyphenyl) (20) on CNT, this device exhibited a
photocurrent of —5.67 mA cm? at 0 V vs RHE at 1 sun illumination with low selectivity towards CO
(CO:H; was only 0.22 + 0.10), the CO selectivity was improved only after decreasing the applied
potential and/or light intensity, suggesting that even high molecular catalyst loadings on the CNT, its
turnover frequency was not enough to keep up with photoelectron flux, therefore H, was the main

product.t?®

Carbon plate CoPc/CNT Epoxy

i 3 ¥ -1.8eV
Silver conductive paint (b)
(a) BCP
5 -3.5¢eV
PCBM agev’ ° ) 2
Perovskite FTO -42eV .-
NiO i -44 CVQ/ ‘s51ev
FTO -52eVAh Todey u
J -6.0eV
(Cs,,,FA, 4 )Pb(I, B, ), -7.0eV

Figure 12 (a) Carbon encapsulated perovskite ((CSo.15FA0.85)Pb(lo.9Bro1)s) photocathode and (b) energy level
diagram of the perovskite solar cell.??

These examples demonstrated the possibility to incorporate all the knowledge about grafting molecular
catalyst on carbon materials in the field of hybrid photocathodes. In addition, these devices were back
illuminated allowing higher CNT@molecular catalyst loadings without compromising the solar cell
light harvesting. On the other hand, the use of perovskite solar cell-based devices indeed enhanced the
PEC activity for CO2R photocathodes at the cost of the complexity of the sophisticated multilayer

architecture and careful encapsulation, as shown in Figure 12.
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1.5. State-of-the-art of hybrid photocathodes for H.

Some of the most representative hybrid photocathodes for CO2R have been discussed in the previous
section and significant progress in the field has been accomplished based on devices for hydrogen
production summarised by Meyer?? and more recently by Moore.?* These HER hybrid photocathodes
share the same operational principle in light absorption than devices for COzR, furthermore similar

immobilisation strategies have been explored.

In this section only the most representative HER hybrid photocathodes, covalently immobilised on
metal oxides are summarised in Table 2 to provide context for our device presented in Chapter 3. It also
contains the stability, which was defined as the photocurrent at the beginning of the control potential
photoelectrolyis (CPPE, J, @ t = 0) against the photocurrent measured at certain time (f @ t (h)) at 0
V vs RHE, according to Eq. (2). Aditionally, Table 3 contains the hydrogen evolution catalysts studied

in those devices.

% Stability= ]] S Eq. (2)
=

A notable device was reported by Turner.'? It coupled the efficient p-type light absorber (GalnP,) with
35 nm thick ALD TiO2, which provides a suitable surface for the cobaloxime molecular catalyst to be
anchored through carboxylic acid groups. The 20 h stability was attributed to the ~0.4 nm thick ALD
TiO, layer deposited afterwards to protect the carboxylic acid anchoring group. The hybrid
photocathode with the cobaloxime displayed similar performance in terms of photocurrent and stability

that the platinized device

Similar to CO2R hybrid photocathodes, these devices have also limited stability at the milliampere scale,

therefore extended stability is imperative to achieve large-scale usage.

The examples of photoelectrodes described previously demonstrate the dual role of the hybrid structure
in enabling both catalysis and charge separation, however both processes take place at completely

different time scales as shown in Figure 13.1% For a photocathode to operate effectively, charge transfer
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at the molecular catalyst should meet photocharge generation and molecular electrocatalysts could be

in principle be designed to bind to the surface in a manner to meet optimal charge transfer.

Time-resolved PL IMPS/IMVS

Transient absorption spectroscopy
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Radiative recombination

Figure 13 Typical time scales of the different process occurring in a photocathode compared with the time scale
resolution of the techniques that can be used to study them PL: photoluminescence, IMPS: intensity modulated
photovoltage and photocurrent spectroscopy. %

In Figure 13 some of the experimental techniques like time resolved photoluminesce (TRPL), transient
absorption spectroscopy (TAS), intensity modulated photovoltage and photocurrent (IMPS/IMPVS)
could be used in combination with in-situ spectroscopic techniques to provide information regarding to
the catalyst mechanism at the interface for the designing of more efficient photocathodes to meet
important criteria in achieving solar to fuel production at large scale such as efficiency, cost and

scalability.

Finally, from the literature survey carried out from the introduction a general trend is observed, the first
examples of hybrid photocathodes used the molecular catalyst in solution alongside a p-type
semiconductor. After, synthetic modifications on the molecular catalyst to be immobilized in the
electrode either by polymerization or covalently linking were dominant, and most recently the
complexity of the device has increased significantly from the p-n junction to the complete solar cell
approach, or the p* or n° modifications in the semiconductors to improve charge separation.
Nevertheless, even if efficient light harvesting devices are achieved, the TON of molecular catalyst

need to improve otherwise the stability of the device could be compromise.
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Table 2 Hybrid photocathodes for H, production

Photocathode —j (mA cm) Stability (%) Electrolyte Light source
@ 0V vs RHE ()
p-Si/TiO2/NiP 0.35 28%; 24 0.1 M Acetic Acid, pH 4.5 AM 1.5G, 100 mwW cm™ 104
A>400 nm
AU/LTCA/TIO2/NIP 0.5 8%:; 6 0.1 M NazSOq, pH 3 AM 1.5G, 100 mW cm? 105
p-Si/ALD-TiO2/SC-TiO2/Coc11p/ALD- 1.3 771%; 1 1MPBS, pH7 AM 1.5G, 100 mW cm? 127
TiO,
p-Si/TiOzaLooe)y/Ni(Ns)A 1 100% 0.1MPBS,pH7 AM 1.5G, 100 mW cm? 128
p-Si/TiOzaLpoey/ Co(Ns)HA 0.7 100% 0.1MPBS,pH7 AM 1.5G, 100 mW cm? 128
p-Si/TiOzaLppe)/ COPYHA 0.4 84%; 6 0.1MPBS,pH7 AM 1.5G, 100 mW cm? 128
Si/TiO,/Co(CR-DCP) 0.68 100%; 10 0.1 M ABS, pH 4.5 AM 1.5G, 100 mW cm2 129
A>400 nm
CuFe.O,/TiO/CoHEC 4.5 67%; 0.2 M PBS, pH 6.7 1 sun, (400-780 nm) 130
0.4V vs RHE 20 min
p-Si/TiO/CoPy-4-CONH(OH) 0.32 ~100%; 0.1 MBBS, pH9 AM 1.5G, 100 mW cm2 107
2 A> 400 nm
p-Si/TiO2/CoPy-4-POsH; 0.18 75%; 2 0.1 M BBS, pH9 AM 1.5G, 100 mW cm 2 107
A>400 nm
p-Si/TiO2/CoPy-4-COOH 0.16 66%; 2 0.1 MBBS, pH9 AM 1.5G, 100 mW cm2 107
A> 400 nm
GalnPy/TiOyf 9 56%: 20 0.1M NaOH, pH 13 1-sun, 100 mW cm™ 125
(OOCpy)Co(dmgH)(CI)/TiO

LTCA- LasTi2Cuo9Ago.1Ss07 SC- Spin coating, ALD-Atomic Layer Deposition, DB-Doctor-blading, ABS: Acetic buffer solution, PBS: Phosphate buffer
solution, BBS: Borate buffer solution
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Table 3 Molecular structure of metal complexes listed in Table 2

Molecular catalyst Molecular structure Ref.
Br
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Chapter 2

Finding the light absorber

Scope of the chapter

In this chapter, the process followed to find a suitable photocathode light absorber is described. ZnTe
was proposed as a starting material since the position of the Conduction Band Minimum (CBM) at
—-1.48 V vs RHE lies among the most negative values of p-type semiconductors,® suggesting the
photoelectrons generated have enough driving force to carry reduction reactions, such as CO, reduction
towards CO at —0.11 V vs RHE or H* reduction for producing H, at 0.0 V vs RHE.? The simplest
approach, whereby the bare ZnTe is deposited on FTO was first studied. Soon after, the need for a
protective layer and/or passivating layer to improve charge separation and to avoid photocorrosion was
identified. The main criteria to select a suitable capping layer was based on the position of the metal
oxides CBM and Al;Os, ZrO,, ZnO:Al (AZ0) and Ta,Os, were studied. Promising combinations such
as ZnTe/ZrO; and ZnTe/Ta,Os were identified, as well as the need of catalysts for promoting
photoelectron extraction and supressing recombination. Pt was used as benchmarking catalyst for the
Hydrogen Evolution Reaction (HER), and although this device structure is not new in the literature, it
allowed to find the bottlenecks of the device and provide insights for further optimization. In this way,
improvements in the semiconductor deposition process were identified as a necessity to increase film
quality. This would be expected to improve the photocurrent, since only —20 uA cm2 was obtained at
0 V vs RHE for FTO/ZnTe/Ta,0s/Pt, which lies well behind the ZnTe state-of-the-art photocathodes

(-1.5mA cm?at0V vs RHE).2
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For the second part of this chapter, Sh,Ses was studied as an alternative light absorber since its
deposition conditions had been already optimised.* Several factors such as the semiconductor
crystalline structure, size and surface states, p-n junction, selective contacts and catalyst determine how
the photocarriers are efficiently (or not) extracted from the device, defining the photoelectrochemical
(PEC) performance (photocurrent and onset potential). Whilst the Sh.Se; CBM provides less driving
force for a reduction reaction (—0.5 V vs RHE), the state-of-the-art materials exhibit photocurrents —30
mA cm2at 0 V vs RHE® which is significantly higher compared with the ZnTe champion photocathode,
indeed highlighting the importance in tailoring all the components. Sh,Ses/TiO, and Sh,Ses/CdS/TiO:
interfaces were studied and identified that the TiO- crystalline structure played a key role in the PEC
performance of the device. Although photocurrents lower to the state-of-the-art photocathodes were
recorded, the devices demonstrated to be suitable platform for hybrid photocathodes which usually
achieve photocurrents in the micro-milliampere scale as summarised in Chapter 1, when used alongside

Earth abundant molecular catalyst for H,, and CO, reduction reaction (CO2R) for the following chapters.

The ZnTe and Sh,Se; absorbers studied in this chapter were made in collaboration with Dr Jon Major’s
group (Dr Thomas Shalvey, Dr Laurie Philips and Dr Oliver Hutter) from the Stephenson Institute for
Renewable Energy at University of Liverpool. The ALD capping layers (thermal Al,Os, and PEALD
TiO) were made in collaboration with Dr Richard Potter from the School of Engineering at University

of Liverpool.
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2.1 Introduction

2.1.1 State-of-the-art of ZnTe photocathodes

In general, there are many requirements for a semiconductor to be considered as suitable photocathode

light absorber. Some of the most important characteristics are listed below:

(a) Small band gap to absorb a wide range of the solar spectrum.

(b) Suitable band alignment to drive a reduction reaction such as H, production (HER) or CO;
reduction (CO2R). The difference between the CBM and the redox potential for a particular
reaction determines the driving force.

(c) To provide facile transport of the photogenerated charges across the light absorber before
recombination, properties such as high charge carrier mobility, long charge-carrier lifetime,
long diffusion length of charge carriers are needed.

(d) Stability in aqueous solution, although as will be shown protective layers can be used.

(e) Based on earth abundant materials to be economically feasible®

(f) High absorption coefficient, since a larger absorption coefficient allows thinner layers for
effectively photon absorption with larger energy than the band gap to generate the hole-electron

pairs. ’

For reduction reactions like CO2R and HER, a large number of metal oxides and chalcogenides exhibit
the required light absorption characteristics to be used in PEC cells.?® Figure 14 shows the CBM and

the Valence Band Maxima (VBM) of some semiconductors commonly used for CO2R.°

The CBM of ZnTe is particularly notable for its large driving force for interfacial electron transfer from
the semiconductor to electron acceptors in the electrolyte. Furthermore, its band gap of 2.26 eV enables
to use most of the visible region from the solar spectrum. ZnTe has been used as a photocathode for
HER and CO2R, however the bare semiconductor ZnTe exhibited low stability maintaining the 68.5%
of the initial photocurrent after 3 h of control potential photoelectrolysis (CPP) at -0.7 V vs RHE and

only the 25.4% selectivity to CO.! Table 4 contains a summary of the state-of the-art photocathodes

41



Chapter 2. Finding the light absorber

based on ZnTe, the stability was defined as the photocurrent measured at the beginning of the CPP

(Jo @ t = 0) against the photocurrent measured at certain time (J @ t (h)) as indicated in equation 2.

B (V) Ee (‘;)
-2 -
12 cos1co,=-19V
CuNbO; ¢ o,
- Cu,ZnSnS
25 2 4 Cu,FeO, HCOOH/CO, = -0.61V
21- 1 -1 coico,=-053v
23 24 19 HCHOICO, = -0.48 V
i = 14 269 15 eV eV 21 o
<4 B0 B B oV o 125 1.39 eV HyH* = -0.42V
1 15 15 o 73 27 CH,0H/CO,=-0.38 V
13 147 v eV 17 o o 10 chico,=-02av
Si . eV 24 gy Zn_Te 17 eV
GaAs eV v T Cu0
5 L —_ =
GaP - ) ___ Culns, 0,/H,0=0.82V
InP — 32 33 -1 1
CdTe ___2nSe CuFeO, Jiia ] eV ev
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64 — cds S 9CN,
GaN 2
L, |
Tio, Zno 43

Figure 14 CBM, VBM and Eg of commonly used semiconductors used for CO2R. The thermodynamic potentials
of CO,R are also indicated at pH 7.1°

Other attempts to improve the photoelectrocatalytic performance of the ZnTe involve modifying the
semiconductor itself; by incorporation of N in the lattice of ZnTe, the charge mobility improved due to
the increase in the h* density, since the N replaced Te leaving an electron deficient site.> Another
strategy was the addition of a p-n junction between the p-type ZnTe and an n-type semiconductor such
as CdTe'® or CdS,? creating a buried heterojunction, which is further discussed below. The addition of
thin layer of carbon to protect the semiconductor against photocorrosion, increased the stability from
40% to 80% and photocurrent from —10 to —18 mA cm at —0.7 VV vs NHE. It is worthy to note that for
this stability test only 20 min were considered.* The thin carbon layer was added by soaking the ZnTe
photoelectrode in agueous glucose followed by N2 annealing at 350 °C for 5 h. If this carbon thin layer
is then doped with N, it also acted as an electrocatalyst for CO2R due to the basic nature of the N sites.™®
Recently, AgsCu was also used as catalyst in ZnTe based photocathodes, it promoted CO.R towards
CO giving rise to 6.8 syngas production ratio (CO:Hy) under AM 1.5G. This ZnTe based photocathode
stands the highest photocurrent and stability of —5.1 mA cm at —0.2 VV RHE for 24 h in CO,-saturated
0.1 M KHCO3.'¢

42



Chapter 2. Finding the light absorber

Table 4 State-of-the-art photocathodes based on ZnTe

Photoelectrode -J (MA cm?) Faradaic % Electrolyte
at E vs RHE Efficiency Stability
(%) Time (h)
Zn/ZnO/ZnTe 15 CO-181 68.5 % 0.5M !
-0.7V H, -53.2 3 KHCOs;
Total — 71.3 pH 7.5
Zn/ZnO/ZnTe/Au 20 CO-58.0 50 % 05M 1
-0.7V H,-31.8 3 KHCOs;
Total —89.9 pH 7.5
FTO/ZnTe/PPy *Charge 0.58C  CO-10.1 6 0.5M 12
—-0.3V HCOOH - KHCO3
26.1
H.—21.5
Total — 57.7
FTO/ZnO/ZnTe/ 4 CO -65.82 37 % 05M 13
CdTe/Au -0.11V H,—15.95 15 KHCO3
Total — 81.77
Zn/Zn0O/ZnTe/C/IMoS; 1.1 H, ~ 90% 455 % 0.5M 14
0.0V 3 NaxSO,4
Zn/ZnO/N:ZnTe/N:C ~15 CO-71.65 fale 0.5M 15
—0.11 H, -20.01 3 KHCO3
Total — 91.66
ITO/ZnTe:Cu/CdS/Ti/ Mo/Pt 15 73.7% 1M KPi 8
ov 1 pH 6.7
FTO/ZnTe/TiO2/AgsCu 4 CO =85 ~ 95 % 0.1M 16
-0.2V H, =13 24 KHCO3
Total =~ 100 pH 6.8

* Only the charge after 6 h of CPP was reported not the current, therefore it was not possible to determine the stability of the
device.
** The Chronoamperometry (CA) test was not reported

Although significant progress has been made using ZnTe as light absorber, from Table 4 it is clear that
stability remains an issue, especially when compared with the Si/TiO./Pt based photocathodes that

reached —20 mA cm2at 0.3 V vs RHE for 72h for HER.!” Meanwhile for CO2R, the ZnTe state-of-the-
art photocathode has reached similar performance than Si/TiO2/Au displaying —5 mA ¢cm for 10 h and

CO:H; selectivity of 1:1 at —0.1 VV vs RHE.*®

From Table 4, it is evident that most of the ZnTe photocathodes shared the same basic structure

(Zn/Zn0O/ZnTe), which has been modified with different catalyst for either HER and CO3R in aqueous
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electrolytes.*13-15 For a better understanding of the basic structure, Figure 15 shows the band diagram

(before equilibrium) based on work function, CBM and VBM and Fermi Level (Eg). 131113-15.19

2 1: ZnTe based devices :
E . & Electrolyte
| | : ’b\*
: : 5
11 Ly -
: Zn
w017 Fo
% E ____________ E C H+/H2
2 1 E . Au
= :
L E :
1 P T
3: :
4__EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
v

Figure 15 Band diagram (before equilibrium) based on work function, CBM and VBM of the most common ZnTe
photocathodes structure modified with different catalyst for HER or CO2R in aqueous electrolytes. 1311131519

In the Zn/Zn0O/ZnTe based devices, the electric field for charge separation is generated between
semiconductor and the electrolyte considering an ideal flat double layer capacitor model.?° For an
effective charge separation in a photocathode, the hole extraction from the semiconductor towards the
metallic contact plays an important role, and an ohmic contact is required.??? Specifically for a p-type
semiconductor, a metal which work function is larger than the Er of the semiconductor (more negative
value in the absolute scale) establishes an ohmic contact. The resultant charge transfer due to the
difference in Er causes holes to gather at this interface forming an accumulation layer, thereby causing
upward band bending in the semiconductor and allowing efficient hole extraction as shown in Figure

16a.2* Au is commonly used to form an ohmic contact? as well as NiOx, and they are considered as
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Hole Transport Layers (HTL). For metal oxides, two criteria should be met. The first is that the CBM
of the metal oxide should lay above from the light absorber CBM to avoid electron back recombination
from the semiconductor, and second that the VBM of the metal oxide and the semiconductor needs to
be closer to the work function of the metallic contact,? which for the basic structure is Zn.211415 From
the band diagram in Figure 2, it is evident that ZnO does not meet the requirements to be considered as
an HTL. Instead, we hypothesized that the ZnO played a key role during the synthesis. Briefly, the
synthesis of Zn/ZnO/ZnTe based devices started with a Zn plate, after the ZnO is formed, and by a
substitution reaction, Te ions replaced O to generate ZnTe at the top. Furthermore, it was found that
ZnO was necessary as template for the ZnTe to grow, even after the substrate was swapped from Zn to

FTO.2

a) b, > &5, p - doped: Ohmic b) $,, < ¢s, p - doped: Rectifying
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Figure 16 (a) Ohmic contact and (b) Schottky contact at the junction between a p-type semiconductor and metal.?

The addition of Au at the top of Zn/ZnO/ZnTe devices not only provided the active centres for CO;R
and changed the selectivity of the reaction as discussed previously,** but also improved the charge
separation at the ZnTe/Au interface by forming a Schottky barrier with the semiconductor. Considering
the carbon work function at -0.31 V vs NHE,* it is likely that the same rectifying effect improved
charge separation at the interface ZnTe/C, since the depletion layer at the interface contains electron
excess creating a concentration gradient and forcing the holes to move in opposite direction, as shown

in Figure 16b.?
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Another attempt to improve the performance of the Zn/ZnO/ZnTe based photocathodes was done by
creating a buried junction with an n-type type semiconductor.®® In this way, the electric field created
at the p-n junction improved the hole-electron separation and provided a photovoltage that reduces the
applied potential required to carry out a reduction reaction.?* Note that a meaningful comparison can be
made between Zn/ZnO/ZnTe/Au** and Zn/ZnO/ZnTe/CdTe/Au®® since both of the devices were
synthesised in a similar way. The photocathode without the buried junction reached a photocurrent of
—1.25 mA cm2at -0.11 V vs RHE (thermodynamic potential for CO2R to CO),'* meanwhile the device
with the buried junction exhibited —2.5 mA cm2 at the same potential (—0.11 V vs RHE). The Faradaic
efficiency was also shifted, an applied potential of -0.7 V vs RHE was required to favour COzR over H;
production (FEco 58%, FEn. 31.8%) without the p-n buried junction,'* and similar selectivity was
achieved at lower overpotential (-0.11 V vs RHE) after adding an n-type CdTe (FEco 65.82%, FEn>
15.95%).%3 Note that the synthesis protocol was kept the same for making these devices,™ ** including
the chemicals (apart from CdTe precursors), however changes during the semiconductor deposition
time conducted to more homogeneous coatings with lower voids at the ZnO/ZnTe interface. The first
photocathodes had large ZnTe crystals at the top of ZnO nanowires (as shown in Figure 17a), meanwhile
the latest (also more efficient) devices a conformation ZnTe coating was achieved on the top of the ZnO
nanoroad as illustrated by the cross-sectional image in panel (b) of Figure 17. The improved contact
between each layer in the device also could be related to the improvement of the PEC performance as

well as the p-n junction.

Minegishi, et al also included a p-n junction by adding an n-type CdS layer in
ITO/ZnTe:Cu/CdS/Ti/Mo/Pt,® Close-spaced sublimation (CSS) was used as deposition technique of the
ZnTe. Even with the best deposition conditions, whereby the temperature, time and two-step deposition
were optimised to favour large ZnTe crystals, the authors pointed out the photocurrent was almost

negligible without the buried junction.
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Figure 17 SEM images of the ZnO/ZnTe structures demonstrating the improvement of conformational layers at
the ZnO/ZnTe interface. Panel (a) was reproduced from*?, and panel (b) from*?

Finally, the ZnTe state-of-the-art CO.R photocathode was made by depositing ZnTe quantum dots on
FTO. After a thin (~5 nm) amorphous TiO; layer was added on the top of the ZnTe, carrier
recombination was significantly reduced by the passivation of surface defects.’® The second role of the
TiO- layer was avoiding contact between the electrolyte and the light absorber. It also important to
highlight, that this photocathode operated in 0.1 M KHCOj3 solution at pH 6.8. Considering that TiO;
CBM follows a Nerstian behaviour with the pH as shown in Figure 18,252 and assuming it is heavily
doped, then the Er locates close to the CBM. At pH 7, the TiO, CBM is located at -0.6 V vs NHE,?® and

the required potential for producing CO is -0.521 V vs NHE.? The driving force to carried out CO2R
to CO is then reduced to 0.079 V, and based on the photocurrent and the high selectivity
achieved in the ZnTe based photocathode,® it is likely that that the TiO2 does not hinder COzR
and it stands only as an electron shuttle between the light absorber and the catalyst. Another
successful example of using TiO2 (40 nm) as capping layer was demonstrated alongside
amorphous Si for PEC CO2R.*8 The careful optimization of Au catalyst layer thickness to keep
the balance between catalysis activity and avoiding blocking the incident light towards the
semiconductor by reflection, enabled a steady photocurrent of =5 mA cm during 10 h at

constant 1 sun illumination. The CO:H: selectivity was 1:1 at lower overpotentials (—0.1 V vs
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RHE), suggesting that TiO: is a suitable candidate to be used as a protective layer that enables

electron transfer for CO2R in aqueous electrolytes.
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Figure 18 Flat-band potential of TiO; as a function of the pH of the solution.?®

2.1.2 State-of-the-art of the Sh,Se; photocathodes

Chalcogenides have gained interest from the photovoltaic community (PV), especially Sb,Ses which
has suitable properties like small band gap (direct 1.17 and indirect 1.03 eV), only one stable crystalline
structure at room temperature, Earth abundancy (Sb 2x10°% and Se 5 x10%% in Earth-crust),
inexpensive and low-toxicity to be used in large scale devices. Improvements in material processability,
and the careful tailing in capping layers have led to the increase in power conversion efficiency passing

from less than 1% in 2008 to 10.12% in 2022 for Sh,Se; based solar cells.”?’

Sh,Se; has also gained interest from the PEC community since the CBM at -0.5 V vs RHE lies more
negative than the potential required for HER, providing enough driving force to carry out the
reaction.>?-3! The photocurrent and stability of Sh,Se; photocathodes have significantly increased for

PEC devices for HER in the last couple of years as shown in Figure 19, and Table 5 contains the
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experimental details of these studies.>=2 Here, it is also highlighted that efficient Sb,Se; photocathodes
have different layers added for improving photocarriers extraction from light absorber. Note also the
resemblance of the state of the art Sb,Ses photocathodes to a thin-film solar cell
in(glass/BC/HTL/Absorber/CdS/TE/Antireflective coating/Grid, BC = back contact, TE transparent

electrodes).’
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Figure 19 Sh,Se; state-of-the-art photocathodes for H, production, image reproduced from.®

The Sh,Se; bare semiconductor exhibits low PEC performance for HER.?62°40 The photocurrent, onset
potential and stability were significantly improved by adding an n-type semiconductor in a buried
junction creating an electric field that improves charge separation. The commonly used n-type
semiconductors are CdS,%:3:384142 ' CdS doped with In,* In,Ss,* and TiO,. The latter is a special case
since it could provide the p-n junction directly,333-3537:8945-48 and act as a physical barrier to avoid the
semiconductor contacting the electrolyte.?8353841-44 As discussed in section 2.1.1, hole extraction is also
important at the back contact, and for Sh,Se; photocathodes the common hole transport layers (HTL)
are Au,23841 Cu;NiOy,2, NiO,%8 and Mo.28424347.48 Erom Figure 19, it is also clear that a Hz production

catalyst is required, with Pt,23:28:31.33.34.37.4243 RO, 3641 and M0Sx?>***" being the most common.

A detailed review of the Sh,Ses state-of-the-art photocathodes was recently published on 2022.5 It

highlights the importance of controlling the morphology of the Sh,Se; crystals, such as large crystals to
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avoid recombination and the promotion of crystal growth in the [hk1] crystalline plane to efficiently

transport the photocarriers across the ribbons (as will be shown in Figure 34d).

The earlier Sb,Ses photocathodes started with chemical wet synthesis such as electrodeposition and spin
coating,?®3? soon after a milestone in the field was achieved by physical deposition methods such as
close space sublimation (CSS),*! and most recently the record devices have been made by sputtering.*
After the holes and electrons are generated, the photoelectrons need to be efficiently extracted by the
careful tailoring of the layer(s) above the Sh,Ses; to promote void-free interfaces, avoid lattice mismatch

at window layer, and ideally without blocking the Sh,Ses light harvesting.

Table 5 State of art Sh,Ses-based photocathodes.

# Photoelectrode % Time
Stability (h)

Electrolyte

A

1 FTO/Au/Sb,Ses/TiO,/Pt 2 10 3 0.5MH,S0, =
FTO/Au/Sb,Ses/M0oSx.s 16 50 5 1MHS0, 2
3 Glass/Mo/Sh,Ses/CdS/TiO,/Pt 8.6 85 10 0.5MNasSO, %
+0.25M
Na;HPO4
+ 0.25M
NaH,PO4
4  FTO/AU/Sh,Ses/TiO,/Pt 12.5 55 2 0.1 MH,SO, 3
5 FTO/Au/Sh,Ses/TiO/MoSy 4.8 12 025 05MH,S0;, *
6 FTO/Au/Sb,Ses/TiO/RuOy 10 95 2 0.1 M H,SO, %
7 FTO/Au/Sh;Ses/CdS/TiO/Pt 11 73 3  0.5MNaS0; *
+0.25M
Na;HPO4
+ 0.25M
NaH,PO4
8 FTO/Au/Sb,Ses/TiO,/Cgol/Pt 17 98 10 0.1 M H,SO, ¥
9 FTO/Cu:NiO«/Sh,Ses/TiO,/Pt 17.5 75 4 0.1 MH,S0, =
10 FTO/Au/Sh,Ses(CSS)/TiO./RuOx 20 93 10 Phosphate %
buffer
pH ~ 6.25
FTO/AuU/Sh,Se3(CSS)/TiO./Pt 30 Not reported 0.1 M H2S04
11 FTO/Au/Sh,Ses/TiO,/Pt 30 83 2  01MH;SO, %
FTO/AuU/Sbh,Ses/TiO,/Ceo/PH/TIO, 30 100 5 0.1 M H,SO,
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Finally, is also important to point out that almost all of the devices have a TiO; capping layer with the
exception of very few studies,?®*? and the interface TiO/catalyst also plays an important role in the
long- term stability of devices. By adding Ceo or swapping from Pt to RuO; the stability was
significantly improved,® but this interface will be discussed in detail in the following chapter 32832414244
To the best of our knowledge, the review done by Liang et al. summarised the most relevant Sh,Ses
photocathodes, apart from the most recent study which sets the new record of —35.7 mA cm2at 0 V vs
RHE.*® The record device was made by a sputtered layer of Sb on the top of Mo, followed by a
selenization process, here also the CdS buffer layer was homogeneously doped with In to make it more
n-type for better band alignment.*® This photocurrent now is getting closer the maximum theoretical of
—40.9 mA cm? under AM 1.5 G solar light illumination with 100% photon-to-current conversion. It
represents a milestone in Sh,Se; based photocathodes development, even though the stability of this

device was not reported.

In this chapter ZnTe and Sh,Se; were studied as ligh absorbers in photocathodes for H, production.
Using a low band gap semiconductor brings about the possibility of harvesting most of the solar spectum
as is depicted in Figure 20. For ZnTe, the theoretial photocurrent is 8.95 mA cm, while for the Sh,Ses
it is 40.9 mA cm, under ideal conditions where the semiconductor absorbs all higher energy photons
than the Eg, each photon generates only one hole-electron pair, and there are no optical losess nor
internal recombination. However as previosly discussed in section 1.2.3, having a low band gap
semiconductor also limits the maximun photovoltage in the device. In a p-n junction under illumination,
the quasifermi level of the electrons (,E£*) in the p-type semiconductor allign with the Ec of the n-type
semiconductor and these in turn are determined by the Fermi level of the solution, which is the standard
potential for HER.® Therefore, the photovoltage will be dictated by the difference between the Fermi

level of the solution (E°H+/H2, in thi case) and the quasi Femi level of the holes (,E£*) in the p-type

semiconductor (Figure 6). Therefore, the maximum photovoltage generated at the Sb,Ses is 0.5 V,*

meanwhile for ZnTe 0.67 V,13! considering that the ,EF* ~ Ey in the p-type semiconductor.
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Figure 20 Solar spectrum and theoretical photocurrent of Sh.Se; and ZnTe.

2.2 Experimental results

2.2.17ZnTe

In this section, the experimental results for ZnTe as light absorber in a photocathode are described. All
the experimental details like the specific conditions for ZnTe deposition, metal oxides synthesis and the
electrochemical setup is fully described in Section 6.1.1. Briefly, ZnTe was thermally evaporated on
FTO slides previously cleaned. The XRD pattern is shown in Figure 21a, the [111], [220], [311] and
[331] peaks were identified for the zinc-blende ZnTe structure, as well as the FTO peaks of the substrate.
The direct bandgap of the 150 nm thick brownish-red ZnTe film was 2.27 eV determined in the Tauc

plot (Figure 21b), in line with previous reports in the literature.>°
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Figure 21 (a) XRD pattern and (b) Tauc plot of FTO/ZnTe.
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The SEM analysis of the FTO/ZnTe films is shown in Figure 22 panel b and b” where it is observed

that the ZnTe crystal size is ca. 100 nm and its morphology is completely different to the underlying

FTO glass coated. Note the FTO was coated with Au to improve the resolution at higher magnifications,

therefore cracks are observed in panel a’.

After the films were characterized by SEM, UV-vis and XRD, the PEC analysis was carried out in 0.1

M NaClO4 pH 4 at 10 mV s, Figure 23 shows the Linear Sweep Voltammetry (LSV) of FTO/ZnTe

under (a) N2 and (b) CO,. The current in the LSV is lower than in literatrure,>°4%%° and no significant

difference under CO;, and N: indicates the bare ZnTe does not favour CO;RR without catalyst

addition.*4%! Furthermore, a notable feature are the spikes after the light is turned on and off, which

are associated to recombination process when the photocharges are not effectively extracted in the

device.™
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Figure 22 SEM analysis of FTO (a and a’) and FTO/ZnTe (b and b’) at two different magnifications (a, b x 30 K,
and ¢, d x 75 K).
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Figure 23 Chopped, light and dark, LSV of FTO/ZnTe at 60 mW cm2,340< A < 900 nm, in 0.1 M NaClO4 pH 4
at 10 mV s under (a) N, and (b) CO».
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The high dark current in Figure 23 (under N> and CO,) at potentials more negative of —0.65 V vs
Ag/AgCl (—0.205 V vs RHE) indicates that additional reduction reactions occurred on the surface of
the photoelectrode. J. W. Jang et al studied the effect of the applied potential on ZnTe by XPS.! An
amorphous TeOx layer was identified in a pristine ZnTe photocathode since the Te** 3ds;, and Te** 3ds.
of TeO, were found, and the atomic Zn/Te ratio was below 1 (0.73). At —0.2 V vs RHE, the Zn/Te
atomic ratio slightly decreased to 0.65, while at more negative potentials (—0.7 V vs RHE) this ratio
increased up to 1.19 due to the photocorrosion of ZnTe to Te and Zn?*, as indicated in equation (3).
Note that for this study, the ZnTe deactivation mechanism was assessed in a CO»-saturated 0.5 M
KHCO; pH 7, and in our particular case pH 4 was chosen due the optimal operating pH of the Ni(cycP)
molecular catalyst (cycP = [(1,4,8,11-tetraazacyclotetradecan-1-yl)methylene]phosphonic acid, see

discussion below).

ZnTe - ZIn?** + Te + 2e~ Eq (3)

In 1977, Bockris et al studied ZnTe as photocathode for H, production and highlighted the
semiconductor instability in acidic conditions according to the Pourbaix diagram (Figure 24a).%° Panel
b of Figure 24 presents an updated version with focus on the pH-E range used in the chopped light LSV
from Figure 23.%° It is likely that our ZnTe had an oxide/hydroxide Te layer and those species were
reduced at more negative potentials than —0.44 V vs Ag/AgCI in line with the increase in reductive
current. However, at potentials more negative than —0.64V vs Ag/AgCl, the Pourbaix diagram does not
provide information related to the reaction observed at —0.9 V vs Ag/AgCl, it only suggests that ZnTe

is solid up to —1.3 V vs Ag/AgCl.

The stability of FTO/ZnTe films without catalyst at open circuit potential (OCP) was investigated by
soaking the films in 0.1 M NaClO4 for 2 hours in darkness to rule out the light and the negative applied
potential in the corrision mechanis of ZnTe. After soaking, LSV was carried out again and the results
are presented in Figure 25. Almost no difference is observed under dark and illumitaion, indicating that
all the light absorbing capabilities of ZnTe were lost, additionally the colour of the film changed

completely from light brown to black, likely due to the partial reduction of the Zn according to the
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Pourbaix Diagram (Figure 24). This diagram also highlights that the equilibrium potential of HER is
close of ZnTe decomposition in neutral and alkaline media, and for ZnTe to be used as a photocathode
coupled with a photoanode in a standing alone device with no membrane, neutral conditions are

preferred not to hinder H, and O evolution reaction.?
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Figure 24 Pourbaix diagrams for ZnTe water at 25 °C. Panel (a) reproduced from,5° and b from.*

56



Chapter 2. Finding the light absorber

O.oo_l T T T T T _
."'—/’..
V4
_. -0.054 -
o
£
(=)
<
£
= -0.104 -
-0.15 N,, dark -
——N,, light
N,, chopped
10 -08 06 -04 02 00
E vs. Ag/AgCl (V)

Figure 25 Chopped, light and dark, LSV of FTO/ZnTe at 60 mW cm?, 340< A < 900 nm, in 0.1 M NaClO,4 pH 4
at 10 mV s under Ny, before and after 2 hours of being soaked in 0.1 M NaClO,4 pH 4. The insert presents the
colour change of the film.

Passivation and stabilisation layers have been shown to improve the charge-separation and transfer
processes across semiconductor—liquid interfaces, and thereby increasing overall solar energy
conversion efficiencies.>? Usually thin metal oxide layers are added since they can reduce charge
recombination at surface states, increase the reaction kinetics, and protect the semiconductor from
chemical corrosion.>%* In this work, a passivation layer was proposed as a strategy to improve ZnTe
photocathodes. Al,O3;was used as first approach since the protective coating is optically transparent and
chemically stable, it also has a wide band gap (7.0 and 7.6 eV for amorphous and crystalline phase
respectively)® and it is stable between pH 4 - 9 according to the Pourbaix diagram.5>%-6° Although
Al;Os is electrically insulating, it has been demonstrated that if deposited as a thin layer (~1-2 nm)
electron tunnelling through the material can still occur. We investigated Al,O3z deposition by several

methods including dip coating,>®5* spin coating, sputtering and ALD.

The dip coating method is fully described in section 6.1.1. Briefly, the FTO/ZnTe samples were dipped
in 0.15 M Aluminium tri-sec-butoxide in dry 2-propanol, after the sample was expose to air and the top

layer undergoes a hydrolysis reaction to give Al,Os. Although it was reported that rinsing the electrode
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with clean water after each “dip-layer” improved Al,O3 formation (by hydrolysis of the Aluminium tri-
sec-butoxide), a sintering process was required (450 °C for 20 min) to enhance the crystallinity of the
metal oxide.*®*! Therefore, initially control experiments were carried out to determine ZnTe thermal
stability, with samples undergoing heat treatments at different temperatures: 300, 200, 120 °C for 20
min. Figure 26 shows the LSV after annealing process, the sample treated at 300 °C (Figure 26a) went
black and lost all the photocurrent. Only the lower annealing temperatures at 120° and 200 °C retained
the photocurrent similar to Figure 23b, despite ZnTe decomposition occurring above 437 °C. %2 The
thermal instability of ZnTe represents a significant drawback that hinders the use of any sintering
process to improve the metal oxide crystallinity, which has been directly attributed for long-lasting
photocathodes compared with amorphous layers.5®% Even without the annealing process, it was found
that dip coating was not suitable for making Al,Os films since the samples went black after the

immersion in 0.15 M Aluminium tri-sec-butoxide in dry 2-propanol.
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Figure 26. Chopped, light and dark, LSV at 10 mV s of FTO/ZnTe with different heat treatments at (a) 300°C,
(b) 200°, 120° C for 20 min, and no heat treatment (no HT), under N; in 0.1 M NaClO4 pH 4 at 60 mW cm™,
340< 4 <900 nm.

Spin coating typically produces more homogenous films than dip coating. Different loadings
on top of FTO/ZnTe were explored (1, 3, 5, and 10 layers) using 75 pL of 0.15 M metal
precursor for each layer at 4000 rpm for 34 s, all the experimental details are indicated in

section 6.1.1. Following by a mild thermal treatment at 200 °C for 20 min in air. The chopped
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light LSV of these films is presented in the Figure 27a, after the AlOs deposition the
photocurrent decreased. To assess the quality of the capping layer, the samples were dipped in
0.1 M NaClO4 pH 4 for 2 h, after the chopped LSV was measured again (Figure 27b). The
photocurrent decreased significantly for all different loadings (including the FTO/ZnTe pristine
sample) suggesting that spin coating Al.O3z did not form a high-quality barrier or act as a
passivating layer. Note that the electrolyte and pH were selected based on the optimal operating
conditions of the CO;R catalyst NiCycP, which had been successfully modified with a phosphonic

anchoring group to be anchored to metal oxides previously in the group™ and further studied here in

section 4.1.3.

Sputtered Al,Os passivation layers were also studied with different thicknesses: 1, 5, 10, 15, 20 nm onto
FTO/ZnTe. The chopped light LSV without any further thermal treatment, and after the stability test is
presented in Figure 27 panel (c) and (d), respectively. The photocurrent decreased again after 2 h, even

with a relatively thick Al.O3 overlayers (15 and 20 nm).

As it was hypothesised before, sputtered films could also have pin holes allowing the electrolyte to get
in contact with the ZnTe and decomposed in the same way than spin coating, then (Atomic Layer
Deposition) ALD coating was explored. The chopped light LSV of 2 nm ALD Al,O3 overlayer is
presented in Figure 27e. The same behaviour was observed as previously, the photocurrent decreased
following of 2 h immersion in the electrolyte in dark. Consequently, it is proposed that the inability to
carry out a thermal treatment to convert what is anticipated to be amorphous Al,O3 films (including
spin coated, sputtered and ALD) into a crystalline form made it a poor passivation layer on the top of
ZnTe, in comparison with other inorganic semiconductors where the photocurrent and the overpotential

were significantly improved.>>
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Figure 27 Chopped light LSV of FTO/ZnTe with Al,O3 as passivating layer deposited by: (a, b) spin coating, (c,
d) sputtering, () ALD at 60 mW cm?, 340< A <900 nm, in 0.1 M NaClO, pH 4 under N. The LSVs after the

stability test are label as (-2) in the figures b, d and e.
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Since Al;O3 was found to be an unsuitable passivating coating, another approach was explored to
improve the photoelectrochemical properties of ZnTe. By adding a buried junction, the hole-electron
separation is improved.3222485 According to the position of the ZnTe CBM,11251.6667 ZrQ, and Ta,0s%
have a suitable band alignment to build a p-n junction with the ZnTe (Figure 28). The smaller CBM
offset from the metal oxides still provides sufficient driving force to enable electron transfer for COzR.
Table 6 contains a summary of the different metal oxides studied and their deposition technique. The

experimental details are fully described in section 6.1.1.
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Figure 28 CBM and VBM of the ZnTe and some suitable metal oxides to carry out CO2R to CO,11251,66-68

Table 6 Summary of the metal oxides deposition techniques explored to form a p-n junction on the top of ZnTe.

Deposition technique ZrO, AZO Ta0s

Dip Coating X
Spin Coating X
Spray Coating X
Sputtering X X

ZrO, was first explored using a 0.15 M solution of Zirconium (V) propoxide in dry 2-propanol.®*
Following dipping, the films were rinsed with water to remove the excess of Zr(IV) not chemisorbed

on the surface and to promote the hydrolysis to form ZrO,. Although a thermal treatment is required,
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only a slightly heat treatment was applied (200 °C for 20 min) due to the thermal instability of ZnTe.
However, this protocol did not produce homogenous films, and therefore a spin coating method was
attempted instead. Different layers were deposited (5, 10 and 15) of the Zirconium (V) propoxide in
dry 2-propanol at 0.15 M solution, and the samples were left in air and thermally treated in air at 200
°C for 20 min. The chopped light LSV is presented in the Figure 29. The photocurrents of 10 and 15
layers FTO/ZnTe/ZrO, samples exceed those of the pristine FTO/ZnTe samples suggesting that a p-n
junction may be formed, however the photocurrent decreased significantly during stability testing for 2
hours in the dark (Figure 29b). The lack of stability may be due to the presence of pin holes in the ZrO,
allowing the ZnTe to interact with the electrolyte, alternatively it may be due to the poor mechanical
stability of the ZrO,/ZnTe interface. It was noted that during the stability test the ZrO; films (white

overlayer) came off from the electrode (insert of the Figure 29b).
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Figure 29 Chopped light LSV of FTO/ZnTe/ZrO at 60 mW cm2, 340< A4 < 900 nm, in 0.1 M NaClO,4 pH 4 under
N.. (a) Before and (b) after the stability test.

The junction ZnTe-ZrO; represents a promising combination for a CO2R hybrid photocathode, since
Ni(cycP) molecular catalyst has been successfully immobilized on ZrO, demonstrating high activity
for CO production. In this study, a photocatalytic approach was used where a [Ru(bpy)s]** (bpy = 2,20
-bipyridine) worked as a dye-sensitizer to collect the photons, and for a hybrid photocathode the

[Ru(bpy)s]?* could be replace for ZnTe.%® For Ni(cycP), the reduction of the Ni'""' catalytic centre
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occurred at —0.8 V vs NHE under CO,” and the ZnTe/ZrO; interface provides a photocurrent ~ —200
pwA cm? at (—0.8 V vs Ag/AgCl, -0.595 V vs NHE). Hence, ZnTe/ZrO, could work as CO;R
photocathode. However, an extended cathodic potential in the chopped light LSV is required to ensure
no increase in dark current, and the stability of the ZnTe/ZrO; junction needs to be improved before

using as COzR photocathode.

AZO (Aluminium doped ZnO (2%)) was also assessed as an overlayer for ZnTe. AZO is of particular
interest as it is anticipated to be able to form a significant depletion layer at the p-n junction, even when
present as a thin film (e.g. 20 nm) due to the higher donor density which will aid charge separation.’"?
However, the chopped light LSV of a sputtered FTO/ZnTe/AZO film (Figure 30) displayed lower
photocurrents than ZrO,, and no ZnTe stabilisation was achieved despite the 20 nm thick AZO film.
We hypothesized that AZO also needs an extra annealing to improve the crystallinity and it might also
require a different concentration of Aluminium as a doping metal, using AZO as a protective layer
required further optimization beyond the scope of this work. Consequently, we moved to Ta,Os which

also has demonstrated good performance in photoanodes as a passivation layer.”™
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Figure 30 Chopped light LSV of FTO/ZnTe/AZO at 60 mW cm2, 340< 4 < 900 nm, in 0.1M NaClO4 pH 4 under
N.. (a) Before and (b) after the stability test.
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Ta,0s has a large band gap (4.2 eV) which does not absorb like TiO..” To ensure that pin-holes cannot
be formed, studies immediately targeted 150 nm thick sputtered Ta.Os on the top of FTO/ZnTe.
Chopped light LSV before and after the stability test are shown in Figure 31a. In spite of the low
photocurrent, the sample did not decrease in activity after two and four hours of being immersed in 0.1
M NaClO4. The stability of the Ta,Os samples (Figure 31b) allowed further meaningful tests on
electrode modifications. Then, a potential cause for the low photocurrents could be the charge
accumulation in the buffer layer due to the photocurrent “spikes™ as the light is turned on and off in
Figure 31a.” Therefore, to promote electron extraction from the electrode, two strategies were used:

HER catalyst and the addition an electron scavenger.
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Figure 31 Chopped light LSV of (a) FTO/ZnTe/Ta20s and (b) FTO/Ta;0s in 0.1 M NaClO,4 pH 4 at 10 mV s, 60
mW cm-2, 340< A <900 nm, under N.

Platinum is a widely used catalyst for HER in photocathodes,4282°6371 several attempts to deposit Pt
were made by cyclic voltammetry, chronoamperometry and chronopotentiometry. The best results were
obtained with light assisted chronopotentiometry at low current densities (—30 uA cm2).% It is worthy
to note that, if a higher current density (and hence more negative potential) was applied the ZnTe
decomposed. The chopped light LSV of the FTO/ZnTe/Ta,Os/Pt is shown in Figure 32. The spikes of
the LSV with the catalyst disappeared, suggesting that charge separation was improved.” However, the

photocurrent did not increase significantly. Pt addition allowed the direct comparison between this
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FTO/ZnTe/Ta,0s/Pt device with the state-of-art ZnTe photocathodes for HER, which reached up to

~—15mA cm?at 0V vs RHE under 1 sun illumination.3*
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Figure 32 Chopped light LSV of FTO/ZnTe/Ta,0s in 0.1 M NaClO4 pH 4 at 10 mV s, 60 mW cm?, 340< 4 <
900 nm, under N,. Electron extraction by Pt (FTO/ZnTe/Ta,0Os/Pt) as HER catalyst or by 1 mM DPDP as electron
scavenger, DPDT molecular structure is shown in the insert.

The second approach to improve electron extraction is by adding an electron scavenger in the
electrolyte. Adding 4,40-dithiodipyridine (DTDP, molecular structure shown in the insert of Figure 32)
increased the photocurrent up to 10 times when used as an electron scavenger alongside dye sensitized
photocathodes.”®’” The light chopped LSV using FTO/ZnTe/Ta20s with 1 mM DTDP is shown in
Figure 32, lower photocurrent was obtained in comparison with FTO/ZnTe/Ta,Os/Pt. This behaviour
could be attributed to the thiol pyridine binding to surface of the metal oxide hindering the charge

transfer at the surface.”

As previously discussed in the introduction of this chapter, having a Hole Transport Layer (HTL)
between the light absorber and the current collector (in his case FTO), usually improves the PEC
activity. Therefore, a 60 nm thick Au was deposited between the FTO and ZnTe by thermal evaporation.

Figure 33 shows the Au effect on ZnTe devices, the spikes increased slightly for the Au sample
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compared without HTL. However, the meaningful comparison to determine the Au effect as HTL

requires the addition of either Pt or an electron scavenger.
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Figure 33 Chopped Light LSV of FTO/(Au/)ZnTe/ Ta;0s in 0.1 M NaClO,4 pH 4 at 10 mV s, 60 mW cm, 340<
A <900 nm under N.

Although ZnTe may be considered a promising light absorber for PEC devices owing to its high driving
force for reduction reactions, the photo-electro activity of an efficient photocathode is not solely
determined by the CBM. This is because even if the photogenerated charges have enough energy to
drive the reduction reaction, the photogenerated charge carries (holes and electrons) will recombine if
the semiconductor has plenty of surface states or grain boundaries, resulting in a low carrier lifetime.
Therefore, the PEC activity is highly dependent on the morphology of the crystal, size, the amount of
surface states, the right crystalline orientation of the light absorber material. To develop ZnTe based
photocathodes, passivation of the surface states by a thin layer of Al,O3; was studied as well as forming
a p-n junction alongside several metal oxides; neither the photocurrent not the stability increased
significantly. ZnTe/Ta,0s and ZnTe/ZrO, were identified as promising combinations in terms of
protective overlayers, however the metal oxides crystallinity needed to be improved, since sputtered
films are usually amorphous capping layers as well as spin coated ZrO, films due to the Zr precursor

(Zirconium (IV) propoxide) used for the synthesis.
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Adding an electron extractor in the form of Pt as HER catalyst, or an electron scavenger in solution
such as DTDP, is required to favour a reduction reaction and to reduce recombination process in the
device, evidenced by the spikes bleached after the catalyst addition during the chopped light LSV.
Considering one of the goals of the thesis was to build a photocathode for CO2R, initial attempts starting
with H; production (which only requires two electrons and two protons) provides useful information to

find the bottlenecks of the device.

The results of the first section of this chapter by any means implied that thermally evaporated ZnTe is
not a suitable candidate to be used as light absorber in PEC devices. Instead, it highlights the need for
careful optimization of the deposition process for ZnTe (by thermal evaporation or any other technique)
to produce larger crystals with reduced grain boundaries which acted as recombination centres as shown

in Figure 22 where the ZnTe crystals are ca. 100 nm.
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2.2 szSe3

2.2.1 Physical characterization of Sh,Se; (XRD, SEM, EQ)

One of the main advantages of Sh,Ses is the fact that has only one orthorhombic crystalline structure
stable at room temperature. A 4x4x4 cell is shown in Figure 34a, the atoms inside the Sh4Ses unit cell
(Figure 34b) are covalently bound forming nanoribbons (Figure 34c), and the interaction between these
structures is by Van der Waals forces.”* The bonds at the edge of the ribbons are saturated inducing a
self-passivation effect where recombination loses at grain boundaries are minimised.” Since Sh,Se; is
an anisotropic material, the charge transport depends on the direction being the highest charge carrier
mobility in the [001] plane alongside the covalent bonds in the unit cell. The scheme in Figure 34d
depicts charge transport at different nanoribbon orientation being the worst the ribbons oriented parallel

to the substrate plane[hk0]. 4748

Another advantage of Sh,Ses for being used as a light absorber in photocathodes, is the small band gap’
which allow to collect most of the solar spectrum. Figure 35 shows the TAUC plot for indirect transition

in the Eq, being 1.14 eV the band gap of FTO/Sb,Ses(1um).

Considering that high temperatures are needed for Sh,Se; deposition (ca. 300 °C) by spin coating or
CSS, the HTL needs to meet several requirements. First, an ohmic contact between the metal and the
p-type semiconductor (a metal with a larger work function than the Fermi level of the semiconductor)
is required.?? Second, it needs to be thermally stable to avoid interdiffusion with the Sh.Ses or if it
intermixes, in a way to enhance charge carrier and decreasing the back-contact barrier. Recently, Mo
was used as substrate and HTL, after a Sb film was sputtered followed by selenization at temperatures
above 360 °C to promote the [001] Sh,Ses crystal growth, then found out that a MoSe; phase was formed

improving the charge transfer.*
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Figure 34 (a) Top view of Sh.Ses 4x4x4 supercell, (b) ShaSes unit cell, the distance between the bonds is also
included, (c) nanoribbon structure of 4 units alongside the c-axis. Image reproduce from* (d) Photocarriers
transport scheme across the Sh,Ses nanoribbons at different crystal orientation. [001] improves the transport and
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Figure 35 Tauc plot of Sh,Sez on FTO.
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The early Sh,Se; photocathodes were made by spin coating followed by annealing, but this technique
favoured ribbons parallel to the substrate [hkO] with many recombination centres as shown in Figure
34d. Once the [001] orientation was favoured by changing the solvents and deposition time, the
photocurrent increased significantly for the same device architecture.®? Since the Sh,Se; has 1D
crystalline structure, avoiding pinholes where the HTL and the Electron Transport Layer (ETL) could
be in direct contact, has been challenging. These sites may act as a recombination centres and short
circuit the solar cell diminishing the PEC performance of the photocathode. A milestone in photocurrent
was achieved by incorporating a compact layer of Sb,Ses which potentially reduce the likelihood of
pinholes.®¥%7 in the first step a compact thin layer was formed at low temperature (350 °C), which
acted as a “seed” for the crystal growth during the second stage at higher temperature (450 °C). Finally,
a fast cooling process favoured the correct ribbon orientation to promote hole transport in the [001],
giving rise to —30 mA cm at 0 V vs RHE with 10 h stabilty.*®4! The same approach of having a seed
first to promote larger crystals was also implemented by spin coating and similarly, a photocurrent ca.
—30 mA cm? at 0 V vs RHE was obtained.* In this study, Sh,Se; was made by two-stage CSS and all
the experimental details are included in section 6.1.2. The SEM images of these samples are shown in
Figure 36, where compact homogeneous films are observed with large grain structure in the order of
microns. The XRD pattern is shown in Figure 37, where the [211], [221], [301], [321], [141] peaks

correspond to the vertically orientated (albeit tilted) nanoribbons.
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Figure 36 SEM images at different magnifications (a x1K, b x 2K, ¢ x 3K and d x 5K) of Sh,Se; grown on FTO
using two-stage CSS.
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Figure 37 XRD pattern of FTO/Sh,Ses made by two steps CSS.
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2.2.2 Optimization Sh,Se3/(CdS)/TiO; interface

Once the morphology, crystal orientation and the E4 were determined, PEC analysis was carried out in
a 3-neck flat cell with no membrane between the catholyte and the anolyte, and all the experimental
details are included in Section 6.3.7. However, it is also worthy to point out that TiO, contribution was

ruled out by the use of a 340 nm long-pass filter in all the PEC experiments.

Figure 38 shows two consecutives chopped light LSV of FTO/Sbh,Se; at 10 mV st in 0.1 M NaClO4 pH
4 with 60 mW cm~2 and A > 340nm. The bare semiconductor exhibits low PEC activity for HER for the
first LSV and almost all the photocurrent was lost in the second LSV, in-line with previous reports
where the pristine Sh,Se; displayed poor PEC activity.?82%4° Note, that the pH was chosen based on the
best performance of Ni cyclam (and derivatives) for further addition as catalyst alongside Sh,Ses

photocathodes for CO,R.™
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Figure 38 Two consecutive chopped light LSV of FTO/Sh,Se; at 10 mV s in 0.1 M NaClO4 pH 4, at 60 mW cm
and A > 340nm under Na.
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Sh,Se; usually is deposited between the HTL and ETL to improve the PEC activity. For subsequent
experiments, Au was selected as HTL and TiO; as an ETL as initial approach. TiO, was deposited by
sputtering, ALD and Plasma Enhance Atomic Layer Deposition (PEALD) and all the experimental
details are included in section 6.1.2. Different experimental conditions and deposition techniques were
explored to deposit TiO,, and although all the samples included Au as HTL on FTO, this is omitted

from the sample labels in the following sections for the sake of conciseness.

2.2.2.1 szSGs/TiOz

Adding a TiO; layer provides a suitable p-n heterojunction with Sh,Se; to enhance hole-electron pair
separation. Furthermore, it prevents chemical corrosion of the light absorber.?:33-35373945-48 The TjQ,
layer deposited by ALD was identified as the most effective capping layer for Sh,Se; based

photoelectrodes, therefore ALD TiO; was studied first.

ALD-20nm

It is well-known that ALD provides high quality and almost pinhole-free surfaces for TiO. protective
layers with thickness over 40 nm.5*548 However, 20 nm was found to be the most common thickness
in literature, hence a 20 nm ALD TiO; capping layer was deposited on the top of Sh.Ses. All the
experimental details of the ALD deposition are included in section 6.1.2.2, and these samples are label
as Sh,Ses/TiO,-ALD(20 nm) from now on. Producing a highly crystalline ALD TiO; films involves
annealing at high temperatures (T > 350 °C),” but generally the thermal instability of the light absorber
restricts its implementation. To guarantee the Sh,Ses stability/integrity, ALD was performed at a lower
temperature of 160 °C. The integrity of the Sh,Ses after the thermal TiO, ALD deposition was followed
by Raman Spectroscopy to rule out Sb,Os formation during deposition, since one of the deactivation

mechanisms of Sh,Se; photocathodes has been associated to the Sb,Os at the Sh,Ses/TiO; interface.®

Sh,0s has distinct Raman features at 82, 189, 254, 373 and 450 cm, but the main peak is located at
254 cm™.8! The Raman analysis was conducted after 50 cycles of thermal ALD TiO; (=2 nm thick) at

160 °C, and Figure 39 shows the Raman spectra in two different areas of the sample (1, 2) as well as
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the control area which was masked during the ALD deposition (defined as 3). Only the peaks associated
to S,bSes were identified at 189 as main peak and the shoulder at 214 cm™.882 The peaks associated to

Sh,0;3 (Figure 39b for the region close to 254 cm™) or TiO, were not identified.

Intensity (a.u.)
Intensity (a.u.)

2(l)0 SEI)O 400 2(IJO 2%0 360
Raman Shift (cm™) Raman Shift (cm™)

Figure 39 (a) Raman Spectra after thermal ALD TiO2 on the top of Sh,Ses (1 and 2) and (3) the control region
masked during the ALD deposition. (b) Zoom for the region close to 254 cm™ related to Sb,O3,

Once the Sh,0; formation was ruled out, the same ALD protocol was used for 20 nm thick ALD TiOg,
and without any further annealing (Sh.Ses/TiO.-ALD(NA)), the chopped light LSV was carried out in
in 0.1 M H,SO4 at 10 mV s and shown in Figure 40. The electrolyte was chosen to benchmark the
Sh,Ses photocathodes against reports in the literature. The photocurrent reached only ~20 pA cm?2at 0
V vs RHE with large spikes associated to recombination.” The Gréatzel group pointed out that the
crystallinity and thickness of the TiO; films are the key parameters in developing long-lasting protective
TiO2 layers deposited by ALD for Cu,O photocathodes.®*6471.83-8 The crystallinity of the metal oxide
was mainly governed by the deposition temperature, the titanium precursor (Tetrakis (dimethylamido)
titanium, TDMAT or Titanium tetraisopropoxide, TTIP) and the oxygen source either H.O or H,O,
during the synthesis.?’ By transmission electron microscopy (TEM) analysis, it was found out that ALD
TiO; thin films were largely amorphous with only a few crystalline domains, causing electron

trapping.®* To improve the crystallinity, a mild heat®® or steam® treatment were applied, and the
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photoelectrode stability significantly increased from minutes to hours. Therefore, a low temperature
heat treatment was applied: 150, 200, 250, 300 °C for 1 h in air. However, the sample annealed at 300
°C went white most likely due to the formation of Sb,Os (white powder), then this sample was not used
for further studies. Figure 40a shows the chopped light LSV of the samples annealed at 150, 200, 250
°Cin 0.1 M H;SO4 at 10 mV/s; the photocurrent was slightly improved after the annealing compared
to the control sample (grey trace, Sh,Ses/TiO>-ALD(NA)). The spikes decrease the intensity and
according to Gratzel studies after the annealing the amount of Ti3* states decreased, which act as
electron trapping and recombination centers.”*# However, the HER rate is sufficiently slow that
recombination of electron-hole pairs dominates and minimal photocurrent is observed, thus Pt was used

as an electron extractor.
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Figure 40 Chopped light LSV in 0.1 M H,SO4 under N, at 10 mV s of Sb,Ses/TiO,-ALD (a) without (b) with Pt
as HER catalyst. The samples were annealed at different temperatures: 150, 200, 250 °C and the control
experiment with no annealing (NA), at 60 mW cm=2 and A > 340nm.

The Pt photoelectrodeposition was carried out according to past studies,?® at -30 uA cm2 for 15 min at
100 mW cm, A > 340 nm and a water filter, in 1 mM H2PtCle and 0.1 M Na,SOs, after the films were
annealed at different temperatures (the experimental details are described in section 6.2.5). Figure 40b
shows a clear difference in the LSV after adding Pt since it enables faster photoelectron extraction from

the light absorber. The highest photocurrent of =3 mA cm2at 0 V vs RHE was recorded for the samples
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annealed at 200°C, however this value is still well below of the state-of-the-art Sh,Ses photocathodes.
The different PEC behaviour could be attributed to several reasons, first related to the catalyst loading
since most of the Sh,Ses studies rely on Pt e-beam deposition or sputtering. Second, lower light intensity
of 60 mW cm2 was used for these experiments, compared to previous reports at 100 mwW cm2383°
Finally, it is likely that after the mild annealing, the ALD TiO. capping layer was not completely
crystalline. Sb>Ses and ZnTe share the same thermal instability drawback, which hinders any further

annealing to improve the crystallinity of metal oxide capping layer.

The most used Ti precursor for ALD TiO; protective layer is TDMAT. The Gratzel group measured
reduced photocurrent when TTIP and H.O were used as ALD precursors for Cu,O photocathodes
protective layers, even for thin TiOz layers (20 nm).%® By changing to TDMAT and H»O; as precursors,
up to 100nm thick ALD TiO; layers were achieved without hindering the photocurrent plateau. This
behaviour was attributed to the “TiO, photodoping” effect where the conductivity of the metal oxide
increases several orders of magnitude after the electron injection during the CPP.8¢ Therefore, having
thicker ALD TiO; significantly improves the stability of the photocathode without introducing large
resistance in the device. The impact of the oxygen source using H,O, or H,O as precursors for ALD
were also studied and found out that H,O, produced less oxygen deficiencies (measured by
Electrochemical Impedance Spectroscopy, EIS and the donor density), since the Ti** states were
favoured instead of Ti®* states.®*8 However, this synthesis protocol was not accessible during the study,
instead Plasma Enhance Atomic Layer Deposition (PEALD) was used to improve the crystallinity of

the TiO; capping layer.

PEALD

For this setup, the oxygen source is replaced by O plasma which is a stronger oxidant than
H>0 and H20, and TTIP was used as Ti precursor. PEALD produces denser crystalline
films.8"# However, it is likely that during the PEALD, the O plasma could oxidize the Sh,Ses

surface and form Sh»0s, then Raman Spectroscopy was used to rule out this effect. A 2um
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thick Sb,Ses was deposited on a 2x2 cm? FTO substrate, and a silicon wafer (0.5 x 1 cm) was
placed on the FTO/Sh,Se3 to mask a control area during the 10 min O, plasma beam at 50 W
and 24 W Ar:0», pictures shown in the inserts of Figure 41a and c respectively, as the area
where the Raman spectra were collected. At higher power (50 W Figure 41a), the area next to
the silicon wafer shows a clear difference in colour and became black, and the Raman spectra
collected in this region showed the characteristic Sh,Os Raman shifts at 254 cm™. The control area
(indicated as 1) shows no contribution of Sb,0Os;, meanwhile the spectra collected in area 4 and 5
exhibited a small Sb,O3 contribution (Figure 41 b). The same behaviour was found using lower intensity
24 W Ar:0O- (Figure 41c,d), however the black region was smaller but showing the Sh,Oz Raman shift
at 254 cm, and small Sh,O3 contribution was also found in the rest of the sample (spectra 4 to 7 shown

in Figure 41d) apart from the masked region. From Figure 41 is evident that even with a lower power,

there was a Sh,03 formation after the samples were exposed to the O plasma.

To avoid Sh,0; formation, a =1 nm thick Al,O3; was deposited by thermal ALD on the top of
FTO/Sh,Ses(2um). It could act as passivation layer of Sbh,Ses defects, blocking layer to prevent back
electron recombination and to avoid the Sh,0Os formation. Furthermore, having a thin Al.Os layer acts
as a template for TiO2 ALD growth produces more homogeneous coatings.”* The sample was divided
in 4 different areas, shown in Figure 42: (1) was used as a blank without any further layer on the top
and masked during the ALD, in (2) 10 cycles of thermal Al.O; ALD were applied to give rise to =1
nm, followed by 10 min of O, plasma at 24 W of Ar:0O, shown in area (3), and in (4) there was no
protective Al.Os layer before the O» plasma exposure. A Sb,Os; Raman peak at 254 cm™ was only
observed for the sample directly exposed to the O, plasma beam and for the protected area, this peak at
was not identified indicating that 1 nm thick Al,Os is a suitable approach to avoid Sh.Os; oxide

formation.
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Figure 41 Raman Spectra of FTO/Sh,Ses(24m) exposed to O, plasma at (a, b) 50 W, (c, d) 24 W Ar:O, for 10 min
and the region where the Raman spectra was collected is shown in the inserts (a, ¢). Panel (c, d) show the Raman
shift of the region close to the Sh,QOs.
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Figure 42 Raman spectra of FTO/Sh,Ses(2m) protected with 1 nm thick Al,O3 followed by 24 W of Ar:O;
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Once the Sb,O3 was ruled out by using a thin Al,Os layer, thermal ALD TiO, was conducted and
followed by PEALD (Sh2Ses/Al,O3/TiO,-ALD/TiO2-PEALD). Two different TiO, thickness were
studied 20 nm and 100 nm, and the experimental details are included in section 6.1.2.2. The Raman
analysis was conducted in the pristine samples prior to the PEC test and the results are shown in Figure
43. Anatase TiO, Raman peaks were identified only for 100 nm thick TiO, sample, suggesting that the

PEALD strategy successfully improved the crystallinity of the samples.
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Figure 43 Raman spectra of the pristine samples (a, ¢) 20 and (c, d) 100 nm thick PEALD TiO; on the top of FTO
FTO/Sh,Se3(2.m).

Without any further annealing, Pt was photoelectrodeposited using the same experimental protocol
(section 6.2.5), and Figure 44 shows the chopped light LSV of Sb,Ses/TiO,-PEALD/Pt with the

thicknesses indicated in brackets at 10 mV s in 0.1 M H,SO4. The photocurrent of the 100 nm TiO,
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sample is higher than the one achieved using 25 nm thick TiO2,  —11 mA cm2and » —9 mA cm
at 0 V RHE, respectively likely to the imporved crystallinity of TiO,. Furthermore, this photocurrent is
close to the state of the art Sh,Ses/TiO; interfaces (Table 3) suggesting that Al,Os ALD could act as
electron blocking layer and avoid Sh,0; oxide formation during PEALD TiO; whilst not significantly
limiting current despite its resistivity. TiO provides a reasonable band alignment with Sh.Ses but is not
ideal, since the Sb,Ses VBM and the TiO, CBM did not have a significant offset, and interface
recombination between the holes in the Sh,Se; VBM and the electrons in the TiO, CBM could happen.®
This could be the reason why, as a general trend, the photocurrent of most of the devices with the
Sh,Ses/TiO; interface is generally lower compared with the state-of-the-art photocathodes that include

a CdS as a buffer layer.
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Figure 44 Chopped light LSV of Sh,Ses/TiO,-PEALD with 25 and 100 nm TiO; thickness in 0.1 M H2SO4 under
N using 100 mW cm?, 1>340 nm.

Even though Sh,Ses/TiO,-PEALD(100nm)/Pt was a very promising photocathode architecture for
further analysis alongside COR catalysts, technical difficulties related to ALD chamber did not allow
more access to PEALD TiO,samples. Instead, sputtered TiO, was explored as an alternative and more

accessible approach.
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Sputtering

TiO films were deposited by sputtering at low temperature with two different thicknesses: 20 and 120
nm, the experimental details are contained in the Section 6.1.2.2. Since low crystallinity TiO, films
were anticipated, a mild heat treatment (200 °C for 1 h in air) was conducted before Pt photo-
electrodeposition. Figure 45 shows the chopped light LSV of Sh,Ses/TiO,-S(X nm)/Pt samples with
and without annealing (NA) at 10 mV s in 0.1 M H,SO4. For the 20 nm TiO,-S layer (Figure 45a), no
change in photocurrent was observed before and after the annealing. However, the annealing step
significantly increased the photocurrent of the 120 nm TiO--S sample (Figure 45b). Having thicker TiO;
layers in the photoelectrode may also offer an advantage by adding a physical barrier to prevent direct

contact of the electrolyte with the light absorber without decreasing the PEC performance.®48
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Figure 45 Chopped Light LSV of Sb,Ses/TiO2-S(X nm)/Pt with X = 25 and 120 nm TiO; thickness in 0.1 M H,SO4
under N2 at 10 mV s using 100 mW cm2, 2=>340. NA indicates no annealing before Pt deposition.

The Sh,Ses/TiO2-S interface produces a photocurrent around —6 mA cm? at 0 V vs RHE after the
annealing, independently of the thicknesses. This value lies below the state-of-the-art photocurrent, and
for the better understanding of this lower photocurrent, a control set of samples of 100 nm sputtered
TiO; (FTO/TIO»-S) were annealed at 200° and 450 °C in air for 1 h. Figure 46 shows the Raman spectra,

and no significant difference was observed with no annealing and 200 °C. Only after increasing the
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temperature up to 450 °C, the Raman peaks associated to anatase TiO, were identified at 144, 195, 393,
517 and 638 cm™ Raman shifts. From Figure 46, it is clear that sputtered TiO produces low crystallinity
which is likely associated to the low photocurrent compared to the Sb,Ses/TiO, PEALD samples.
However, the Sh,Se; thermal instability does not allow annealing at higher temperature. Instead, a
Sh,Ses/CdS junction alongside sputtered TiO, was studied as an alternative to improve the PEC

performance of the Sb2Ses based photocathodes.
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—— TiO,-S 200°C
—— Ti0,-S NA

. TiO
Tio,  TiO, 2

‘/\M\M

R ——
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T T T T T
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Figure 46 Raman spectra of 100 nm sputtered TiO, (TiO2-S) annealed at 200 and 450 °C in air, compared with
the control without annealing (NA).

2.2.2.2 Sh,Ses/CdS/TiO>

CdS provides a better band alignment than TiO;* as shown in Figure 47a for the isolated
semiconductors before equilibrium. The diagram was based on the VBM* and the Eg was determined
independently for 100 nm isolated films on FTO. The E; was 2.33 and 3.39 eV for CdS and TiO,

respectively (Figure 47 b and c respectively).
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Most of the Sbh,Ses based photocathodes used chemical bath deposition for CdS, and recently some
further treatments have been successfully improved the charge extraction at the Sbh,Ses/CdS
junction.“>%® The first approach reported involved annealing at 280 °C for 5 min under Ar after the
addition of the CdS onto Sh,Ses.*? In this way, a void free interface was favoured by the slight Cd?*
interdiffusion in the Sb,Ses lattice replacing Sb3*. Consequently, considering that Cd provides 2
electrons to lattice, meanwhile the Sb provides 3 electrons, the substitution of Cd by Sb gives rise a
more p-type Sh,Ses, which also increases electric field at the Sb,Ses/CdS junction. Furthermore, the
onset potential is significantly shifted from 0.27 to 0.52 V vs RHE suggesting a better band alignment.
By EIS analysis, it was also found that the resistance and capacitance associated to the Sh,Ses/CdS
interface disappeared, and the time constant for charge transfer associated to HER reaction was shifted
towards lower frequencies suggesting that the process was faster, and the photocurrent increased from
—6.18 up to —16.25 mA cm? after the annealing. It is important to note that this study was one of the
very few which did not include the TiO. capping layer, therefore a meaningful understanding of the
Sh,Ses/CdS interface was achieved.*? The second approach explored a CdS n-type doping by
introducing In® cations and once the optimal concentrations was found, the conduction band offset was
tuned form “cliff like” to “spike like” with a difference of 0.15 eV, which corresponds to a high-quality
semiconductor heterojunction. This careful tailoring of the CdS layer, alongside to the appropriate
junction between the HTL (Mo) and the light absorber through a MoSe interface, led to —35.7 mA cmr
2 at 0 V vs RHE which now stands as the record Sh,Se; photocathodes for HER.*® This device is only

—5.2 mA cm away from the theoretical maximum photocurrent density of Sb,Ses as light absorber.®

In this study, a 20 nm sputtered CdS buffer layer was incorporated on Sh.Se; followed by 20 nm
sputtered TiO, capping layer (the experimental details are fully described in section 6.1.2.1). Without
any further annealing prior Pt photoelectrodeposition, the light chopped LSV was carried out in 0.1 M
H,SO, at 10 mV s, and Figure 48 shows that Sh,Ses/CdS/TiO,-S(20nm)/Pt reached up to ca. —20 mA
cm? at 0 V vs RHE, being close to the state-of-the-art Sh,Se; photocathodes. The increase in the

photocurrent is likely associated to the better band alignment the CdS provides instead of TiO5-S.
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Figure 47 (a) Band diagram of the isolated semiconductors Sh,Ses, CdS, and TiO,, based on VBM* and E,q
measured separately for each component. Tauc plot of (b) CdS and (c) TiO2 on FTO.
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As it was discussed previously, a better band alignment at the p-n junction usually gives rise to an
improvement of the onset potential, therefore it was expected that the addition of CdS as a buffer layer
enhance this parameter.® However the opposite effect was observed, a more positive onset potential
was observed on Sh,Ses/TiO,-S(X nm)/Pt at ca. 0.6 V vs RHE (Figure 45) than Sbh,Ses/CdS/TiO,-
S(20nm)/Pt at ca. 0.4 V vs RHE (Figure 48). This behaviour could be related to the reproducibility
issues in the onset potential and photocurrent observed during the development of the basic Sh.Ses
structure, discussed in detail in section 6.1.2.5. Another possibility could be associated to the heat
treatment, the PEC response of Sbh,Ses/CdS/TiO»-S(20nm)/Pt was recorded without any thermal
treatment and it has been reported that annealing at 280 °C for 5 min promotes a void free interface.*?
Figure 58 (see below, section 3.3.3) supports this hypothesis since after the annealing at 250° and 350
°C under N, the onset potential at was shifted up to ca. 0.6 V vs RHE even low photocurrents were

recorded at this potential.

Yang and collaborators noticed that the photons at ~516 nm associated to CdS absorption did not
contribute to the total photocurrent from IPCE (Incident Photon-to-Current Efficiency) analysis, and
determined that a careful tailoring of the CdS layer is required to improve the fill factor and onset
potential without the significant decrease in photocurrent.® Still, a slight decrease in photocurrent was
observed from —24 to —19 mA cm2 compared with the device without the CdS layer at 0 V vs RHE at
pH 1 H,SO4. For this particular study, the Sh,Se; was made by CSS and the ALD TiO, capping used
TDMAT as Ti precursor, therefore a significant difference in photocurrent is expecting compared to
this device. Considering that all the PEC experiments were carried out using front illumination (facing
the catalyst side), a possible CdS interference with the Sh.Ses light absorption is already expected and
this interface as well as the IPCE analysis will be further discussed in section 3.4. Having 20nm CdS
sputtered buffer layer demonstrated to have a positive effect in the PEC performance, even though it
does not display the highest photocurrent for Sbh,Ses; based photocathodes, it provided a flexible

platform for further studies for HER and CO2R using precious metal free molecular catalysts.
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2.3 Conclusion

In this chapter, two different semiconductors were assessed as light absorbers for hybrid photocathodes:
ZnTe and Sh,Ses. Even though progress was made in the development of ZnTe based photocathodes,
the highest photocurrent achieved with FTO/ZnTe/Ta,0s/Pt was lower than 20 uA cm?at 0 V vs RHE,
which lies well below the state-of-the-art structure: ITO/ZnTe:Cu/CdS/Ti/Mo/Pt, that displayed —1.5
mA cm?2at 0 V vs RHE. Note that for this particular study, the ZnTe was deposited via CSS, a high
temperature deposition process which typically results in large grain sizes on the order of microns,
compared to the nanometre sized grains of thermal evaporation without further annelaing used here.
Furthermore, the use of CSS allowed for the deposition to be optimised using two consecutive steps,
where the photocurrent increased significantly from —0.05 mA cm™2 at 0 V RHE to —0.43 mA cm 2 at
0V vs RHE.® The growth of films with large grain sizes and therefore few grain boundaries is expected
to favour efficient charge extraction due to lower carrier recombination. Such grain structure is much
more feasible with two-step CSS process compared to thermal evaporation, and PEC performance has

been improved significantly using CSS in two steps for other semiconductors like Sh,Ses.”

The experimental results of Sh.Se; demonstrated that even when the light absorber has suitable
properties for PEC devices in terms of grain structure and orientation achieved by the optimised CSS
deposition, the careful tailoring of the neighbour interfaces was required to properly extract the
photogenerated holes and electrons. It was found that the TiO; crystallinity played a key role in the PEC
performance and this property was highly dependent on the experimental conditions and deposition
method (ALD, PEALD or sputtering). The improved band alignment in Sh,Ses based photocathodes by
CdS addition, gave rise to higher photocurrents (ca. —20 mA cm at 0 V vs RHE, being close to the
state-of-the-art Sbh,Ses; photocathodes) compared with the Sb,Ses/TiO. interface. Pt was used as
benchmark catalyst to promote photoelectron extraction from the light absorber in the photocathode.
This strategy also allowed to find the bottlenecks of the device for further improvement. In this way, a
suitable architecture was found to be couple with a molecular catalyst either for H, production or COzR.
In the next chapter we study the architecture developed here alongside one of the most active noble

metal free molecular catalyst for H, production NiP.
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Chapter 3

Hybrid photocathode for Hz production

Scope of the Chapter

In this chapter H, production was successfully achieved by coupling the Sh,Ses/CdS/TiO; (architecture
developed in chapter 2) for light harvesting, alongside the hydrogenase-inspired molecular catalyst NiP
with [Ni(P22N2R")2]?* core (P2XN2R" = bis(1,5-R’-diphospha-3,7-R"-diazacyclooctane)), modified with

a phosphonic acid pendant arms in the outer coordination sphere to be covalently anchored to TiO,.

First the planar device Sh,Ses/CdS/TiO,/NiP gave rise to 16 pnA cm at 0 V vs RHE, this photocurrent
was attributed to the low catalyst content (7.08 + 0.43 nmol cm=2). To increase the NiP loading, an
alternative experimental protocol for a high surface area TiO; layer was developed to meet the thermal
stability requirements of the Sh,Ses/CdS junction. The TiO2-meso structure was achieved by using 68
h of UV curing to remove the binder, followed by N, annealing at 350 °C to improve the TiO; particle
interconnectivity. TiCl, treatment was also explored, however it was found to hinder the PEC activity.
The resultant UV cured-N; annealed (350 °C) films exhibited similar electrochemical properties than
the typical slot coated air annealed films. The final Sb,Ses/CdS/TiO2(S-100nm)/TiO2-meso/NiP gave
rise to —1.3 mA cm2 at 0 V vs RHE with a catalyst loading of 45.76 + 0.81 nmol cm™. This device
represented the highest photocurrent reported using the NiP molecular catalyst. However, it was found
that the Sb,Ses/CdS/TiO.-meso/NiP deactivates faster than previous reports due to the mismatch
between photoelectron generation at the Sb,Se; and consumption at the NiP catalyst associated with

lower turn-over frequencies achievable than Pt, when used as a benchmark HER catalyst.
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The onset potential at 0.5 V vs RHE for the benchmark photocathode Sh,Ses/CdS/TiO2(S-100nm)/TiO--
meso/Pt suggested improved charge transfer across the device after the TiO2-meso addition. A transient
photocurrent (TPC) study was subsequently carried out and results suggested that back recombination
in the millisecond scale occured at low applied bias (0.4 V vs RHE) without the TiO>-meso structure.
The slow recombination could be removed by increasing the bias to 0.06V vs RHE. Notably, the TiOa(-
meso)/HER catalyst structure (either Pt or NiP) did not show any evidence of back-hole transfer even
at low applied bias (0.4 V vs RHE) rationalising the shift in onset potential, indicating that the TiO--

meso can act as an electron reservoir.

The Sh,Se; based photocathodes studied in this chapter were made in collaboration with Dr Jon Major’s
group (Dr Thomas Shalvey) from the Stephenson Institute for Renewable Energy at University of
Liverpool. The NiP molecular catalyst was kindly provided by Professor Erwin Reisner’s group (Dr.
Carla Casadevall and Dr. Daniel Antén-Garcia) from the Yusuf Hamied Department of Chemistry at
University of Cambridge. Text and figures in this chapter are in part based on Chem. Commun.,

2023,59, 944-947, which | am the primary author of.
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3.1 Introduction

As pointed out in the previous chapter, Sb,Ses has recently gained interest from the photovoltaic (PV)
community due to its unique properties such as (i) near-direct band gap of 1.18 eV, (ii) a high absorption
coefficient across the visible region, and (iii) an unusual 1D nanoribbon structure that enables effective
charge transport.2 These properties, combined with improvements in material processability and the use
of earth-abundant elements, have led to the suggestion that Sbh,Ses; could be a viable thin film PV

material for use on a global scale.®

Sh,Ses has also been studied as a photocathode for HER, the CBM at —0.5 V vs RHE provides enough
driving force for producing Ho,* and its band gap (E,) is close to the optimal calculated for the bottom
electrode in dual absorber standalone device for water splitting.®> Reported solar to hydrogen efficiencies
have now exceeded 10% with state-of-the-art Sh,Se; photocathode.®” With these photocathodes a
Sh,Ses/CdS buried junction is coated in a protective TiO, capping layer. The planar TiO; is then
modified with a HER catalyst like Pt,®° RuO.,"*® and MoSx.!* Notably, even with state-of-the-art
devices (Table 5), reductive dissolution of TiO is caused by photoelectron accumulation.®® Ce between
TiO, and the H; catalyst can alleviate charge accumulation promoting the photoelectron transfer at the

TiO,/Pt interface, but device stabilities are still low.%8

Earth abundant molecular electrocatalysts have not previously been explored on Sh,Se; photocathodes,
even though they are an alternative to precious metal electrocatalysts and could potentially offer
improved rates of charge transfer at the semiconductor/molecular catalyst interface.'2!* Among the
several strategies to immobilize molecular catalysts on the surface of semiconductors, covalent linkage
provides the strongest interaction through a chemical bond, which determines the catalyst orientation

and could improve the charge transfer at the semiconductor/molecular catalyst interface.}4

In this chapter, NiP with a [Ni(P2*N2*"):]** core (P-AN?" = bis(1,5-R’-diphospha-3,7-R"-
diazacyclooctane), shown in Figure 49b was chosen as model molecular catalyst since it ranks among
the most active precious metal free catalyst for H, production.t® The NiP bio-inspired catalyst mimics

the hydrogenase intramolecular proton transfer to the Ni centre through the pendant amine groups in
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the second coordination sphere.r” Furthermore, it has been modified by phosphonic acid groups in the
outer coordination sphere to be covalently anchored to TiO,.® The planar hybrid photocathode

FTO/AU/Sh,Ses/CdS/TiO2(S-100nm)/NiP is shown in Figure 49a.
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Figure 49 (a) Schematic diagram of Sh,Ses/CdS/TiO,(S-100nm)/NiP hybrid photocathode (b) chemical structure
of NiP catalyst.’® Note that panel a and b are not drawn to scale.

Briefly, the photocathode was deposited on previously cleaned FTO, followed by 70 nm thick Au made
by thermal evaporation. Sb,Se; (1.5 um) was deposited by two-step fast-cooling close space
sublimation process, which generates a compact preferentially orientated nanoribbon crystal structure
that facilitates rapid hole transfer to the Au contact.26” Then, a thin sputtered CdS buffer layer (20 nm)
was added, which forms a Sb,Ses heterojunction with a negligible conduction band offset, thereby
allowing efficient charge separation and electron transfer towards the TiO..! By adding a CdS buffer
layer, the onset potential and fill factor of the Sh,Ses photocathodes are significantly improved despite
the parasitic absorption of photons below A <500 nm in the CdS, which decrease the photocurrent (the
Sh,Ses/CdS junction was discussed in detail in section 2.2.2.2, as well as the equilibria band alignment
shown in Figure 47, Chapter 2).%" After, a 100 nm capping TiO, layer was sputtered to provide a
physical barrier preventing contact between the light absorber and the electrolyte.’® Note that all the
Sh,Ses devices presented in this chapter have the architecture previously described. The detailed
experimental conditions for each deposition layer can be found in section 6.1.2.
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Prior to NiP immobilization onto the sputtered TiO; at the top of Sh,Ses/CdS, the samples were UV-
cleaned using a 365 nm UV LED (2.9 W, 2.2 mm x 2.2 mm) for 4 h, since the wettability of the film
improved (from 44.65° to 11.07° measured in the contact angle analysis, shown in section 6.2.1). Then
the molecular catalyst was immobilized by soaking the photoelectrode in dry methanol (0.5 mM NiP)
overnight at room temperature in a dark flask.12%2* After the overnight immobilization, the sample was
thoroughly washed in dry methanol to remove the non-chemisorbed catalyst and dried under vacuum
for 2 h at 60 °C, and from now on this device was labelled as Sh,Ses/CdS/TiO2(S-100nm)/NiP, note

that FTO/Au were omitted for clarity.

NiP loadings were determined by stripping the catalyst off in 0.1 M NaOH and quantified by UV-Vis
spectroscopy. Figure 50a shows the NiP UV-vis spectra at different concentrations: 50, 30, 10, 5, 1 uM
in 0.1 M NaOH, and the calibration curve used for the catalyst quantification considering the maximum
absorbance peak at 254.8 nm (Figure 50b). In this way, the NiP loading on Sb,Ses/CdS/TiO2/NiP was
7.08 £ 0.43 nmol cm=. Full details of the synthetic procedures for NiP immobilization and stripping

are provided in Section 6.2.1.

0.3 a) 50 - b) =
40 -
=
0.2 4 =]
T 301 B @ .=2548nmm
§ Z, ) Linear fit
50 uM 20 4 Equation y=a+b'x
014 30 uM | Plot B
: Weight No Weighting
10 uM 10 4 = Intercept 0.67436 + 0.4930
5 uM Slope 168.11227 £ 3.18
1 H Residual Sum of Squ 1.80477
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Figure 50 UV-vis spectra of different NiP concentrations using a 2 mm path length cuvette, and (b) NiP the
calibration curve in 0.1 M NaOH at 4 = 254 nm.

The the pH of the electrolyte for photoelectrochemical studies was selected based on a literature survey.
It was reported that the NiP maximum catalytic turnover frequency occurs at pH 3 when used as a
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homogeneous catalyst in solution.'® After immobilised on TiO, pH 2, 3 and 4 were also studied and
the highest activity was found at pH 3, furthermore stable electrocatalysis for 8 hours was achieved at
this pH. At lower (2) and higher (4) pHs, the rate of hydrogen production decreased by > 50%, as well

as the Faradic Efficiency.?

Figure 51 shows the chopped light LSV of Sb,Ses/CdS/TiO2/NiP in 0.1 M Na,SO, at pH 3, and
all the photoelectrochemical tests were done at 100 mW cm~2 illumination (unless otherwise
stated) and with A > 340 nm. The Sb>Se3/CdS/TiO2/NiP exhibited a photocurrent of only —16
pA cm=2at 0 V vs RHE, which exceeds only slightly the current in the absence of any catalyst
(-3 pA cm~2 for Sb,Ses/CdS/TiOy). The spikes in the light chopped LSV demonstrated that the
photoelectrons are not being utilised at a fast-enough rate by the catalyst, instead recombination
is dominating.?® The low photocurrent of the Sb,Ses/CdS/TiO./NiP electrode was attributed to
the low loading of NiP compared with previous devices.?%?! Table 7 contains the NiP loading

on previously reported photocathodes.

0 -
E
(&)
< -0.02-
E
—— Sb,Se,/CdS/TIO,/NiP
-0.04
—— Sb,Se,/CdS/TiO,
(I) I O!l I 0{2 I 0!3 I 0!4 I
E vs RHE (V)

Figure 51 Chopped light LSV of Sb,Ses/CdS/TiO, and Sh,Ses/CdS/TiO2/NiP in 0.1 M Na,SO. pH 3 under N, at
10 mV st at 100 mW cm=2 and A > 340nm.
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Table 7. Hybrid photocathodes for H, production using NiP as molecular catalyst.

—j (MA cm?) Stability

[NiP] Light

Photocathode amol cm-2 (@NVAVA'S (%) Electrolyte source Ref.
RHE t (h)
01M AM 1.5G,
0 :
p-Si/TiO/NiP 38.3+4.2 0.35 00 Aceticacd 0TV @
pH4.5 A>400 nm
AU/LTCA/TIO2/NIP 8% 0.1M AM 1.5G,
LTCA: 33.7+2.4 05 . Na, SO,  100mw 2
LasTi2Cu0.9Ago.1Ss07 pH 3 cm?
o 25% 0.1 M
*FTO/TiO2/NIiP 14.6%2 0.2 8 Na2SO4 * 22
pH 3

*This study did not used a light absorber, instead a potential of -0.25 V vs RHE was applied.

Table 7 also compares the stability of the HER hybrid photocathodes, which was defined as the
photocurrent measured at the beginning of the controlled potential photoelectrode CPP
(Jo @ t = 0) against the photocurrent measured at certain time (J @ t (h)) at 0 V vs RHE,

according to equation 2.

A common approach to achieve higher catalyst loadings on a photoelectrode is to increase the available
surface area for catalyst binding through a mesoporous TiO; scaffold (labelled TiOz-meso from now
on). Here, the mesoporous TiO, experimental protocol was tailored to meet the Sh,Ses/CdS interface

thermal stability.

3.2 Mesoporous TiO>

3.2.1 Developing TiO>-meso on FTO

Typically, following the TiO, nanoparticle-organic binder paste deposition, a thermal annealing is
carried out in air (~450 °C) to remove the binder and sinter the TiO, nanoparticles forming conductive
pathways.? Sh,Se; is unstable at these temperatures in air,® therefore the UV curing approach to include
a TiO,-meso onto CuO2/AZO/TiO, photocathodes, successfully developed by the Gratzel group was

modified here.?
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3.2.2.1 UV-curing

To simplify the process, the mesoporous TiO, films were first optimised on FTO without the
underlying Sh,Ses/CdS/TiO,-sputtered structure, and labelled as TiO2-meso, note that FTO was
not included in the naming structure for clarity. Following the slot-coating of an anatase TiO;
paste (Greatcell Solar® 18NR-T Titania Paste av. particle size 20 nm diameter) with scotch tape
as template on FTO to control the thicknesses of the TiO2-meso, the sample was UV cured using
a 365 nm LED (LZ4-04UV00/ LED Engin, see section 6.1.2.3 for fully described experimental
details). Figure 52a shows the picture of a sample with an UV-cured region (1), and region (2)

which was not exposed to the LED, and a clear difference in colour was observed after 68 h.

TiO,-meso(UV)-1
TiO,-meso(UV)-2 b
——TiO,-meso(450°C, air)
2500 2750 3000 3250 |
Raman Shift (cm™")

Figure 52 (a) TiO2-meso(UV) film. Region (1) was UV-cured for 68 hrs. Region (2) was not UV cured. (b) Raman
spectra of region 1 (blue trace) and 2 (yellow trace) from panel (a), and TiO,-meso(450°C, air shown as red
trace) is also included as a control. TiO2-meso(UV) (c) before and (d) after being immersed in 0.1 M NaSO4 pH
3.

To compare physico-chemical properties of the UV cured TiO,-meso films vs those prepared by the
conventional thermal method, the TiO, paste was slot-coated on clean FTO in the same manner
previously described, then air annealed at 450 °C for 1 h instead of the UV-curing. The thickness of the
film was ca. 5 um measured by profilometry. The resulting samples were labelled as TiO,-meso(450°C,
air), and used as a control/benchmark due to their stability and electrochemical properties for a

molecular catalyst scaffold.??
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Commercial TiO; paste contains a-terpineol as binder, and its C-H stretching modes can be readily
identified by Raman Spectroscopy. Without the UV-curing (yellow area, and Raman spectra labelled
as TiO,-meso(UV)-2 in Figure 52a), the sample exhibits the peaks at 2870 and 2910 cm™ related to the
binder, meanwhile the transparent zone (TiO2-meso(UV)-1) lacks of the a-terpineol Raman features,?

similar to the control sample TiO.-meso(450 °C, air) shown in Figure 52b.

Even though the binder was successfully removed after the UV-curing, the TiO,-meso adhesion
on FTO was poor. The TiOz-meso(UV) films delaminated following the immersion in 0.1 M
Na,SO4 pH 3 (after ca. 20 min), preventing any further electrochemical study (Figure 52c and
Figure 52d). Therefore, different treatments and deposition approaches were explored to address
the poor mechanical stability of TiO,-meso(UV) films, and to also assess if the electrochemical

properties could be enhanced.

3.2.2.2 TiCly4 treatment

Initially, a TiCl, treatment was carried out to improve the nanoparticle interconnectivity where smaller
TiO, particles are formed after the Ti precursor hydrolysis, shown as yellow circles in Figure 53a.
Following 68 h of UV-curing, the samples were soaked in 40 mM TiCl, at 70 °C for 20 min however,
the films still delaminated during treatment. Then the TiO, paste amount was reduced by using a glass
rod for the doctor-blading without the scotch tape as template, while the UV curing time was kept
constant (68 h). These films were labelled as TiO2>-meso(UV, TiCls) and the cyclic voltammetry in 0.1
M Na;SO,4 pH 3 before and after the TiCls is shown in Figure 53b. Note that even before the TiCl,
treatment, a thinner TiO,-meso (<2 um determined by profilometry) did not delaminate after the
electrochemistry analysis, suggesting that the mechanical stability of TiO,-meso improved either from
the reduced thicknesses and/or the TiCl,4 treatment afterwards. It is important to point out that ca. 5 um
TiO2-meso thick is required to achieve higher NiP loadings and consequently a more active PEC

device.? In the next section 3.3.2, the results of TiO,-meso(UV, TiCly) films when assessed as scaffold
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for catalyst immobilization will be presented, however the NiP loading and electrochemical activity

was significantly lower than previous reports summarised in Table 7.

0.01 b)
a) 0.00—-

c}IE
. . bt
TiO, —TiCl, é -0.01 4
@ Ti0, ca 20 nm
0.02 -
—— TiO,-meso (UV)
-0.03 —— TiO,-meso (UV, TiCl,)

06 -04 02 00 02 04 06 0.8
E vs RHE (V)

Figure 53 (a) Scheme of FTO-TiO.-meso(UV, TiCls) not drown at scale. (b) Cyclic voltammetry of
TiO,-meso(UV) before and after the TiCl, treatment (red trace) at 20 mV s™ in 0.1 M Na,SO4 pH 3,
under Na.

Consecutive TiO.-meso (<2 um) layers followed by the TiCl, treatment were also considered, however
even if the film thickness was successfully increased, a decrease in the surface area was hypothesized
since the smaller particles formed during the TiCl, treatment could block the pores. Furthermore, it was
also found that the TiCl,4 treatment compromised the PEC activity of the Sh,Ses-based photocathodes
(Sh2Ses/CdS/TiO2-S(100 nm)/TiO,.-meso/Pt) due to lower photoelectron generation after the TiCl,

treatment, as will be discussed below in section 3.3.3.
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3.2.2.3 Nz annealing

Finally, it was found that N2 annealing at 350 °C for 60 min aided TiO- interconnectivity and substrate
adhesion. The samples were made by slot-coating titania paste using scotch tape as template, and
labelled as TiO.-meso(UV, N2). Following the 68 h UV curing, the samples underwent an annealing
process under constant N» flow. Figure 54 compares the (a) cyclic voltammetry and (b-d)
Electrochemical Impedance Spectroscopy (EIS) spectra of TiO,-meso after N, annealing (TiO»-
meso(UV, N2)) vs the control sample TiO-meso(450°C, air) in 0.1 M NazSO4 pH 3 under Na. The N;
annealing indeed aided the TiO; particle adhesion, the films did not delaminate after the electrochemical
analysis. The current density of TiO,-meso(UV, N2) shown in Figure 54 was significantly increased
compared with TiO,-meso (UV, TiCly) of Figure 53, being —1 and —0.027 mA cm, respectively at

—0.4 V vs RHE.

The electrochemical properties of the different ways of making TiOz-meso films were further
investigated by EIS (Figure 54c-d). Note that the potentials were selected at three different regions: at
0 V vs RHE where the capacitive current dominates, —0.42 V vs RHE where the HER takes place, and
at potential between these two processes (—0.25 V vs RHE). Figure 54b only compares the EIS spectra
at 0 V vs RHE and from this figure, it is evident that the TiO,-meso(UV, N;) and TiO2-meso(450°C,
air)) samples were different. The equivalent circuit shown in Figure 54e was used to determine the
resistance of TiO2-meso films and magnitude of all the electrical components are indicated in Table 8.
A Rs + Rrjo,/Crio, + Rer/CPEcy circuit was selected since the applied potential did not modify the
Rrio,/Crio, semicircle in the Nyquist plot, meanwhile R¢r/CPE¢r component was affected by the
potential indicative of charge transfer. Note that the error in the fitting of the second RC element was
higher, however the o of the CFEct decreases from 1 to lower values (ca. 0.5) in both films suggesting
it passed from almost an ideal capacitor to a Warburg element, which could be related to H* diffusion
in the TiO2-meso during H, production at more negative potentials. The frequency range for the EIS
analysis was from 1 MHz to 0.1 Hz and lower frequencies could provide more information to analyse

in depth the R ¢p/CPE ¢ component.
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Figure 54 Comparison of the electrochemical properties of TiO2-meso: (a) Cyclic voltammetry at 100 mV s~ and
(b) EIS spectra at 0 V vs RHE of the films made by UV curing followed by N annealing at 350 °C (TiO,-meso
(UV, N2), black trace) and the control sample annealed at 450 °C in air (TiO2-meso(450°C, air) red trace). (c)
and (d) present the EIS spectra collected at different potentials: 0, -0.25 and -0.42 V vs RHE of TiO2-meso(450°C,
air) and TiOz-meso (UV, Ny), respectively. For the EIS analysis, the experimental data is represented with dots,
and the equivalent circuit shown panel (e) was used for modelling and shown as continuous lines. Electrolyte:

0.1M Na,SO4 pH 3, under Na.
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Finally, the EIS analysis provides information regarding to the resistance of the TiO2-meso under
operating conditions, and it was found higher for the film made by UV curing than by the traditional air

annealing process, 84.34 + 0.63 and 26.38 * 0.45 Q respectively.

Table 8 Parameters of the electrical components in the equivalent circuit shown in Figure 54e used for modelling
the EIS spectra of TiO2-meso in 0.1M NazSO4 pH 3, under N.

TiO2-meso (450°C, air) TiO2-meso (UV, N»)

—j (mA cm™) 0.04 0.44 1.25 0.04 0.37 1.22

Rs () 20.89 19.90 19.98 3.44 2.48 1.30

Rrio, (Q) 26.70 25.75 26.70 85.19 84.17 83.67

Crio, (NF) 6.18 5.84 17.46 1.80 1.78 1.76
Rer () 5.95x10'° 2.22x10% 3.69 x10%" 8.49x10'° 2.03x10*° 1.51 x10%

CPE(r (F.s*) 1.20x103 0.02 0.04 6.07 x10* 6.33 x10° 0.01

a 0.94 0.80 0.66 0.96 0.86 0.75

Note that there is trade-off between TiO.-meso particle interconnectivity and the stability of the
Sh,Ses/CdS interface, however the PEC activity after the N, annealing at 350 °C was confirmed, and

the results will be shown in Section 3.3.3.

To keep the process of making TiO2-meso films simple, the N, annealing without prior UV-
curing was explored as alternative. The samples were labelled as TiO2-meso(N2, X°C), where X
indicate the annealing temperatures at 234, 350 and 450 °C in N2. In Figure 55a, the pictures of
those samples are shown, while panel (b) presents the UV-Vis spectra. The N2 annealed samples
at 234, 350 °C went black probably due to the a-terpineol incomplete combustion (at 425 °C).%®
Note that not only the colour was not appropriate for the TiO, scaffold, also the mechanical
properties were compromised since the TiO>-meso(Nz, 234 and 350°C) delaminated during the

overnight soaking in methanol required for the NiP immobilization. The film adhesion and
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transparency were improved only after increasing the temperature upon 450 °C in the N».

However, at this temperature the stability of the light absorber is compromised.?’

b)

——TiO,-meso(N,, 234 °C)
——TiO,-meso(N,, 350 °C)
—— TiO,-meso(N,, 450 °C)

1.0 4
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Figure 55 (a) TiO2,-meso after N, annealing at different temperatures 234, 350 and 450 °C for 1 h, (b) UV-Vis
spectra of those samples, without prior UV curing.

It was then concluded that both UV curing and N annealing were required to produce ca. 5 um thick
TiO,-meso scaffold with similar electrochemical properties to the air annealed films. The UV-curing
was essential for the binder combustion through a photocatalytic reaction for 68 h, while the N,

annealing enhanced the particle interconnectivity thus the TiO2-meso adhesion to the substrate.

3.3.2 NiP immobilization on FTO/TiO,

Once the experimental protocol for stable TiO,-meso films in aqueous electrolytes was successfully
developed avoiding temperatures > 350°C, then the electrochemical activity of those samples when used

as a NiP scaffold was benchmarked vs the control TiO,-meso(450°C, air).

NiP was immobilised on UV-cured TiO,-meso films and the control TiO»-meso(450°C, air) using the
experimental protocol previously described (overnight soaking in 0.5 mM NiP in dry methanol),
resulting in the reddish films shown in the insert of Figure 56. The CVs at 100 mV s before and after
the NiP immobilization on TiO.-meso(UV, N»-350 °C) in 0.1 M Na,SO4 pH 3 are presented in Figure
56. The bare TiO,-meso scaffold displays the “trumpet shape” typically associated to the filling and
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emptying of the TiO, CB. After the NiP immobilization, the oxidation current significantly diminishes
indicating effective electron consumption by the molecular catalyst to produce H,. The cathodic to
anodic charge ratio was 16, in line with the electron consumption rate previously reported on air

annealed TiO,-meso films at the same scan rate.?

By spectroelectrochemical measurements, it was previously found that NiP catalyst can consume
electrons from the TiO,-meso films at —0.43 V vs RHE by bleaching the typical Ti** states (absorption
at 800 nm) produced when the electrons are not extracted effectively. However, it only requires modest
overpotentials —0.25 V vs RHE for H; production.?? Therefore, the CPP was carried out at this potential
and the results are presented in Figure 57. The electrochemical activity of TiO,-meso(UV, 350°C
N2)/NiP and TiO.-meso(450°C, air)/NiP was similar with slightly lower current for the sample made
by UV curing, presumably due to the higher film resistance (87.2 Q2 for the UV cured and 35 Q for the
air annealed sample), considering the comparable catalyst loading shown in Table 9. Figure 57 also
highlighted the NiP catalytic activity since a negligible current of 1.5 uA cm was recorded at -0.25 V

vs RHE without the catalyst (TiO2-meso (450°C, air)).
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Figure 56 Cyclic voltammetry before (black trace) and after NiP immobilization (red trace) on TiO2-meso(UV,
N.-350 °C), under Ar.
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The NiP activity was also explored on a N, annealed film at lower temperature and the results shown
in Figure 57. TiO>-meso(UV N2-250°C)/NiP exhibited slightly lower dark current compared with the
sample annealed at 350 °C, being 130 and 190 pA cm?, respectively. However, the film delaminated

after the CA test, likely because 250 °C was not high enough to sinter the TiO. nanoparticles in the

mesoporous layer.

Table 9 NiP molecular catalyst loading on FTO/TiO>-meso

Electrode NiP [nmol cm™]

TiO2-meso (UV, 350°C Ny) 37.36 £9.03
TiO2-meso (450°C, air) 39.04 + 8.36
TiO2-meso (UV, TiCl,) 23.40 £ 1.67
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Figure 57 Chronoamperometry test at -0.25 V vS RHE of TiO2-meso/NiP with the TiO,-meso made by air
annealing (TiO2-meso(450°C, air)/NiP), or UV cured followed by either N2 annealing at 250 and 350 °C (TiOz-
meso(UV, 250°C-Nz) and TiOz-meso(UV, 350°C-N), respectively) or TiCls treatment (TiO2-meso(UV,
TiCls)/NiP) in 0.1 M NaxSO4 pH 3, under Ar.
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It was demonstrated previously that thinner TiOz-meso films (> 2 um) followed by a TiCls treatment
led to stable mesoporous TiO; scaffolds. The NiP catalytic activity anchored to these samples was also
studied and shown in Figure 57. The sample labelled as TiO.-meso(UV, TiCls)/NiP displayed the
lowest current density of 21.3 uA cm at —0.25 V vs RHE after NiP immobilisation, likely due to the
low catalyst content 23.40 + 1.67 nmol cm~2, compared to the UV cured TiO,-meso films that underwent
N2 annealing (Table 9). Consequently, the UV cured-TiCls protocol was not suitable for achieving a

high surface area scaffold for NiP catalysts binding.

3.3.3. PEC activity of Sh,Ses/CdS interface after adding TiO2-meso

In the previous section, it was found that a N, annealing treatment at 350 °C was required to develop a
suitable TiO,-meso scaffold for NiP immobilization. However, it has been reported previously that the
interdiffusion at the Sh,Ses/CdS interface hinders light absorption in solar cells following thermal

annealing.1%"%8

To assess the PEC activity of Sh,Ses/CdS interface after the N2 annealing, Pt was used as benchmark
catalyst for H, production (note that N, annealing was carried out before Pt photoelectrodeposition, the
experimental protocol is fully described in section 6.2.5). Figure 58 shows the light chopped LSV of
Sh,Ses/CdS/TiO(S-100nm)/Pt samples annealed at 250 and 350 °C under N and the control without
the thermal treatment at 10 mV s in 0.1 M H,SOs, 100 mW cm2 and A > 340 nm. It was found that
the photocurrent increased following the N, annealing. However, the device annealed at 350 °C
exhibited lower photocurrent (—5.7 mA cm) in comparison to 250 °C (—11.43 mA cm) at 0 V vs RHE.
The decrease in photocurrent could be related to interdiffusion at the Sb,Ses/CdS interface observed by
EDX cross sectional mapping and STEM bright-field images, which in extreme cases created the
interfacial voids and lower the current density when a similar architecture but in a superstrate
configuration (FTO/ZnO/CdS/Sh,Ses/Au) was studied.?” Another possible issue related to the high

temperature annealing of the Sh,Ses/CdS interface is the formation of CdSe at the interface, (Eq = 1.74
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eV), where 712 eV photons no longer contribute to the photocurrent and consequently the photocurrent

decreased.?®

Even though the highest PEC activity was observed at 250 °C, it was shown previously that this
temperature was not high enough to sinter the TiO, nanoparticles in the mesoporous layer, since TiO--
meso(UV N.-250°C)/NiP films delaminated after the CA test carried out at —0.25 V vs RHE in 0.1 M
Na,SO4 pH 3 for 1 h (see Figure 57). Therefore 350 °C was chosen as the sintering temperature of

TiO2-meso even with the possible interdiffusion at the Sb,Ses/CdS interface.
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Figure 58 Light chopped LSV at 10 mV s* of Sh,Ses/CdS/TiO2(S-100nm)/Pt with N, annealing at 250 and 350 °C
for 1 h and a control without thermal treatment in 0.1 M H2SO, under N, at 100 mW cm~ and A > 340 nm.

The increase in photocurrent recorded after the N. annealing and using Pt as HER catalyst observed in
Figure 58 was likely attributed to the improvement in crystallinity of the RF magnetron sputtered TiO-
layer shown in Figure 59. By Raman analysis, the TiO, peaks associated to the anatase phase were

identified at 144, 195, 393, 517 and 638 cm™* on the sputtered TiO, on FTO and the complete device
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Sh,Ses/CdS/TiO2(S-100nm), shown in panel a and b respectively.’*?° Another possible contribution of
the enhanced PEC activity could be related to the promotion of a void free Sh,Ses/CdS interface after a

mild annealing treatment at 280 °C, reported previously by Liang and collaborators.*

TiO, —TfO2 post-annea_lmg a )
——TIiO, pre-annealing

—— Sb,Se,/CdS/TiO, post-annealing b
—— Sb,Se,/CdS/TIO, pre-annealing

> Sh,Se,

Tio,

Tio,  TiO,

200 400 800 200 400 800
Raman shift (cm-1) Raman shift (cm-1)

Figure 59 Raman spectra pre (black trace) and post (red trace) N2 annealing at 350 °C of (a) sputtered TiO, on
FTO and (b) Sb,Ses/CdS/TiO2(S-100nm).

It was found that Sh,Ses/CdS/TiO,(S-20nm) exhibited the highest PEC activity when Pt was used as
catalyst, as shown in section 2.2.2.2 in Chapter 2. However, when this architecture underwent all the
TiO2-meso experimental protocol (UV curing followed by N annealing at 350 °C), it was found out
that the photocurrent significantly decreased from ca. —16 to -8 mA cm at 0 V vs RHE after the TiO--
meso addition in Sh,Ses/CdS/TiO,(S-20nm)/TiO,-meso/Pt, as shown on Figure 60a. The loss of
activity was attributed to the 20 nm thick sputtered TiO, layer which probably did not act as an UV
filter to protect the CdS layer underneath during the 68 h UV curing process required to remove the
binder. A thicker sputtered TiO, layer was then explored (100 nm) and the chopped light LSV is shown
in Figure 60b. Sh,Ses/CdS/TiO2(S-100nm)/Pt exhibited lower photocurrent (ca. —8.3 mA cm?at 0 V
vs RHE) compared with Sh,Ses/CdS/TiO2(S-20nm)/Pt, likely because the increased resistance
generated in a thicker sputtered TiO> layer. However, after the TiO,-meso deposition (sample labelled
as Sh,Ses/CdS/TiO2(S-100nm)/TiO,-meso/Pt), the photocurrent increased to —13 mA cm? at 0 V vs

RHE. Therefore, from now on all the devices presented include a 100 nm sputtered TiO; layer.
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Figure 60 Light chopped LSV of (a) Sb2Ses/CdS/TiO2-S(20 nm)/TiOz-meso/Pt and (b) Sh2Ses/CdS/TiO2-S(100
nm)/Pt with and without TiO,-meso in 0.1 M H,SO4 under N at 100 mW cm~2 and A > 340 nm.

In an attempt to further improve the PEC activity of Sb,Ses/CdS/TiO»-S(100 nm)/TiOz-meso devices
(where the TiO,-meso was deposited by the UV cured-N, annealing at 350 °C process), a final TiCl,
treatment was carried out in the same way than previously described (40 mM TiCl, at 70 °C for 20 min).
However, after the sample was platinized (Sbh;Ses/CdS/TiO2(S-100nm)/TiO2-meso(TiCls)/Pt), a
significant lost in photoelectron generation was observed during the chopped light LSV in 0.1 M H2SOs4,
as shown in Figure 61. Indicating that a final TiCls hindered the light harvesting, which could be
associated to the failure of the TiO»(S-100nm) acting as a protective layer during the TiCls treatment at

70 °C, suggesting that TiO: is not fully acting as a protective layer even for 100 nm thick.

In this section it was demonstrated that the experimental protocol developed for adding a TiO2-meso
(UV-cured followed by N annealing at 350 °C) onto Sh,Ses/CdS/TiO,(S-100nm) does not affect the
light harvesting capabilities of the device, in fact the PEC activity was enhanced after the N, annealing
and no further TiCl, was required when Pt was used as catalyst. This structure is labelled as
Sh,Ses/CdS/TiOz(S-100nm)/TiO2-meso from now on, where the experimental conditions for the TiO--

meso are not included for clarity.
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Figure 61 Light chopped LSV at 10 mV s of Sh,Ses/CdS/TiO2(S-100nm)/TiO2-meso(TiCls)/Pt in 0.1 M H2S04
under Nz at 100 mW cm=2 and A > 340 nm.

3.4 Hybrid photocathode for H> production using Sb>Sez/CdS/TiO2-meso/NiP

Optimisation of the alternative synthesis parameters for the TiO,-meso on FTO led to a similar
electrocatalytic activity of UV-cured TiO2-meso/NiP compared to previous literature on air-annealed
samples.?? These new milder conditions also demonstrated to have no detrimental light harvesting
effects in the PEC activity of Sb,Se; based photocathodes, allowing the complete hybrid photocathode
to finally be assembled. Figure 62 shows the top view SEM images before and after adding TiO,-
meso in panel (a) and (b) respectively, while panel (c) presents the cross-sectional SEM image of

Sh,Ses/CdS/TiO,(S-100nm)/TiO2-meso.
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Figure 62 Top view SEM images of (a) Sh,Ses/CdS/TiO,(S-100nm) and (b) Sb,Ses/CdS/TiO2(S-100nm)/TiO--
meso, the cross-sectional SEM image of this sample is shown in panel (c).

The energy-dispersive X-ray spectroscopy (EDX) analysis was carried out in a cross-sectional image
of Sh,Ses/CdS/TiO2(S-100nm)/TiO.-meso, and the results shown in Figure 63, where Ti, O, Sn, Se,
Sh, Si, Au, Cd, S were identified in the elemental analysis. Note that for the Au, Cd, S seemed to be
dispersed across to the structure and it could be indicative of interdiffusion of the CdS on the Sb.Ses

giving rise to Sh,S; and CdSe.?
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Figure 63 (a) Cross-sectional SEM image of Sb,Ses/CdS/TiO2(S-100nm)/TiO2-meso and EDX maps of Ti, O, Sn,
Se, Sb, Si, Au, Cd, S.
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The NiP immobilization on the Sh,Ses/CdS/TiO,(S-100nm)/TiO.-meso was then carried out using the
same experimental protocol (soaking the films overnight in 0.5 mM of NiP in dry methanol, rinsed with
dry methanol and vacuum dried at 60 °C). Figure 64 shows the picture of all the experimental steps

followed to build the Sh,Ses/CdS/TiO»(S-100nm)/TiO.-meso/NiP hybrid photocathode.

Figure 64 Picture of a Sh,Ses/CdS/TiO2(S-100nm)/TiO,-meso/NiP sample after each experimental step: (a) bare
ShySes/CdS/TiO2(S-100nm), (b) doctor-bladed TiO2-meso before and (c) after 68 h UV curing, (d) after N
annealing at 350 °C, (e) after NiP immobilization, and (f) after NiP stripping to determine the catalyst loading.

The final Sh,Ses/CdS/TiO2(S-100nm)/TiO2-meso/NiP photocathode achieved an increased NiP loading
of 45.76 + 0.81 nmol cm2, 6.5 times higher than the catalyst loading on the planar device (7.08 + 0.43
nmol cm~2). After the TiO,-meso addition, the catalyst content was then consistent with the NiP loading

reported previously shown in Table 7.2

The NiP dispersion onto the Sb,Ses/CdS/TiO2(S-100nm)/TiO,-meso surface was studied by EDX
analysis, and found that the molecular catalyst followed by the Ni and P in the elemental analysis

indicated that NiP was evenly distributed on the photocathode surface as shown in Figure 65.
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B Map Sum Spectrum

Figure 65 Top view EDX analysis of the NiP dispersion onto Sb,Ses/CdS/TiO2(S-100nm)/TiO,-meso, Ni and P
indicative of NiP are represented in green and brown respectively.
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Figure 66 XPS spectra of NiP molecular catalyst (blue trace), after immobilized on Sh,Ses/CdS/TiO(S-
100nm)/TiO,-meso, labelled as pre-CPP (black trace), and after 5 h of CPP test at 0 V vs RHE (post-CPP, red

trace) with light intensity of 100 mW cm2 and A > 340 nm in 0.1M NazSOys at pH 3. (b, ¢, d) XPS spectra showing
Ni 2p, P 2p and N 1s regions respectively.
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Furthermore, the NiP integrity after immobilisation on the top of Sb,Ses/CdS/TiO2(S-100nm)/TiO--
meso was verified by X-ray photoelectron spectroscopy (XPS), and the spectra are shown in Figure 66
(black trace, labelled as pre-CPP). The energies of the Ni 2p (Figure 66a, 2 at 872.1 eV and % at
854.6), P 2p (Figure 66b, 132.6 eV) and N 1s (Figure 66c¢, 399.6 eV) peaks are in good agreement
with the NiP catalyst prior to immobilisation (blue trace). Table 10 compares the actual XPS peak

position founded in this study with the literature.?0-22

Table 10 XPS peak position of NiP catalyst pre and post CPP test for 5h at 0 V vs RHE in 0.1M Na,SO4 pH 3 at
100 mW cm? and A > 340 nm.

Hybrid photoelectrode \ P NT NT
(Is) (2p) (2p1/2)  (2p3/2)
p-Si/TiO2/NiP pre  399.6 1325 872 854.8 2t
post 400.2 132 854.8
FTO/TiO2/NiP pre  396.4 129.4 868.9 851.5 22
post 396.2 129 869.1 851.5
Au/LasTi2Cu0.9AJo.1Ss07/TiO/NiP pre  398.67 1325 860.4 855 20
post 400.2 1325 na na
Sh,Ses/CdS/TiO2(S-100nm)/TiO-- pre  399.6 132.6 872.1 854.6 This
meso/NiP post 399.8 134.3 na na work
NiP 3995 1331 872 854.8

The chopped light LSV of the complete photocathode (Sh.Ses/CdS/TiO2(S-100nm)/TiO,-meso/NiP)
achieves a photocurrent of —1.3 mA cm=at 0 V vs RHE with an onset potential of ca. +0.37 V vs RHE,
shown in Figure 67. The photocurrent generated at the Sh,Ses-NiP based structures is amongst the
highest reported for a NiP decorated photocathode (see Table 7). NiP has been previously studied on
Si/TiO2-meso photocathode to achieve a photocurrent of —0.3 mA cm=2 at 0 V vs RHE,# and-0.6 mA
cm2 at 0 V vs RHE for a LasTi2Cuo.sAgo1Ss07/TiO2 device. 2 In Figure 67, the control experiment
without the catalyst (Sh,Ses/CdS/TiO.-meso) demonstrates the importance of the NiP, as a photocurrent

of only —0.12 mA cm=2 at 0 V vs RHE was recorded.
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Figure 67 Light chopped LSV at 10 mV s of Sb,Ses/CdS/TiO,(S-100nm)/TiO2-meso with NiP and without catalyst
in 0.1 M NazSO4 pH 3 under Ar at 100 mW cm=2 and A > 340 nm.

To quantify how different energy photons contribute to the total photocurrent assumed for H»
production, the Incident Photon to Current Efficiency (IPCE) analysis was carried out at 0 VV vs RHE in
1 M NazSOs pH 3, the response of NiP was compared vs Pt as an HER ideal catalyst, and the results
are shown in Figure 68. Sh,Ses/CdS/TiO2(S-100nm)/TiO,-meso/NiP is able to collect photons at
wavelengths up to 900 nm, in-line with its band gap, note that the absorption coefficient of Sh,Ses is
also indicated,.®” However, the IPCE response show that the activity is significantly decreased at A <
500 nm. This wavelength corresponds to the onset of the CdS light absorption suggesting that photon
absorption in this layer is not leading to useful photoelectron generation and that parasitic photon

absorption occurs.”3°

The parasitic CdS absorption ca. 500 nm on Sh,Ses-based photocathodes has been reported
previously,” and pointed out that a careful tailoring of the CdS thicknesses is necessary to improve
the fill factor and onset potential without diminishing the photocurrent. Yang et at.” noticed that the
photocurrent dropped from —24 to —19 mA cm at 0 vs RHE after including a CdS layer in a Sb,Ses-

based photocathode and Pt as catalyst (Sb.Ses/CdS/TiO2/Pt). Note that this photocathode is particularly
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similar to ours because the Sh,Se; was made by a two-step CSS,” and significant higher IPCE values
were recorded up to 70% at wavelengths around 500-700 nm. The discrepancy in PEC performance
with our device in terms of photocurrent and IPCE values was attributed to the different p-n junction at
the Sh,Ses interface (either by the ALD TiO; or the CdS made by chemical bath deposition), which

determines the photoelectron extraction, as was fully discussed in section 2.2.2.
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Figure 68 IPCE of Sh,Ses/CdS/TiO2(S-100nm)/TiO2-meso with NiP (red trace) and Pt (blue trace) as HER
catalyst at 0 V vs RHE in 0.1M Na»SO4 pH 3 under Ar. Overlaid is the absorption spectra of the CdS and SbSes.

Now focussing only on the Sh,Ses/CdS/TiO,(S-100nm)/TiO2-meso devices studied here, Pt addition
provided more efficient electron consumption, the IPCE values were almost twice that of the NiP-based
photocathode (although with the same trend), indicating that the Sh,Se; based architecture is able to
generate a higher photoelectron flux and the catalytic rate of NiP is too low to keep up. Consequently,
the charges are not used efficiently and recombine, in line with the large spikes observed during the
chopped light LSV shown in Figure 67, which disappeared when Pt is used as HER catalyst (See

below, Figure 70). This effect will be further discussed in section 3.5

To assess the stability of the Sb,Ses/CdS/TiO2(S-100nm)/TiO,-meso /NiP device a controlled potential

photoelectrolysis (CPP) was carried out at 0 V vs RHE, and the results shown in Figure 69. By gas

119



Chapter 3. Hybrid photocathode for H2 production

chromatography, the H; faradaic efficiency after 1 h was 77.5 + 9.1%, giving a TONy;r of 12.8 + 2.8.
However, the photocurrent decreased significantly in the first hour and by 5 hours, it was only —15 pA
cm=2 In past studies, NiP decorated photocathodes exhibited longer stability than the achieved on
Sh,Ses-based photocathodes (see Table 7).2%2* Therefore the deactivation mechanism was investigated

in the next section.
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Figure 69 Controlled Potential Photoelectrolysis (CPP) at 0 V vs RHE of Sh,Ses/CdS/TiO2(S-100nm)/(TiO2-meso
NNiP with (a) and without (b) the TiO,-meso layer in 0.1M Na,SO4 pH 3 under Ar at 100 mW cm? and 1>
340nm.

3.4.1 Deactivation mechanism of the hybrid photocathode

To start at TiO2-meso/NiP interface, the loss of photoactivity of NiP decorated photoelectrodes has
previously been attributed to the hydrolysis of the phosphonic anchoring group from the Ti0,.20%
However, from the XPS analysis of the Sh,Ses/CdS/TiO2(S-100nm)/TiO,-meso/NiP post-CPP, it was
clear that both the N 1s and P 2p signals from the phosphonic anchoring group were still present,
although significantly shifted. A broadening of the N 1s band has previously been assigned to
protonation of the amine in the acidic electrolyte?® and the shifting of the P band (P (2p) at 134.3 eV) is
due to the loss of the metal centre,® leading to the possible formation of the following compounds:
phosphoryl nitride (PON, P (2p) at 134.5 eV),* diamidophosphoric acid ((NHz).PO(OH), P (2p) at

134.4 eV)*, and/or ammonium dihydrogen phosphate ((NH4)H,POs, P (2p) at 134.4 eV).** The XPS
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results of the hybrid photocathode post-CPP also demonstrated the complete loss of the Ni* bands (red
trace in Figure 66). Therefore, the XPS analysis suggested that the phosphonate linkage was retained
in-line with the stability of the phosphonate linkage at pH < 7,% but the Ni was no longer coordinated

to the ligand.

It is interesting to compare the photoelectrochemical stability of the Sb,Ses/CdS/TiO2(S-100nm)/TiO--
meso/NiP device to the dark electrochemical stability of the TiO.-meso/NiP interface (without
Sh,Ses/CdS underneath) during CPP at —0.25 V vs RHE, shown in Figure 57. During the dark
electrochemical test, after the initial current drop at the first 600 s, the electrode maintained a stable
current of —0.24 mA cm for 1h. This indicated the TiO,-meso/NiP interface was stable at this potential
and capable of operating at low current density. However, the current spikes observed with
Sh>Ses/CdS/TiO2(S-100nm)/TiO2.-meso/NiP when the light is turned on/off in Figure 67 are typical
features of electron accumulation in the TiOy, suggesting that the NiP catalyst was unable to turnover
at the rate of photoelectron generation under 100 mW cm illumination. The possible NiP
photodecomposition was ruled out since Leung, J et at. reported that p-Si/TiO2/NiP photocathode was

still active after 24 h of constant front illumination at 100 mW cm2, AM 1.5G, 2> 400 nm (Table 7).2

Then, the hypothesis that the NiP catalyst became destabilised by photoelectron accumulation in the
TiO, structure was assessed by considering the known catalytic activity of NiP. Based on the
concentration of immobilised NiP (45.76 + 0.81 nmol cm™), and the highest reported turnover
frequency of NiP (460 + 5 h™1),® the NiP on the surface could support a photocurrent of —1.15 mA
cm~2. This magnitude of photocurrent was achieved briefly in the chopped light LSV (1.3 mA cm™
at 0 V vs RHE Figure 67), however the photocurrent decreases rapidly as the NiP degrades during the
CPP, suggesting that the NiP operated briefly at its maximum turnover frequency, in-line with their

being an excess of photoelectrons.

To further assess the photoelectron generation rate of Sb,Ses/CdS/TiO2(S-100nm)/TiO2-meso, Pt was
used as a benchmark catalyst (Pt photoelectrodeposition synthetic details are provided in 6.2.5). The

Sh,Ses/CdS/TiO,(S-100nm)/TiO2-meso/Pt electrode achieved a stable photocurrent of -3 mA cm=2at 0
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V vs RHE for 5 hours, as shown in Figure 70. This figure clearly demonstrates that the rate of
photoelectron generation at the Sh,Ses/CdS interface greatly exceeds the maximum current density that

NiP can sustain.
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Figure 70 (a) Light chopped LSV of Sh,Ses/CdS/TiO,-meso/Pt at 10mV s, and (b) CPP at 0 V vSs RHE in 0.1 M
NazSO4 pH 3 under Ar at 100 mW cm=2 and A > 340 nm.

We hypothesised that the NiP deactivation due to the photoelectron excess generated at the Sh,Ses/CdS
interface could be related to the following mechanisms. First, consider the catalytic mechanism of NiP
for H, production shown in Figure 71, where the pendant amines supply protons to the Ni centre.*’
After the NiP immobilization, there is a trade-off between the improved the electron transfer from the
light absorber towards the catalyst and the pendant amines limited mobility, which could hinder the
performance of the molecular catalyst if the proton relay is not delivered at fast-enough rate. Then, a

second reduction from Ni' to Ni? is likely to occur deactivating the catalyst.

Note that NiP is an O sensitive molecular catalyst,* and quick deactivation of DuBois-type catalyst
has been reported previously after the covalent immobilization on a conductive polymer matrix. Due to
the improved electron transfer, the catalyst operated at its higher turnover frequencies leaving it at its
most sensitive form for oxygen deactivation (Ni?*).3” The electrochemical cell used to carry out these

experiments is shown in Figure 108 with a Nafion 117 membrane to separate the anode (where the
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oxygen was likely generated) from the cathode, however crossover oxygen transport could be another

deactivation pathway.
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Figure 71 NiP reaction mechanism for H, production (anti-clockwise).t” Only the NiP core ([Ni(P2*N2%")2]?*) is
shown and the R and R’ substituents were omitted for clarity. (P2XN®" = bis(1,5-R"-diphospha-3,7-R"-
diazacyclooctane).

After the CPP, the XPS analysis did not shown any Ni on the surface of photocathode neither
electroreduced, nor oxidized spices, suggesting that the Ni centre leached to the electrolyte. However,

ICP post-CPP analysis was not carried out after the test to further confirm this hypothesis.

To explore if limiting the photoelectron generation on the Sh,Se; would be beneficial,

photoelectrochemical experiments at 20 mW c¢cm were carried out by lowering the light intensity using
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neutral density filters. Notably, for the chopped light LSV (Figure 72a) only a small decrease in
photocurrent was observed from —1.30 to —0.81 mA cm2at 0 V vs RHE. This is a ca. 38% photocurrent
decrease compared to the change in light intensity (80% decrease). Furthermore, the spikes related to

photoelectron accumulation on the TiO, decreased at 20 mW cm?, but did not disappear completely.

For the CPP test at 0 VV vs RHE (Figure 72b), 20% of photocurrent was retained after 1800 s
compared with the 11% at 100 mW cm2, suggesting that the lower light intensity increased the
device stability in-line with the proposed degradation mechanism of the NiP catalyst being over-
reduction, and even lower light intensity (e.g. 5 mW cm) could improve the stability of the

hybrid Sh,Ses/CdS/TiO,(S-100nm)/TiO2-meso/NiP photocathode.
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Figure 72 (a) Chopped light LSV of Sh,Ses/CdS/TiO,(S-100nm)/TiO,-meso/NiP at 10 mV s, and (b) normalised
at 10 s CPP at 0 V vs RHE at 20 mW cm2 and 100 mW cm in 0.1 M NaSO, pH 3 under Ar, and A > 340 nm.

Another possible deactivation mechanism could be related to TiO; dissolution due to photoelectron
accumulation, reaction indicated in equation 4. Past studies using precious metal HER catalysts like Pt
on planar TiO; coated Sh,Ses photocathodes noted changes in morphology post-CPP. %81 To verify if
this degradation pathway is also occurring alongside NiP loss, SEM analysis of photocathodes tested at
100 mW cm was carried out. The SEM images pre (Figure 73a-b) and post-CPP (Figure 73a’-b)

for the planar (Sb2Ses/CdS/TiO2(S-100nm)/NiP, panel a, a’) and high surface area photoelectrode
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(Sh2Ses/CdS/TiO2(S-100nm)/TiO2-meso/NiP, panel b, b’) did not show significant change in the

morphology after CPP, despite the demonstration of electron accumulation in the device.

TiO, + H;0% + e~ - Ti(OH)3 Eq. (4)

Figure 73 Top view SEM images of (a, a’) SbySes/CdS/TiOx(S-100nm)/NiP and (b, b’) ShSes/CdS/TiO(S-
100nm)/TiO2-meso/NiP pre (a, b) and post-CPP (a’, b’) for 5 h at 0 V' vS RHE in 0.1M Na,SO, pH 3 at 100 mW
cm2and A > 340 nm.

On Sh,Se; based photocathodes where the TiO, capping layer is typically 20 — 40 nm thick, the TiO;
dissolution led to the formation of Sb,O3; when the electrolyte reached the light absorber.”® Sh,0s has a
characteristic Raman shift at 254 cm™, therefore Raman analysis was carried out pre and post-CPP at 0
V vs RHE for 5 h at 100 mW cm2, shown in panel a and b, respectively in Figure 74, on the planar
(Sh2Ses/CdS/TiO,(S-100nm)/NiP,  black trace) and high surface area photocathode
(Sb2Ses/CdS/TiO2(S-100nm)/TiO,-meso/NiP, red trace). However, only the peaks related to Sh,Se; and

TiO. (anatase phase) were identified and indicated in the Figure 74. No Sb,Os contribution was
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observed in the planar device after the CPP (Sb2Ses/CdS/TiO2(S-100nm)/NiP), however due to the ca.
5 um thick TiO2-meso layer at the top of Sb,Ses/CdS/TiO,(S-100nm)/TiO2-meso/NiP, the Raman shifts
of other compounds could be masked as it was observed for the Sh,Se; at 189 cm™, where its peak

intensity was relatively small compared to the TiO. main feature.
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Figure 74 Raman spectra pre (a) and post-CPP (b) at 0 V vs RHE for 5 h at 100 mW c¢m and A > 340 nm on
Sh,Ses/CdS/TiO2(S-100nm)/NiP (black trace), Sh2Ses/CdS/TiO2(S-100nm)/TiO2-meso/NiP (red trace).

Finally, experiments to test if the PEC activity could be recovered by adding a catalyst back (Pt) onto a
used Sh,Ses/CdS/TiO,(S-100nm)/TiO-meso/NiP structure were carried out. The Sh,Ses/CdS/TiO,(S-
100nm)/TiO,-meso/NiP underwent chopped light LSV followed by a CPP at 0 V vs RHE for 1h. Any
remaining NiP was removed by NaOH stripping, then a Pt catalyst was photoelectrodeposited, and the
device was photoelectrochemically tested. The chopped light LSV is shown in Figure 75,
significantly higher dark currents (< =5 mA cm=2 at 0 V vs RHE) and decreased photocurrents were
measured compared to a pristine platinized photoelectrode (Figure 70), indicating partial failure of
the sputtered TiO, layer due to photoelectron accumulation. Although characterisation of the
ShySes/CdS/TiO2(S-100nm)/TiO2-meso/NiP  photoelectrode post-CPP showed no evidence of the
failure of the sputtered TiO, layer, these activity tests do indicate that it is no-longer protecting the

underlying absorber. Overall this study reinforces the importance of preventing photoelectron
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accumulation in the Sh,Ses/CdS/TiO(S-100nm)/TiO2-meso/NiP photocathode otherwise deactivation

occurs through both NiP loss and as a result of the failure of the TiO, protective layer.
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Figure 75 Light chopped LSV of Sh,Ses/CdS/TiO2(S-100nm)/TiO,-meso/Pt at 10 mV s in 0.1 M Na,SO4 pH 3
under N, at 100 mW cm~2 and A > 340 nm. Note that Sh,Ses/CdS/TiO2-meso was used first with NiP catalyst and
swap by Pt after.

3.5 Transient Photocurrent on Sb2Ses/CdS/TiO2(-meso) structures

In the previous section, the catalyst effect on the photocurrent at the thermodynamic potential for H,
production (0 V vs RHE) was described and significant difference was observed by using Pt or NiP
catalyst. However, it was also found that the TiO2(-meso)/Pt interface shifted significantly the onset
overpotential (Eonset) towards more positive values, as shown in Figure 76. This figure also includes

the chopped light LSV at 10 mV s of the films without any catalyst at 100 mW c¢cm-2 and A > 340 nm.

Furthermore, the positive shift of Eonse: after TiO2(-meso)/Pt was observed at different pHs: 1, 3, 5, 7
and 9. The results of the chopped light LSV were summarised in Figure 77, the potential where —0.5

mA cm was achieved is presented in panel a, and panel b shows the photocurrent measured at 0 V vs
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RHE. Note that for the study at different pHs, only Pt was considered since the stability of the
phosphonic anchoring groups in NiP is compromised in alkaline electrolytes,® and the highest catalytic

activity is only observed at pH 3.202
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Figure 76 Chopped light LSV at 10 mV s of Sh,Ses/CdS/TiO2(S-100nm)/(TiO2-meso) with NiP and Pt as catalyst
and the bare structure at 10 mV s~ under Ar, 100 mW cm= and A > 340 nm. The yellow and blue line at 0.4 V
and 0.06 V vs RHE indicate the potentials where the transient photocurrent analysis was carried out.
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For Sh,Ses-based photocathodes, shifts in Eonset have previously been seen and related to the improved
charge extraction at the Sh,Ses/CdS interface after annealing at 280 °C for 5 min in an inert atmosphere
(Ar).%%8 The mild heat treatment induced a void free interface and promoted a slight Cd?* interdiffusion
in the Sh,Ses lattice. By replacing Sh*, a more p-type Sh,Se; was favoured and the electric field
increased. It is important to point out that all the samples used for the pH study (Figure 76 and Figure
77) underwent the same N> annealing at 350 °C for 1 h before the Pt electrodeposition, even the planar
structure Sh,Ses/CdS/TiO2(S-100nm). Therefore, similar Sh,Ses/CdS interface is expected in this set of

samples and the shift in the Eqnset iS unlikely to be related to changes at this interface.
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Figure 77 (a) Potential where —0.5 mA cm was recorded, and (b) photocurrent at 0 V vs RHE measured from
the chopped light LSV of Sb,Ses/CdS/TiO»(S-100nm)/(TiO2-meso)/Pt at 10 mV s, 100 mW cm=2 and A > 340 nm.

There are relatively few photophysics studies of Sbh,Se; photocathodes. In 2018, Yang W et al.
published a detailed time-resolved study for photocarriers generated on FTO/Au/Sh;Ses/TiO2/RuOx
using ultrafast terahertz spectroscopy, time-resolved photoluminescence (TRPL) and intensity-
modulated photocurrent—photovoltage spectroscopy (IMPS/IMVS).2° The life times of the different
process at 0 VV vs RHE are summarised in Figure 78. TRPL analysis identified possible hole-electron
recombination in the nanosecond scale at the Au/Sh,Se; interface, and suggested that adding an electron
blocking layer at this interface could alleviate recombination. At the millisecond scale, the charge

transfer and recombination process were identified and pointed out that the charge transfer remained
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constant under applied bias for potentials more negative than 0.3 VV vs RHE, while the recombination
rate decreased. Therefore, the authors attributed the negative Eonset to the slow charge transfer for H;

production.?

Note that for this particular study (FTO/Sb,Ses/TiO2/RuQy),'° the HER catalyst was RuOx (with porous
structure typical of photoelectrodeposition),* which had a dual role in the device. First, RuOy increased
the charge transfer rate at potentials below 0.3 V vs RHE when compared without catalyst. Second, it
reduced surface recombination, acting as a “reservoir” that prevents electrons to diffuse back to the
Sh,Se; after separated at Sh,Ses/TiO, interface. This effect has also been observed for Pt as HER

catalyst on a p-nSi/n-GaN photocathode, when studied by IMPS.4°
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Figure 78 Time constants for photocarriers generated at FTO/Sh,Ses/TiO2/RuOy using different time-resolved
spectroscopies at 0 V vs RHE. Scheme reproduced from 0

Yang and collaborators also suggested that surface passivation on FTO/Au/Sh,Ses/TiO2/RuOx was
unnecessary, and pointed out that the tailoring at the Sh,Ses/TiO; interface could further improve the
onset potential.X® Afterwards confirmed by Liang,® when the In®* cation dopant on the CdS shifted the

onset potential up to 0.54 V vs RHE.

This study by Yang et. al. represents the state-of-the-art of our current understanding of processes

occurring at different time scales at Sh,Ss-based photocathodes.’® However, it does not explain the
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change in the Eonset Observed in Figure 76 and Figure 77 when Pt catalyst was used with and without
the TiO2-meso layer. Therefore, to further assess charge transport at the Sh,Ses/CdS/TiOx(S-
100nm)/(TiO2-meso)/(Pt) structure, a transient photocurrent (TPC) study was carried out to determine
the possible contribution of back hole-electron recombination at the TiO,(-meso)/Pt interface in 0.1 M

H2SO0s.

The experimental set up of TPC study is fully described in section 6.3.9. Briefly, the current passing
from the WE to the CE was determined by a known resistor and the voltage drop measured at
oscilloscope after a laser excitation at 532 nm, 6ns. Note that this laser wavelength was chosen to avoid
absorption at the CdS (A < 510 nm) or TiO, (A < 387 nm). Furthermore, to study the charge
extraction/recombination processes in  SbySes/CdS/TiO2(S-100nm)/TiO,-meso  structure  under
continuous illumination, a monochromatic bias light 532 nm CW (constant wave at 0.8 mW cm) was

applied in addition to the laser pulse.

TPC measurements were collected at 0.4 and 0.06 V vs RHE. These potentials were selected in the
region where the spikes were evident after the light was turned on and off in the LSV, which are
indicative of recombination (0.4 V vs RHE, yellow line in Figure 76), and at 0.06 V vs RHE (blue line
in Figure 76) where the current spikes disappeared suggesting effective photocharge consumption.
The TPC decays were collected for devices with no catalyst and with Pt, shown in Figure 79 and Figure
81, respectively. The fastest reliable time response considered was ~100 ps, since there was no rise in
current later than this because the charge has already reached FTO. Also note that the devices with the

TiO2 mesoporous layer included the TiO2(S-100nm).

Figure 79 shows the TPC kinetic traces without catalyst for the planar Sb,Ses/TiO,(S-100nm) device
(presented in panel a, a”), and the high surface device Sh,Ses/TiO2(S-100nm)/TiO,-meso (shown in
panel b, b”). For all the traces, there is a rise in the reductive current flow at time scales < 1 ms due to
the electron transport through the photocathode to the electrolyte. However, in some cases the current
flow changes direction at the millisecond scale, this process was attributed to the electrons being
extracted back towards the external circuit (back-hole transfer) which is indicative of recombination.

This change in direction of the current flow was exacerbated at 532 nm CW bias due to build up charges
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in the device, as shown Figure 79a’. The same trend was seen for Sb,Ses/TiO2(S-100nm)/TiO2-meso as

shown in Figure 79 band b’.
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Figure 79 TPC decays of Sb.Ses/TiOx(S-100nm) devices (a, a’), and ShySes/TiO2(S-100nm)/TiO2-meso (b, b’)
held at 0.4 (black line) and 0.06 (red line) V vs RHE following laser pulse at 532 nm, 6 ns in 0.1 M H,SO4 under
N.. The TPC decays with a 532 nm CW bias light applied are indicated as a“ and b’.

The TPC decays were fitted to a double or triple exponential decay functions, and the results are shown
as appendix at the end of this chapter. However, a better understanding of TPC decays is provided by
integrating the total charge, and the results are shown in Figure 80. The charge is expected to increase
continuously along time following laser extinction, since it represents the electrons that are transferred

though the photocathode towards the electrolyte. However, for the devices without catalyst
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(Sb2Ses/CdS/TiO2(S-100nm) and Sh»Ses/CdS/TiO.(S-100nm)/TiO2-meso), the total charge injected
reached a maximum and then decreased due to recombination, as a result of electrons flowing
backwards into the photocathode even when a more negative potential was applied (0.06 V vs RHE).
For Sh,Ses/CdS/TiO2(S-100nm) at 0.4 V vs RHE under 532 CW light, the initial electron flow into the
photocathode was not measured and hypothesized that under these conditions, it occurred at faster

timescales than the time resolution of our experimental setup (Figure 80a).
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— 5b,56,/CdS/TIO,(S-100nm) (0.04 V) — Sb,Se,/CdS/TIO,(S-100nm) (532nm, 0.40 V)
— Sb,S&,/CdS/TiO,(S-100nm) (0.06 V) — Sb,5e,/CdS/TIO,(S-100nm) (532nm, 0.06 V)
4x10% 4
1x10°% 4
Qe 2 004
e} o
2x10% 4
0 -
1
0
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1E-6 1E-5 1E-4 0.001 0.01 0.1 1E-7 1E-6 1E-5 1E4 0.001 0.01 0.1
t(s) t(s)
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—— Sb,5e,/CdS/TIO,-meso (0.40 V) —— Sb,5e,/CdS/TIO,-meso (532nm, 0.40 V)
—— 5b,5e,/CdS/TIO,-meso (0.06 V) — 5b,5e,/CdS/TIO,-meso (532nm, 0.06 V)
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Figure 80 Charge passed on non-platinized photocathodes: (a, a’) Sb2SeslTiOx(S-100nm) and (b, b’)
Sh,Ses/TiO2(S-100nm)/TiO2-meso held at 0.4 (black line) and 0.06 (red line) V vs RHE following laser pulse at
532 nm, 6 ns, and with bias light 532 nm CW applied (a‘and b’), in 0.1 M H2SO4 under N».

The time scale associated to the maximum charge (zq,, . ) is presented in Table 11. As a general trend

it is observed that (i) applying a more negative potential i.e. 0.064 V vs RHE slows down the
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recombination process as h* extraction occurs efficiently and back-hole injection is suppressed, (ii) the
532 nm CW bias light promoted faster recombination due to increased photocharge generation leaving
to a higher steady state concentration of e/h*, and (iii) the total charge increased when applying more
negative potentials. The Sh,Ses/TiO2(S-100nm)/TiO2-meso exhibited similar behaviour, and from these
results is clear that the Sh,Ses-based photocathodes required a catalyst for photoelectron extraction and

thus to decrease recombination rates.

Table 11 Time constant of the maximum in charge passed on Sh;Ses based photocathodes

Constant wave Famax (5)
Photocathode (CW) 04V 0064V
vs RHE vs RHE
— 2.6 4.7
Ti -100nm
szSEs/ |02(S 00 ) 532 0.3 1.3
— 24 11
Ti -100nm)/TiO2-m
Sh2Ses/TiO2(S-100nm)/TiO,-meso 532 1.6 6.7
Sh,Ses/TiOx(S-100nm)/Pt 22
20C3 2 532 06 —_——
Sh,Ses/TiO2(S-100nm)/TiO,-meso/Pt 537 29

The TPC decays for the platinized Sh,Ses-based photocathodes are shown in Figure 81. When Pt was
used as HER catalyst, the back-hole transfer was only observed on the planar photocathode
(Sh2Ses/TiO,(S-100nm)/Pt, Figure 81a) at 0.4 V vs RHE, which was also shifted by 532 nm CW bias
towards smaller times scales from 3.5 to 1 ms indicating accelerated recombination due to higher

photocarriers concentration (Figure 81a’).
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Figure 81 TPC decays on platinized photocathodes: (a, a’) ShySes/TiO2(S-100nm)/Pt and (b, b’) Sb2Ses/TiO,(S-
100nm)/TiO2-meso/Pt held at 0.4 (black line) and 0.06 (red line) V vs RHE following laser pulse (532 nm, 6 ns),
and with a 532 nm CW bias light indicated as a’ and b’, in 0.1 M H2SO4 under Na.

The total charge of the platinized photocathodes is shown in Figure 82. For a planar device
(Sh2Ses/TiO,(S-100nm)/Pt, Figure 82a, a’), recombination was minimised only at more negative
applied potential 0.06 V vs RHE. After the addition of the TiO,-meso, the total passed charge increased
and kept constant even at 0.4V vs RHE, suggesting efficient photoelectron extraction and low
recombination levels (Sb.Ses/TiO,(S-100nm)/TiO»-meso/Pt, Figure 82b). This indicates that the most
positive onset potential (ca. 0.5 V vs RHE) recorded for this architecture was the result of decreased
recombination at 0.4V vs RHE, presumably due to the TiO2-meso acting as a “electron reservoir”. The
Sh,Ses/TiO2(S-100nm)/TiO,-meso underwent a N2 annealing at 350 °C which could induce Ti®* states
which are known as deep trap states** improving the electron storage at the TiO,-meso.
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—— Sb,Se4/CdSITiO,(S-100nm )Pt (532 nm 0.40 V)
—— Sb,Sey/CdSITiO,(S-100nm )Pt (532 nm 0.06 V)
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1x10% -
0 T T T T T
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0
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Figure 82 Charge passed on platinized photocathodes: (a, a’) Sb2SeslTiOx(S-100nm)/Pt and (b, b’)
ShySes/TiO2(S-100nm)/TiO2-meso/Pt held at 0.4 (black line) and 0.06 (red line) V vs RHE following laser pulse
532 nm, 6 ns, and with a bias light 532 nm CW applied (a“and b’), in 0.1 M H2SO4 under Na.

Interestingly, under 532 nm CW illumination the TiO,-meso/Pt “buffer interface” seemed not to be

enough for keep up with the photoelectron generation to avoid the slow recombination at ca. 3 ms

(Sh2Ses/TiO,(S-100nm)/TiO2-meso/Pt, Figure 82b”). This slow recombination process is described by

the yellow arrows Figure 83 representing the electrons reinjected back into the photocathode,

where the green path indicates the favourable photocharge transfer for making H..
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Figure 83 Scheme of the millisecond hole recombination on Sb,Ses/TiO2(S-100nm)/TiO2-meso/Pt identified by
TPC decays, where the green arrows representing the favourable photocharge transfer for H, production, and
the yellow arrows are indicative of the slow recombination process.

Au was incorporated to Sh,Ses/TiO»(S-100nm)/TiO2-meso/Pt as a hole transport layer (HTL), which
should prevent recombination at the Au/Sh,Ses via hole injection to the FTO. To further investigate this
interface, a most exhaustive EDX analysis was carried out and the elemental analysis of the cross-
sectional EDX is presented in Figure 84. Round Au agglomerates were identified in some regions
(shown in purple) demonstrating partial failure of the HTL leading to the millisecond recombination
process by the back-hole injection into the device. Note that the cross-sectional EDX analysis was
carried out only after the TiO2-meso layer was incorporated onto the complete device, therefore it was
not possible to identify if the morphology of the Au layer changed during the N, annealing at 350 °C

or from the CSS Sh,Se; deposition at the same temperature.

Even with the partial failure of the Au layer, the TPC study demonstrated that the TiO2-meso/Pt interface
improved the onset potential of the Sh,Ses-based photocathodes by acting as a “buffer layer” that
prevented recombination at the millisecond scale. This slow back hole-electron recombination was the
cause of the large overpotential required to drive the HER on the planar structure (Sh,Ses/TiO»(S-

100nm)/Pt).
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Figure 84. (a) Cross-sectional SEM image of Sh,Se3/CdS/TiO2(S-100nm)/TiO2-meso and EDX maps of Ti, O, Sn,
Se, Sb, Si, Au, Cd, S.
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Finally, the TPC analysis was also carried out on Sh,Ses/TiO2(S-100nm)/TiO2-meso/NiP in 0.1 M
H»SO4 pH 3 (Figure 85). Notably, the NiP catalyst can efficiently extract the photoelectrons since no
current flowing in the opposite direction related to the millisecond recombination process caused by the
back-hole transfer was recorded when the potential was held at 0.4 V vs RHE. Even under 532 nm CW
bias illumination, this recombination process was not observed. This result is in good agreement with
the low light intensity test shown in section 3.4.1 confirming that the NiP can only cope with low

photoelectron flux.

— Sb,Se,/CdS/TiO,-meso/NiP (0.40 V) —— Sb,Se,/CdS/TIO,-meso/NiP (532 nm-0.40 V)
. ~ Sb,Se,/CdS/TIO,-meso/NIP (0.06 V)| o | Sb,Se,/CdS/TiO,-meso/NiP (532 nm-0.06 V)
-2x10™ ’

— —~-1.0x107
< <
) . O
& -1x10° &

0

1E-4 . . 1E-4 0.(;01 0.|01 0.1

Figure 85 TPC decays on Sh,Ses/TiO(S-100nm)/TiO2-meso/NiP held at 0.4 (black line) and 0.06 (red line) V vs
RHE following laser pulse (532 nm, 6 ns), and (a’) with a 532 nm CW bias light, in 0.1 M Na2SO4 pH 3 under Ar.

Appendix
Bi- and tri- exponential functions used to fit the TPC decays shown in Figure 79, Figure 81 and Figure

85.

—x —-X
y =4 *exp(—) + A, *exp(—) + Yo
t ty

—X
) + A3z * exp (t—>y0

y =4 *exp(—) + A4, *exp(—
ty ty 3
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Table 12 Fitted parameters using bi- and tri- exponential function of TPC decays shown in Figure 79, Figure 81, Figure 85.

Sample | 532nm 0.4V vs RHE 0.06 V vs RHE
No.
1. 2.428E-4 + | 4.881E-6 + | 1.247E-5 + | 0.001 + 3.251E-4 + | 6.563E-6 + | 2.348E-5 + | 0.001 +
1.113E-5 8.579E-8 3.070E-8 6.840E-6 6.144E-6 5.521E-8 3.479E-8 3.857E-6
TiO,-
meso/NiP X 1528E-4 + | 5.381E-6 + | 6.860E-6 + | 6.834E-4 =+ 1.2727E-4 + | 9.080E-6 + | 1.488E-5 + | 0.001 +
4.783E-6 7.168E-8 2.486E-8 4.628E-6 1.394E-6 5.957E-8 2.091E-8 4.414E-6
2. 7.030E-6 + | 6.820E-6 + | 7.829E-7 + | 9.121E-4 =+ | - 1506E-5 + | 7.305E-6 + | 2.353E-6 + | 0.001 =
3.248E-7 1.598E-7 3.084E-9 8.154E-6 3.775E-7 9.041E-8 3.144E-9 3.402E-6
TiO,-
meso/Pt X 8.094E-5 + | 6.796E-6 + | 9.280E-6 + | 7.497E-4 + | ---- 1.480E-4 + | 7.860E-6 + | 2.387E-5 + | 0001 =+
4.403E-6 1.589E-7 2.638E-8 4.129E-6 3.260E-6 9.014E-8 3.316E-8 3.494E-6
3 4623E-5 + | 9.835E-6 + | 8.742E-6+- | 8.529E-4 + | 8.200E-6 + | 8.5293E-4 + | 2.449E-4 + | 6.456E-6 + | 3.792E-5 + | 0.001 +
3.402E-6 4597E-7 - 0.201 - 0.215 1.101E-5 1.334E-7 6.222E-8 6.052E-6
TiO,-meso
X -1.373E-4 + | 0.001 + | 6.174E-5 + | 5.917E-6 + | 1.435E-4 + | 0.001 + | 2229E-4 + | 7.014E-6 + | 2.612E-5 + | 0001 +
0.011 0.002 3.758E-6 1.565E-7 0.011 0.001 3.802E-6 5.850E-8 2.714E-8 3.858E-6
4 9.683E-5 + | 6.919E-6 + | 1.005E-5 + | 9.335E-4 + | 7.477E-6 + | 8.297E-5 + | 1.238E-4 + | 8.787E-6 + | 3.141E-5 + | 0.001 +
4.221E-6 1.741E-7 8.848E-8 1.484E-5 1.854E-7 3.401E-6 1.038E-6 4.502E-8 5.462E-8 5.181E-6
TiO,/Pt
X 5.403E-5 + | 7.578E-6 + | 7.048E-6 + | 1.288E-4 + | 1.029E-6 + | 5.864E-4 + | 1.119E-4 + | 8.069E-6 + | 2.258E-5 + | 0.001 =
3.498E-6 2.672E-7 2.727E-7 7.406E-6 3.049E-7 1.952E-4 1.319E-6 5.458E-8 3.054E-8 4.291E-6
5 2.718E-5 + | 9.054E-4 + | 4669E-4 + | 5.452E-6 + | -1.691E-6 + | 0.008 + | 4208E-4 + | 6.097E-6 + | 3.972E-5 + | 0.001 +
3.830E-8 2.568E-6 1.002E-5 4.686E-8 3.039E-8 2.474E-4 7.008E-6 4.484E-8 3.760E-8 2.359E-6
Tio,
X -6.863E-6 + | 0.001 + | 1.277E-4 + | 5.984E-6 + | 1.085E-5 + | 3.433E-4 + | 1.121E-5 + | 4517E-4 + | 9.957E-6 + | 4517E-4 | 1.763E-4 + | 6.776E-6 +
4.462E-7 3.705E-5 4.330E-6 9.135E-8 4.242E-7 1.003E-5 0.32928 0.108 0.3298 +0.122 7.547E-6 1.245E-7

1. Sh,Ses/CdS/TiO2(S-100nm)/TiO-meso/NiP, 2 Sh,Ses/CdS/TiO2(S-100nm)/TiO,-meso/Pt, 3. Sb,Ses/CdS/TiO2(S-100nm)/TiO,-meso,
4. Sh,Ses/CdS/ TiO2(S-100nm)/Pt, 5 Sb»Sea/CdS/TiO2(S-100nm)
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3.6 Conclusions

Emergent chalcogenides semiconductors such as Sbh,Ses are promising photocathodes for their ability
to achieve a high rate of photoelectron generation but they suffer from thermal instability. Furthermore,
Sh,Se; interfaces need to be protected by metal oxide capping layers where corrosion could occur due
to photoelectron accumulation. However, research has mainly focused on the use of precious metal

HER catalysts to prevent electron accumulation.

In this chapter, an alternative approach using a Sh,Ses/CdS/TiO2(S100-nm)/TiO-meso photocathode
to prevent photoelectron accumulation was studied. The high surface area TiO. scaffold was achieved
by 68 h UV curing followed by N annealing and demonstrated not to hinder Sh,Ses/CdS PEC activity.
The high surface area photocathode enabled the loading increase of the earth abundant molecular
catalyst NiP from 7.08 + 0.43 nmol cm=2to 45.76 + 0.81 nmol cm=2. Consequently, an 81-fold increment
in the photocurrent was accomplished when compared to a similar device without the mesoporous TiO-
(from —16 pA cm~2up to —1.3 mA cm~2 at 0 V vs RHE). However, stability and activity under 100 mw

cm2 was still limited by the NiP turnover frequencies.

The hybrid photocathode Sh,Ses/CdS/TiO,(S100-nm)/TiO2-meso/NiP deactivated, presumably by the
loss of the Ni centre since the XPS analysis post controlled potential photoelectrolysis (post-CPP)
indicated that P, N, O related to the phosphonic ligand were retained although significantly shifted.
Then, NiP deactivation triggered photoelectron accumulation causing the partial failure of the
sputtered-TiO- layer. Although post-CPP characterization did not show changes in the morphology on
the TiO, or Raman peaks associated to the Sh,O; formed when the electrolyte reached the Sh,Ses. The
failure of the sputtered TiO, was corroborated by the fact that the PEC activity of
Sh,Ses/CdS/TiO2(S100-nm)/TiO2-meso structure was almost lost after using NiP catalyst in a CPP for
1 h, when the molecular catalyst was swapped by Pt for the same device architecture, compared with a
pristine Sh,Ses/CdS/TiO2(S100-nm)/TiO,-meso/Pt photoelectrode exhibited a stable photocurrent of

—2.5 mA cm? for 5 h with and Egnset of 0.5 V vs RHE.

141



Chapter 3. Hybrid photocathode for Hz production

The charge transfer in these devices was studied by transient photocurrent analysis and found that after
light excitation, long lived photoelectrons are generated in Sh,Ses; which recombine in the millisecond
scale within the planar devices (Sh,Ses/CdS/TiO2(S100-nm)). The TiOz-meso/Pt structures minimise
the slow recombination process acting as an electron sink that enables a positive Eonset giving sufficient
time for HER at Pt to occur. This slow recombination process dominated at low applied overpotentials
where charge recombination is faster than H, catalysis (0.4 V vs RHE). Notably NiP was able to avoid

recombination at low applied overpotentials however it can only cope with a limited photoelectron flux.

Further improvements in hybrid photocathode architectures for H, evolution require a molecular
catalyst with higher turnover frequencies otherwise photoelectron accumulation may deactivate the
device as observed for the Sh,Ses-based photocathodes. However, in order to develop the complete
photoelectrochemical cell as the approach shown in Figure 1a an efficient photoanode, in terms of light
absorption and high catalytic activity for oxygen evolution reaction is required to keep up with the

photocurrent generated at the photocathode.
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Chapter 4

Integrating a photocathode for CO; Reduction

Scope of the chapter

In this chapter, a Sh.Se; based device for light absorption was coupled with Ni-based molecular
catalysts for building a precious metal-free hybrid photocathode. Two different approaches were
studied, first the homogeneous inclusion of Ni cyclam in solution (Ni(cyc)?*), and second the covalent
binding of a Ni cyclam modified with a phosphonic acid as anchoring group, Ni(cycP). Both approaches
had poor photoelectrochemical activity towards CO production, and low photocurrent: ca. 5 uA cm2 at
-0.41 V vs RHE for Ni(cyc)?* in solution, and ca. 20 A cm™ at -0.39 V vs RHE for Sh,Ses/TiO(S-20
nm)/Ni(cycP). Large spikes were evident in the LSV indicating that photoelectrons were not extracted
efficiently by the catalyst. To increase Ni(cycP) loading, and therefore the photoelectron extraction, a
TiO2 mesoporous layer was incorporated. The TiO2-meso/Ni(cycP) interface was first studied without
the Sh,Ses light absorber. Since the Ni(cycP) has a strong coordination between the anchoring group
and the Ni centre, different attempts to decrease their intramolecular interaction were carried out by
changing the solvent, the immobilization length, and by adding Ag on the TiO,-meso to provide a
different surface for the molecular catalyst binding. By ICP, it was found that Ni(cycP) content
remained ~14 nmol cm for most of the attempts, which was with significantly lower loading compared

with other phosphonated molecular catalyst anchored on TiO.-meso scaffolds (40-80 nmol cm)12,
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Elemental analysis post electrolysis revealed P and Ni on the electrode surface, however the low CO
selectivity (CO:H, 4.2:95.8) suggested the Ni(cycP) was not a suitable catalyst for a hybrid CO;

photocathode.

Co based molecular catalysts were also explored, however the complete hybrid photocathode was not
assembled due to the low stability of the carboxylic acid anchoring group in CoPP and the low catalytic

activity of CoPc when immobilised on CNT by n-n stacking, recently reported.®

The Sh,Ses based photocathodes studied in this chapter were made in collaboration with Dr Jon Major’s
group (Dr Thomas Shalvey and Dr Oliver Hutter) and the Ni(cycP) molecular catalyst was kindly
provided by Dr Gaia Neri from the Stephenson Institute for Renewable Energy at University of

Liverpool.
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4.1 Ni cyclam molecular catalyst

Ni cyclams have demonstrated high catalytic activity for CO production in aqueous electrolytes. In this
section, Ni(cyc)?*, cyc = 1,4,8,11-tetraazacyclotetradecane and the modified catalyst with phosphonic
pendant arm, Ni(cycP), cycP = [(1,4,8,11-tetraazacyclotetradecan-1-yl)methyl] phosphonic acid were
used alongside Sh,Ses as light absorber to build hybrid CO2R photocathodes. Their molecular structure

is shown in Figure 86.

Figure 86 Molecular structure of Ni(cyc)?* and Ni(cycP) catalysts.

Ni cyclam is an active catalyst for CO,RR in aqueous electrolyte and presents high selectivity towards
CO especially at mild acidic conditions.>® The highest catalytic activity was observed on a Hanging
Mercury Drop Electrode (HMDE) since the key intermediate [(L)Ni(CO)]* was destabilised by
lowering the Ni'-CO interaction at the strongly adsorbed catalyst on Hg.*” Otherwise, the CO binding
on Ni'is too strong that promotes the catalyst deactivation.® The proposed Ni(cyc)?* reaction mechanism

is shown in Figure 87.

It has been reported that Ni(cyc)?* can also reduce CO- using other conductive substrates like Glassy
Carbon (GC), acting as homogeneous catalyst.*® Therefore, the first hybrid photocathode was based on

Ni(cyc)?* in solution and Sh,Ses/Ti0O,-S(20 nm) as light absorber.

Regarding to the electrolyte, acetonitrile (MeCN) was chosen as solvent considering the solubility of
COy is higher in MeCN (280 mM) than in water (33 mM)°. CO;R at Ni(cyc)?* is a proton dependant
electron transfer reaction,® therefore H.O was used here as the proton source required to drive catalysts.
The water concentration (5% H»O, 6 M) was chosen based on two criteria: (i) to ensure the TiO, CBM

was negative enough to drive CO;R (at -1.14 V vs NHE in 0.1 M TBAPFs, 5% H,0, MeCN).* And (ii)
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considering the water content for the optimal Ni(cyc)? catalytic activity in MeCN (3-8 M H;0).12
Figure 88 shows the CV of 1 mM Ni(cyc)?*, 5% H,0, 0.1 M TBAPFs in MeCN under N2 and CO; using
GC as WE. Under N, the Ni'"" redox couple is evident at -1.27 V vs NHE, which vanished in a CO-

sataurated electrolyte as well as the increase in current in line with previous reports.®

CcO
[(LNi] 2* e

. 2+ CcoO
L)Ni(CO L , 5
(ONHEOM w1 ™ [LNiTags == [LINi(CO)]
0 gN
H+ [(L)Nl] L = cyclam
(o) +
l(L)Ni—C l(L)N'_
OH ‘\T O
e,H"
Figure 87 Ni(cyc)?* reaction mechanism, reproduced from*”
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Figure 88 CV of 1 mM Ni(cyc)?* in 0.1 M TBAPFs, 5% H,0, MeCN at 100 mV s under N, and CO..
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4.1.1 Sh,Ses photoelectrodes with benchmark metal catalysts

It is important to point out that the Sh,Ses-based photocathodes studied in this section did not include
the CdS buffer layer, which exhibited the best PEC performance in Chapter 2 since these experiments
were carried out before the photocathode optimisation. However, the Sb,Ses/TiO2-S(20nm)/Pt
architecture used here exhibited —6 mA cm? at 0 VV vs RHE in 0.1 M H;SO4, and control devices with
Au and Pt were made to benchmark the photoelectron generation available for CO2R or Hy, respectively
in 0.1 M TBAPFg, 5% H.0, MeCN under N, and CO,. Pt was electrodeposited at —30 uA cm2 for 15
min in 0.1 M Na,SO. and ~1.5 nm Au was thermally evaporated on Sbh,Ses/TiO.-S(20 nm), all the
experimental details are provided in section 6.2.5. Figure 89 shows the LSV at 10 mV s of (a)
Sh,Ses/TiO2(S-20 nm)/Pt and (b) Sh,Ses/TiO2(S-20 nm)/Au in 0.1 M TBAPFg, 5% H,O, MeCN under
N and CO,. When Pt is used as electron extractor (Figure 89a), a photocurrent of 50 uA cm is observed
at —1.0 V vs RHE, and the dark current significantly increases after this potential. In contrast, when Au
is used as catalyst in a COj-saturated electrolyte, an increase in photocurrent is observed at more
positive potentials compared with the photocurrent measured under N at ~—0.4 V vs NHE. However,
large spikes are evident for both metal catalysts indicating inefficient charge extraction.®® Note that the
Au loading was not optimised, and significant difference in photocurrent and CO:H, selectivity were
reported from 2 up to 20 nm Au thicknesses when used as a catalyst on p-Si/TiO- in aqueous electrolyte

0.1 M HKCO3.*

0.03 4 a) 0.10 4

0.00 4 0.05

0.00

-0.03 4

-0.05
-0.06 4 W

j (A cm™?)
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Figure 89 Chopped Light LSV at 10 mV s of (a) Sh,Ses/TiO2(S-20 nm)/Pt and (b) Sh,Ses/TiO2(S-20 nm)/Au in
0.1 M TBAPFs, 5% H,0, MeCN under N, and CO..
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Although an increase in Au loading could improve the photoelectron extraction, Figure 89 provides a
noble metal catalyst benchmark performance for the Sbh,Ses/TiO.(S-20nm) architecture in a non-

aqueous electrolyte with 5% water.

4.1.2 Ni(cyc)* homogeneous approach for CO2R hybrid photocathodes

Once the Ni(cyc)?* catalytic activity was assessed (Figure 88), and the PEC activity of Sh,Ses
photocathodes was evaluated using Au and Pt as benchmark catalysts (Figure 89). The first CO;R
hybrid photocathode was assembled using Sh,Ses/TiO2(S-20 nm), where the TiO, capping layer was
made by sputtering, and previously annealed (200 °C) to improve the TiO; crystallinity, all the
experimental details are provided in section 6.1.2.2. Figure 90a shows the chopped light LSV at 10 mV
stin 1 mM Ni(cyc)?*, 0.1 M TBAPFs, 5% H,0, MeCN, and only a small increase in photocurrent under
CO,-saturated electrolyte was observed when compared with N». Additionally, large spikes in the LSV
demonstrate catalysis was not fast enough to keep up with the photoelectrons generated.®* The LSV
were recorded consecutively, first under N, and followed by CO»-saturated electrolyte, the increase in
dark current under CO, was likely associated to the degradation of the semiconductor at potentials more
negative than —0.8 VV vs NHE. The CA test (shown in Figure 90b) was carried out for 2 h with a pristine
sample at —0.41 V vs RHE which corresponds to the highest photocurrent under CO; in Figure 90a, the

photocurrent was ca. —5 uA cm for 2 h with selectivity CO:H, of 59.4:40.6.

Due to the large spikes in the chopped light LSV and low photocurrent density in the CA test compared
with the state-of-the-art hybrid devices for CO2R presented in Chapter 1, the covalent immobilization
of the molecular catalyst on TiO, was then explored, since it could potentially improve the charge

transfer at this interface.®
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Figure 90 (a) Chopped Light LSV of Sh,Ses/TiO2(S-20 nm) at 10 mV s under N and CO;, and (b) CPP test at -
0.41 V vS RHE for 2 hin 1 mM Ni(cyc)?*, 0.1 M TBAPFe, 5% H,0, MeCN saturated with CO,, 60 mW cm?, 340<
A <900 nm.

4.1.3 Ni(cycP) covalently linked on TiO; for CO;R

4.1.3.1 Previous studies using Ni(cyc)** derivatives

Ni(cyc)?* has been successfully modified with anchoring groups like carboxylic (Ni(cycC))* and
phosphonic acid groups (Ni(cycP))*’ for the covalent linking on metal oxides.® When -COOH anchoring
group was incorporated to the Ni(cyc)?, the catalytic activity of the parent compound was retained in
solution, and high CO selectivity was achieved even at low pH’s.’® However, previous studies
developed in the group demonstrated that the strength of the covalent linking through the carboxylic
acid of Ni(cycC) on TiO2 was not enough to be used in an COzR hybrid photocathode, since the

molecular catalyst washed off during the consecutive scans in the CV analysis.®

Phosphonic acid groups exhibit higher stability compared to carboxylic anchors. However, there is a
stability trade-off for electron injection rate at the metal oxide/molecular catalyst interface, being slower
at phosphonic acid anchors.?® However, by TAS analysis was demonstrated that the immobilization of
the Ni(cycP) on TiO.-meso films through phosphonic anchor groups improved the electron transfer
rate. Following the typical absorption of electron accumulation on the TiO, CB at 900 nm, a time decay

of 11=10.00 + 0.24 s was recorded when the Ni(cyc)?* was in solution. In contrast, a faster decay was
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observed after Ni(cycP) immobilization: 11=2.07 x 10* + 2.1 x 10°sand 1. =5.6 x 10° + 4 x 10* s in
MeCN, using 0.1 TEOA (triethanolamine) as hole scavenger.® Additionally, effective CO catalysis was
demonstrated when Ni(cycP) was used alongside a Ru dye for light harvesting (RuP = Ru"(2,2’-
bipyridine).(2,2’-bipyridine-4,4’-diylbis(phosphonic acid)), when both were immobilised on ZrO;
nanoparticles. A CO production of 322 pmol h™ g™ rue+ nieyery) Was measured after 7 h of constant light
irradiation at 40 mW cm?, and 375 < A < 795 nm.*" In the next section, the RuP dye was replaced by

the Sh.Se; based photocathode for light collection and Ni(cycP) as CO;R catalyst.

4.1.3.2 Ni(cycP) on planar TiO;

The interface TiO2(S-100 nm)/Ni(cycP) was first investigated without the light absorber underneath.
Note that for the control experiment the TiO, thickness was increased from 20 to 100 nm, considering
that pinhole-free ALD TiO; films require over 40 nm thickness.? The immobilization was carried out
by soaking a TiO2(S-100 nm) films in 10 mM Ni(cycP) ethanolic solution for 48 h, all the experimental
details are provided in the section 6.2.2. The TiO2(S-100 nm) SEM image without Sh,Ses underneath
is shown in Figure 91 panel (a), and panel (b) presents the CV of TiO2(S-100 nm)/Ni(cycP) at 100 mV
s1in 0.1 M TBAPFs, 5% H0, in MeCN under N2 and CO,, and a control film with no catalyst (TiO2(S-
100 nm), indicated as dotted lines). An increase in the current under a CO»-saturated electrolyte was
observed, interestingly the same trend was noticed for the film with no catalyst, although with a smaller
increase in the current. This behaviour has been previously associated with the catalytic activity of the
Ti%* states towards COzR for methanol production at potentials more negative than -1.58 V vs Fc*/Fc (-
0.95 V vs NHE).?* Note that no redox features associated to the Ni'"" couple were identified on TiO,(S-
100 nm)/Ni(cycP) at -1.53 V vs Fc*/Fc (-0.9 V vs NHE), contrary to Ni(cycP) covalently anchored to

the ZrO,.1"
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Figure 91. (a) SEM image of TiO2(S-100 nm) without Sh,Ses underneath, and (b) CV of TiO2(S-100 nm)/Ni(cycP)

at 100 mV st in 0.1 M TBAPFg, 5% H,0, in MeCN under N, and CO;, and the control film with no catalyst
TiO2(S-100 nm), indicated as dotted lines.

Longer soaking times were also carried out up to 7 days, as well as prior TiO2(S-100 nm) cleaning by
UV light before the Ni(cycP) immobilization, however no redox features associated with the Ni'!

couple were observed.

The immobilization of Ni(cycP) on Sh,Ses/TiO,(S-20 nm) was carried out following the same
experimental protocol described above (section 6.2.2). Figure 92a shows the chopped light LSV of
Sh,Ses/TiO2(S-20 nm)/Ni(cycP) at 10 mV st in 0.1 M TBAPFg, 5% H0, in MeCN, under Nz and CO..
Only a small increase in photocurrent was observed in a CO,-saturated electrolyte at -1.0 V vs Fc*/Fc.
The CPP was carried out at -1 V vs Fc*/Fc (Figure 92b) since an increase in photocurrent was observed
at this potential without the significant dark current increment. The photocurrent was ca. 20 uA cm?
during the first hour and increased over the time, which could be associated with photocorrosion of
Sh,Se; due to the failure of the TiO, protection layer. After 2 h of continuous CPP test, the selectivity
was 2:1 for H, and CO respectively. However, as a tracer was not used the total Faradic Efficiency was
only ca. 9% which was associated with a non-gas tight electrochemical cell (a flat glass cell was used

instead of the customised gas tight H cell, the experimental details are fully described section 6.3.7).
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The fact that CO was measured indeed demonstrated some catalytic activity of Ni(cycP) after the

covalent immobilization although not accurately.
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Figure 92 (a) Chopped Light LSV of Sh2Ses/TiO2(S-20 nm)/Ni(cycP) at 10 mV s under Nz and CO,, and (b) CPP
test at -1.02 V vs Fc*/Fc for 2 h in 0.1 M TBAPFg, 5% H,0, CO,-saturated MeCN, using 60 mW cm, 340<
A <900 nm

To determine the Ni(cycP) loading on Sbh,Ses/TiO2(S-20 nm), the UV vis spectrum of 10 mM Ni(cycP)
ethanolic solution was recorded before and after the catalyst immobilization. However, no significant
difference was measured due to the low Ni(cycP) extinction coefficient (indicated in Table 13).° As an
alternative quantification method, the Ni(cycP) was stripped off by soaking the film in 1 M NaOH for
72 h. By ICP was found that the catalyst loading was 6.84 x10 -2 nmol cm2. Note that even the Ni signal
was identified by ICP, this value was very close to the detection limit of the instrument. Although
Ni(cycP) loading in the planar device needs to be taken with caution, it suggested that the low

photocurrent was likely associated to the low catalyst content.

4.1.3.3 Ni(cycP) on TiO2-mesoporous films

One of the possible reasons of the low Ni(cycP) content on TiO- is the chemical structure of the catalyst

itself (Figure 86b). By ATR-FTIR analysis was previously found that the phosphonic anchor arm has a
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strong intramolecular coordination with the Ni centre since the bands at 982 and 970 cm* associated to
the vas(P-O-Ni) and vs(P-O-Ni) were identified for Ni(cycP) crystals and when the molecular catalyst
was dissolved in water.® This strong binding to the Ni centre may make the phosphonic group less
available to bind to the TiO, support, resulting in lower overall catalyst loading. In ethanol, Ni(cycP)
forms a purple solution, and the UV vis spectra shown in Figure 93 provides information about how the
phosphonic group interacts with metal centre through the Ni d-d transitions. Two maxima are observed
at 343 and 544 nm, which are indicative of the octahedral configuration. (Table 13 shows the possible
Ni(cyclam) molecular geometries). The UV-Vis spectrum of the parent Ni(cyclam) in agueous solution
presented in Figure 9308 shows a maximum at 453 nm typical of the square planar configuration (71%),
and at 453 nm for the octahedral configuration (29%).22 Here, it is important to note that in the square
planar configuration of Ni(cyclam), the Ni centre does not exhibit a steric hindrance for either being
adsorbed to the HMDE (commonly studied as working electrode, WE),*?%24 or binding to CO, trough
the proton amines.®?® Furthermore, this configuration promotes the CO detachment from the

[Ni(CO)(cyc)]" intermediates.*?

— [Ni(cyclam))**
a) b) i
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0.20
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Figure 93 UV vis spectra of 10 mM Ni(cycP) in (a) ethanol and (b) water. Panel (b) was reproduced from®
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Table 13 Possible Ni(cyclam) molecular geometries.®

Molecular Solvent AVAVIIS
structure coordination absorption peaks
Octahedron  n—|—n+ 344 nm (344 om = 24 ML cmL)P
Ni / Strong
HN NH

533 nm (es33nm = 12 M cm™?)®

HN NH
/ N/ Weak 453 nm®
planar HN NH

In previos ATR-FTIR studies developed in the group, it was found that after lowering the pH of an
Ni(cycP) aqueous solution, the peak at 1075 cm™ associated to the vas(POs) disappeared, meanwhile a
new peak at 1162 cm™ indicated the protonation of the phosphonic groups (P-O-H). However, the peaks
related to vas(P-O-Ni) and vs(P-O-Ni) did not disappear completely, instead they were shifted and
assigned to oxygen protonation in P-O-Ni indicating that the phosphonic anchoring group in Ni(cycP)

remained intermolecularly coordinated to the Ni center.

Before the catalyst immobilization on TiO2-meso, different solvents and soaking times were explored
in an attempt to change the molecular geometry of Ni(cycP) from octahedral to square planar (by
lowering the interaction strength between the anchoring group and the Ni centre), in this way the
pendant phosphonic acid group would be readily available to be anchored to the TiO,. The change in
Ni(cycP) molecular structure was followed by UV-vis spectroscopy. Figure 94a shows the picture (after
21 days) of 10 mM of Ni(cycP) in different solvents (H.O, MeOH, EtOH), and Figure 94b-d present
their UV-vis spectra at different aging times. When Ni(cycP) was dissolved in water, the colour of the
solution did not change, contrary a clear change in colour was noticed after 21 days in MeOH. This
behaviour was also observed only after 90 days when ethanol was used as a solvent. Even though a
clear change in colour was observed for longer soaking times in MeOH and EtOH, the peak at 533 nm
did not disappear completely, whereas the peak at 344 nm was shifted towards longer wavelengths (374

nm) without reaching 453 nm associated to the square planar configuration. Only after 90 days in EtOH,
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a small peak was observed at 433 nm. This either suggested that the protonation process of the
phosphonic acid group was a slow process and/or the Ni(cycP) remained in equilibrium between the
octahedral and square planar geometries. Figure 94 suggested that the Ni(cycP) molecular geometry
did not change significantly from octahedral to square planar by using different solvents or aging times,

since no absorption peak was observed at 453 nm, indicative of the square planar configuration.
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Figure 94 (a) Picture of 10 mM of Ni(cycP) after 21 days in different solvents: (a) H2O, (b) MeOH and (c) EtOH
and UV-vis spectra at different aging times.

The fact that the Ni(cycP) was successfully immobilised on ZrO,, previously demonstrated by (i) ATR-
FTIR where the peak associated to the Ni-O-P at 963 cm™ disappeared, and at 1152 cm™ a new peak
related to the P-O-H appeared after the catalyst immobilization,® and (ii) the CV exhibited the redox
features of the Ni'"' couple at -0.8 V vs NHE in MeCN:H,0 9:1, 0.1 M TBAPF; under N, and CO,,*

proved that the phosphonic acid group can be covalently anchored to a metal surface. However, it also
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suggested that Ni(cycP) immobilization on metal oxides is strongly dependent on the nature of the metal

oxides and properties such as the acid/basic character could promote/inhibit the catalyst immaobilization.

The next approach was adding Ag onto TiO2-meso to provide different anchoring centres for the
Ni(cycP). It was previolsy demonstrated that the phosphonated Ru-Ru absorber-catalyst structure
immobilised on TaON? and C3N,*’ significantly improved the photocatalytic activity after the addition
of Ag nanoparticles. The catalytic role of Ag was ruled out as ho CO- reduction was seen in the absence
of the Ru-Re supramolecular structure. Instead TAS analysis indicated that the Ag nanoparticles were
able to collect shallow trapped photoelectrons generated by the CsNa, pooling electrons at the carbon
nitride/Ru-Re interface and facilitating charge transfer.?’ It is therefore feasible that addition of metal

nanoparticles to the semiconductor-catalyst interface of hybrid photoelectrodes may also be beneficial.

Figure 95a shows a scheme of the Ag decorated TiO2-meso structure for Ni(cycP) anchoring. Ag was
electrodeposited on TiO.-meso by applying a constant current of -30 uA cm for 10 min (Charge: 0.018
C) in 1 mM AgNQOs, 0.1 M KNOs, under Na. All the experimental details are included in section 6.2.6.
After the Ag deposition no change in film colour, nor agglomerates were observed in the SEM image

(Figure 95b), only the typical TiO.-meso morphology.

After Ag electrodeposition, the molecular catalyst was immobilised by soaking the film in a fresh-made
0.1 mM Ni(cycP) ethanolic solution for 48 h. Figure 96 shows the CV of (a) the bare TiOz-meso, (b)
TiO2-meso/Ag, and (c) TiO2.-meso/Ag/Ni(cycP) at 100 mV s? in 0.1 M TBAPFg, 5% H,0, in MeCN
under N, (black trace) and CO; (red trace). The current increased significantly under CO.-saturated
electrolyte even without catalyst addition (or Ag) consistent with Figure 91b. The comparison of the
current density at -1 V vs NHE, which could be related to the Ni(cycP) catalytic effect, is presented in
Table 14, being the highest on TiO>-meso/Ag/Ni(cycP) electrode. Furthermore, no clear redox features

associated to the Ni"" couple were observed at -0.9 V vs NHE.®
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Figure 95 (a) Scheme of Ag decorated TiO,-meso structure (not drawn at scale). (b) SEM image of TiO2-meso
after Ag electrodeposition.
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Figure 96 CV of (a) the bare TiO2-meso, (b) TiO2-meso/Ag, and (c) TiO-meso/Ag/Ni(cycP) at 100 mV s in 0.1
M TBAPFg, 5% H,0, in MeCN under N (black trace) and CO, (red trace).
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Since only a small increase in current was observed in the CV and to further assess the TiO,-
meso/Ag/Ni(cycP) catalytic activity, a CA test was carried out at ca. -1.0 V vs RHE for 30 min, the
charge and faradic efficiency are presented in Table 14. TiO2-meso/Ag/Ni(cycP) exhibited the highest
production of CO compared with the samples without Ni(cycP), however the selectivity CO:H, was
4:96, indicating that almost all the charge was used to produce H.. Note that for these set of experiments,
the Faradaic Efficiencies were far off 100%, which was attributed to a gas leaking electrochemical flat

cell, and the lack of methane tracer.

Table 14 Electrochemical tests summary of CV analysis at 100 mV s under N, and CO- (Figure 96) and CA (ca.
—1.0 V vs RHE for 30 min) on the bare TiO2-meso, (b) TiO.-meso/Ag, and (c) TiO2-meso/Ag/Ni(cycP) in CO;
saturated 0.1 M TBAPFs, 5% H>0, in MeCN.

Electrode

_ N, -0.48 1.32 0.030 5738 039 57.78
TiO2-meso

CO, -0.82 -1.04 0.333 3898 000 3898

_ N, 0.31 -1.06 0.025 2687 025 27.12

TiO2-meso/Ag

CO, 118 -0.98 0373 4671 013 46.84

TiO,- N, 0.37 -1.01 0.038  30.74 000 3074

meso/Ag/Ni(cycP) o, 1.24 -1.01 0114 4170  1.83 4353

To confirm that the Ni(cycP) remained attached on the electrode surface, an EDX mapping (Figure 97)
and elemental analysis were carried out after the CA test. Ni and P indicated the presence of the
Ni(cycP) post electrolysis. The elemental composition of three different samples is presented in Table
15, where Ti was the main constituent and Sn was assigned to the FTO. From the EDX mapping is also

evident that Ag was well-dispersed on the TiO»-meso, since no agglomerates were observed.
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Figure 97 EDX mapping of TiO,-meso/Ag/Ni(cycP) after the CA test at —1.0 V vS RHE for 30 min in a CO»-
saturated 0.1 M TBAPFs, 5% H>0, in MeCN.

Table 15 Elemental analysis of TiO,-meso/Ag/Ni(cycP) after the CA test at ca. —1.0 V vs RHE for 30 min in a
CO»-saturated 0.1 M TBAPFs, 5% H>0, in MeCN.

Element Atomic %

Ti 94.560 + 0.433
Sn 3.070+£0.139
P 1.257 £ 0.012
Ni 0.413 +0.012
Ag 0.367 +0.006
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In an attempt to further increase the molecular catalyst loading on TiO,-meso/Ag, 21-day-old solution
(20 mM Ni(cycP) in H,O, EtOH and MeOH) were used instead of a fresh made solution, since the
Ni(cycP) aging time in different solvents slightly modify the catalyst geometry, which could promote
the covalent binding on TiO.-meso as shown in Figure 94. The immobilization time was kept constant
for 48 h. Figure 98 shows the CV of TiO,-meso/Ag/Ni(cycP) at 100 mV stin 0.1 M TBAPFs, 5% H-0,
in MeCN under N (black trace) and CO; (red trace). The redox features associated to the Ni'"' redox
couple were not identified and no clear increase in current density was observed regardless of the
solvent used for the immobilisation. Table 16 shows the current density at -1.0 V vs RHE and control
TiO2-meso/Ag without catalyst, which in fact exhibit the highest current density. ICP analysis was used
to determine the catalyst loading, and the stripping off was carried out according to the protocol
previously described (1 M NaOH for 48 h). Table 16 also presents the Ni(cycP) content on TiO2-meso
using 21-day-old solution of 10 mM Ni(cycP) in H-O, ethanol and methanol as solvents for catalyst
immobilisation, the highest loading (14 nmol cm2) was achieved with ethanol. The soaking time for
Ni(cycP) immobilization was extended from 48 h up to 7 days, however no significant loading increase
was observed. The Ni(cycP) loading was ca. 14 nmol cm™, regardless the soaking time and solvent

used.

Table 16 Current density at —1.0 V vS RHE from CV’s of Figure 98, and Ni(cycP) loading when a 21-day-old 10
mM Ni(cycP) in H,0O, ethanol and methanol were used for the catalyst immobilisation, and Ni(cycP) content
determined by ICP analysis after stripping in 0.1 M NaOH.

Electrochemical —j(mMAcm?) @-1.0V vs RHE
technique No Ni(cycP) H.0 EtOH
Cyclic N2 -1.40 -1.04 -1.30 -1.29
voltammetry CO; -2.65 -1.84 -2.24 -2.17

Immobilisation time

ICP analysis 48 h 7.37 14 7.22

7 days -- 13.5 14.1
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Figure 98 CV of (a) TiOz-meso/Ag, (b-d) TiO,-meso/Ag/Ni(cycP) at 100 mV s in 0.1 M TBAPFs, 5% H0, in
MeCN under N (black trace) and CO- (red trace), soaked in 10 mM Ni(cycP) in different solvents: (b) H2O, (c)
ethanol, (d) methanol for 48 h for the catalyst immobilization.

Although, the TiO,-meso layer allowed an increase of Ni(cycP) content compared to the TiO; planar
device (Sh2Ses/TiO2(S-20 nm)/Ni(cycP)) from 6.84 x10 2 to 14 nmol cm™, it remained low compared
with phosphonated Ru (85 nmol cm™2)2 or Co (45.0 + 7.4)' molecular catalyst covalently bonded to
TiO, mesoporous scaffolds (see Table 17). And considering that the TONNnicycr) is 4.8 after 7 h for CO
production!’ and 70 for the Re molecular catalyst,? it is anticipated that a higher catalyst loading is
required to keep up with the photoelectron generation at the Sh,Ses. The lower catalytic activity of the
Ni(cycP) compared with the parent Ni(cyc)?* on HMDE was previously attributed to the replacement

of a proton amine by the phosphonic acid group since the proton amines stabilise the CO; binding.®2
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The complete CO2R hybrid photocathode using Ni(cycP) as catalyst on TiO2-meso(/Ag) was not further
studied since several strategies were adopted to improve its covalent immobilization without success,
and given the negative impact of the proton amine substitution by the phosphonic anchor group, a poor
PEC performance was anticipated. Instead, Co based molecular catalyst were studied due to their high

catalytic activity towards CO production.

4.2 Co based molecular catalyst

Ni cyclam derivatives did not show promising catalytic features to be included in CO2R hybrid
photocathodes, instead Co based molecular catalyst were explored since they also exhibited high
catalytic activity towards CO production.® As pointed out in the introduction of this thesis, some
molecular catalysts like Co bis(terpyridine) CotpyP,! Co quarter pyridine Co-gPyH,*”® and Co
phthalocyanine CoPcP® have been covalently anchored on TiO, by phosphonic acid groups. Table 17

contains the most representative Co based hybrid devices for COzR.

In the following section, the covalent binding of Co protoporphyrin IX (CoPP) through carboxylic acid
anchoring groups is first presented, followed by the Co phthalocyanine (CoPc) immobilization on CNT
by m-n stacking, considering that one of the most active PEC devices for CO production was

accomplished by n-n stacking between the catalyst and CNTs.%

4.2.1 CoPP: Co protoporphyrin IX

The molecular structure of the cobalt protoporphyrin IX (CoPP) is shown in the insert of Figure 99a.
CoPP is an active molecular catalyst for CO production,®3* which has been covalently grafted on CNTs
by hydroxylic groups reaching a current density of —25.1 mA c¢cm at 490 mV overpotential for CO

production (0.6 VV vs RHE) in 0.5 M NaHCQO3.**
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Table 17 State-of-the-art of CO, hybrid photocathodes using covalent binding between the molecular catalyst and metal oxide.

Catalyst ) E (V)
) Molecular ) —j CO f
Light absorber loading VS . Electrolyte Ref.
catalyst (mA cm??) selectivity
[nmol cm?] NHE
. 0.81 8031 0.1M
FTO/Mo/CIGS/CdS/AZOITiO: 3x1 —0.06 97% 2 29
KHCO;
124 CO 6:4
- 0.08 46 CO 33.9 MeCN:H20
- - + — 1
p-SI/TiOz-meso 0x7.4 0.37 12.8 Formate 8 Formate 0.1M
TBABF,
- 0.15 05M
- - + — 30
p-Si/TiO2-meso 24 £2 0.53 66 12 929 KHCO:
- 48.2 0.13 3 05M 20
p-Si/TiO2-meso 0.53 61 12 342 KHCO:
0.1 M
) 0 25 2
CuO/AL:ZnOITiO; Ho B 11\,,“%38‘,00 85 -1.42 80-95 15 70 BusNPF
HO 'ngiiﬁ"éo‘co MeCN
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The carboxylic acid groups of CoPP were linked to TiO,-meso as a starting approach since it was
anticipated that high surface area was required to cope with the photoelectron generation at the light
absorber, as pointed out in section 4.1.3.3. The immobilization was carried out in 100 uM CoPP
ethanolic solution overnight (16 h), and all the experimental details are provided in section 6.2.3. Figure
99a shows the UV-vis spectrum of 100 uM CoPP ethanolic solution before and after the overnight
immobilization. CoPP shows distinctive peaks at 418, 530, 564 nm and considering the peak with the
highest intensity at 418 nm after the immobilization, the CoPP loading on the TiO, was 127.38 nmol
cm2, higher than the cobaloxime derivative anchored to an ALD TiO planar structure by carboxylic
acid groups (12.7+1.2 nmol cm2).3 Figure 99b shows the UV-vis spectra of TiO.-meso/CoPP where

the CoPP features at 418, 530, 564 nm were evident after the immobilization.

1.0 4

a) — b)

1.0 4 o) HsC CHj 0.8 :
5 HO 3 :
8 081 [ “cH | & ] 4
2 2 f i
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£ HO CHy E o4 T e
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Figure 99 UV-vis spectra of (a) 100 #M CoPP ethanolic solution before and after overnight immobilization on
TiO2-meso, and (b) UV-Vis spectra of TiO2-meso(/CoPP).

Figure 100a shows the cyclic voltammetry of TiOz-meso/CoPP in 0.1 M TBAPFs, 1% H,0, in MeCN
at 10 mV s under N, and CO.. The current significantly increased in a CO,-saturated electrolyte,
however the molecular catalyst desorbed from the TiO,-meso scaffold during the scan. Figure 100b
shows the absorbance spectra of the TiO2-meso/CoPP after the CVs under N, and CO,, the CoPP

absorption peaks at 418, 530, 564 nm disappeared completely.
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Figure 100 (a) CV of TiO2-meso/CoPP in 0.1 M TBAPFs, 1% H,0, in MeCN at 10 mV s under N, and CO, and
(b) UV-vis spectra of TiO2-meso/CoPP: the pristine sample before the CV (labelled as before, grey trace) and
after the scans under N2 and CO..

It is also worthy to note that two different films were used for the scan under N, and CO,, which
demonstrated poor stability of the carboxylic acid as anchoring groups, in line with previous reports.1°
Therefore, CoPP was not further considered as a suitable molecular catalyst for CO2R hybrid
photocathodes. A possible way to overcome the instability issue of the carboxylic acid anchoring groups
is by adding thin layer (~0.4 nm) of either TiO, or Al,O; by ALD.*® However, a trade-off between
improved anchor stability and surface area lowering after the ALD TiO: deposition is anticipated.
Unfortunately, due to the limited access to the ALD-TiOg, this approach could not be explored in detail.
Instead, in the next section cobalt phthalocyanine (CoPc) was studied as alternative catalyst for hybrid

photocathodes for CO;R.

4.2.2 CoPc: Cobalt phthalocyanine

Cobalt phthalocyanine ranks amongst the most active catalyst for CO,R (CoPc, molecular structure
shown in the insert of Figure 101), with current densities reaching up to =150 mA cm in a zero-gap
cell, and more than 95% selectivity towards CO. It represents the state-of-the-art molecular catalyst
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performance for large scale applications.®® CoPc has also been recently modified with phosphonic acid
anchoring groups to be covalently linked to TiOz,-meso and p-Si as light absorber, it reached a
photocurrent of 150 pA cm2 at -0.53 V vs SHE with 66 + 3% CO selectivity in a CO,-saturated solution
of 0.5 M KHCOs, pH 7.3. However, when CoPc was immobilized on CNT via = -n stacking and used
alongside a perovskite buried junction for light collection, a photocurrent of —=15.5 mA cm?2at -0.11 V
vs RHE was recorded in 0.5 KHCO3 with remarkable stability of 25 h.3* The later approach was then

selected to build the hybrid photocathode.

CoPc has low conductivity, thus the catalytic activity is highly dependent on the proper catalyst
dispersion and immobilization on conductive substrates via n-n stacking, and CNTs are the most used
material.*” In this work, CoPc was first immobilized on CNTs according to previous reports.3® after
an ink with the active composite (CoPc@CNT, 2 mg) was made in 950 pL of ethanol, and 50 pL of
5% Nafion solution, and drop casted on GC (0.071 cm?) previously polished, and all the experimental
details are included in section 6.2.4). The CoPc loading on CNT was determined by UV-Vis
spectroscopy and Figure 101 shows the UV-vis spectra of 81 uM of CoPc in THF before (blue trace)
and after the immobilization (grey trace). The CoPc peaks at 219, 284, 324 and 657 nm disappeared
completely after CNT addition, and the CoPc loading on CNT was 9.13 nmol cm, in agreement with

the report followed for the immobilization process (8.1 nmol cm2).%

The CVs of GC/CoPc@CNT in 0.5 M KHCO; under N, and CO; at 20 mV st are shown in Figure
1023, the current in CO;-saturated electrolyte is higher than under N, and a plateau is achieved at ca. -
0.6V vs RHE, which corresponds to the highest catalytic activity towards CO.3173%40 At higher scan
rate (400 mV s), the reversible couple of the Co'" molecular catalyst at ca. 0.06 V vs RHE is evident
and vanished under CO,.*® Considering the charge passed at this redox couple, it was found that the
CoPc content was 5 nmol cm, in line with the catalyst loading determined by UV-vis (9.13 nmol cm

2). The CoPc catalytic reaction mechanism towards CO production is shown in Figure 103a.
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Figure 101 UV-Vis spectra of 81 uM of CoPc before (blue trace) and after (grey trace) the overnight
immobilization on CNT.
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Figure 102 CV of GC/CoPc@CNT under N (black trace) and CO; (red trace) at (a) 20 mV s and (b) 400 mV s°
1in 0.5 M KHCOg,
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Figure 103 (a) CoPc reaction mechanism reproduced from,* and (b) CA at —0.6 V vs RHE for 90 min in 0.5 M
KHCO; saturated with CO».

A chronoamperometry test was carried out at —0.6 V vs RHE for 90 min (Figure 103b), the current
density recorded was close to —3 mA cm, and FEco 80% was achieved in line with previous reports.®
Although CoPc was successfully immobilized on CNT, the development of the Sh.Ses-CoPc hybrid
photocathode requires further optimization for trading-off between light absorption and catalyst loading

since the CoOPc@CNT active material will restrain Sh,Ses light collection due to front illumination.

At the same time these experiments were carried out, a hybrid photocathode p-nSi/TiO./Co based
molecular catalysts was published 3. This report used of one of the most efficient and well-developed
light absorbers p-nSi, an ALD TiO; (5nm) as protective layer, and several cobalt molecular catalysts

were supported on CNT and tested for CO2R, including CoPc. The bromide-substituted Co'(qPy)
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(qPy=4’,4’-bis(phenyl)-2,2°:6,2°*:6"*,2"*’-quaterpyridine) displayed the highest photocurrent of —1.4
mA cm? at -0.11 V vs RHE under continuous irradiation (100 mW c¢cm2, AM 1.5 G) for 1 h in an
aqueous electrolyte of 0.1 M KHCO; (pH 6.8), whilst the CoPc on the same device only achieved a
photocurrent of 300 pA cm2. Consequently, the Sh,Ses/CoPc@CNT hybrid photocathode was not

assembled.

This study also highlighted the importance of having areas for light collection at the p-nSi and free from
the active material (Co'(qPy)/CNT).3 For these devices, a CNT ink was first deposited on the top of
p-nSi/TiO, followed by the Co molecular catalyst drop casting, however it is likely that catalyst
agglomeration led to the losing of catalytic active sites. Only for the most active Co molecular catalyst,
the Co''(gPy) was immobilized first on CNT giving rise to Co"'(qPy)@CNT, then the active composite
was drop casted on the top of p-nSi/TiO,. A similar photocurrent was achieved —1.5 mA cm but with
a significant decrease in catalyst loading from 41 to 3.08 nmol cm, demonstrating the importance of

catalyst dispersion to effectively access the active metal centres.®

This chapter also highlighted the importance of having an efficient solar cell to build an efficient hybrid
CO; photocathode. Although some devices were made using a Sh.Ses/TiO,(S-100nm), the true potential
of the optimised architecture which included CdS (Sh.Ses/CdS/TiO»-meso), could not be assessed, but
it is anticipated that a CO;R catalyst with high turnover numbers is required for the photocathode to

operate efficiently, such as Co-gPyH.
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4.3 Conclusion

A complete hybrid photocathode was built based on a Sh.Se; photocathode and Ni cyclams as catalyst
for CO2 reduction in a homogeneous approach (Ni(cyc)?*), and by the covalent immobilisation through
the phosphonic acid groups in Ni(cycP). The planar device ShySes/TiO2(S-20 nm)/Ni(cycP) exhibited
low PEC activity for CO2R which was attributed to the low catalyst content. The addition of the TiO,-
meso increase the catalyst loading, however the immobilization of Ni(cycP) was challenging due to the
high intramolecular coordination between the Ni centre and the phosphonic acid pendant arm, therefore
different solvents and soaking times, as well as silver addition were explored. Although an increase in
Ni(cycP) content was achieved from 6.84 x10 2 up to ca. 14 nmol cm, the low CO selectivity of TiO,-
meso/Ni(cycP) suggested the catalyst was not a suitable candidate to be used in a CO2R hybrid

photocathode.

Co based molecular catalyst were also studied in this chapter, however the complete CO2R hybrid
photocathode alongside Sh,Se; as light absorber was not assembled. The CoPP high
solubility/instability after anchored on TiO.-meso by carboxylic acid groups limited its catalytic
activity. Meanwhile, CoPc represented an interesting approach when immobilized on CNT, a recent
report demonstrated CoPc@CNT composites exhibited low catalytic activity compared to

Co"(gPy)@CNT,? therefore the hybrid photocathode was not further explored.

Despite some devices were made using Au as benchmark catalyst to assess the PEC activity towards
CO;R, the true potential of the optimised Sh,Ses based photocathode could not be studied in detail due
to time constraints, but it is hypothesized that higher photocurrents than ca. 50 pA cm? at -1.0 V vs
RHE could be achieved after tailoring the Au thicknesses, and by adding a CdS buffer layer, which

significantly improved the photoelectron extraction from the Sh,Ses as pointed out Chapter 2.
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Chapter 5

Conclusion and future work

In this work, hybrid photocathodes for solar fuel production based on inorganic semiconductor as light

absorber and molecular catalysts were studied for HER and COzR.

To achieve this goal, first a suitable light absorber was required and chapter 2 describes this process.
The need for an additional (protective) layer to improve charge separation and increase the stability was
immediately identified. Pt as photoelectron extractor was used to benchmark the photocathode
architectures. ZnTe and Sh,Ses were explored since they exhibited low band gaps (2.26 and 1.17 eV,
respectively) and specifically ZnTe has a very negative conduction band which provides large driving
force for CO; reduction (-1.48 V vs RHE).! Metal oxides such as ZrO,, AZO, Ta,Os were studied
however the ZnTe-based photocathodes exhibited low PEC activity, which was mainly attributed to the
small grain morphology which favoured recombination and is typical of the thermal evaporation used

to deposit the films.

Sh,Se; was used instead since it has recently gained the attention of the PV community and quickly
became widely-used in the PEC community. Forming a Sh,Ses p-n junction with TiO, was first studied,
showing that the performance was dependant on the deposition technique (sputtered, thermal ALD or
plasma enhance ALD). The final photocathode architecture was achieved with an interlayer of CdS,
which provides a better band alignment than the TiO; and the final device (Sh,Ses/CdS/TiO,(S-20nm))
gave rise to a photocurrent of —20 mA cm at 0 V vs RHE. Although it was not the highest photocurrent
for H, production, it provided a suitable platform to explore different molecular catalyst for either HER

and COzR.
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Once a suitable architecture was accomplished, the Sh,Ses/CdS/TiO(S-100nm) photocathode was
coupled covalently with NiP ([Ni(P2*N2*")2]** core (P2XNX" = bis(1,5-R’-diphospha-3,7-R"-
diazacyclooctane))) molecular catalyst for HER through phosphonic acid groups in chapter 3. It was
found that an increase in catalyst loading was imperative to achieve higher photocurrents. Therefore, a
mesoporous TiO: layer was incorporated onto the device to increase the available surface area for
catalyst binding. This layer was accomplished by an UV curing process to remove the binder in a
photocatalytic reaction followed by the N, annealing at 350°C to improve particle interconnectivity.
This experimental protocol was designed to not compromise the PEC activity of the light absorber. The
Sh,Ses/CdS/TiO2(S-100nm)/TiO2-meso/NiP achieved the highest photocurrent reported for a NiP
decorated photocathode at —1.3 mA cm=2 at 0 V vs RHE. However, the hybrid photocathode deactivates
on the scale of 10 min, interestingly the stability was improved when the light intensity was reduced
from 100 mW cm to 20 mW cm2. To further investigate the deactivation mechanism, post-electrolysis
characterization was carried out, revealing that the Ni centre was lost meanwhile the phosphonic acid
anchoring remained, consequently photoelectron accumulation provoked the partial failure of the
sputtered TiO; layer. This was further corroborated by benchmarking the device against Pt, and found
out that Sb,Ses/CdS/TiO2(S-100nm)/TiO,-meso/Pt was able to produce —3 mA c¢cm for 5 h with an
onset potential of 0.5 V vs RHE. Transient photocurrent analysis identified that the addition of a TiO--
meso/Pt reduces recombination at low overpotentials (0.4 V vs RHE) at the millisecond scale. This slow
recombination is suppressed by a more negative overpotential. Conclusively, for a hybrid photocathode
to operate efficiently, the turnover frequency molecular catalyst needs to match with generation the
photoelectrons generated at the light absorber at the same rate, otherwise electron accumulation could

deactivate the photocathode as identified for the Sb,Ses-NiP based photocathode.

Finally, the Sh,Se; based photocathodes were used with Ni cyclams as molecular catalyst for CO2R, the
first approach was the catalyst in solution Ni(cyc)?*, and after a derivative modified with phosphonic
anchoring groups Ni(cycP). Although these results were presented as the last experimental chapter 4,
the Sh,Se; base architecture did not include the CdS buffer layer which exhibited higher photocurrents,

however the PEC activity of the structure (Sh,Ses/TiO;) was benchmarked with Pt and Au. When the
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Ni cyclam was used in solution, the photocurrent was ca. 5 pA cm at -0.41 V vs RHE for Ni(cyc)?,
therefore the covalent immobilization of a Ni(cycP) with phosphonic pendant arms was explored to
improve the charge transfer at the interface, but the necessity of an increased catalyst loading was
identified since low photocurrents were recorded (ca. -20 pA cm2 at -0.39 V vs RHE), similar to NiP
catalyst. The Ni(cycP) catalyst was immobilised first in the mesoporous layer however the content was
still low even on the high surface area electrode (~14 nmol cm). This behaviour was attributed to the
strong intramolecular interaction between the Ni centre and the phosphonic pendant arm. Several
attempts were made to decrease the intra molecular interaction by changing the solvents, solution aging
and immobilization time, however the catalyst loading could not be increased. Therefore, the hybrid
device was not assembled since it was anticipated that higher catalyst loadings were required to cope

with the photoelectron flux generated at the Sh,Ses.

Cobalt-based molecular catalysts were also studied due to their high catalytic activity for CO production
from CO:R. First, CoPP with carboxylic acid anchoring groups was explored but the covalent bond
was hot strong enough to retain the molecular catalyst at the TiO,-meso during the dark electrochemical
study. The stability of this interface could be improved by adding an ca. 0.5 nm thick ALD TiO; or
Al;Os3 to bury the anchoring group without compromising the catalytic activity. CoPc was also studied
and first immobilised on CNT, similar loadings and CO selectivity to the literature were reproduced
when characterised by dark electrochemistry. Although the complete hybrid photocathode for CO,
reduction was not built in this work, it is hypothesised that the Sb,Ses/CoPc@CNT could be a plausible

combination for an CO2R hybrid photocathode.

In the recent literature, Wen and collaborators reported that the CoPc@CNT electrocatalytic activity
was overcome by the bromide-substituted Co'(qPy) (qPy=4’,4’-bis(phenyl)-2,2’:6°,2>*:6,2>>’-
quaterpyridine) immobilised on CNT when both catalyst (among others) were used as CO2R catalyst
on the p-nSi/TiO photocathode. Based on this report? and the photocurrents shown in chapter 3 for the
planar (—2.11 mA cm?, Sh,Ses/CdS/TiO./Pt,) and the mesoporous device (-1.46 mA cm?
Sh,Ses/CdS/TiO,-meso/Pt) at -0.11 vs RHE using Pt as catalyst for HER on the optimised light

absorbing architecture, a Sh,Ses/CoPc@CNT photocathode can be expected to reach similar currents,
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since those photocurrents were recorded in 0.1 M Na.SO4 at pH 7, similar to the pH of CO»-saturated
KHCO;s; electrolyte. For the hybrid Sh.Ses/CoPc@CNT photocathode, the photoelectron sink will be
the CNT matrix instead of the TiO,-meso layer used in chapter 3 for NiP catalyst. Furthermore, it is
anticipated that a careful tailoring between light absorption and catalyst composite content will be
required for Sh,Ses/CoPc@CNT to effectively operate as hybrid photocathode for CO;R. However, to
truly assess the Sh,Se; capabilities to drive CO2R towards CO production, a metal benchmark catalyst
such as Au or Ag should be first used to optimise the photocathode architecture (Sb2Ses/CdS/TiO--
S(100 nm)) for maximum photoelectron extraction, avoiding the confounding effects of molecular

catalysis limitations like stability or low turnover frequencies.

Another interesting approach would be coupling the cobalt complex with planar tetra-dentate ligand
2,2":6',2":6",2""-quaterpyridine (Co-gPyH) alongside Sh,Ses/CdS/TiO,-meso architecture in an CO;
hybrid  photocathode. Co-gPyH exhibited high catalytic activity when used on
FTO/Mo/CIGS/CdS/AZO/TiO,/Co-qPyH displaying a photocurrent of —0.81 mA c¢cm at —0.06 V vs
RHE, with a remarkable 97% CO selectivity in CO,-saturated 0.5 M KHCO32 When used as a hybrid
CO;R photocathode, the Co-gPyH phosphonic anchoring groups were covalently immobilised on TiO;
leading to low catalyst content 3 + 1 nmol cm. In a PV-EC approach, where the CIGS based solar cell
was used as an external photoelectron supply (i.e. not in solution) for the TiO,-meso/Co-gPyH dark
cathode, the photocurrent was —3.25 mA cm? at —0.06 V vs RHE for a higher catalyst loading of 29 +
4 nmol cm2. Interestingly, the TON for the PEC approach was almost twice than the PV-EC approach
(8031 and 4060 respectively), demonstrating the advantages of the PEC integrated system.® It is
hypothesised the TiO,-meso could not be incorporated in this study due to the thermal instability of the

CIGS/CdS interface, therefore the PV-EC was adopted.

Having a TiO,-meso layer offers high surface area to increase the catalyst content, however it could
also represent a limiting factor in accessing the catalytic centres at the bottom of the mesoporous layer.
Furthermore, the stability of the phosphonic acid groups could be compromised during catalysis, since

the interfacial pH increases during CO,R* and the phosphonic acid groups are stable at pH < 7.5
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An important challenge in designing efficient hybrid photocathodes is the matching of photocharge
generation and catalysis, processes occuring at two completely time scales. Even if significant
improvements are made to achieve more efficient light absorbers, the molecular catalyst with higher
turnover frequencies are required to leverage the photoelectron generation. An additional challenge is
how to interface these two components even when both operate efficiently on their own, as it has been
reported previously for example in p-nSi photocathodes?® or the perovskite solar cells® and the CoPc
on CNT which demonstrate high current densities for large scale applications,” nevertheless

achievements for wide-reaching applications have not been accomplished yet in the PEC community.
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Chapter 6

Experimental techniques

6.1 Materials and synthesis

The ZnTe and Sh,Se; samples, including the sputtered metal oxide coatings were made in collaboration
with Dr Jon Major’s group (Dr Thomas Shalvey, Dr Oliver Hutter, and Dr Laurie Philips) from the
Stephenson Institute for Renewable Energy at University of Liverpool. The ALD capping layers
(thermal Al;O3, and thermal and PEALD TiO,) were made in collaboration with Dr Richard Potter from

the School of Engineering at University of Liverpool.

The NiP molecular catalyst was kindly provided by Professor Erwin Reisner’s group (Dr. Carla
Casadevall and Dr. Daniel Antén-Garcia) at the Yusuf Hamied Department of Chemistry at University
of Cambridge, while the Ni(cycP) molecular catalyst was synthesised by Dr Gaia Neri at the Stephenson

Institute for Renewable Energy at University of Liverpool.

6.1.1 ZnTe photocathodes

Before ZnTe deposition, the FTO (TEC 15) slides were cleaned with DI water and ethanol using an
electric toothbrush and dried under N». ZnTe films were grown by thermal evaporation using a ZnTe
target (Alfa-Aesar), and kept at room temperature. A tantalum boat was used as source holder, and the
pressure inside the chamber was evacuated down to 4.5 x 10°° Pa. The ZnTe films were thermally
evaporated with a deposition rate of 0.2 nm s*. The thickness of the film was 150 nm determined by

profilometry.
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A protective/passivation layer on the top of ZnTe was explored to increase the long-term photoelectrode
stability and performance. Al,O3 and ZrO; dip coatings were carried out according to previous reports.t?
The experimental protocol (fully described in Table 18) required anhydrous conditions but after heating
the precursor solution (0.15 M) at 60 - 70°C for 20 min, the solution is stable and the dip coating was
carried out in air at room temperature. The suggested air sintering temperature for Al,Oz and ZrO, was
above the ZnTe decomposition (437 °C).2 Therefore, lower temperatures were applied (300 and 200°C)
since even a slight heat treatment (HT) could increase the long-term stability of metal oxide coated
photocathodes.* Several attempts to improve the film quality were made such as varying the dipping
time (30 s, 1 min, and 3 min), different solvents (water or propanol). However, the dip coating did not
produce uniform films, and the ZnTe films changed from brownish-red to black after the metal oxide

coating and the PEC performance was poor.

Spin coating produced more uniform Al;Os; and ZrO, films, the thickness greatly depends on the
spinning and solvent evaporation rate, as well as the density and viscosity of the solution®. The metal

precursor concentration used is indicated in Table 18.

All the metal precursor solutions were freshly made before the dip or spin coating. Note that rinsing the
samples with H,O promoted the hydrolysis of the metal precursor chemisorbed on the surface of the

semiconductor,? thus the samples were thoroughly rinsed with DI water after each layer.
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Table 18 Experimental details used for metal oxide deposition on ZnTe

Metal
Oxide

Method

Experimental details

Al;,O3 Dip AI(I1T) precursor: 0.15 M Aluminium tri-sec-butoxide (Sigma-Aldrich) in dry
Coating 2-propanol (Sigma-Aldrich).
o Number of layers (1, 2, 3, 5)
e HT at 300°, 200 °C for 20 min (T increase: 5°C min™) were carried out
after each Al,O; layer.
Spin AI(I1) precursor: 0.15 M Aluminium tri-sec-butoxide (Sigma-Aldrich) in dry
Coating 2-propanol (Sigma-Aldrich). Each coating was made using 75 pL of Al (l111)
precursor at 4000 rpm for 34 s.
o Number of layers (1, 3, 5,10)
e A final HT was carried out at 200 °C for 20 min (T increase: 5°C min?)
ALD AI(I11) precursor: Trimethyl-aluminium (TMA) and water.
The coating was carried out at low temperature (120 °C) to avoid accidental
modifications of the sample®. A 2 nm thick was achieved by 20 cycles of (50
ms TMA Dose)(10 s TMA hold)(10 s purge)(30 ms H>0)(10 s H,O hold)(10 s
purge)
Sputtering 100 W, 5 mTorr, RT at room temperature.
The film thickness was controlled with the deposition time.
Thicknesses: 1 nm (3 min), 5 nm (15 min), 10 nm (30 min), 15 nm (45 min), 20
nm (60min).
AZO Sputtering 150 W, 5 mTorr, 200 °C, 20 nm thick (8 min).
ZrO; Dip Zr(1V) precursor: 0.15 M Zirconium (IV) propoxide in dry 2-propanol (Sigma-
Coating Aldrich)
o Number of layers (3, 5, 10)
e A final HT was carried out at 200 °C for 20 min (T increase: 5°C min?)
Spin Zr (IV) precursor: 0.15 M Zirconium (1V) propoxide (Sigma-Aldrich) in dry 2-
Coating propanol (Sigma-Aldrich).
The suggested temperature of the Zr(1V) precursor during the Spin Coating was
25°C.2 However, white spots were formed and only after increasing the
temperature to 60 °C, homogeneous coatings were achieved.
75 uL were used for each layer at 4000 rpm for 34 s.
o Number of layers (5, 10, 15)
e A final HT was carried out at 200 °C for 20 min (T increase: 5°C min?)
Ta0s Sputtering 100 W, 3 mTorr, RT, 150 nm thick (60 min)

HT: Heat treatment, T: temperature
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6.1.2 Sb,Ses photoelectrodes

In this section, the experimental protocol to build Sh,Ses devices is first described followed by the
photo-electrochemical analysis to select/discard samples highlighting reproducibility issues faced

during the development of the Sh,Se; based photocathodes.

6.1.2.1 szSeg

SnOz:F (FTO) coated glass substrates (TEC15, NSG group) were cleaned in ultrasonic baths of
Hellmanex Il detergent (2%), DI water and isopropyl alcohol in sequence, before drying with
compressed nitrogen. A 70 nm Au layer (99.95%, Advent RM) was then thermally evaporated at a rate

of ~1 Ast.

The Sh,Se; absorber layer was deposited by close-spaced sublimation (CSS) in a two-step process, with
a small grain seed layer initially deposited under vacuum with a substrate temperature of 350°C to
improve uniformity.”® This is followed by a higher temperature growth stage whereby the chamber is
backfilled with 10 Torr N, and the substrate temperature is increased to 400°C to produce a ~1.5 um

thick film with a large grain size.

6.1.2.2 CdS

CdS thicknesses and deposition method have a significant impact in the solar cell performance since
the p-n junction is formed here. However, these parameters were not the focus of this study, therefore
they were kept constant for all the devices that include CdS, and they were based on the literature

survey.® RF magnetron sputtering was used to deposit 20 nm CdS at 60W, 5mTorr Ar, Ts,=200°C.

6.1.2.3 Planar TiO;

RF magnetron sputtering was used to deposit either 20 or 100 nm TiO, at 150 W, 3 mTorr Ar, Ts,u=25

°C from 3” diameter target.
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Thermal TiO, ALD was deposited at 160 °C, using titanium (1V) tetraisopropoxide (TTIP) and H.O as
the Ti and O precursors, respectively. Plasma enhanced ALD used the same chemical precursors and

24 W Ar:0O; plasma for 300 and 1200 cycles to grow ca. 20 nm and 100 nm thick TiO».

6.1.2.4 TiO,-meso scaffold

TiO, mesoporous (TiOz-meso) scaffold was initially optimized on FTO glass (TEC-15), previously
cleaned in acetone, ethanol, DI water for 20 min each in an ultrasonic bath. Greatcell Solar® 18NR-T
Titania Paste was slot coated using a glass pipette and Scotch® Magic™ tape as template to control the
thicknesses of the TiO,-meso. To remove the organic binder in the paste, the films were UV cured using
a 365 nm UV LED (2.9 W, 2.2 mm x 2.2 mm Light Emitting Surface in a 7.0 mm x 7.0 mm emitter
footprint, LZ4-04UV00/ LED Engin) for 68 h. The distance between the sample and the UV LED was
ca. 0.5 cm. The TiOz-meso layer was then sintered at 350 °C under constant N flow for 1 h and with a

heat rate of 5 °C min %, resulting in a ca. 4-6 um thick, the sample labelled as TiO,-meso(UV).

To compare the physico-chemical properties of the UV cured TiOz-meso films vs those prepared by the
conventional thermal method (used as control), the TiO, paste was slot-coated on FTO in the same
manner previously described and then air annealed at 450 °C for 1 h, heat rate of 5 °C min . The

resulting samples were labelled as TiO,-meso(450°C, air).

The same experimental protocol was applied on the top of Sh,Ses/CdS/TiO,(S-100nm) photoelectrodes

once optimised (samples labelled as Sh,Ses/CdS/TiO2(S-100nm)/TiO2-meso).

A TiCl, treatment was also investigated as an alternative approach to increase the TiO; particle
interconnectivity,’ by dipping the samples for 20 min in 40 mM TiCl, (Titanium(IV) chloride
tetrahydrofuran complex, Sigma-Aldrich) at 70 °C before and/or after the UV curing. However, this
treatment did not improve the TiOz-meso stability and the films delaminated when Scotch tape was used
as template for the doctor-blading. However, it was found that TiCl, treatment improve the stability of
thinner TiO2-meso (< 2 mm thick) films made by only using a glass rod to deposit the titania paste on

FTO.
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6.1.2.5 Selection Sh,Ses based photocathodes

Close-Spaced Sublimation is technique that allows large-scale thin films production, which is of special
interest in solar cell development.? For the samples studied here, the Sb,Ses was initially deposited
onto 5 x 5 cm Au coated FTO followed by either sputtered CdS/and or the TiO,. After, the 5 x 5 cm
Sh,Se; based device was cut in smaller pieces for the PEC analysis (1 x 1.5 cm). The ohmic contact
was made onto Au coated FTO using Ag paste (RS PRO Conductive Lacquer) and a stainless-steel
wire. Finally, the sample was encapsulated with epoxy resin (LOCTITE® EA E32 Grey Toughened
Epoxy Adhesive). The actual photoelectrode area was 0.5 x 0.5 cm as shown in Figure 104 for a

Sh,Ses/CdS/TiO,-meso/Pt sample as an example.

~ Before |
UV curing ’) i

Ohmic
contact

Pristine

After F [ ‘After
I N, annealing | ! - : : CA OV RHE
at350 °C m 5h

TiO,-meso

Figure 104 Process of making Sh,Ses/CdS/TiO,-meso/Pt based photocathodes.

It is important to point out that significant differences in PEC activity, in terms of photocurrent and
onset potential were noticed between samples from different batches. It was later on attributed to the
substrate holder in the CSS chamber with the quartz boat giving the best results in spite that a graphite
boat provides more homogeneous heat transfer across the 5x5 cm plate. This behaviour was likely
associated to the change in the Sh,Ses growth mechanism onto Au layer rather than FTO, process that

had been optimised by Dr Jon Mayor group.?®
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Furthermore, differences in PEC activity were found in samples that belong to the same 5 x 5 cm
substrate but taken at different positions, the middle or at the edge of the plate as shown in Figure 105
when Pt was used as benchmark catalyst. The LSV and the CA of 3 different Sb.Se; photocathodes are
included in panel b and c. Therefore only 6 samples from the centre (indicated in Figure 105a) of the

5x5 cm? substrate were further investigated instead of the 20 samples produced within the same batch.
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Figure 105. (a) Sh.Ses films deposited onto 5x5 cm substrate by CSS. PEC activity of Sh,Ses/CdS/TiO,(S-
100nm)/TiO2-meso/Pt depending on the position of the 5x5 cm substrate, (a) LSV at 10 mVs™ and (b) CA test at
0V vs RHE in 0.1 M H2SO. under Na.

6.2 Catalyst immobilization/deposition

6.2.1 NiP

The NiP with [Ni(P2RN2R")2]%" core (P.RNR" = bis(1,5-R’-diphospha-3,7-R"-diazacyclooctane)),
modified with a phosphonic acid pendant arm in the outer coordination sphere catalyst was synthesized
according to previously described methods.X*** NiP immobilization was carried out by soaking the

samples in a stationary 0.5 mM NiP solution with dry methanol as solvent overnight (16 h) in a dark
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vial. Photoelectrodes were then rinsed thoroughly in dry methanol to remove the NiP not bound to the
TiO,, followed by a vacuum drying process at 60 °C for 2 h in the dark to eliminate the excess of
methanol. The same experimental protocol was followed for the NiP immobilization in all the samples:
planar device (Sb.Ses/CdS/TiO2(S-100nm)), the complete high surface area photoelectrode
(Sb2Ses/CdS/TiO2(S-100nm)/TiO2-meso), and the bare TiOz-meso (without the Sb,Ses/CdS underneath)

for the control experiments.

Prior to the NiP immobilization, all the (photo-)electrodes were UV cleaned for 4 h using a 365 nm UV
LED (2.9 W, 2.2 mm x 2.2 mm Light Emitting Surface in a 7.0 mm x 7.0 mm emitter footprint, LZ4-
04UV00/ LED Engin), the sample was ca. 0.5 cm apart from the LED. The UV cleaning treatment
improved film wettability as the contact angle decreased from 44.65° prior to UV cleaning to 11.07°

after (as shown in Figure 106, panel a and b, respectively), which could promote higher catalyst

= Angle = 11.07 degrees
Angle = 44.65 degrees
Angle Left= 41.0? degrees Angle Left = 11.75 degrees
Angle Right = 48.29 degrees Angle Right = 10.40 degrees
Base Width = 2.2966mm a Base Width = 3.8765mm

Figure 106 Contact angle measurement (a) before and (b) after the 4 h UV curing on TiOz-meso.

It is important to note that NiP is an O sensitive molecular catalyst,** therefore catalyst handling
including storage, once dissolved in dry methanol and immobilization were carried out under Ar.
Additionally, the electrolyte for the (photo-)electrochemical measurements was purged with N for 30
min to remove oxygen prior the immersion of the NiP-based electrode. For H, quantification, N, with

1% CHy. as a tracer was used to purge the electrolyte.
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To determine the NiP loading, the photoelectrodes were soaked in 2 mL of 0.1 M NaOH for 1 h to fully
desorb the molecular catalyst. The resultant NiP solution was studied using UV/Vis spectroscopy and
the concentration calculated by measuring the absorbance at 254.8 nm and through the use of a
calibration curve made with known concentrations of NiP in 0.1 M NaOH in a 2 mm quartz cuvette.

The calibration curve is shown in Figure 50 in Chapter 2.

6.2.2 Ni(cycP)

The Ni(cycP), cycP = [(1,4,8,11-tetraazacyclotetradecan-1-yl)methyl] phosphonic acid molecular
catalyst was synthesized according to previously described methods.?>® The immobilization was
carried out by soaking the films (TiO2(S-100 nm), Sb,Ses/TiO2(S-20 nm), and TiO2-meso) in 10 mM
Ni(cycP) ethanolic solution for 48 h, after the samples were thoroughly rinsed with the ethanol to
remove the excess catalyst. The immobilization time was increased up to 7 days in an attempt to achieve

higher catalyst loadings.

A Ni(cycP) solution in H20 and methanol was also studied (10 mM). A fresh-made and 21-day aged
solution were used to increase the catalyst content on TiO.-meso/Ag, as well as the increase in the

immobilization from 48 h to 7 days.

The catalyst loading could not be determined by UV-Vis absorbance due to the low Ni(cycP) extinction
coefficient (€344 nm = 24 Mt cm?, g533nm = 12 Mt cm™?),® and no significant change in the absorption
peaks were observed in 10 mM Ni(cycP) ethanolic solution after the immobilization, not the alkaline
solution (1 M NaOH) use for catalyst stripping. Therefore, the Ni(cycP) content was determined by ICP

after stripping the catalyst off for 72 h in 1 M NaOH.
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6.2.3 CoPP

CoPP (Cobalt Protoporphyrin IX, Frontier Scientific) immobilisation was carried out in fresh-made
100 uM CoPP ethanolic solution. TiO.-meso films were soaked overnight in dark vials (16 h). The
catalyst loading was determined by UV-vis spectroscopy considering the UV-vis peak with the highest

intensity at 418 nm and a calibration curve with a known CoPP concentration.

6.2.4 CoPc

CoPc (Cobalt phthalocyanine, Sigma-Aldrich) was first immobilized on multi wall carbon nanotubes,
(CNT) previously acid cleaned in an overnight reflux in 6 M HNOs3, then filtered and thoroughly washed
with DI water followed by ethanol.!” CoPc was then immobilised on 5 mg CNT overnight in 5 mL of
81 uM of CoPc in THF."* Figure 107 shows a picture of 81 uM of CoPc in THF (a) before and (b)

after the overnight immobilization on CNT.

Fil

| ™

Figure 107 Picture of 81 M of CoPc in THF (a) before and (b) after the overnight immobilization on CNT, and
(c) once the CoPc@CNT was sedimented

Then, the active composite CoPc@CNT (2 mg) was dispersed in ethanol (950 pL), and 5% Nafion
solution (50 pL) to form an ink and 4 pL were drop casted on GC (0.071 cm?) previously polished with
alumina 1.0 um followed by 0.05 um, sonicated in DI water for 30 s between the different alumina

sizes.
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6.2.5 Pt photo-electrodeposition

Pt was photoelectrodeposited according to previous studies®® by applying a constant current of -30 pA
cm2 for 15 min at 100 mW cm?, A > 340 nm and a water filter, in 1 mM H,PtCls (Sigma-Aldrich) and
0.1 M Na,SO.. A 3-neck flat glass cell was used for these experiments with magnetic stirring. A constant
potential of ca. 0.2 V vs Ag/AgCl was recorded for the Pt photoelectrodeposition for tha Sh,Ses basesd

photocathodes.

6.2.6 Ag electrodepositon

Ag was electrodeposited on TiO2-meso electrodes by applying a constant current of -30 uA cm for 10
min (Charge: 0.018 C) in a fresh- made 1 mM AgNOs, 0.1 M KNOs. A 3-neck flat glass cell was used

for these experiments with magnetic stirring. A constant potential of ca. -0.05 V vs Ag/AgCl was

recorded for the Ag electrodeposition.

6.3 Characterisation techniques

6.3.1 Profilometry

Film thicknesses were determined ex situ using an Ambios XP-200 profilometer.

6.3.2 UV-VIS

Transmission and reflectance measurements were taken between 250-1500 nm using a Shimadzu
SolidSpec-3700 UV-vis-NIR spectrophotometer to calculate the absorption coefficient, then used to

estimate the band gap for CdS, Sh,Se; and TiO- thin films according to the Tauc method.?°

To determine the molecular catalyst loadings, the UV-Vis spectra were recorded using a Shimadzu UV-

2600 spectrophotometer using a 2 mm path length quartz cuvette.
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6.3.3 Scanning Electron Microscope (SEM)

SEM and elemental analysis were taken on a Hitachi S4800 cold field emission gun (FEG) microscope
detecting secondary electrons in the in-column detector. A working distance of 8 mm was used for all

imaging. Voltage and gun current were set to 5 kV and 7 pA respectively.

6.3.4 Energy dispersive X-ray spectroscopy (EDX)

Elemental analysis by SEM-EDX was carried out using the same Hitachi S4800 microscope, with an
Oxford Instruments AztecOne attachment with a 10 mm? silicon drift detector (SDD). A working
distance of 15 mm was used for all elemental analysis. A voltage of 20 kV was selected based on the
Ka transition energies for Pt and Ni (Pt Lo = 9.441 keV, Ni Ka = 7.471 keV). Gun current was set to
15 pA. The analysis was taken with the aperture completely removed to achieve maximum count rate

whilst maintaining dead time <45%.

6.3.5 X-ray Photoelectron Spectroscopy (XPS)

XPS data collection was performed at the EPSRC National Facility for XPS (‘HarwellXPS’), operated
by Cardiff University and UCL, under contract No. PR16195. XPS data was acquired using a Kratos
Axis SUPRA using monochromated Al ko (1486.69 eV) X-rays at 12 mA emission and 12 kV HT
(144W) and a spot size/analysis area of 700 x 300 um. The instrument was calibrated to gold metal Au
4f (83.95 eV) and dispersion adjusted give a BE of 932.6 eV for the Cu 2p3/2 line of metallic copper.
Ag 3d5/2 line FWHM at 10 eV pass energy was 0.544 eV. Source resolution for monochromatic Al Ka,
X-rays is ~0.3 eV. The instrumental resolution was determined to be 0.29 eV at 10 eV pass energy using
the Fermi edge of the valence band for metallic silver. Resolution with charge compensation system on
<1.33 eV FWHM on PTFE. High resolution spectra were obtained using a pass energy of 20 eV, step
size of 0.1 eV and sweep time of 60 s, resulting in a line width of 0.696 eV for Au 4f7/2. Survey spectra

were obtained using a pass energy of 160 eV. Charge neutralisation was achieved using an electron
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flood gun with filament current=0.38 A, charge balance=2V, filament bias=4.2 V. Successful
neutralisation was adjudged by analysing the C 1s region wherein a sharp peak with no lower BE
structure was obtained. Spectra have been charge corrected to the main line of the carbon 1s spectrum
(adventitious carbon) set to 284.8 eV. All data was recorded at a base pressure of below 9 x 10° Torr

and a room temperature of 294 K.

6.3.6 Raman Spectroscopy

Raman analysis was carried out using a Raman microscope (Renishaw InVia) with a 50x objective
(Leica). Before measurements, Raman band positions were calibrated vs the 520 cm silicon peak with
a resolution of 1 cm™. A 532 nm green laser was used with 0.5% laser intensity for 60 s on
Sh,Ses/CdS/TiOz-meso and 5% laser intensity for 60 s for the sample without the TiO,-meso layer
(Sh2Ses/CdS/TiO2). The same conditions were used pre, post N2annealing and post Controlled Potential
Photoelectrolysis (CPP). To determine the effect of the N2 annealing on the crystalline structure of the

TiO- layer made RF magnetron sputtering, 15% laser intensity was used for 60 s.2

Table 19 summarise the Raman Shifts used here to assign the peaks.

Table 19 Raman Shifts used to identify Sh,Ses peaks.

Compound Structure Raman shift (cm ")
ShySe, Orthorhombic 80,120,151, 189, 210
Sha03 Cubic 82, 189, 254, 373,450
Sha0y4 72,142, 199, 255, 400, 463
Se, (spiral chains) Trigonal 141, 234, 237

Seg (rings) a-monoclinic 112, 253

Seg (rings) Rhombohedral 67-72, 102,129, 221, 247
Red Se (rings) Amorphous 250

Sh Rhombohedral 110, 150
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6.3.7 (Photo)electrochemistry

The (photo)electrochemical studies were carried out using a single compartment three-electrode cell
when no gas product needed to be quantified. ZnTe and Sh,Ses-based photocathodes were used as
working electrode (WE), a Pt mesh worked as counter electrode (CE) and a home-made Ag/AgCIl (3 M
NaCl) was the reference electrode (RE). The RE was always measured vs a master reference electrode

(Ag/AgCl (3M NaCl), BASi MF-2052) prior to use.

All the electrolytes were made using Milli-Q water (18.2 MQ-cm). For the NiP study, the pH 3 was
adjusted with acetic acid (Sigma-Aldrich). Dissolved oxygen was removed from the electrolytes before

all the (photo)-electrochemical experiments by N2> or Ag purge for 20 min.

For experiments presented in Chapter 4, MeCN (Sigma-Aldrich HPLC, gradient grade >99.9%) was
the solvent and TBAPFg the supporting electrolyte (0.1 M, Sigma-Aldrich for electrochemical analysis,
>99.0%). Ferrocene redox couple was used as the pseudo reference electrode alongside a silver wire,
cleaned with 0.1 M HNOs; (70% Sigma-Aldrich, ACS reagent) prior each experiment. All the potentials

were reported vs NHE according to Eq. (5).
E(V)vs NHE = E (V) vs Agyire — E (V) Fct/Fc + 0.63V (5)

The Controlled Potential Photoelectrolysis (CPP) tests for CO, photoelectrochemical reduction were
carried out in a glass flat cell with nafion deposited a glass frit in the counter sleeve to separate the
catholyte and the anolyte. However, it was found that this cell was not gas tight and the gases used to
remove the oxygen either N2 or Ar did not include CHy as tracer, nor the CO; used to saturate the
electrolyte during the CO2 photoelectrochemical reduction, therefore the Faradaic Efficiency of this

experiments was not accurated determined.

Electrochemical measurements were carried out using either PalmSens3 or SP-200 Biologic
potentiostat. Chopped light linear sweep voltammetry (LSV) was conducted after the sample was
illuminated for 10 s, and starting from the open circuit potential (OCP) in the cathodic direction at 10

mV s. The electrochemical potentials were converted to the RHE according to Eq. (6).1°
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E (Vvs RHE) =E (Vvs Ag/AgCl) + 0.059 * pH + 0.209 (6)

Controlled potential photoelectrolysis (CPP) tests were carried out in a gas tight customised H-cell
shown in Figure 108, with a Nafion membrane (N117, ca. 180 um thick) between the anode and
cathode. For gas product quantification, the customised electrochemical cell was purged for 30 min

with N and 1% CHjs as an internal standard for gas chromatography.

q

1 Y 0 il
(
{

340 A long pass filter

»

Figure 108 Customized photoelectrochemical cell used for the Controlled Potential Photoelectrolysis (CPP).

The light source was a Xe lamp providing an irradiation of 100 mW cm= (300 W Xe lamp, LOT
Quantum Design) at the front of the electrochemical cell. Schott glass long pass filters were used to
limit the output to A > 340 nm and a water filter removed the infrared component. For low irradiance
experiments, a neutral density filter (50 mm x 50 mm UVFS Reflective ND Filter, OD: 1.3) was used
to drop the light intensity to 20 mW cm2. All the photoelectrodes were front illuminated across a quartz

window.

Incident photon-to-current efficiency (IPCE) measurements were carried out using 100 W tungsten
lamp as a light source coupled with a monochromator (OBB Corp., typically set to 4 nm resolution).
The light intensity was measured with a Si-photodiode detector (S120VC) and the IPCE was calculated

using equation 7.

1240%]

IPCE (%) = 2225

Eq. (7)
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Where J is the photocurrent density (mA cm2) and P is the light power density (mW cm=2) at each

wavelength (4). The IPCE spectra was collected at 0 V vs RHE.

6.3.8 Gas chromatography

Gas production was determined using an Agilent 6890N instrument with helium N6 (BOC) as the carrier
gas (5 mol min™), equipped with a 5 A molecular sieve column (ValcoPLOT, 30 m length, 0.53 mm
ID) and a pulsed discharge detector (D-3-1-HP, Valco Vici). Sampling was conducted using a 500 uL

gastight syringe with an injection volume of 100 u L every 30 min.

6.3.9 Transient photocurrent (TPC)

The transient photocurrents decays were measured using part of the slow TAS system at Liverpool
University, which contains a Nd:YAG laser (Continuum, Surelite 1-10, 6 ns pulse width) operating at
0.33 Hz as the pulsed excitation source, and this system was fully described previously.?? Here we used
the second harmonic (532 nm) to excite the sample. To avoid potential contributions from the
fundamental additional beam splitters were employed an optical path to reflect 532 nm and transmits
1064 nm. A liquid light guide transmitted the laser pulse (532 nm, 400 pJ cm) to the electrochemical
cell. The transient photocurrent was measured by taking the potential drop over an external resistor on
a Thomson Ministat with data acquisition making use of a homemade amplifier coupled to both an
oscilloscope (Textronix TDS 220) and data acquisition card (National Instruments NI1-6221).22 In all
cases, the smallest resistor value possible (to gain sufficient S:N) was chosen to minimise RC time

effects on the data.

To study the charge extraction/recombination processes in Sh;Ses/CdS/TiO2(S-100nm)/TiO2-meso
structure under illumination, a monochromatic bias light 532 CW (constant illumination at 0.8 mW cmr
2) was applied in addition to the laser pulse. A 100 W tungsten lamp was used as a light source coupled

with a monochromator (OBB Corp., typically set to 4 nm resolution). The light intensity was measured
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with a Si-photodiode detector (S120VC). Each transient photocurrent decay shown in Chapter 3 was
obtained as an average of 50 individual recordings. A diagram of the actual TPC set up is shown in

Figure 109.

Laser sync trigger

-w‘w ﬁ
/ S '
Harmonic Beamsplitter Light guide

Reflects 532 nm

W Transmits 1064 nm

Oscilloscope

""""""" E(H/H,)
pETY o

Sb,Se,/CdS /
TiO,(-meso/Cat)

Figure 109 Scheme of the experimental set up used to measure the transient photocurrent decays of Sb,Ses based
photocathodes, adapted from??

Transient photocurrent is technique that enables to measure the current that passes from the working to
the counter electrode with a high time resolution by connecting a resistor to the potentiostat and
measuring the voltage drop in the oscilloscope.?® The transient current was calculated by Ohm Law (Eq.
8). Two different resistors were used: 50 and 5.8 Q. The charge was calculated by the integrated the

current according to Eq. (9).
I=V/R Eq (8)

q=[ixdt Eq (9)
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