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ABSTRACT

Solar-driven hydrogen (Hz) production from water (water splitting) by
semiconductor photocatalysts has potential as a sustainable and cost-competitive
alternative to current Hz production technologies. In recent years, mesoporous silicon (mp-
Si) nanoparticles (NPs) have been recognized as promising photocatalysts for H>
generation. To explore the influence of the synthetic conditions on their catalytic activity,
mp-Si NPs were prepared by magnesiothermic reduction while varying the annealing
temperature and time. These conditions were found to affect both the crystallinity and
amount of oxygen present in the mp-Si NPs. The effect of porosity on the catalytic activity
of mp-Si was investigated using porous SiO; precursors with varying pore size, which
influenced the pore sizes in the mp-Si formed. The results in this thesis suggest that high
crystallinity improves the performance of mp-Si photocatalysts, while high amounts of

oxygen due to incomplete reduction or surface oxidation have a deleterious effect.

X1
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CHAPTER 1. Introduction

1.1. The Hydrogen Economy

The hydrogen (H») economy refers to a proposed system in which H; is the main
fuel used to supply the energy demands of a nation. The idea has been promoted since the
1970s; however, new-found interest in the H> economy has arisen as governments
worldwide have increased efforts towards decarbonization of the current fuel economy.! In
this regard, hydrogen fuel cell (HFC) technology has been successfully demonstrated for
several applications. In the HFC, externally supplied fuel (Hz) and oxidant (O>) are used to
generate electricity via reverse water electrolysis using a metal catalyst. Compared to other
fuels, H> has a high mass energy density (120 MJ kg!),? and the overall reaction of the
HFC results in the emission of water as the only by-product.’ These factors are largely what
have led to the perceived viability of H» as a green energy vector.

HFCs are currently being explored and considered for stationary applications such
as centralized energy networks* and distributed energy systems,> as well as for applications
in transportation. For instance, several car manufacturing companies have made
commitments to further the development of fuel cell electric vehicles (FCEVs) and H»
infrastructure.®> However, the potential of HFCs within the transportation sector is still
heavily debated. Of the greener alternatives to conventional internal combustion engines,
HFCs do offer some clear benefits, such as easy refueling for long distance driving
(provided the infrastructure is available) and high power density. FCEVs could also help
mitigate environmental concerns currently associated with battery electric vehicles, such

as the mining of metals and harmful emissions from electricity generation.



Despite its benefits, popularization of HFC technology still warrants substantial
research to address a plethora of challenges. The main challenges facing the H» fuel
economy include the need for stable storage and supply of Ha, high overall cost and the
lack of refuelling stations/infrastructure. H> storage poses a significant challenge for
transportation applications specifically, as the weight, volume, efficiency, safety, and cost
must be carefully considered. Current storage technologies have faced difficulties
achieving a desirable balance between these factors. High cost due to the need for platinum
(Pt), which is currently the preferred catalyst for HFCs, and expensive membrane materials
also poses a significant barrier to their acceptance in consumer markets.> Finally, the
development and expansion of green (emission-free) methods of H> production is
imperative to achieve the full environmental benefits of HFCs.

Regardless of its potential for more widespread use in HFCs, Ha is already used
extensively in many industries for a variety of applications. Hz is an important chemical
feedstock in the petroleum and other chemical industries. H> is used catalytically in
petroleum refining, as a reagent in the production of petrochemicals, in oil and fat
hydrogenation, in the production of fertilizers (i.e., ammonia production) and as a reducing
agent for metallurgical applications and in the electronics industry.® Although highly
abundant, H> is not present by itself in nature and must be extracted from the source (water,
hydrocarbons or hydrides). Currently, steam natural gas (methane) reforming is the most
common method of production for industrial H>. Methane (CHy4) is catalytically reacted
with steam at high temperature giving a mixture of H> and CO (Eq. 1.1). This is proceeded
by the water-gas shift reaction to consume the CO and increase the H» yield. While this is

currently the most established and low-cost H> production method, steam methane



reforming is reliant on fossil fuels, has a high energy consumption, and results in high
emission of CO, (~7 kg per kg H2).” As such, the development of alternative routes to

producing H» are necessary if its large-scale use is to be continued.

CH, + H,0 - CO + 3H, (AH = +251 M] kmol~! CH,) Eq. 1.1

CO + H,0 - CO, + H, (AH = —41.4 MJ kmol~! CH,) Eq. 1.2

Some other current methods to produce H» include gasification (thermo-chemical
conversion of fossil fuels or biomass), electrolysis and biochemical processes such as dark
fermentation.’ Of these, gasification is currently the highest efficiency alternative to steam
methane reforming; however, it also requires energy input and results in greenhouse gas
emissions. Biochemical processes can reduce energy consumption, but suffer from low H»
yields.” Water electrolysis (or electrochemical water splitting) offers a low-carbon
alternative to produce Hz. In this electrochemical process, water is “split” into Hz and

oxygen (Oz) using electrical energy. The overall redox reaction is shown in Eq. 1.3.

2H,0 - 2H, + 0, (E%,; = —1.23V) Eq. 1.3

In electrolysis, the electrolyser is composed of a cathode, an anode, and an
electrolyte, which is the medium for ion transport. The reaction in Eq. 1.3 can be divided
into two redox half reactions, the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). The ions involved in each half reaction depends on the pH of
the electrolyte in the electrochemical cell.® The HER and OER reactions under basic and

acidic conditions are shown in Eq. 1.4 and 1.5, and Eq. 1.6 and 1.7, respectively.



Basic conditions:

40H™ - 0, + 2H,0 + 4e~ Eq. 1.4
2H,0 + 2¢™ = H, + 20H™ Eq. 1.5
Acidic conditions:
2H,0 > 0, + 4H* + 4e” Eq. 1.6
2H* + 2e~ > H, Eq. 1.7

Currently, alkaline and proton-exchange membrane (PEM) electrolysers are the
most mature technologies and have been employed in some industrial settings.® However,
more widespread integration is limited by electrolyser lifetimes and overall cost. The cost
of CHs reforming is about 2 — 5 times lower than the cost of current electrolysis

technologies due to the price of the required materials and electricity.

1.2. Solar-Mediated Hydrogen Production

Of the renewable energy resources at our disposal, solar energy is a favourable
option. The solar energy irradiating the surface of the Earth (1.3 x 10° TW) exceeds the
current global energy demand by roughly four orders of magnitude.'” As such, solar-
mediated pathways could offer effective and renewable H> production methods for its
current industrial uses. Additionally, the conversion of solar energy into stable chemical
energy (in the form of Hz) could help alleviate the issues of seasonal intermittent and
regional variability. Electrochemical water splitting methods can utilize solar energy for
H> generation using light-harvesting photovoltaic cells to supply the electricity

(photovoltaic electrolysis). Alternatively, H» generation via water splitting through
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115717 pathways have been researched extensively. Solar thermochemical

thermochemica
pathways use concentrated solar energy to drive the endothermic decomposition of water
into H, and O». The most viable routes to solar thermochemical water splitting rely on a
two-step cycle involving the reduction and subsequent re-oxidation of metal oxides, which
lower the water decomposition temperature.'® However, the reaction still requires high
temperatures (> 1000 °C) which limits its applications.'® Photobiological pathways take
advantage of biological photosystems and other enzymes which catalyze the water splitting
half reactions. For instance, to achieve H» production through light absorption, the
photosystems present in photosynthetic organisms can be coupled with H-producing

4 or artificially using

hydrogenases or nitrogenases either within the microorganism,
isolated enzymes.!? Such technologies are likely not viable for large-scale H, production
due to the high cost and low lifetimes of enzymes.!”

Solar-driven water splitting using light-harvesting semiconductors is a popular and
perhaps more viable approach to renewable H, production. As mentioned, photovoltaic
electrolysis (PV-E) methods apply solar energy harvesting technologies to power water
splitting via electrolysis (Fig. 1.1A). In a PV-E reactor, an external photovoltaic device
converts solar radiation into electrical energy which is then supplied to the electrolytic cell.
Alternatively, in PEC water splitting (Fig. 1.1B), the electrolysis redox couple consists of
at least one semiconductor electrode (a photoanode or photocathode). The absorption of
solar radiation by the semiconductor electrode generates electron-hole pairs which can

participate in redox reactions (depending on the positioning of its valence and conduction

bands). An externally applied electric bias provides the additional voltage needed to drive



the overall water splitting reaction and overcome slow reaction kinetics.!! The third main
category of the semiconductor-based water splitting methods is photocatalysis (Fig.
1.1C).2° Like PEC methods, the photocatalytic method relies on semiconductor materials
to drive the water splitting half reactions, however, it does not require application of an
external bias. Instead, H> generation is directly catalyzed on the surface of suspended
photocatalysts with favourable electronic band positioning. Numerous semiconducting
materials have been investigated for photocatalytic water splitting, including titanium
dioxide (TiO2), carbon nitride, silicon (Si), and other particulate photocatalysts.® These are

discussed in more detail in the following sections.
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Figure 1. 1. Illustration depicting the three main categories of solar-mediated H> generation
via water splitting using semiconductors: (A) photovoltaic-powered electrolysis (PV-E),
(B) photoelectrochemical (PEC) water splitting and (C) photocatalytic water splitting.

1.3. Photocatalytic Water Splitting

The feasibility of H» production via water splitting using a heterogenous

photocatalyst was first demonstrated by Fujishima and Honda in 1972, using a TiO2

electrode coupled with a Pt cathode in a PEC cell.?! Later, in 1977, Schrauzer et al.

demonstrated H> evolution on TiO, powder under UV irradiation with no external bias.*?



These discoveries paved the way for research into solar-driven water splitting using
particulate semiconductor photocatalysts.

In a particulate photocatalyst system, water splitting occurs within an aqueous
suspension of semiconductor particles under solar illumination. The reactions (HER and/or
OER) occur on the surface of the semiconductor particles and are directly driven by
photogenerated charge carriers (electrons and holes, respectively). Compared to PV-E and
PEC methods, photocatalytic systems based on simple powder photocatalysts have the
potential to facilitate larger scale-up.?® Assuming that a photocatalyst having the required
efficiency can be obtained, H> production via solar-driven water splitting using suspended
particulate photocatalysts has also been predicted to be inexpensive by technoeconomic

analysis, making it cost competitive with the steam CHy4 reforming process.****

1.3.1. Fundamentals of Photocatalytic Water Splitting

Photocatalytic water splitting on semiconductor particles occurs in three main
steps: 1) light absorption, 2) charge carrier separation and diffusion, and 3) transfer of
charge carriers from the particle surface to perform the chemical reaction. The efficiency

of each step contributes to the overall efficiency of the photocatalyst system.®

Light Absorption.

The process of photocatalysis begins with an optical excitation in the
semiconductor particle. Incident light with energy equal to or greater than the bandgap (4v
> Eg) can be absorbed, resulting in the excitation of an electron from the valence band (VB)
to the conduction band (CB) of the semiconductor material. The charge carriers generated

from the excitation are called electron-hole pairs, where a hole refers to the lack of an



electron in its position in the VB after being promoted to the CB. The solar spectrum is
comprised of mainly ultraviolet (UV), visible, and infrared (IR) radiation. Of these, about
53% is in the visible range (400 nm < A < 800 nm) and only about 4% is in the UV (A <
400 nm).'® To achieve an acceptable solar-to-hydrogen conversion efficiency (STH) from
water splitting, a good photocatalyst should have a bandgap narrow enough to absorb
visible radiation. If only UV radiation up to 400 nm is used, the maximum STH of the

photocatalyst would be limited to no more than 2%.%

Charge Carrier Separation and Diffusion.

To participate in interfacial reactions, electron-hole pairs must migrate from the
bulk to the surface of the photocatalyst particle. This process faces kinetic competition with
the elimination of charge carriers through recombination, which can limit the photocatalyst
efficiency. Electron-hole pairs can recombine through radiative (band-to-band)
recombination, or via trap states (energy levels introduced by defects or impurities) in the
forbidden gap (Fig. 1.2). The carrier lifetime, 1, is the time required for charge carrier
concentrations to return to their equilibrium values (recombination of electron-hole pairs)
and is typically short, occurring on the picosecond to microsecond time scale.?

The ability of photogenerated charge carriers to diffuse through a material depends
on the electronic structure of the semiconductor and is represented by their diffusion
coefficient, D. D is related to the drift mobility, p, of the charge carriers in the
semiconductor by Eq. 1.8 and can be used to define the average diffusion length (L) a

carrier will travel before recombining (Eq. 1.9).



KgT
b 2 } Eq. 1.8

L = (DT)l/Z Eq. 1.9

where Kg is the Boltzmann constant, T is the absolute temperature and q is the electrical

charge of the carrier (in Eq. 1.8).
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Figure 1. 2. Schematic depicting the electronic processes which may occur following
optical excitation in a semiconductor: (A) promotion of a VB electron to the CB, generating

an electron-hole pair, (B) radiative (band-to-band) recombination, and (C) recombination
facilitated by a trap state in the forbidden gap.

Transfer of Charge Carriers to Perform the Chemical Reaction.

In aqueous suspensions of the appropriate photocatalyst, water splitting can proceed
by the half reactions shown in Fig. 1.3. In order to drive these reactions, the transfer of
charge carriers from the photocatalyst surface to the reactants must be thermodynamically
favourable. Overall water splitting by a single photocatalyst can only occur if the CB and

VB “straddle” the reduction and oxidation potentials of water (Fig. 1.3). That is, the CB



minimum must be more negative than the H'/H; reduction potential, and the VB maximum
must be more positive than the water (H>2O/O») oxidation potential; 0 and +1.23 V vs. the
standard hydrogen electrode (SHE), respectively. The minimum theoretical band gap for
such a photocatalyst should therefore be slightly larger than 1.23 eV. However, additional
kinetic overpotentials required to drive electron transfer at reasonable rates suggest that the

band gap should exceed at least 1.6 eV.8
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Figure 1. 3. Photocatalyst particle and energy level diagram showing the thermodynamic
requirements for overall water splitting.
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1.3.2. Methods to Improve Photocatalytic Activity

Despite the potential of particulate photocatalyst systems for cost-effective and
renewable Hy generation, several challenges continue to limit their efficiency. Fast rates of
charge carrier recombination and trapping are common problems associated with many
photocatalyst materials. Recombination can be facilitated by charge carrier trapping at bulk
or surface trap states in the semiconductor. Trapping can also prevent charge migration to
the surface catalytic sites.® Furthermore, the thermodynamic requirements for overall water
splitting pose a significant challenge to developing efficient photocatalysts for
simultaneous H> and O» evolution. Photocatalysts for overall water splitting have wide
band gaps which hinder their ability to absorb in the full range of the solar spectrum, greatly
limiting their STH.

There are several considerations to be made when designing efficient
photocatalysts for water splitting. For instance, materials with high crystallinity have
reduced structural imperfections such as vacancies and dislocations that commonly act as
recombination sites. Nanostructuring can also improve the water splitting capability of
semiconductors due to shorter carrier migration distances, which reduces recombination
(especially if the particle size is smaller than the diffusion lengths). Furthermore, quantum
confinement effects that occur in semiconductor nanoparticles (NPs) can be used to tune
the band structure.® Many photocatalyst systems also incorporate metal cocatalysts which
can serve as catalytic sites, prevent back-reactions and improve electron-hole separation.?
Other strategies to improve photocatalytic activity include doping (which can be used to

tune the band gap and carrier dynamics), dye sensitization and plasmonic enhancement.
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Alternative to photocatalysts for overall water splitting, narrow bandgap
photocatalysts which can absorb light in the visible region have been investigated for
catalysis of either the H> or O, evolution half reactions individually. Given an appropriate
photocatalyst for each half reaction, a Z-scheme configuration (inspired by natural
photosynthesis) could be used to achieve overall water splitting without the need for
sacrificial reagents.?® In the Z-scheme, water is oxidized to Oz by photogenerated holes on
one photocatalyst. To complete the cycle, electrons in the CB of the Oz evolution
photocatalyst must pass through a redox shuttle which mediates electron transfer to the

valence band of the H» evolution photocatalyst (Fig. 1.4).
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Figure 1. 4. Energy level diagram for photocatalytic water splitting through a two-step
photoexcitation (Z-scheme) system.
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1.3.3. Photocatalysts for Overall Water Splitting

A variety of wide bandgap photocatalysts have been investigated for single-step
overall water splitting (Fig. 1.5). Of these, TiO> has been widely studied since its potential
for water splitting was first demonstrated in the 70s using a PEC system.?! Anatase and
rutile TiO are the most studied polymorphs for photocatalysis, with rutile typically
showing superior performance for overall water splitting with stoichiometric H2/O>
production under UV irradiation.?” Besides TiO», several other metal oxides have been
explored as water splitting photocatalysts. Some notable examples present in the literature
are Cu20,%® Zr02,-? Ta,05’! and Ga»03.>** Most metal oxide photocatalysts capable of
overall water splitting consist of metal cations with either d° or d'° configurations, which
are primarily responsible for forming the CBs of the semiconductor (composed of d and sp
orbitals, respectively). The VBs are usually composed of O 2p orbitals, which give a highly
positive VB position of ~3 V vs. SHE.® To have a CB that is also sufficiently negative to
drive the H'/Ha reaction, the band gaps of metal oxide photocatalysts are usually too large
to absorb visible light (A > 400 nm). As such, most metal oxide photocatalysts are only
active under UV irradiation. Perovskite-type photocatalysts have also been explored for
overall water splitting. One of the best studied is SrTiO3, first reported to achieve overall
water splitting under UV light in 1980.3* Additionally, tantalates with layered perovskite
structures such as KTaO3, NaTa0Os3,* and others®® have shown promising activities for
overall water splitting, but are typically only active under UV irradiation.

Compared to metal oxides, metal nitride and oxynitride photocatalysts have
potential for improved solar light absorption since N 2p orbitals tend to form VBs at more

negative potentials than the O 2p orbitals. For instance, the wide bandgap of Ta;0Os (3.9

14



eV) limits its absorption spectrum to only UV light, while the absorption spectra of TaON
(Eg = 2.4) and TasNs (Eg = 2.1 V) are extended into the visible region due to their VBs
consisting of O 2p + N 2p and N 2p orbitals, respectively.® The d'° metal nitrides GaN and
GesNgy also have band structures which meet the thermodynamic requirements for overall
water splitting, but have wider bandgaps due to a more negative CB position.>**” This is
useful to drive the HER, but renders them only active under UV light. Alternatively, solid
solutions of GaN or Ge3;Ns with ZnO have been explored to achieve narrower bandgaps for

more efficient water splitting.>®*® Metal sulphides such as CdS and ZnS have also been

considered as visible light-responsive photocatalysts.®3
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Figure 1. 5. Examples of wide bandgap photocatalysts with suitable band positions for
overall water splitting.

Compared to metal-based photocatalysts, carbon or silicon-based photocatalysts

carry the advantages of lower cost and high natural abundance. Examples include graphitic

)39,40 )’41,42

carbon nitride (g-C3N4 and silicon carbide (SiC which have tunable band gaps

and band positioning sufficient for both the HER and OER.
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Although the aforementioned photocatalysts have suitable band gaps for overall
water splitting, most are inactive without the aid of metal cocatalysts, heteroatom doping
or other modifications.® The photostability of the catalyst materials must also be
considered. For instance, metal sulfides are prone to photocorrosion since S is easily
oxidized by the photogenerated holes (Eq. 1.10). ZnO can also be corroded by a similar

mechanism.*?

CdS + 2h*t —» Cd** +S Eq. 1.10

Various wide bandgap photocatalysts have also been investigated for either H> or
O: evolution in the presence of sacrificial reagents. An electron donor or acceptor is used
to drive photocatalysis of either the HER or OER, respectively, to support charge carrier
separation and supress undesirable recombination or back reactions. These sacrificial
reagents should be more easily oxidized or reduced compared to water and consume the
electrons or holes irreversibly. Silver cations (Ag") or methanol (CH3OH) are commonly
added to photocatalyst systems as electron or hole scavengers, respectively (Eq. 1.11 and
1.12).1%%4 In photocatalytic H, generation, CH3OH is first oxidized to CH,O (Eq. 1.13).%°
Further oxidation can also occur via Eq. 1.14 and Eq. 1.15, giving the overall reaction in

Eq. 1.16.46

Ag™+ e” > Ag (Epg+/ag = 0.08V) Eq. 1.11

CH30H + 2h* - CH,0 + 2H* (EQy,0/ci,on = 0-13V) Eq. 1.12
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Methanol oxidation pathway:

CH;0H - CH,0 + H, Eq. 1.13
CH,0 + H,0 - HCOOH + H, Eq. 1.14
HCOOH - CO, + H, Eq. 1.15
Overall reaction:
CH3;0H + H,0 —» CO, + 3H, Eq. 1.16

1.3.4. Photocatalysts for Hydrogen Evolution

Of the water splitting half reactions, the OER is generally more difficult to achieve,
as it is a complex 4-electron process which requires higher overpotentials than the HER.*
For this reason, paired with the high demand for sustainable H>, many investigations of
water splitting photocatalysts have focussed on H> production in the presence of sacrificial
reagents. A myriad of semiconductor materials have been investigated for H> evolution via
water splitting, including various metal oxides, nitrides and sulfides,®*’*® layered
perovskites,*® metal-organic frameworks (MOFs),* intramolecular assemblies,>® carbon-

3948 and composite materials.*>! Some examples commonly seen in the

based materials,
literature are presented in the following discussion and in Table 1.1. Ideally, photocatalysts
for sustainable H» production should be photostable and efficient under solar illumination,
naturally abundant, inexpensive, and relatively easy to synthesize.

Nanostructured TiO: is one of the most widely studied photocatalysts due to its low

toxicity, high photochemical stability, high abundance and low cost. However, the wide

band gap of TiO; results in poor solar energy utilization. Furthermore, fast recombination
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and high overpotentials for H" reduction on TiO, surfaces limit its applicability to Ha
generation.*” Numerous efforts have been made to improve the photocatalytic performance
of TiO: in the presence of sacrificial reagent (CH30OH), through structural modifications,

4752 For instance, nanocrystalline

and through the integration of cocatalyst materials.
mesoporous TiOz was found to outperform commercial TiO2 powder due to its high surface
area and crystallinity.>® Furthermore, the incorporation of a noble metal cocatalyst, namely
Pt, can greatly enhance the Hx evolution rate compared to bare TiO».>* Incorporation of
plasmonic cocatalysts such as Ag has also been shown to greatly enhance the photocatalytic
performance of TiO> since the plasmon resonance extends light absorption to the visible
region.”® Nonetheless, the high cost and low abundance of such precious metals limits the
practicality of these systems.

Cadmium sulfide (CdS, Eg ~2.4 eV) is a popular visible light photocatalyst for H>
production. CdS suffers from instability due to photocorrosion; however, this can be
mediated by using appropriate sacrificial reagents containing S®* electron donors.>
Modification with Pt°® or noble-metal free cocatalysts such as MoS; significantly enhances
Ha evolution performance compared to pure CdS.>’° Specifically, MoS, is commonly
incorporated onto CdS photocatalysts as it also functions to prevent photocorrosion.>’

In recent years, g-C3N4 has gained popularity due to its unique electronic structure
and properties. Moreover, it is made from abundant elements, has good stability and is
nontoxic.®® Depending on its structure, g-C3N4 can be suitable for visible light absorption;
however, high recombination rates (especially in bulk g-C3N4) tend to limit its efficiency.®!
Various literature reports have revealed that photocatalytic performance is heavily reliant

on the structural details of g-C3Ns. As such, efforts to improve its activity include
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62,63 60,64

exfoliating bulk g-C3N4 to single-layer nanosheets, controlled polymerization, and
structural ordering into condensed nanostructures.®>% Among the highest quantum yields
have been achieved by carefully tailoring the degree of polymerization and protonation of
g-C3Ny, controlled by the precursor and synthetic parameters.

Composite materials which aim to combine the desirable properties of multiple
photocatalyst materials have also been investigated for H» production. Furthermore,
heterojunctions between semiconductors can provide more efficient charge separation and
reduce the rate of recombination.®’ For example, Yang and coworkers constructed
CdS/MoS; core-shell composites which showed significantly enhanced H> evolution
performance compared to other CdS systems.’’ Composites of g-C3N4 such as g-
C3N4/Ti02*! and g-C3N4/SiC® have been investigated in attempts to improve charge

mobility in g-C3N4. However, the photocatalytic performance of these materials has still

been relatively low.
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Table 1. 1. Some examples of photocatalyst materials used for H, production from water
and their H> evolution rates.

Photocatalyst

H, Evolution Rate

Material Cocatalyst Light Source (umol h™! g) Reference
TiO; - 450-W Hg lamp 419.5 53
Mesoporous - 300-W Hg lam 1652.5 53
TiO; £ ‘amp '
TiO; Pt (0.6 wt%) 300-W Xe lamp 8450 54
TiO2 nanowires Pt (0.5 wt%) 450-W Hg lamp 4300 68
TiO; A0 (1 wt%) 3011?;]11?1111:_,219 67000 55
Cds Pt (1 Wt%) 3 OO;VZz)éenﬁmp, 9357 56
MoS,/graphene -
Cds 300-W Xe lamp, 6103 59
(2 Wt%) > 420 nm
CdS/MoS, - 3 oo;vzlﬁenﬁmp, 26140 57
Mesoporous g-
CsNy Pt (3 Wt%) > Oo;vzz%gnﬁmp’ 1490 64
nanosheets
g-C3Ny (urea o 300-W Xe lamp,
ynthesis) Pt (3 wt%) 2395 am 3327.5 60
g-CsNu/TiO, Pt (3 Wt%) 3 OO;VZz)éenﬁmp, 513 61
g-CsNu/SiC Pt (1 Wt%) 300-W Xe lamp, 182 67

> 420 nm
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1.3.5. Mesoporous Silicon

In recent years, nanostructured Si have shown promise as photocatalysts for H»

generation.®*7® Si is an attractive semiconductor for this application given its abundance,

non-toxicity, and ability to absorb in the UV to near IR region of the solar spectrum.’*”’

While bulk Si (Eg = 1.1 eV) has been well-established for electricity production in solar

79,80

cells” and fuel formation in PEC systems,”**? its applicability as a particulate photocatalyst

remains relatively under investigated.

Mesoporous silicon (mp-Si) is a sponge-like material with pore diameters between
2 and 50 nm.?! Given attractive properties such as high surface area and pore volume, mp-
Si has been extensively explored for applications in optics,®? sensors,® drug delivery,’*%
gas storage,®® high capacity anode material for Li-ion batteries,®’ chemical conversion of

88.89 as well as photocatalytic H, evolution.”®>** Recent studies have

species such as CO»,
demonstrated that mp-Si NPs are attractive particulate photocatalysts for H> production for
the following reasons: 1) the porous network provides high-surface area and more catalytic
sites which enhances the amount of H» generated, 2) the nano-structuring shifts the
conduction band edge position of Si favorably to further facilitate electron transfer to drive
H> formation, and 3) the pore structure can enhance light absorption through pore-induced
multiple reflections.”%?

Several synthetic routes have been reported to produce porous Si, including top-

94-96

down etching methods and bottom-up methods such as chemical vapour deposition,3*

8 Of these, metallothermic

carbothermal reduction,”” and metallothermic reduction.
reduction has received significant attention as a straightforward method to produce mp-Si

NPs from inexpensive precursors and at lower temperatures compared to carbothermal
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reduction.”” Magnesium (Mg) and Aluminum (Al) are routinely used reducing agents for
metallothermic reduction as they are relatively inexpensive, easy to handle, and produce
easily removable by-products. Specifically, magnesiothermic reduction using Mg metal
has become a popular method for synthesizing mp-Si photocatalysts, as it tends to yield

products with high surface area.®

1.4. Motivation for Research

In previous reports, mp-Si NPs investigated for photocatalytic H, generation have
been prepared either via reduction of SiCls using a NaK alloy’® or through
magnesiothermic reduction of silica (SiO2) precursors.’%’>747¢  As with other
semiconductor materials, properties such as the crystallinity, surface area, porosity, and
surface chemistry of mp-Si should affect the charge carrier dynamics, density of trap states,
availability of reaction sites, and light harvesting ability of the material.® For mp-Si
synthesized via metallothermic reduction, such properties can be influenced by a number
of variables such as the choice of reducing metal,® the reaction conditions (i.e., annealing
temperature and time),”® the workup conditions,”! and the morphology of the precursor. As
such, variations in the synthetic method, reaction conditions, and precursors between

literature reports has led to different H» evolution rates for mp-Si NPs (Table 1.2).
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Table 1. 2. Summary of H»> evolution rates and properties of mp-Si photocatalysts prepared under
various synthetic conditions.

. Annealing Annealing | Surface | Crystallite | H; Evolution
Reducing c c
Precursor Avent Temperature Time Area Size Rate Reference
8 O (h) (m’ g) (nm) (umol h™' g™)
SiCl4 NaK 600 0.5 580 2-5 882 93
Porous
SiO, Mg 650 5 337 22 1785 90
Porous
Si0, Mg 800 10 370.9 19.7 604.7 92
(MCM-41)
Natural Mg 650 5 308 3035 486 75
Clay
Talc Clay Mg 650 3 188 72 850 70

The motivation for the research presented in this thesis was to systematically

investigate how various parameters involved in the synthesis of mp-Si affects its

performance as a photocatalyst for H> generation via water splitting. In Chapter 3, the effect

of the reaction conditions (temperature and time) used for magnesiothermic reduction of

non-porous, monodisperse SiO> on the H> evolution rates of mp-Si was investigated. In

Chapter 4, porous SiO> was used to gain insight into the effects of porosity and surface

area. Finally, Chapter 5 presents preliminary results on factors such as the magnesium

particle size used for mp-Si synthesis and the addition of a metal cocatalyst. By observing

trends in the H» evolution rates for various samples characterized by their morphology,

crystallinity, and surface chemistry, an improved understanding of the physical and

chemical properties of mp-Si and their relation to the photocatalytic activity could be
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achieved. Furthermore, this work provides insight into the synthetic conditions needed to

optimize the photocatalytic performance of mp-Si.
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CHAPTER 2. Experimental Techniques

2.1. Photocatalyst Preparation
2.1.1. Stober Silica Synthesis

The mp-Si photocatalysts studied in Chapter 3 and Chapter 5 were synthesized
using monodisperse, spherical SiO> NPs prepared via the Stober sol-gel processing method.
In sol-gel processing, precursor molecules form a sol (a stable suspension of colloidal
particles) which then forms a gel (a three-dimensional network of sol particles), that
becomes a solid material upon removal of the solvent. The precursors are typically metal
alkoxides. During the reaction, the precursors polymerize through multiple hydrolysis and
condensation reactions.” Acid or base catalysts are typically used to enhance the reaction
kinetics by producing good leaving groups (acids) or strong nucleophiles (bases) via
protonation or deprotonation, respectively.!? In 1968, Stober, Fink and Bohn described a
sol-gel processing method to synthesize monodisperse spheres of SiO; with sizes up to 2
um in diameter.!”! In their synthesis, now recognized as the Stdber process, tetracthyl
orthosilicate (TEOS) is used as the precursor, with ammonium hydroxide (NH4OH) serving
as the catalyst. The growth of SiO, particles is governed by two consecutive reactions: 1)
hydrolysis of TEOS to form silanol monomers (Si(OEt)sxOHx) (Eq. 2.1), and 2)
condensation of silanol monomers into a siloxane network. Condensation can occur either
between two silanol groups (Eq. 2.2) or between a silanol and an unhydrolyzed ethoxy
group (Eq. 2.3).!92 The resulting siloxane networks are what form the SiOx particles, which
can eventually form a gel due to attractive dispersion forces between them. Gels formed
from particulate sols are generally reversible and can be re-dispersed by stirring or

sonicating (i.e., during washing steps) or by grinding the material after drying.'®
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Si(OEt), + H,0 = Si(OEt);OH + EtO Eq. 2.1
2Si(0Et)4_, (OH), = (Et0)g_,,(Si — 0 — Si)(OH);,_, + H,0 Eq.2.2

Si(OEt), + Si(OEt),_,(OH), = (Et0),_,(Si— O — Si)(OH),_, + EtOH  Eq.2.3

The kinetic balance between the hydrolysis and condensation reactions during the
Stober process is incredibly important in dictating the growth of SiO» particles, and
therefore their size distribution. In general, for sol-gel reactions, hydrolysis and
condensation are influenced by parameters such as the precursor, catalyst, solvent,
temperature, pH, and the precursor to water ratio. The rate of hydrolysis is affected by
steric and inductive effects of the precursor. For the Stober process, TEOS provides an
adequate balance of steric hindrance and low electron density at the Si atom to achieve
monodisperse SiOz particles within 24 hours or less. The size of the particles is largely
dependent on the reagent concentrations, which dictate the rates of hydrolysis and
condensation. However, the relationships between the concentration of a given reagent and
the resulting particle size are not necessarily straightforward. For instance, it has been
demonstrated that the SiO: particle size initially increases with increasing water
concentration to a maximum, then decreases as the water content is further increased. This
maximum water concentration also depends on the concentrations of TEOS and NH4OH.'®
Multivariate studies of these reaction parameters (NH4OH, water, ethanol, and TEOS
concentrations) have shown the effects of each variable on particle size to be dependent on
each other.!*

While there is growing understanding of the conditions required to achieve a
desired SiO: particle size, the detailed mechanisms of nucleation and growth during the

Stober process have yet to be elucidated and have been met with some debate.!**'1% Han
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et al. have presented compelling evidence for a growth mechanism occurring over two
separate pathways based on their investigation of the reaction kinetics.'> Their results
support a seeded growth model for the Stober synthesis, where pathway I (nucleation and
growth) is dominated by TEOS hydrolysis, and pathway II (the size-enlargement stage) is
dominated by condensation. The investigation also revealed the importance of the catalyst
concentration (NH4OH, which strongly affects hydrolysis) on the growth mechanism.
Temporal separation of pathways I and II was found to occur only at NH4OH
concentrations > 0.95 M. Below this concentration, the two pathways interweave and result
in more loosely condensed siloxane networks within the particles. That is, the NH4OH
concentration seems to influence not only the SiO; particle size, but also their internal
structure.

In this work, Stober SiO2 was prepared by adding 30 mL of TEOS to 700 mL of
95% ethanol (EtOH), followed by 60 mL of 28% ammonia solution (~ 14.8 M NH4OH). It
is important to ensure that the concentration of NH4OH in the stock solution is correct,
since ammonia can easily evaporate from the solution over time. If the stock NH4OH
concentration is too low and not accounted for, the concentration of NH4OH in the reaction
mixture may be less than 0.95 M, resulting in precursors that may alter the performance of
mp-Si photocatalysts. As such, when used several months after opening the stock container,
the concentration of NH4OH was determined by titration with hydrochloric acid (HCI), and
the volume of ammonia solution added to the reaction was adjusted accordingly. After
adding the reagents, the reaction vessel was sealed with parafilm and left to stir for 18 h at
400 rpm. Following the reaction, the white solid (SiO, NPs) was collected by centrifuging

at 3300 rpm for 25 min. The supernatant was discarded, and the nanoparticles were washed
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twice with 100% EtOH to remove any unreacted TEOS. The SiO, NPs were dried in an

oven overnight at 100 °C.

2.1.2. Magnesiothermic Reduction

All mp-Si photocatalysts investigated in this work were synthesized via solid-state
magnesiothermic reduction of SiO» precursors. The reactions were performed using a
programmable single-zone tube furnace under argon atmosphere (Fig. 2.1). The reagents
(Si02 and Mg powders) were thoroughly ground together in a mortar and pestle to ensure
homogenous mixing, then distributed evenly in an alumina reaction boat. The reaction boat
was placed in a quartz furnace tube able to withstand high temperatures (up to 1100 °C).
The material of the reaction boat was chosen to withstand high temperatures while also

avoiding contamination.

Furnace
| Reaction boat
) "0l bubbler
|
o
Quartz tube

Figure 2. 1. Tube furnace setup for magnesiothermic reduction reactions.

Mg has a melting point of 650 °C and a relatively low vapor pressure of 1 Pa at

428 °C. At temperatures near the Mg melting point (650 °C), Mg vapour reduces SiO; to
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Si by the reaction shown in Eq. 2.4.°® The reaction produces polycrystalline Si and the by-
product, magnesia (MgO), which can be easily removed by treating it with HCI. In some
cases (depending on the reaction conditions and ratio of reagents), the by-products
magnesium silicide (Mg>Si, Eq. 2.5) and magnesium silicate (Mg>SiO4, Eq. 2.6) are also

formed.'9>106

Si0,(s) + 2Mg(g) — Si(s) + 2MgO(s) Eq.2.4
Si(s) + 2Mg(g) —» Mg,Si(s) Eq. 2.5
Si0,(s) + 2MgO(s) = Mg,Si0,(s) Eq. 2.6

During magnesiothermic reduction, the starting SiO2 morphology acts as a template
for the resulting mp-Si. However, regardless of any porosity in the precursor, mesoporosity
in the product is created during the reaction, resulting from the removal of oxygen atoms
from the SiO2 network. Fig. 2.2 illustrates the proposed mechanism for pore formation in
mp-Si. The transformation of SiO2 nanoparticles to mp-Si is thought to occur from the
surface to the core.®” As Mg diffuses through and reacts with the solid SiO, it leaves behind
Si crystallites and MgO interwoven into a composite product. Depending on the reaction
conditions (ratio of Si02:Mg, reaction temperature, Mg and SiO» particle size), other by-
products such as Mg,Si, may also form within the composite.®” Once the product is cooled,
etching with HCI removes the MgO (Eq. 2.7) resulting in the remaining sponge-like mp-Si

structure.
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2Mg 1 M HCI
Anneallng

W si
B mgo

Figure 2. 2. Illustration depicting the process of magnesiothermic reduction to produce
mp-Si.

MgO(s) + 2HCl(aq) — MgCl,(aq) + H,0(1) Eq.2.7

While relatively easy to perform, magnesiothermic reduction is a complex reaction
in that there are several reaction parameters that can influence the resulting product. Both
the characteristics of the reagents (morphology of the SiO> precursor, particle sizes and
stoichiometry), and the reaction conditions (ramp rate, temperature and reaction time) have
tunable aspects that will dramatically affect the characteristics of mp-Si formed. The
reaction conditions of magnesiothermic reduction (namely, the temperature and time) are
key factors in determining characteristics such as the crystallinity and surface structure of
mp-Si. Most magnesiothermic reduction reactions are held at least as high as 650 °C to
enhance atom diffusion and ensure complete reduction. Higher temperatures generally lead
to larger crystallites and to larger pores.®’

Metallothermic reductions are highly exothermic reactions. For the
magnesiothermic reduction of SiO», in situ reaction temperatures have been found to reach
up to 1000 °C and above.!%1%7 Such excessively high temperatures can lead to large

amounts of sintering and morphological damage in mp-Si when the reaction is heated to
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650 °C, even when the reaction is held just long enough to reach completion.®® To mediate
this, thermally stable and inert salts have been used as heat sinks for magnesiothermic
reduction reactions.'% ! However, these increase the cost of synthesis and may introduce
contamination. Another method to control the exothermic nature of magnesiothermic
reduction involves first heating to the initiation temperature (650 °C), then lowering it
(below the Mg melting point) for a longer duration to maintain the reaction until
completion. This two-step heating method has been demonstrated to reduce morphological
damage, while leading to mp-Si with higher surface areas.®

The mp-Si NPs in this work were prepared using a stoichiometric ratio of 2.2:1
Mg:Si0Oz. The reactions were annealed using either the conventional single temperature
heating method at 650 °C or the two-temperature heating method described above. For the
two-temperature heating process, the reactions were held at 650 °C for 0.5 h, then air-
cooled and held at a predetermined temperature (100, 200 or 300 °C) for 6 h. For all
reactions, the ramp rate was 10 °C min™!. After the reactions were completed and cooled to
room temperature, the resulting product was treated with 25 mL of 1.0 M HCI for 4 h with

stirring at 300 rpm. The solid was collected by suction filtration and washed with 150 mL

of distilled water, then dried overnight in an oven at 100 °C.

2.2. Characterization Techniques
2.2.1. Powder X-Ray Diffraction

Powder X-ray diffraction (XRD) is one of the most routinely used methods for
characterizing solid materials. The non-destructive technique works by irradiating the
sample with a monochromatic beam of X-rays. By using X-ray wavelengths comparable
to the interatomic spacing of crystalline solids, the composition and phase of a material can
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be analyzed through an elastic scattering process.''? An X-ray diffractometer has three
main components: an X-ray source, a sample holder and a detector (Fig. 2.3A). The X-ray
source and detector rotate together on a goniometer with the sample holder in the centre.!!3
Incoming X-rays irradiate the sample at an angle, 0, and the detector collects diffraction

data within the angle 26 (the angle between the refracted X-ray and the incident X-ray

path).
A _ :
Rotating goniometer
X-ray sour Detector

holder

Figure 2. 3. (A) Configuration of an X-ray diffractometer. (B) Schematic depicting a set
of crystal planes giving a diffraction signal according to Bragg’s Law.

During XRD analysis, incoming X-rays with wavelength, A, and incident angle, 0,
interact with the sample through elastic scattering. The diffraction signals in the spectrum
are generated through the constructive interference of refracted X-rays, which occurs only
for a set of crystal planes satisfying Bragg’s Law (Eq. 2.9).''? Fig. 2.3B depicts a set of
crystal planes giving rise to a diffraction signal. For two lattice planes separated by a
distance, d, an X-ray diffracted from the lower plane must travel an extra distance (distance

AB + BC in Fig. 2.3B) from the source to the detector compared to an X-ray diffracted
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from the first plane. Therefore, for the diffracted beams to remain in phase and constructive
interference to occur (giving a signal in the XRD spectrum), AB + BC must equal some
integer of the wavelength (Eq. 2.8). According to Fig. 2.3B, the distances AB and CD are

each equivalent to dsinf. This relation gives rise to Bragg’s Law (Eq. 2.9).

AB + BC = nA Eq.2.8

nA = 2dsin0 Eq. 2.9

Each peak in an XRD spectrum corresponds to a set of lattice planes. As such,
crystalline materials give sharp XRD peaks, while amorphous materials (lacking long range
order) result in a broad peak in the spectrum.!'” The materials in this work were
characterized using a Rigaku Ultima IV X-ray diffractometer with Cu Ka radiation (A =
1.54). To generate X-rays, electrons are thermally generated in a cathode ray tube, then
accelerated towards the anode target (Cu), causing the emission of core electrons. X-Rays
of a corresponding wavelength are emitted as valence electrons in the anode relax to the
vacant core states.!'> A monochromator filters out unwanted wavelengths such that only
the Ka line is used for analysis.!'* In this work, samples were prepared for analysis by
placing them on a zero-background Si wafer, and XRD spectra were collected at 3 counts

per second.

2.2.2. Electron Microscopy
Electron microscopy is an imperative tool for the characterization of nanomaterials.
In traditional light microscopy, visible light is used to view specimens on the micrometre

scale. The resolution of a microscope is on the order of the wavelength of the light that is
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used to view the specimen. In order to view specimens on the nanometre scale, electrons
with a well-defined de Broglie wavelength are used in place of photons. The resolving
power of electron microscopes can be controlled by changing the accelerating voltage (the
electron velocity, v) according to the de Broglie relation (Eq. 2.10) where A is the electron’s
de Broglie wavelength, p is its momentum, m is its mass and 4 is Planck’s constant. Unlike
light microscopes which use glass lenses to focus light onto the specimen, electron
microscopes contain electromagnetic “lenses” to guide the electrons into a focussed
beam.!!'* Instead of visible light, electrons are emitted from an electron gun. Electron guns
in electron microscopes can be either thermionic emitters or field emitters, which use heat

or electric fields, respectively, to eject electrons from the source material.!!>

h Eq. 2.10

To understand electron microscopy, it is important to define the concepts of elastic
and inelastic scattering. In elastic scattering events there is no loss in energy. Therefore,
elastically scattered electrons can change direction, but do not change their wavelength.
Inelastic scattering is accompanied by an energy loss (and increase in wavelength) which
can occur through a variety of mechanisms. Scattering in electron microscopy is dictated
by factors such as the specimen thickness, interaction volume and electron transparency.
For instance, in thick specimens (with a longer electron path) electrons are more likely to
experience scattering events. Scanning electron microscopy (SEM) is typically used to
analyze thicker samples which primarily scatter electrons rather than transmit them. On the
other hand, transmission electron microscopy (TEM) is restricted to thin specimens (less

than 1 pum) which allow electrons to pass through the sample. Specimens which allow
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incident electrons to pass through without scattering are called “electron transparent.” This
depends on both the kinetic energy of the incident electrons and the chemical composition

of the specimen, as heavier elements will have stronger electron interactions.''*

Transmission Electron Microscopy.

TEM instruments have a similar configuration to a traditional light microscope (Fig.
2.4), which permits a two-dimensional projection of the specimen produced by electrons
transmitted through the sample. The electron gun accelerates electrons at a high voltage
(80 — 300 kV) which are directed down the column of the microscope by a positively
charged anode. The microscope column is kept under vacuum as to not interfere with
electron movement or scattering. Electromagnetic condenser lenses focus the electrons into
a beam which passes through the sample. The objective lens then focuses the transmitted
electrons to form a diffraction pattern, which is magnified by projector lenses onto the

detection system and translated into an image.''*
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— Viewing screen

Figure 2. 4. Core components of a transmission electron microscope.

Various imaging modes are available in TEM, with one of the most common being
the brightfield (BF) imaging mode. In BF imaging, scattered electrons are blocked using
an objective aperture (Fig. 2.5) and the image is generated using only non-scattered
electrons. Areas of the sample where many electrons are being scattered (such as areas of
higher thickness or mass) have fewer transmitted electrons and therefore appear darker in

the image.''*
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Figure 2. 5. Use of an objective aperture for BF imaging by TEM.

In high-resolution TEM (HRTEM), rather than using an aperture to block either the
transmitted or refracted beams, multiple beams are allowed to interact. For crystalline
materials, recombination of the transmitted and refracted beams generates an interference
pattern that reveals the periodic nature of the crystal. For ultrathin specimens at high
enough magnification, these diffraction patterns correspond to atom positions, allowing for
the observation of lattice spacings and grain boundaries.''*

In this work, SiO2 and mp-Si NPs were characterized using a FEI Titan 80-300
TEM at an operating voltage of 300 kV. The instrument is equipped with a Schottky
(thermally-assisted) field emitter, which uses a combination of heat and electric fields to
trigger electron emission. Charged coupled device (CCD) cameras translate the transmitted
electron signal to an image. HRTEM was used to visualize the lattice planes and measure
the crystallite size of the mp-Si samples. Ethanolic suspensions of NPs were drop cast onto

a carbon coated copper TEM grid to prepare the samples for imaging.
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Scanning Electron Microscopy.

Scanning electron microscopy (SEM) was used to gain topographical and size
information for the nanomaterials prepared in this work. SEM differs from TEM in that the
incident electrons are scattered back from the sample and detected, rather than passing
through. The general setup of a SEM instrument is shown in Fig. 2.6. The SEM chamber
is held under vacuum at pressures of 0.1 — 10" Pa. The electron gun accelerates electrons
through 1 — 30 kV accelerating voltage (selected prior to imaging), which influences the
depth of electron penetration.''* Also set prior to analysis are the emission current (probe
current) and the working distance (the distance between the sample surface and the
objective lens).!'® Electrons released from the source first pass through the anode, which
helps to align the electrons into a beam and accelerate them towards the sample stage.
Electromagnetic condenser and objective lenses are both situated above the stage and work
in tandem to finely focus the electron beam onto the specimen. The beam is directed to
scan the sample surface by scan coils, which deflect the beam in the x and y directions.'!®
When the incident electrons reach the sample surface, a number of different processes can
occur. Most importantly are the release of secondary electrons (SEs) and back-scattered
electrons (BSEs) which are detected by SE and BSE detectors, respectively. Secondary
electrons are scattered electrons resulting from inelastic interactions between the electron
beam and the sample. They typically originate from shallow surface regions of the sample
and are important for gaining topographical information at the highest resolution (typically
~100 A).!'7 Contrarily, backscattered electrons are a result of elastic interactions with
atomic nuclei that cause a reflection of the incident beam. Larger atoms (with larger nuclei)

result in a more intense reflection, thus appearing brighter in the image. As such, BSE
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detection can be useful for providing qualitative elemental contrast.!'® Most SEMs are
equipped with multiple detectors which allow for various imaging modes. The placement
of SE and BSE detectors shown in Fig. 2.6 allow them to detect the scattered and reflected
electrons, respectively. Signals from each detector are sent to a computer which generates

a raster depicting a three-dimensional image of the specimen.

—— Electron source

—— Anode
Condenser lenses
——Scancoils
Objective lens
Back-scattered
| _
electron detector - ilii?rr;iaztector
X-ray detector— .‘_
. Sample

Figure 2. 6. Core components of a scanning electron microscope.

The mp-Si NPs and precursors in this work were imaged using a Hitachi S-4700
field emission SEM (FESEM). FESEMs contain a field emission gun (FEG, or “cold
cathode field emitter”) as the electron source, allowing electrons to be generated without

heating. Instead, the FEG releases electrons by applying a high electric field near the
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filament tip.'!®> The samples in this work were imaged without applying any coating, which
was sufficient to obtain images revealing size and topographical information, as well as to
perform EDS analysis on the mp-Si samples (see section 2.2.3). To prepare the samples,
NPs were dispersed in acetone by sonication, then drop cast onto a silicon wafer mounted
to the SEM stub. The images were collected at an accelerating voltage of 3.0 — 5.0 kV, an
emission current of 14 — 16 pA and a 7 — 9 mm working distance (depending on the sample

and desired information).

2.2.3. Energy-Dispersive X-Ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) analysis was performed on the mp-Si
samples using either a JEOL JSM-7000F (Chapter 3) or Hitachi S-4700 (Chapters 4 and 5)
SEM instrument equipped with an Oxford Instruments X-Max EDS detector. Quantitative
results for the elemental analysis were recorded in atomic percent. Representative images
and associated data from EDS analysis are shown in Figs. A1 — A3 (Appendix A). The data
was normalized to include only Si and O.

EDS is used in conjunction with SEM or TEM for elemental analysis or chemical
characterization of a sample. The emission of characteristic X-rays by atoms occurs when
the primary electron beam from the microscope knocks out an inner-shell (usually a K or
L shell) electron from the sample, leaving a vacancy (Fig. 2.7). This triggers an outer-shell
electron to jump from a higher to lower energy state to fill the vacancy, resulting in a release
of energy (X-rays).''® Detection of the X-rays emitted allows for both qualitative and
quantitative analysis of the elemental composition, which can be given in the form of point
spectra or elemental maps. X-rays are produced within a region about 1 um deep into the

specimen. !4
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Figure 2. 7. Emission of characteristic X-rays from an atom during EDS analysis.

2.2.4. Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique based on the inelastic
scattering of photons by matter. When a sample is irradiated with monochromatic visible
light, most of it is either absorbed or transmitted, while a small proportion of the radiation
is scattered in all directions. Scattering occurs when incident light interacts with a material
and induces a vibrational transition to an intermediate “virtual” energy state (Fig. 2.8).
Following this transition, the material instantaneously relaxes, causing the emission of a
photon (the scattered light). In most cases, the frequency of the scattered photon (vs) is
equal to that of the incident photon (vi). These elastic scattering events are called Rayleigh
scattering. Less often, Raman scattering results from a change in frequency of the emitted
photon (vs # vi), either by a loss (Stokes scatter) or gain (anti-Stokes scatter) of energy. The
processes of Stokes and anti-Stokes Raman scattering are illustrated in Fig. 2.8. In Stokes

scattering, the vibrationally excited molecule falls to an excited state above the ground
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state, resulting in a lesser amount of energy released. In anti-Stokes scattering, the incident
light interacts with and promotes a molecule that is already vibrationally excited. The

excess energy is then released upon return to the ground state.!!®

Virtual energy

states 0
A
] 2
Vibrational
energy states 1
h 4
Rayleigh Stokes Anti-Stokes
scattering Raman Raman
Vo= V. scattering scattering
© Vs < Vi Vg >V

Figure 2. 8. Energy level diagram depicting Rayleigh and Raman scattering.

In Raman spectroscopy, Raman scattering is detected as the sample is irradiated
with laser light of a chosen wavelength. The Raman shift, which represents the shift in
wavenumber from the incident photon, is plotted against the intensity of the spectral lines.
Since (at room temperature) molecules exist most commonly in the ground state than in
excited vibrational states, Stokes lines have a higher intensity in the Raman spectrum than
anti-Stokes lines. Fig. 2.9 depicts a simplified configuration of a Raman system. The
system consists of three main components: a laser source, optics for focussing and

collecting incident and scattered radiation, and a spectrometer. The laser first passes
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through a filter to eliminate extraneous radiation, then a set of mirrors and/or lenses
focusses the laser light onto the specimen. Raman scattered radiation is filtered out from
the incident beam and focused into the entrance slit of the spectrometer, containing a

grating and CCD detector.!!®

Spectrometer

* Grating

Focusing lens

Detector

Edge filter

Laser source

Microscope objective

Sample

Figure 2. 9. Basic components and configuration of a typical Raman instrument.

The Raman spectrum of a material provides a molecular fingerprint with peaks
correlating to various Raman active vibrational modes. The vibrational modes in a
molecule are dependent on the orientation of atoms and bonds (i.e., the molecular
symmetry), atomic masses, bond order, and hydrogen bonding. The intensity of Raman

scattering is directly related to the polarizability of the molecule. Therefore, for a molecular
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vibration to be Raman active (having a detectable Raman scatter), the molecule must
undergo a increase in polarizability during the vibration, which allows the electromagnetic
field of incident radiation to temporarily distort the electron cloud.!'® The appearance of
vibrational modes in a Raman spectrum also depends on the degree of chemical interaction
between molecules. For instance, Raman scattering by optical phonons can occur in solid
crystalline materials with long range translational symmetry. Raman spectroscopy can
therefore be a useful tool in distinguishing between crystalline and amorphous solids of the
same chemical composition. For amorphous solids lacking in translational symmetry,
numerous variations in bond angles and lengths produces a distribution of states with
slightly varying vibrational energies, thereby broadening and/or shifting the peaks in the
Raman spectrum.'"’

In this work, Raman spectroscopy was used to observe differences in the degree of
crystallinity between mp-Si samples. The Raman spectrum of monocrystalline Si has a

sharp peak centred at 520 cm’!

corresponding to the Si-Si transverse optical phonon
mode.'?® As the degree of crystallinity decreases, the confinement of optical phonons
within crystallites and the widened distribution of states causes the peak to be broadened
and shifted to lower wavenumbers.'?*!?! Raman spectroscopy was conducted using a
Jobin-Yvon T64000 Raman system with 532 nm laser excitation. The spectra were

collected through a 50 x long working distance objective, with a power of 10 mW at the

sample.

2.2.5. X-Ray Photoelectron Spectroscopy
X-Ray photoelectron spectroscopy (XPS) is a surface-sensitive characterization

technique based on the photoelectric effect. The typical configuration for XPS
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instrumentation consisting of an X-ray source, electron optics, and detection system is
shown in Fig. 2.10. The system is housed under vacuum to prevent excess scattering of
electrons and to keep the sample surface clean. The X-ray source consists of a heated
tungsten or LaBg filament from which electrons are accelerated towards a metal anode to

generate X-rays.!?

Concentric hemispherical _ -
analyzer

Detector

X-ray source

\-/_ Extractionlenses

a7
]
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Figure 2. 10. Core components of an X-ray photoelectron spectrophotometer.

When X-rays penetrate the sample, their energy is transferred to a core electron,
resulting in ejection after it overcomes the binding energy (the energy difference between
the core level and the Fermi level) and the material work function, becoming a free electron
as it reaches the vacuum level (Fig. 2.11A). The generated photoelectrons travel through a

set of electron optics to the detection system, which measures their kinetic energy, Ex. Due
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to conservation of energy, the binding energy (BE) of an electron reaching the detection

system can be determined according to Eq. 2.11,'??

BE = hv — dgpec — Ei Eq.2.11

where /v is the energy of the incoming X-ray, ¢spec 1S the spectrometer work function (a
constant value determined by calibration) and Ex is the kinetic energy of the electron
measured by the spectrometer. For solid samples, the BE is measured with respect to the
sample Fermi level, which for conducting materials is aligned to that of the spectrometer
(Fig. 2.11A).122712% Therefore, the work function of the spectrometer can considered in the

BE equation without needing to know the work function of the sample material.

A B
o 4 Detector
E, |
hv A 4
Vacuum level hv
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. v
Fermi level A
BE Spectrometer
(iii)
Core level v V
Sample

Figure 2. 11. (A) Energy level diagram for a sample in good electrical contact with the XP
spectrometer. The terms of the binding energy equation are indicated in blue. (B)
Schematic depicting the possible interactions of photoelectrons with the sample upon X-
ray irradiation. Photoelectrons near the surface reach the detector without inelastic
scattering (1) or encounter one or two collisions, leaving the sample with a slightly lower
Ex (i1). Photoelectrons deeper in the sample lose their energy through inelastic collisions

(iii).
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The BE of an electron is a material property influenced by the atom’s chemical
environment (i.e., oxidation state and nearest neighbours). As such, XPS can be a useful
tool for probing the chemical composition of material surfaces. XPS is considered a surface
sensitive technique, since, although X-rays can typically penetrate a sample up to a few
um, photoelectrons generated within deeper regions of the sample will lose most or all their
energy through inelastic collisions before escaping the sample (Fig. 2.11B). Therefore,
only electrons reaching the detector without losing energy will contribute to the
characteristic peaks in an XP spectrum. Some electrons closer to the surface will encounter
only one or two inelastic collisions and leave the sample with a slightly lower Ex, giving
rise to the step-like background contributions seen in most XPS spectra.!??

The probability of photoelectron escape (roughly equivalent to the probability of

XPS detection) for a detection angle of 90 ° can be calculated according to Eq. 2.12,'%
P(d) = exp (T%/)) Eq.2.12

where P(d) represents the likelihood of an electron reaching the detector without being
inelastically scattered for an atom at a distance, d, from the sample surface. The inelastic
mean free path, A, is a measure of the average distance travelled by a photoelectron before
it is inelastically scattered and depends on both the material and the irradiating energy.
According to Eq. 2.12, about 95% of all detected electrons come from within 3\ of the
surface, usually about 10 nm or less.!'??

During an XPS experiment, photoelectrons escaping the sample move through a set
of electron optics (called extraction lenses) which direct them to a concentric hemispherical

analyzer (CHA).!?? To improve resolution, the kinetic energy of the electrons is reduced
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by a retardation voltage to a specific energy (defined by the user) called the pass energy.
Voltages are applied to the CHA such that the outer hemisphere has a more negative
potential with respect to the inner hemisphere, creating a potential difference which guides
the electrons through the analyzer. Only electrons having the specified pass energy will
follow the curved flight path through the centre of the analyzer and reach the detector. For
a typical XPS experiment, the pass energy is held constant in order to keep a constant
energy resolution, and the retardation voltage is scanned to cover the desired Ex range.!*
In the XPS spectrum, photoelectron peaks are notated by the element and the orbital
from which the electrons were ejected. All XPS lines, except those from s orbitals, occur
as doublets due to spin-orbit coupling and are notated with the j quantum number. For
instance, a Si 2p high-resolution spectrum contains a 2pi2 peak and a 2p3; peak. In this
work, XPS was conducted on mp-Si samples with a ThermoVGScientific Multilab 2000
XPS using Al Ka radiation. The high-resolution spectra were recorded with a pass energy
of 30 eV in 0.1 eV steps. The XP spectra were fitted on CasaXPS software using Shirley

background subtraction. Calibration was performed using the C1s peak (285 eV).

2.2.6. Optical Bandgap Determination using UV-Vis Spectroscopy

In ultraviolet-visible (UV-vis) spectroscopy, light absorption of a sample is
measured as a function of wavelength. The typical configuration of a single-beam UV-vis
spectrometer is shown in Fig. 2.12. Radiation from the light source passes through a
monochromator, which selects the desired wavelength to irradiate the sample. The detector
then measures the intensity of light transmitted. The absorbance (A) of the sample is related
to the transmittance (T) according to the Beer-Lambert law (Eq. 2.13), where I and I, are

the intensities of the transmitted and incident beams, respectively. The absorbance is also
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directly proportional to the concentration of the absorbing species (c) and the path length

(/) of light through the sample (Eq. 2.13). The molar absorptivity constant, &, has the units

of L mol! ¢cm™!.126

Lamp I

Q e Vonochromator \ /NN, @ N IDetector

o I

Sample

Figure 2. 12. Core components of a UV-vis spectrophotometer.

A= —lOgT: —log_= ElC Eq 213

According to the Beer-Lambert law, the absorption coefficient (a) of a material is
a measure of the rate of decrease in the intensity of transmitted radiation and can be

expressed by Eq. 2.14.
I = I,exp (T%p Eq.2.14

For semiconductor materials, the optical absorption coefficient, a, when the energy of
incident radiation is less than that of the bandgap has a value of zero (Eq. 2.15).!%’
Therefore, the ideal UV-vis spectrum for a direct bandgap semiconductor should exhibit
almost no absorption when the energy of incident photons is below the bandgap, and a

sharp increase in absorption for photons with energies above the bandgap. Real spectra

exhibit a nonlinear increase in absorption that reflects the local density of states at the
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valence band minimum and conduction band maximum.!?®'?° In other words, the
absorbance is not directly proportional to the increase in photon energy (Av).

Based on semi-classical descriptions of optical absorption in semiconductors, the
optical absorption coefficient of a direct bandgap semiconductor is expected to act
according to Eq. 2.16, which states that when Av is greater or equal to the bandgap energy
(Ey), o is proportional to (hv — E¢)"2. For an indirect bandgap semiconductor, when /v >
E,, o is proportional to (hv = hQ — E,)? (Eq. 2.17). The term hQ denotes the energy of a
phonon being emitted or absorbed. In most cases, this contribution is negligible and can be
disregarded.!?’ It follows that a can be expressed by the Tauc relation (Eq. 2.18), where B
is a proportionality constant and y is a factor dependent on the nature of the electronic
transition (1/2 and 2 for direct and indirect semiconductors, respectively).!’® The
proportional relationship given by the Tauc relation allows for the determination of E; by

linear extrapolation when (a/v)! is plotted against Av.

a(hv < Eg) =0 Eq.2.15

agir(hv = Eg) o« (hv — Eg)'/2 Eq.2.16
Aina(hv = Eg) < (hv £ hQ — Ey)? Eq.2.17
(ahv)'/Y = B(hv — Eg) Eq.2.18

The optical band gaps for the mp-Si NPs in this work were estimated from Tauc
plots obtained from UV-vis absorption spectra. UV-vis spectra were recorded on a Varian
Cary 100 Bio spectrophotometer. The Tauc plots were generated by first converting
absorbance (A) at each wavelength to the absorption coefficient (a) according to the Beer-

Lambert law (Eq. 2.19). The wavelength (in nm) is converted to energy using Eq. 2.20,
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which can be simplified to Eq. 2.21 to obtain units in eV. The data was plotted with 4v on

)1/2

the abscissa and (a/v)"’“ on the ordinate. The bandgap energy is estimated by extrapolating

the linear region to y = 0.

o = In(10) x A Eq.2.19
h
hy = nc Eq. 2.20
A
1240 (eV nm Eq. 2.21
(V) = 22 (V om) .
A (nm)

2.2.7. Brunauer-Emmett-Teller Specific Surface Area

The specific surface areas (SSAs) of mp-Si NPs and precursors in Chapter 4 of this
work were determined using the Brunauer-Emmett-Teller (BET) method with nitrogen
(N2) adsorption measurements. The BET theory is an extension of the Langmuir theory of
gas adsorption on solid surfaces. According to the Langmuir theory, monolayer adsorption
of adsorbates (gas molecules) can be related to the gas pressure above the solid surface at
a fixed temperature by Eq. 2.22,!3!

ap Eq.2.22

0=
1+ ap

where 0 is the fractional coverage of the surface, p is the gas pressure and a is the Langmuir
binding constant at dynamic equilibrium. This relation depends on the assumptions that
adsorption on the solid surface is restricted to one monolayer, and that both the gas phase
and adsorbed phase behave ideally. In other words, there are no intermolecular interactions

and all surface sites are assumed have the same adsorption energy for the adsorbate.!*! The
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system is considered to reach dynamic equilibrium when the rates of adsorption and
desorption are equal.!*>!** The BET theory expands on the Langmuir theory by including
multilayer adsorption in the description.!* The theory is based on the following
assumptions (in addition to those of the Langmuir theory): 1) gas molecules will physically
adsorb on a solid surface in infinite layers, 2) there is no interlayer interaction, and 3) the
theory can be applied to each layer.!*

A schematic for a typical surface area analyzer is shown in Fig. 2.13.! Prior to the
analysis, the sample (of known mass) is cleaned of adsorbed contaminants through a
process called degassing under vacuum or inert gas and at high temperature. The
temperature and degassing time must be selected as to sufficiently remove contaminants
without damaging the sample. To obtain measurable adsorption, the analysis must be done
at low temperatures (i.e., 77 K for nitrogen adsorption). After degassing, the sample is
moved to the analysis port which is cooled and maintained at constant temperature using a
dewar of liquid N2. The adsorbate is then released stepwise into the sample cell at pre-
determined relative pressures (p/po) using a calibrated piston that controls the injection
volume. At each step, the system is allowed to equilibrate, and the volume adsorbed is
recorded. N> is a commonly used adsorbate due to its availability in high purity and ability
to interact with most solid surfaces. Helium gas (which does not adsorb to the sample

surface) is also typically used for calibration. '3
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Figure 2. 13. Instrumentation for surface area analysis by nitrogen adsorption.

The majority of physisorption isotherms fit into one of the six classifications shown
in Fig. 2.14A, which depend on the morphology and adsorption energy of the solid
surface.’®” Some isotherm types are also characterized by hysteresis loops (Fig. 2.14B)
which are usually related to capillary condensation in mesoporous materials. The type of
hysteresis is thought to be indicative of the pore morphology. Of the isotherm
classifications, Type I isotherms (also referred to as Langmuir isotherms) depict monolayer
adsorption only and are seen for microporous materials. Type II isotherms are suitable for
either non-porous or microporous materials where multilayer adsorption occurs at higher
relative pressures. Type III isotherms may occur when the adsorption capacity is low.
These curves have no region corresponding to monolayer formation and cannot be treated
using BET analysis. Type IV isotherms are common for mesoporous solids and are

characterized by a hysteresis loop (Fig. 2.14B) and saturation plateau. At low relative
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pressures, the formation of a monolayer occurs, followed by mesopore filling (capillary
condensation) corresponding to a steep increase in the adsorbed volume as the pressure is
increased. The isotherm plateaus once the mesopores are filled and adsorption continues
on the external surface (Fig. 2.15A). Type V isotherms are similar to Type III and occur
for mesoporous solids with low adsorption capacity. The final isotherm, Type VI, depicts
step-wise multilayer adsorption and appears for surfaces containing different types of
adsorption sites with energetically different characteristics.!*” Type IV isotherms were
observed for the materials characterized in this work, since they are mesoporous in nature.

A more detailed depiction of a Type IV isotherm and the processes occurring at each step

is shown in Fig. 2.15A.

A | 1ypel Type ll B
H1 H2
pe)
()
2
- %
2 | Typem Type IV p
S £
2 E H3 H4
= <
o
£
<C
Type V Type IV
Relative Pressure (p/p,)

Relative Pressure (p/p,)

Figure 2. 14. IUPAC classifications for (A) adsorption isotherms and (B) hysteresis types.
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To perform a BET surface area analysis, adsorption data are fit to the BET equation

(Eq. 2.23) by a linear regression to determine the monolayer capacity of the surface,'

P Eq.2.23

vii- P/

c—1 1
_ p i
 V,C (/p0)+ V,.c

where V represents the volume of gas molecules adsorbed at a given relative pressure, p/po,
Vis the volume corresponding to monolayer coverage, and c is a constant. Isotherm data
from the typical range of linearity (p/p, = 0.05 — 0.030, where monolayer adsorption

occurs) is plotted according to the BET equation (Fig. 2.15B).
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Figure 2. 15. (A) BET isotherm and illustrations showing the adsorption process for a
mesoporous solid. (B) BET plot and linear regression.

Each term in the linear regression (y = mx + b) corresponds to a term in Eq. 2.23

such that the slope, m, and the intercept, b, are defined according to Eq. 2.24 and Eq. 2.25,
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respectively. The numerical values for the slope and intercept can thus be used to solve for

Vmand c.
c—1 Eq.2.24
m-=
A
1
b Eq. 2.25
Vi€

Once Vi is known, the BET surface area (Sget), which is the total surface area of
the sample material, is determined using Eq. 2.26, where N, is Avogadro’s number, M, is
the molar volume of gas adsorbate, and s is the cross-sectional area of the adsorbate. The

SSA for the known mass (m) of dry sample is determined using Eq. 2.27.!%8

S _ VinNgs Eq. 2.26
BET My
S
GSA — JBET Eq. 2.27
m

In this work, N> adsorption experiments were performed using an Anton Paar
NOV Atouch surface area and pore size analyzer. The samples were degassed at 200 °C for
12 hours prior to analysis. The pore size distributions were calculated using density

functional theory (DFT) simulations.

2.3. Photocatalysis

The photocatalytic experiments in this work were performed using the setup
illustrated in Fig. 2.16. A gas-tight Pyrex cell sealed with a rubber septum and hose clamp
served as the reaction vessel for photocatalysis. In preparation for each experiment, the mp-

Si powder was transferred to the reaction vessel which was then flushed with N> gas for
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0.5 h. Distilled water and CH30H were also bubbled with N> for 0.5 h. After purging was
complete, 5 mL of the No-bubbled CH30H and 30 mL of the N»>-bubbled water were added
to the reaction vessel containing the mp-Si NPs under N> flow. The purpose of CH30H is
to act as a sacrificial hole scavenger, as the band positioning of Si does not allow for water
oxidation by the holes generated upon photoexcitation (Fig. 2.17). At neutral pH, the half-
reactions can proceed according to Eq. 2.28 and Eq. 2.29, to give the overall reaction shown

by Eq. 2.30.

Rubber septum

Hose clamp —,

Broadband LED

/
100 mW cm™
. L L

Magnetic
stir plate

H,0, CH;OH, mp-Si

Stir bar

Figure 2. 16. Setup for photocatalysis experiments using mp-Si NPs.
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Figure 2. 17. Energy level diagram depicting charge carrier transfer during photocatalytic
water splitting by a mp-Si NP.

CH;0H — CH,O + 2H* + 2e- Eq. 2.26
2H,0 + 2e~ — H, + 20H" Eq.2.27

Once all the reagents were added to the vessel, N, flow was ceased, and the vessel
was sealed off by tightening the hose clamp on the rubber septum. The reaction mixture
was then sonicated (5 — 10 s) to ensure the mp-Si NPs were well dispersed, then stirred for
the duration of the experiment. A broadband LED (Thorlabs, SOLIS-3C) was used as the
light source and the photocatalytic reactions were carried out at 100 mW cm™ (1 sun)
illumination power density, calibrated using a silicon photodiode (Thorlabs). One sun
illumination is a standard test condition for photovoltaic devices, and corresponds to the

typical full sunlight intensity on a clear day on Earth.!*’
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2.3.1. Quantification of Hydrogen by Gas Chromatography

To quantify the amount of H> produced during a photocatalytic experiment, gas
from the reaction vessel headspace (10 mL) was collected using a syringe through the
rubber septum and injected into a gas chromatograph. In gas chromatography (GC)
components of a vaporized sample are separated by being distributed between the mobile
and stationary phases of a column. The carrier gas (a chemically inert gas) is the mobile
phase and helps to transport the sample components through the column to the detector.
The stationary phase, located in the column, can be either a solid or liquid material. Upon
reaching the column, components of the sample interact with the stationary phase, and are
separated depending on the strength of the interaction. The distribution of components
between the mobile phase and the stationary phase can be represented by the equilibrium
expression in Eq. 2.31, where K is the distribution constant, and Cs and Cwm are equilibrium
concentrations of the analyte in the stationary phase, and the mobile phase, respectively.'*’

K = ((:3_; Eq. 2.31

A sample component with a large distribution constant will be more strongly
retained by the stationary phase and will therefore take more time to pass through the
column than a component with a lower distribution constant. The time a component takes
to reach the detector is called its retention time.

The components of a typical GC system are illustrated in Fig. 2.18. The carrier gas
is contained in a gas cylinder connected to the system. Pressure regulators and flow meters
control the flow of the gas through the GC column, which is housed in a thermostatted

oven. A variety of detectors can be used for GC, including flame ionization, thermal
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conductivity, electron capture, mass spectrometry detectors, and others.!?® The optimal
choice of detector will depend on the types of compounds being analyzed and the

information desired.

Flow regulators Column
Carrier gas / Detoctor
>
\ oo »| Data system
and display
Sample —>
Thermostatted oven

Sample injection
chamber

Figure 2. 18. Basic components and configuration of a typical GC system.

The columns used in GC can be classified into two main types: packed columns
and open tubular (capillary) columns (Fig. 2.19). The former is densely packed with a solid
packing material (typically uniform particles), which either acts as the stationary phase
itself, or supports a liquid stationary phase. The latter can be further classified as either
wall-coated open tubular (WCOT), support-coated open tubular (SCOT) or porous layer
open tubular (PLOT) capillary columns. In WCOT columns, the inner wall is coated
directly with a thin layer of the liquid stationary phase. Contrarily, SCOT columns are lined
with a solid support on which the liquid stationary phase is adsorbed.!?® Capillary columns

with a solid stationary phase are usually referred to as PLOT columns. These are coated
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with porous sorbents such as alumina or SiO2.!*! PLOT columns are commonly used for

separations of compounds that are gaseous at room temperature.

Open tubular (capillary) columns

Packed column

I Liquid stationary phase

Solid support/stationary phase

Figure 2. 19. Types of columns used in gas chromatography.

In this work, GC analysis was conducted using an Agilent 8860 GC system with a
thermal conductivity detector (TCD) and Ny as the carrier gas. The system is equipped with
a molecular sieve analytical column as well as a precolumn, which serves to separate
contaminants (such as air and hydrocarbons) to improve separation and protect the
analytical column. A packed column containing Hayesep Q, 80-100 mesh adsorbent (made

from copolymers of polydivinylbenzene)'*

was used as the precolumn. A PLOT capillary
column coated with zeolite molecular sieve (CP-Molsieve 5 A, 60-80 mesh) was used as
the analytical column. The amount of H> was quantified using a calibration curve generated
with gas mixtures (H2/N2) containing 0.08, 0.4, 1 and 5 % Ho.

GC-TCD is commonly used for hydrogen detection as it is capable of measuring a

wide variety of hydrogen concentrations.'* The basic principle of a TCD is the comparison
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of the thermal conductivity of a component dissolved in the carrier gas with the pure carrier
gas. The gas flows through an electrically heated thermostatted cavity which contains a
sensing element (either a metal wire or thermistor). A typical TCD contains reference cells
and sample cells housed in separate chambers and receiving a flow of the reference gas
(pure carrier gas) and the sample gas from the column, respectively. Detection is based on
the amount of heat lost from the sensor, which depends on the thermal conductivity of the
gas.'?® For the best sensitivity, the carrier gas should have a thermal conductivity that is
different from those of the sample components. For H» detection, N is a well-suited carrier

gas since the thermal conductivities of Hz and N; are relatively distinct from each other.!*
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CHAPTER 3. Influence of the Magnesiothermic Reduction Conditions and
Nanoparticle Aging on the Photocatalytic Activity of Mesoporous Silicon”

3.1. Introduction

Magnesiothermic reduction has become the sought-after method for synthesizing
mp-Si given its ease, scalability, and tunability. As discussed in section 2.1.2, the reaction
conditions of magnesiothermic reduction can be easily modified to change physical
properties such as the surface area, pore size, crystallinity, and crystallite size of the
resulting mp-Si.?” While this can be an effective tool for designing the best performing mp-
Si photocatalyst, unfortunately, it is not currently well understood how different
magnesiothermic reduction conditions affect the photocatalytic behaviour of the mp-Si
formed. Variations in reaction parameters (i.e., SiO; precursor, reaction time, and
temperature) between literature reports have led to different H» evolution rates despite the
common use of magnesiothermic reduction as the synthetic method. As such, a systematic
evaluation of the influence of magnesiothermic reduction parameters on the catalytic
activity of mp-Si is required to design an optimum photocatalyst.

In this chapter, the relationship between the magnesiothermic reduction conditions
(reaction temperature and time) and their influence on the photocatalytic activity for Hz
generation is detailed. The mp-Si NPs were prepared using either the conventional single
temperature heating method or recently reported two-temperature heating method,* and

characterized using techniques discussed in Chapter 2. The photocatalytic H> evolution

*Chapter 3 was adapted from Curtis, 1. S.; Wills, R. J.; Dasog, M. Photocatalytic hydrogen generation using
mesoporous silicon nanoparticles: influence of magnesiothermic reduction conditions and nanoparticle aging
on the photocatalytic activity. Nanoscale 2021, 13, 2685-2692 with permission from the Royal Society of
Chemistry. Initial photocatalysis screening experiments for various mp-Si NPs, as well as the synthesis and
photocatalysis experiments for the mp-Si NPs annealed at 650 °C for 6 h were performed by Ryan Wills. The
author, I. S. Curtis’s contributions include synthesizing SiO, and mp-Si NPs, performing XRD, SEM, Raman,
and photocatalysis experiments, and assisting with manuscript preparation.

64



rates were determined for various mp-Si NPs and the performance was compared to their
physical properties. While performing these studies, we noticed that the catalyst aging
under ambient conditions also influenced the catalytic performance of mp-Si NPs.
Therefore, the best performing photocatalyst was aged under ambient conditions and its

photocatalytic activity was studied as a function of time.

3.2. Experimental Methods
3.2.1. Materials

Ammonium hydroxide (28% NH3) and magnesium —325 mesh powder (Mg,
99.8%) were purchased from Alfa Aesar. Tetraethyl orthosilicate (TEOS, 99.9%),
hydrochloric acid (HCI, 37%), methanol, and ethanol (95% and 100%) were purchased
from Sigma-Aldrich. All reagents were used as received without further purification.

Deionized water was obtained from an Arium Ultrapure Water System.

3.2.2. Synthesis of Stéber Silica Nanoparticles

The SiO, NPs were prepared as discussed in section 2.1.1.

3.2.3. Magnesiothermic Reduction of Silica Nanoparticles

The mp-Si NPs were prepared following the procedures discussed in section 2.1.2.
The dried Stober SiO2 NPs (0.20 g) and —325 mesh Mg powder (0.18 g) were ground
together using a mortar and pestle prior to annealing. Reactions were done using either
single temperature heating (mp-Si650) or the two-temperature heating process (mp-Sil100,

mp-Si200, and mp-Si300).

65



3.2.4. Materials Characterization

Powder XRD, SEM, EDS, TEM, HRTEM, Raman, XPS, and UV-Vis were
conducted as discussed in section 2.2. Particle size analysis was performed on SEM images

using Image J software.

3.2.5. Photocatalytic Hydrogen Evolution

Photocatalytic experiments were performed using dried mp-Si NP powder (~0.01
g) following the procedure discussed in section 2.3. For a typical experiment, the mp-Si
samples were used within 48 h after synthesis. For the cycling experiments, gas from the
reaction vessel headspace was sampled every hour for a period of 5 h. Illumination was
then ceased, and the reaction vessel was evacuated using N> flow before resuming
illumination for another 5 h cycle. The reaction vessel was evacuated using N2 flow and

left overnight in the dark before performing the third 5 h cycle.

3.2.6. Catalyst Aging

To determine the effect of catalyst aging, the mp-Si NPs were stored in a glass vial
under ambient atmosphere in a drawer for a predetermined amount of time. The
photocatalytic activity was examined under broadband illumination as outlined in the

previous section.

3.3. Results and Discussion
3.3.1. Characterization of Mesoporous Silicon Nanoparticles

Stober SiO2 NPs were prepared using a previously reported base catalyzed sol-gel

method (detailed in section 2.1.1).!* The synthesized particles were monodisperse and had
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an average diameter of 295 £ 15 nm as seen in the SEM image (Fig. 3.1A). The powder
XRD pattern showed a broad peak centered around ~22° corresponding to amorphous SiO»

(Fig. 3.1B).1#
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Figure 3. 1. (A) SEM image and (B) powder XRD pattern of Stober SiO> NPs.

The SiO> NPs were reduced with Mg metal using the conventional single
temperature heating at 650 °C for 3 h. The powder XRD pattern (Fig. 3.2) of the reduced
product (mp-Si650) showed reflections at 28.3, 47.2, 56.1, 68.8, and 76.3° corresponding
tothe 111,220,311, 400, and 331 crystal planes of Si (JCPDS#27-1402), respectively. The
SEM (Fig. 3.3A) and TEM (Fig. 3.3E) images of the product showed formation of porous
Si NPs; however, morphological damage was observed, and the mp-Si NPs were found to
be broken (Fig. 3.3E) and sintered in certain areas (Fig. 3.4). This structural damage occurs
due to the exothermic nature of the magnesiothermic reduction reaction, where the local
temperatures can reach above 1000 °C.!*%!4” The HRTEM analysis showed the mp-Si NPs

to be composed of crystalline primary particles (Fig. 3.31) ranging between 20 — 40 nm in
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diameter. The EDS analysis indicated the presence of 10 + 2% atomic oxygen in the mp-

Si1650 sample.

111 mp-Si300
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Figure 3. 2. Powder XRD patterns of mp-Si NPs prepared under different magnesiothermic
reduction conditions.

To address the issue of heat induced structural damage, our group recently
introduced a two-temperature heating method where the reaction is initiated at 650 °C, but
the bulk of the reaction is carried out at a second lower temperature.'*® The heat released
from the exothermic magnesiothermic reduction provides the additional energy required to
sustain the reaction at lower temperatures. Three sets of mp-Si NPs were prepared using
the two-temperature heating method, where the reaction was initially heated to 650 °C for
0.5 h followed by a second step of heating at 100 (mp-Si100), 200 (mp-Si200), or 300 °C
(mp-Si300) for 6 h. The powder XRD patterns of all three samples showed characteristic
reflections corresponding to crystalline elemental Si (Fig. 3.2). The SEM (Fig. 3.3B — D)

and TEM (Fig. 3.3F — H) analysis showed mostly spherical mp-Si NPs with minimal
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structural damage for samples made with this method. Similar to the mp-Si650 sample, the
mp-Si300 showed crystalline primary particles (Fig. 3.3L) ranging between 15 — 30 nm.
The mp-Si100 and mp-Si200 samples had smaller regions of crystallinity within the
primary particles surrounded by a more disordered structure (Figures 2J and K). The EDS
analysis of these mp-Si NPs showed atomic oxygen content of 21 +2, 10+ 2, and 7 + 1%

for the mp-Si1100, mp-Si200, and mp-Si300 samples, respectively.

mp-Si650 mp-Si100 mp-Si200 mp-Si300

Figure 3. 3. (A — D) SEM, (E — H) TEM, and (I — L) HRTEM images of mp-Si NPs
prepared under different magnesiothermic reduction conditions.
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Figure 3. 4. (A) and (B) TEM images of mp-Si650 NPs showing sintering (circled regions).

As discussed in section 2.2.4, Raman spectroscopy is a useful technique to
determine crystallinity in Si structures. Typically, a sharp peak is observed at ~520 cm’!
corresponding to crystalline Si and a broad peak centered around ~480 cm™ is observed for
amorphous Si.'* For nanocrystalline Si, as the crystallite size and degree of crystallinity
decreases, the peak shifts from 520 cm™ to lower wavenumbers and the full width at half
maximum (FWHM) of the peak increases.!?* While the powder XRD patterns of all the
mp-Si NPs were similar, the Raman analysis revealed the differences in these samples (Fig.
3.5). The mp-Si650 NPs had a peak maximum at 512 cm™ and FWHM of 17 cm™. The mp-
Si300 sample was similar to mp-Si650 with a peak maximum at 514 cm™ and FWHM of
15 cm!. The peak maximum shifted from 514 to 503 and 494 cm™ as the second heating
temperature decreased from 300 to 200 and 100 °C, respectively. Correspondingly, the
peak FWHM increased to 22 and 26 cm™ for mp-Si200 and mp-Sil00 NPs, respectively,
indicating a decrease in grain size and crystallinity with decreasing temperatures which is

consistent with HRTEM analysis.
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XPS analysis was performed to understand the extent of surface oxidation in the
mp-Si NP samples. The Si 2p region of freshly prepared mp-Si NPs showed the presence
of elemental Si (Si(0) 2p32 peak at ~99.2 eV), suboxides (Si(+1, +2, and +3) 2p3.2 peaks at
~100.2, ~101.4, and ~102.5 eV, respectively), and SiO2 (Si(+4) 2p3» peak at ~103.4 eV)
in all the samples (Fig. 3.6)."° The highest amount of SiO, was present in the mp-Sil00
and mp-Si650 samples whereas, the smallest amount of Si0; was present in the mp-Si300
NPs. Our group has previously determined the SSA of mp-Si650, mp-Si100, mp-Si200,

and mp-Si300 samples using N> adsorption measurements to be 174 + 22,364 + 18, 412 +

15, and 527 = 21 m? g}, respectively.!47:148
Crystalline Si
Amorphous Si
= mp-Si300
3
©
; mp-Si200
% mp-Si100
g _ p
=
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Figure 3. 5. Raman spectra of a Si wafer and mp-Si NPs prepared under different
magnesiothermic reduction conditions.

71



2 B

c c

=3 =
S S

110 105 0 95 90 110 105 100 95 90
Binding energy (eV) Binding energy (eV)
mp-Si300 mp-Si650

-] i

5 2

9 o

o

110 105 0 95 90
Binding energy (eV) Binding energy (eV)

Si (0) Fitted data

Si () QOO Collected data
Si (Il

Si ()

Si (IV)

Figure 3. 6. High resolution XP spectra of the Si 2p region of mp-Si NPs prepared under
different magnesiothermic reduction conditions. For clarity, only 2p3 fit peaks are shown.

Optical absorption measurements were performed on mp-Si NPs dispersed in EtOH
(Fig. 3.7) and all the samples exhibited the typical absorption profile observed for

nanostructured Si where the absorption increases moving from the near-IR to visible
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region. The optical bandgaps of mp-Si samples were estimated using Tauc plots (Fig. 3.7)
derived from the absorption measurements to be 1.45, 1.52, 1.50, and 1.46 eV for mp-
S1650, mp-Si100, mp-Si200, and mp-Si300 NPs, respectively. All the values were higher
than the bulk Si bandgap of 1.11 eV which is due to quantum confinement effects in the
nanostructured mp-Si NPs.!>! This observation is consistent with other mp-Si materials

prepared using magnesiothermic reduction which all exhibit wider bandgaps than bulk

Si 72-74

73



Absorbance
(ahv)12
nNoow B
(o] [(e] ©

mp-Si650
1.45eV
T T T 1.9 / T T
400 500 600 700 800 0 2 4 6
Wavelength (nm) hv (eV)
6.3
8 . 531
5 = .
_g Z 43 - mp-Si100
3 = a5
< 1.52 eV
- r r 2.3 7 T
400 500 600 700 800 0 2 4 6
Wavelength (nm) hv (eV)
6.3
3 53 -
c o
@ —
2 2 43 - mp-Si200
° o
g ~—
P, 3.3
1.50 eV
1 T 1 2-3 / T T
400 500 600 700 800 0 2 4 6
Wavelength (nm) hv (eV)
6.2
mp-Si300

Absorbance
(ahv)"2

w e o

N N N

n
(N}

1.46 eV
T T T / T T
400 500 600 700 800 0 2 4

Wavelength (nm) hv (eV)

D

Figure 3. 7. UV-Vis absorbance spectra and corresponding Tauc plots of mp-Si NPs
prepared under different magnesiothermic reduction conditions.
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3.3.2. Photocatalytic Hydrogen Evolution: Effect of the Magnesiothermic Reduction
Conditions

The photocatalytic H> evolution performance of freshly prepared (less than 48 h
after the synthesis) mp-Si NPs via water-splitting was investigated under 100 mW cm™
broadband illumination. As Si does not have a wide enough bandgap to perform overall
water splitting, CH3;OH (which gets oxidized to CH,O*) was used as a sacrificial hole
scavenger in the photocatalytic experiments. The amount of H> evolved was quantified
using gas chromatography. The typical H» evolution profiles for the different mp-Si NPs
are shown in Fig. 3.8 A. An H; evolution rate of 3554 + 373, 1118 £275, 1997 + 350, and
4437 £ 450 umol h!' g! of Si was observed for mp-Si650, mp-Si100, mp-Si200, and mp-
Si300, respectively (Fig. 3.8B). In the dark, Hz evolution rates were below 200 pmol h™! g
! of Si for all the samples investigated. The lowest rate was observed for the mp-Sil00
sample, which is likely due to the high oxygen content and low crystallinity, both of which
introduce large concentrations of defect states leading to charge carrier recombination and
low catalytic activity.”>!*"15% The XPS analysis revealed mp-Si100 to have a high surface
Si0, amount (Fig. 3.6) and the EDS analysis showed high atomic oxygen content probably
due to incomplete reduction. This can be seen in the TEM analysis of this sample (Fig.
3.3F) which contains a darker core likely due to the presence of non-porous unreduced
Si0». The HRTEM (Fig. 3.3J) and Raman (Fig. 3.5) analysis also revealed the presence of
less crystalline regions in the mp-Si100 sample. The best performance was observed for
the mp-Si300 sample, which had the lowest oxygen content and possessed high
crystallinity. Even though mp-Si650 had similar crystallinity to the mp-Si300 NPs (as seen
in the HRTEM and Raman analysis), it had lower activity owing to higher surface oxidation

as seen in the XPS (Fig. 3.6). Due to more extensive morphological damage, the mp-Si650
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NPs fractured, exposing more of the Si which probably results in higher surface oxidation.
Furthermore, sintering can introduce higher amounts of grain boundaries which can act as
trap states for charge carriers'> and contribute to lower photocatalytic activity. While both
the mp-Si650 and mp-Si200 have a similar oxygen content based on EDS analysis, the
latter had lower photocatalytic performance likely due to lower crystallinity. This shows
that Si crystallinity is more crucial in determining its photocatalytic activity. The cycling
ability of only the highest performing mp-Si300 sample was evaluated (Fig. 3.8C). A slight
drop in the H> evolution rate was observed in cycle 2, however, after leaving the mp-Si
NPs suspended in water overnight, a considerable decline in photocatalytic activity was
observed in cycle 3. Similar drops in performance during cycling experiments have been
observed before, due to the gradual surface oxidation of mp-Si NPs.”> Robust surface
protection strategies are required to improve the longevity of mp-Si NPs and make them a
viable option for solar-driven H» generation via water-splitting. The mp-Si300 NPs were
also tested under natural sunlight during which bubble evolution (due to H> gas formation)

can be seen, demonstrating their potential in solar-driven water-splitting (Fig. 3.8D).
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Figure 3. 8. (A) H> evolution profiles of different mp-Si NPs under broadband
illumination, (B) H> evolution rates of mp-Si NPs, (C) photocatalytic cyclability of mp-

Si300 NPs, and (D) formation of H> gas under natural sunlight by mp-Si300 NPs in water
+ CH30H solution.

The influence of magnesiothermic reduction time on the photocatalytic activity of
mp-Si NPs was also explored. The mp-Si NPs were prepared using the conventional single
temperature heating method at 650 °C, but the reaction time was increased from 3 to 6 h.
The powder XRD pattern revealed the formation of crystalline Si (Fig. 3.9A) but the TEM
images showed extensive particle damage and sintering (Fig. 3.9B and C). The EDS

analysis indicated presence of 8 + 1% atomic oxygen. The photocatalytic study showed an
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H> evolution rate of 983 + 223 umol h'! g! of Si which is significantly lower compared to
the 3 h reaction time sample. This is likely due to particle sintering, which can introduce a
significant number of grain boundaries and defect states in which the carriers can get
trapped.!> Therefore, care must be taken to prevent extensive morphological damage

during the synthesis of mp-Si NPs.
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Figure 3. 9. (A) Powder XRD pattern, (B) and (C) TEM images of mp-Si NPs prepared at
650 °C with 6 h reaction time.

3.3.3. Catalyst Aging

After the synthesis of mp-Si, the NPs form an oxide shell as shown by the XPS
analysis (Fig. 3.6). This native oxide on Si is typically believed to be self-passivating
(within a few hours) and as such, the synthesized mp-Si NPs were stored under ambient
conditions.!>® However, a gradual decline in the H, evolution rates was observed even in a
matter of a few days, while performing the replicates for the photocatalytic studies. The H>
evolution rate decreased from 4437 to 4055 umol h! g'! of Si after storing the mp-Si300

NPs for ~7 days in air (Fig. 3.10). The rate continued to decrease to 3175 and 1899 pmol
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h'! g! of Si as the sample was aged for ~30 and ~90 days, respectively. XPS analysis of
the Si 2p regions showed an increase in SiO> and Si suboxide amounts with catalyst aging
(Fig. 3.11). Correspondingly, EDS analysis showed the atomic % oxygen to increase from
7 £ 1 in the freshly prepared mp-Si300 to 11 +2, 18 £ 2, and 22 + 3% for samples aged for
approximately 7, 30, and 90 days, respectively. This demonstrates that oxidation continues
to occur long after the mp-Si NP synthesis and care must be taken to properly store them.
The surface oxides are known to introduce trap states in nanostructured Si,'>” which would
deleteriously affect the catalytic activity and therefore a decline in H» evolution rate is
observed. In the future, it would also be beneficial to report the age of the mp-Si

photocatalysts to allow for better comparison between the different literature reports.
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Figure 3. 10. Change in H> evolution rate of mp-Si300 NPs with catalyst aging (time after
synthesis).
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Figure 3. 11. High resolution XP spectra of the Si 2p region of mp-Si300 NPs at different
times after the synthesis and storage under ambient conditions. For clarity, only 2p3, peaks

of different oxidation states are shown.

3.4. Conclusions

In summary, this chapter discusses the influence of magnesiothermic reduction

conditions on the photocatalytic activity of mp-Si NPs. When the NPs are prepared using

the conventional single temperature heating step at 650 °C for 3 h, an H» evolution rate of
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3554 umol h! g! of Si was observed. When the reaction time was increased, the rate
decreased to 983 umol h! g'! owing to an increase in particle sintering. Three sets of mp-
Si NPs were prepared using a two-step heating process where the reaction was initiated at
650 °C for 0.5 h, but the bulk of the reaction was performed at 100, 200, or 300 °C. Of
these, mp-Sil00 had the lowest H> evolution rate of 1118 pmol h! g!' of Si due to low
crystallinity and high amounts of oxygen. The mp-Si200 had an H» evolution rate of 1997
umol h'! g'! of Si despite lower amount of oxygen. It is hypothesized that the crystallinity
plays an important role in determining the catalytic activity and therefore, mp-Si200
exhibited lower activity due to lesser crystallinity. The mp-Si300 NPs had the highest H>
evolution rate reported in the literature to date of 4437 pmol h™! ¢! of Si, as it had good
crystallinity, low oxygen content, and minimal particle sintering. To prepare optimally
performing mp-Si photocatalysts, we need to maximize crystallinity but also minimize
oxidation and grain boundaries resulting from particle sintering.

The mp-Si NPs were found to continue to oxidize when stored under ambient
conditions which led to a decrease in the H, evolution rate over time. Therefore, care must
be taken to store the mp-Si NPs to minimize oxidation. In the future, surface protection
approaches must be developed to improve the longevity of mp-Si NPs during the

photocatalytic experiments.

81



CHAPTER 4. Influence of Porosity on the Photocatalytic Performance of Mesoporous
Silicon

4.1. Introduction

Magnesiothermic reduction has been used to prepare mp-Si from a variety of SiO»

158 159-161 109,163

sources including SiO> fume,'>® clay,!!! rice husks, sand,'®? diatoms, zeolites, %4
and other industrial wastes.'® The SiO, precursor acts as a template for mp-Si during
magnesiothermic reduction, and the overall morphology is usually well maintained in the
product. The effects of the reaction conditions are typically assumed to outweigh the effects
of the chosen precursor on the properties of mp-Si.”® However, the type of SiOx precursor
used to prepare mp-Si via magnesiothermic reduction can still be a contributing parameter
affecting the morphology and pore characteristics of the photocatalyst.

The work discussed in Chapter 3 revealed that crystallinity plays a dramatic role in
the photocatalytic performance of mp-Si photocatalysts, and is influenced by the conditions
(i.e., reaction temperature and time) of magnesiothermic reduction. Secondly, a high
oxygen content arising from incomplete reduction and/or surface oxidation of mp-Si
deleteriously affects H> evolution rates.'® In this chapter, the role of precursor porosity on
the photocatalytic activity of mp-Si is examined. Studies performed on TiO> photocatalysts
have shown that the catalytic activity increases with increasing SSA.!$”-17° Mesoporous
Si0; precursors (SBA-15) of varying pore sizes were used to synthesize nanostructured
mp-Si. Conventional SBA-15 mesoporous SiO; has a fibrous macrostructure consisting of
rod-like particles several tens of micrometers in length. The rods consist of a hexagonal
array of uniform channels (pores), formed using a surfactant-templating method, which
have a tunable average diameter typically in the nanoscale, which depends on the structure

of the surfactant used.!”"!”? In this study, mp-Si was prepared using SBA-15 SiO> with
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pore sizes of 4 (mp-Sip4), 6 (mp-Sip6), and 8 (mp-Sip8) nm. The degree of crystallinity of
the mp-Si was held constant by using the same reaction conditions (temperature and time)
for the magnesiothermic reduction of each precursor. With crystallinity as a control
variable, the effects of the surface area and pore size on the photocatalytic performance
could be more closely investigated. The mp-Si NPs were characterized using the techniques
discussed in Chapter 2. The H> evolution rates were determined and compared against the

physical properties of the mp-Si photocatalysts.

4.2. Experimental Methods
4.2.1. Materials

Magnesium —325 mesh powder (Mg, 99.8%) was purchased from Alfa Aesar.
SBA-15 mesoporous SiO2 (< 150 um, pore sizes of 4, 6, and 8 nm), hydrochloric acid (HCI,
37%), and methanol were purchased from Sigma-Aldrich. All reagents were used as
received without further purification. Deionized water was obtained using an Arium

Ultrapure Water System.

4.2.2. Magnesiothermic Reduction of SBA-15 Mesoporous Silica

The mp-Si NPs were prepared as discussed in sections 2.1.2 and 3.2.3. All samples

were annealed at 650 °C for 0.5 h, then cooled and held at 300 °C for 6 h.
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4.2.3. Materials Characterization
Powder XRD, SEM, EDS, TEM, HRTEM, Raman, XPS, UV-Vis and surface area
analysis were conducted as discussed in section 2.2. Surface area and pore size analysis

was conducted by a technician at Anton Paar Canada Inc.

4.2.4. Photocatalytic Hydrogen Evolution

Photocatalytic experiments were performed as discussed in sections 2.3 and 3.2.5.

4.3. Results and Discussion
4.3.1. Characterization of Mesoporous Silicon Nanoparticles and Precursors

Mesoporous SiO> (SBA-15) with particle size < 150 um and pore sizes of 4, 6 and
8 nm (SBA-154nm, SBA-156nm, SBA-158:m, respectively) were commercially purchased
and used without further purification. Microscopy (SEM and TEM) images of these
precursors (Fig. 4.1) show the typical fiber-like morphology of SBA-15, consisting of rods
several microns in length. Some spherical structures, which appear to be agglomerates of
smaller particles, are also seen using SEM. The pore channels, which run lengthwise
through the rod-shaped SBA-15 particles can be seen in the TEM images. All three
precursors show a broad peak ~22° in their XRD patterns (Fig. 4.2), corresponding to

amorphous SiO,.'”
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Figure 4. 1. (A - F) SEM, (G —-1I) TEM, and (J — L) HRTEM images of SBA-15 SiO> with
varying pore sizes.
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Figure 4. 2. Powder XRD patterns of SBA-15 SiO, with varying pore size.

In previous work using Stober SiO; precursors (Chapter 3), the optimal reaction
conditions for the highest performing photocatalyst were achieved using a two-temperature
heating method, which reduced the effect of heat-induced structural damage. To prepare
mp-Si with varying average pore sizes, the SBA-15 precursors and —325 mesh Mg metal
were heated to 650 °C (Mg melting point) for 0.5 h to initiate the reaction, then held at 300
°C for 6 h. The powder XRD patterns (Fig. 4.3) of the reduced products (mp-Sip4, mp-
Sip6, and mp-Sip8) showed reflections at 28.3, 47.2, 56.1, 68.8, and 76.3° corresponding
to the 111, 220, 311, 400, and 331 crystal planes of Si (JCPDS#27-1402), respectively.
Notably, the peaks in the XRD pattern are clearly broadened compared to the mp-Si
synthesized under the same reaction conditions in Chapter 3,'% indicating that the SBA-15
produces mp-Si with smaller crystallite sizes. The SEM and TEM analysis (Fig. 4.4)
showed similar rod-shaped particles as in the precursors; however, some of the particles
appear to be fractured. Additional to the pore channels of the template SBA-15, the
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products have a sponge-like texture which is a result of the magnesiothermic reduction
reaction. The newly formed mesopores are seen throughout the surface and on the pore
walls of the material, causing the original pore walls of SBA-15 to become more
interconnected. HRTEM analysis shows each of the mp-Si samples to contain crystalline
regions ranging from about 3 nm to a maximum of ~20 nm in size (Figure 2G-I). Regions

of a more disordered structure between the crystallites are also seen in each sample.
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Figure 4. 3. Powder XRD patterns of mp-Si NPs prepared by magnesiothermic reduction
using different SBA-15 precursors with varying pore size.
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Figure 4.4.(A—-C) SEM, (D—-F) TEM and (G —I) HRTEM images of mp-Si NPs prepared
by magnesiothermic reduction using different SBA-15 precursors with varying pore size.

Raman spectroscopy was used to check for differences in crystallinity not
observable by XRD analysis. The mp-Sip4, mp-Sip6, and mp-Sip8 samples all showed a
peak in their Raman spectra with a maximum at ~509 cm™ (Fig. 4.5), which is shifted and
broadened compared to the peak for a monocrystalline Si wafer (520 cm™). A peak centered
at 480 cm™! in each sample confirms the presence of amorphous regions, consistent with

the HRTEM analysis.
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Figure 4. 5. Raman spectra of mp-Si NPs prepared by magnesiothermic reduction using
different SBA-15 precursors with varying pore size. The Raman spectrum of a Si wafer is
included for comparison.

As discussed in Chapter 3, surface oxidation of mp-Si photocatalysts plays an
important role in their photocatalytic performance. Following their synthesis, mp-Si NPs
quickly form an oxide layer, which under ambient conditions continues to accumulate over
time and can reduce H» evolution rates.!®® As such, the mp-Si samples in this chapter were
stored under inert atmosphere immediately after synthesis. XPS analysis was performed to
compare the extent of surface oxidation between the mp-Sip4, mp-Sip6, and mp-Sip8
samples (Fig. 4.6). The Si 2p region showed the presence of elemental Si (Si(0) 2p3/2 peak
at ~99.2 eV), suboxides (Si(+1, +2, and +3) 2p3» peaks at ~100.2, ~101.4, and ~102.5
eV, respectively), and SiO2 (Si(+4) 2ps2 peak at ~103.4 eV) in all the samples. The mp-
Sip4 NPs had the smallest amount of surface oxides. Higher amounts of SiO; and Si

suboxides were present in the mp-Sip6 and mp-Sip8 samples. EDS analysis was also
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performed and showed an atomic oxygen content of 31 +£4, 34 + 3 and 46 + 3 for the mp-

Sip4, mp-Sip6, and mp-Sip8, respectively.
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Figure 4. 6. High resolution XP spectra of the Si 2p region of mp-Si NPs prepared by
magnesiothermic reduction using different SBA-15 precursors. For clarity, only the 2p3»
peak of each oxidation state is shown.

Multipoint BET analysis was performed on both the SBA-15 precursors and on the
mp-Si samples to characterize their surface area and porosity (summarized in Table 4.1).
The specific surface areas of SBA-154nm, SBA-156nm, and SBA-15gnm were 551, 473, and
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610 m?g’!, respectively. The SSAs of mp-Sip4, mp-Sip6, and mp-Sip8 were 395, 401, and
321m’g!, respectively. The surface areas of the mp-Si samples are decreased from those
of the precursors, which is likely a result of pore collapse within the precursor structure. It
is hypothesized that during magnesiothermic reduction, new mesopores are introduced
within the pore walls, increasing the interconnectedness of the channels. The formation of
these bridges between channels could eventually lead to a total collapse of the pore,
resulting in a reduction in the surface area provided by the pore walls. In this case, the
effect apparently negates any surface area added by the introduction of new mesopores,
resulting in an overall decrease of the SSA. Correspondingly, the average pore size of these
samples (estimated by DFT calculations) increased to 9.1, 10.5, and 12.6 nm, for the mp-
Sip4, mp-Sip6, and mp-Sip8, respectively. The pore size distributions are also broadened
from those of the precursors (Fig. 4.7), which is a typical result for mp-Si prepared via
magnesiothermic reduction.®” The mp-Sip8 sample also had a greater contribution from
larger pores ranging between 20 — 50 nm compared to the other two mp-Si samples (Fig.
4.7). The N2 adsorption analysis of the precursor samples showed Type IV adsorption-
desorption isotherms with H1-type hysteresis (as classified by [IUPAC), typical for SBA-
15 Si0,.!™ Similar results were seen for the mp-Si samples (Type IV adsorption-desorption
with H1 hysteresis loop); however, adsorption within the range representative of mesopore
filling (P/Po ~ 0.7 — 0.8) occurs more gradually as a result of the larger average pore sizes

(Fig. 4.8).
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Table 4. 1. Specific surface area (using BET and DFT methods), DFT pore volume and
pore width (mode value) of SBA-15 SiO; with varying pore sizes and of mp-Si NPs
prepared from the different SBA-15 precursors.

SBA-154um | SBA-156um | SBA-158:m | mp-Sip4 | mp-Sip6 | mp-Sip8

BET SSA 542 473 610 395 401 321
(m°g™)

DFT SSA 593 461 537 317 337 267
(m°g™)

Pore Volume 0.52 0.53 0.98 0.62 0.72 0.75
(cm” g7)

Pore Width 6.1 6.1 8.1 9.1 10.5 12.6

(nm)
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Figure 4. 7. Pore size distributions determined by DFT of SBA-15 Si0; with varying pore
sizes and of mp-Si NPs prepared from the different SBA-15 precursors.
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Figure 4. 8. BET N: adsorption isotherms of SBA-15 SiO2 with varying pore sizes and of
mp-Si NPs prepared from the different SBA-15 precursors.

Optical absorption measurements were performed on the mp-Si samples dispersed
in EtOH, and their bandgaps were estimated using Tauc plots (Fig. 4.9). The bandgaps of
mp-Sip4, mp-Sip6, and mp-Sip8 derived from the absorption measurements were all
estimated to be ~1.38 eV. The broadened values compared to the bandgap of bulk Si (1.11

eV) are expected due to quantum confinement effects in the nanostructured mp-Si.”>!7>176
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Figure 4. 9. UV-Vis absorbance spectra and corresponding Tauc plots of mp-Si NPs
prepared by magnesiothermic reduction using different SBA-15 precursors with varying
pore size.

4.3.2. Photocatalytic Hydrogen Evolution: Effect of Porosity

The photocatalytic H» evolution performance of the mp-Si samples was
investigated under 100 mW cm™ broadband illumination with CH;OH as a hole scavenger.
The amount of H> evolved over time was quantified using gas chromatography to give the
H> evolution profiles shown in Fig. 4.10A. Of the three types of mp-Si, the highest H»

evolution rates over a five-hour illumination period were observed for mp-Sip4, giving an
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average rate of 3896 = 736 pmol h™! g’ Si. An average H, evolution rate of 1672 + 493 and
155 + 86 umol h'! g'! Si was observed for the mp-Sip6 and mp-Sip8, respectively. It is
typically assumed for photocatalysts that a higher surface area provides more abundant
catalytic sites, thereby enhancing the H> evolution performance. Surprisingly, the results of
the present study do not reflect a trend to suggest that higher surface area leads to higher
H> evolution rates when crystallinity is held constant. More notably, the photocatalytic

performance decreases with an increase in average pore size of the mp-Si samples.
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Figure 4. 10. (A) H> evolution profiles of mp-Si NPs prepared from different SBA-15
precursors under broadband illumination, (B) average H> evolution rates of the mp-Si NPs.

Surface oxides in nanostructured Si are known to introduce trap states which can
deleteriously affect catalytic activity.!”’!”” Based on XPS fits in the Si 2p region of the
mp-Si NPs, the ratios between peak areas corresponding to Si oxide/suboxides and Si(0)
were determined. The mp-Sip8 NPs had the highest ratio (2.6:1) of total Si oxide/suboxide

(Si (+1, +2, +3 and +4) oxidation states) to Si(0). This is followed by ratios of 2.0:1 and
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1.8:1 for the mp-Sip6 and mp-Sip4, respectively. The degree of surface oxidation in these
samples likely influences their photocatalytic performance and is in part responsible for the
trend in their Hy evolution rates. The peak areas of each Si oxidation state were also
individually compared to that of Si(0). Notably, the ratio of the Si(+4) to Si(0) peak area
was 0.85:1, 1.1:1 and 1.7:1 for mp-Sip4, mp-Sip6 and mp-Sip8, respectively. It is possible
that the larger pores allow for easier diffusion of oxygen within the structure, thus resulting
in higher oxide amounts and lower photocatalytic activity.

The cycling ability of the mp-Si NPs was also evaluated (Fig. 4.11). For the mp-
Sip4 and mp-Sip6 samples, a considerable drop in the photocatalytic activity was seen in
cycle 2, followed by a slight decrease in the third cycle, which occurred after leaving the
NPs suspended in water overnight. The decline in performance is a typical result for mp-
Si photocatalysts, and results from surface oxidation occurring during each cycle.!*
Conversely, the mp-Sip8 NPs showed only a slight decrease in photocatalytic activity and
maintained a similar level of performance through to the third cycle. Compared to the
others, the mp-Sip8 NPs had the highest amount of surface oxide as well as the highest
total atomic oxygen content according to EDS analysis. The already high oxygen content
of the mp-Sip8 NPs likely prevented any further decrease of the H» evolution rate as a result
of oxidation. On the other hand, oxidation of the mp-Sip4 and mp-Sip6 NPs following the

first cycle caused a drop in their photocatalytic performance, resulting in Hz evolution rates

more like those seen for mp-Sip8.
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Figure 4. 11. Photocatalytic cyclability of mp-Si NPs prepared from different SBA-15
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precursors. The cyclability was evaluated over two days with 5-hour illumination periods.

Based on the work of Chapter 3, it was hypothesized that the crystallinity of mp-Si

NPs plays a bigger role compared to the amount of oxide in determining photocatalytic

performance. In this study, the crystallinity of mp-Sip4, mp-Sip6 and mp-Sip8 is similar
between samples, allowing for a closer investigation into the effects of oxidation, surface

area and porosity. Specifically, the amount of surface oxide was found to influence the

photocatalytic performance of these samples. The surface areas, however, did not correlate
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to any trend in surface oxidation or to the H» evolution rates. Furthermore, the use of porous
precursors did not result in mp-Si with higher surface area compared to when non-porous
precursors are used. Previous work has shown that using the same reaction conditions with
a non-porous precursor results in mp-Si with higher surface areas (527 + 21 m?g™!) than
those reported in this section.®® These mp-Si NPs also show higher photocatalytic
performance;'®® however, this is most likely a result of higher crystallinity and low oxide
content. High surface area mp-Si NPs generally perform better as particulate photocatalysts
compared to non-porous Si NPs;!’® however, it is likely that after a certain SSA value has
been reached, further increase does not improve the catalytic activity.

The H» evolution rates of mp-Si NPs made from porous SBA-15 show a negative
relationship with pore size. During magnesiothermic reduction, pore walls within the SBA-
15 precursors probably collapse, resulting in larger pores while simultaneously reducing
the area of exposed surface (depicted in Fig. 4.13). Although this corresponds to an overall
decrease in the available surface area to oxidize, larger pores could influence the diffusion
of atomic oxygen through the material and lead to faster surface oxidation. Pore size has
been previously shown to influence the rate of oxygen diffusion into porous Si layers (i.e.,
diffusion increases with pore size).!®" This theory would explain the trend in the present
data, which shows that samples with a larger average pore size have a higher amount of
surface oxide and lower Hz evolution rate. SiO; precursors with a small average pore
diameter (< 4 nm) or even non-porous precursors should be used to achieve higher H»

evolution rates.
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Figure 4. 12. Illustration depicting the collapse of pore walls within the porous structure
of SBA-15 hypothesized to occur during magnesiothermic reduction. For simplicity,
formation of the MgO by product is not shown.

4.4. Conclusions

The influence of precursor porosity on the photocatalytic performance of mp-Si
NPs was investigated by synthesizing mp-Si from three different precursors (SBA-15) with
pore sizes of 4, 6, and 8 nm. The mp-Si was prepared via magnesiothermic reduction using
the same reaction conditions for each sample, resulting in NPs with a similar degree of
crystallinity. The SSAs of the mp-Si NPs following magnesiothermic reduction were
reduced from that of their corresponding precursor. Concurrently, the widths of the pores
within each sample increased from their original size. Of the samples investigated, mp-
Sip4 was the highest-performing photocatalyst with an H> evolution rate of 3896 + 736
umol h'! ¢! Si, followed by mp-Sip6 and mp-Sip8, respectively. The trend in photocatalytic
performance of the mp-Si NPs did not correlate with surface area; however, H> evolution

rates were found to decrease with increasing pore size. Furthermore, samples with a larger
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pore size were found to have a larger amount of surface oxidation, which is likely a major
contributor to the trend in the H» evolution rates. Finally, this study revealed that the use
of porous SBA-15 as a precursor does not lead to mp-Si NPs with larger surface areas
compared to those made from a non-porous precursor (i.e., Stober SiO> spheres). Porosity
in the precursor does not necessarily result in an improvement in photocatalytic
performance of mp-Si NPs and may even be detrimental due to increased surface oxidation

and lower crystallinity.
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CHAPTER 5. Preliminary Studies on the Effects of the Magnesium Reagent and
Addition of Nickel Cocatalysts”

5.1. Introduction

This chapter presents preliminary results from two projects investigating the
photocatalytic H» evolution performance of mp-Si NPs. The first project explores methods
to deposit Ni cocatalysts onto the mp-Si NPs, as well as the influence of the cocatalyst on
the H» evolution rates achieved. The second project was motivated by a recent ban in
Canada of the supply of Mg reagent used to synthesize the mp-Si NPs in Chapters 3 and 4.
Mg reagents from different suppliers were used to investigate the effect of the Mg particle
size used in magnesiothermic reduction on the photocatalytic performance of the resulting

mp-Si.

5.1.1. The Influence of Cocatalysts on Photocatalytic Performance

The photocatalytic performance of most H> evolution photocatalysts is limited by
the fast recombination rates of electron-hole pairs before migrating to the surface to
participate in the desired chemical reactions. Additionally, surface reactions may be too
slow to consume the photogenerated charges before recombination occurs. Metal
cocatalysts deposited on the surface of photocatalyst particles can act as electron sinks to
promote charge separation driven by junctions formed between the metal and the
semiconductor.?’ In a typical system where the metal work function is larger than that of
the semiconductor, Schottky junctions between the metal and the photocatalyst allow for
irreversible transfer of CB electrons to the metal (Fig. 5.1). The formation of a depletion

region at the interface prevents the electrons from passing back through the Schottky

* Photodeposition experiments in this chapter (section 5.2.6) were performed by Yiqi Lai.
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barrier, creating efficient separation of electron-hole pairs.'®! Noble metals such as Pt, Pd,
Au and Ag have been extensively employed as cocatalysts for the HER.!®? Of these, Pt has

the largest work function (Table 5.1) which affords it the strongest ability to trap

electrons. '8!

Interface

Conduction band

Schottky barrier
height

Fermi level

\_ h* h* h* h*

-1+ +
-1+ +

Valence band

Metal ‘It * Semiconductor

[
Depletion region

Figure 5. 1. Schematic of a Schottky junction formed between a semiconductor and a metal
cocatalyst.
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Table 5. 1. Work functions of various metals (obtained from ref. 183) having the ability to
perform as cocatalysts for the HER.

Metal Work Function (eV)'®?

Pt 5.65
Pd 5.12
Au 5.1

Ag 4.26
Co 5.0

Ni 5.15
Cu 4.65

Cocatalysts can also act as reaction sites which lower the activation energy and
accelerate the kinetics of the HER. Proton reduction on cocatalysts occurs over two steps
through an adsorbed intermediate (Eq. 5.1).!3% If the adsorption energy of the intermediate
is too high, adsorption is slow. On the other hand, a low adsorption energy causes slow

) 185

desorption to release Hz (Sabatier’s principle As such, cocatalysts showing moderate

adsorption-desorption behaviour are best-suited to accelerate Ha production.®
2e” + 2H* - 2[H,q4s] = H, Eq. 5.1

The cocatalyst loading amount tends to show a volcano-like trend with the
photocatalytic activity of a given catalyst (Fig. 5.2). Introduction of the cocatalyst gradually
improves the photocatalytic activity to a maximum, while at higher loading beyond the
maximum the activity decreases. Although certain cocatalysts can act as active sites for Ha

evolution, high cocatalyst loading can block surface active sites on the photocatalyst from
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interacting with sacrificial reagents and water molecules. Additionally, cocatalyst particles

may shield the semiconductor from incident light, hindering light absorption.?

Optimal amount

/

Photocatalytic activity

Cocatalyst loading amount

Figure 5. 2. Volcano-type relationship between the cocatalyst loading amount and
photocatalytic activity.

Pt is one of the most widely used cocatalysts for H> evolution due to its high work
function and favourable adsorption-desorption behaviour.'®> However, the high price and
scarcity of Pt (along with other noble metals) warrants investigations into more earth-
abundant metal cocatalysts. Earth-abundant and low-cost transition metals such as Ni, Co
and Cu have been investigated as cocatalysts for photocatalytic H> production on various
materials.”> Ni is an attractive alternative to Pt due to its high work function and low
overpotential for the HER.!3¢ Ni has been shown to enhance the photocatalytic Ha evolution
activity of Ti02,'8" 1% g-C3N4,!°1%2 and other photocatalyst materials.!”> 1% Besides Ni
metal, Ni oxides (NiO and NiOx) and Ni/NiO core shell particles have also been shown to

promote Hy evolution,?>!193:1%4
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Metal cocatalysts are typically deposited through the reduction or decomposition
of salt precursors, which can be achieved by a variety of methods.?®> The optimal method
may depend on the nature of the photocatalyst substrate. The deposition method can also
affect the spatial distribution and physical characteristics of the cocatalyst, which can

197 and

influence the photocatalytic performance. For instance, both the crystallinity
distribution'*® (influenced by the deposition method) of Pt NPs on g-C3N4 have been shown

to affect H> evolution. Loading of Ni cocatalysts has been reported by incipient wetness

192,194 188,195,199

impregnation and calcination, photodeposition (either as a pre-treatment or

in-situ'81%%19%) "and by chemical reduction methods.!3%1%3

To date, reports of mp-Si NPs for photocatalytic H> evolution from water have not
included investigations into the effect of metal cocatalysts. The work in Chapters 3 and 4
of this thesis has shown that mp-Si NPs are active for H> evolution without the need for
cocatalysts. However, incorporation of a cocatalyst could further enhance their
performance. In this chapter, Ni was investigated a cheap and earth-abundant cocatalyst
for mp-Si. The work presented focussed on developing an appropriate method for Ni
deposition on the mp-Si photocatalysts. Deposition by calcination, photodeposition, and
chemical reduction was investigated to prepare mp-Si with various Ni loading amount. The

photocatalytic performance of these samples was screened to help identify the most

promising deposition method for future studies.

5.1.2. Effect of the Magnesium Reagent used to Synthesize Mesoporous Silicon
Magnesiothermic reduction is a solid-state method, and the reaction rates rely on
factors such as the contact area between the reagents. In general, smaller particle sizes lead

to higher surface area and increased contact between reagents. As such, particle sizes can
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influence the rate of the reaction, which can in turn affect characteristics of the product.
The effect of the Mg particle size on mp-Si synthesized by magnesiothermic reduction has
been previously investigated by Yang and coworkers.!% Their work showed that smaller
Mg particles led to faster reaction and large amounts of localized heat accumulation, which
resulted in excess sintering and fusion in the mp-Si product. In this chapter, Mg reagents
with larger (71 = 25 um) and smaller (28 + 16 um) particle sizes were used to synthesize
mp-Si NPs. This changed the trend observed in the H» evolution rates for mp-Si synthesized
at different reaction temperatures from that reported in Chapter 3. The mp-Si photocatalysts
were characterized by XRD, SEM, EDS, Raman, and XPS to gain insight into the effect of

the Mg particle size on the mp-Si properties.

5.2. Experimental Methods
5.2.1. Materials

Ammonium hydroxide (28% NH3) was purchased from Alfa Aesar. The
magnesium —325 mesh powders (Mg-S and Mg-S2) were purchased from Alfa Aesar and
Oakwood Chemicals Inc., respectively. Mg powder < 0.1 mm (97.0%), tetraethyl
orthosilicate (TEOS, 99.9%), hydrochloric acid (HCI, 37%), sodium borohydride (NaBH4),
methanol, and ethanol (95% and 100%) were purchased from Sigma-Aldrich. Nickel (Ni)
salts (Ni(OAc)2-4H20 and Ni(NOs3)2:6H20) were purchased from Fisher Scientific. All
reagents were used as received without further purification. Deionized water was obtained

from an Arium Ultrapure Water System.
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5.2.2. Materials Characterization

Powder XRD, SEM, EDS, Raman, and XPS were conducted as discussed in section

2.2. Particle size analysis was performed on SEM images using Image J software.

5.2.3. Magnesiothermic Reduction of Silica Nanoparticles

The mp-Si NPs were prepared as discussed in sections 2.1.2 and 3.2.3.

5.2.4. Nickel Deposition by Calcination

Dry mp-Si powder was mixed with just enough CH30H (~10 mL) to disperse the
NPs, followed by a pre-determined amount of 7 mM methanolic nickel (II) acetate
(Ni(OAc)2) solution. The dispersion was sonicated for 10 min to ensure thorough mixing
of the mp-Si NPs with the Ni salt. The solid was collected after drying in an oven at 100
°C, then calcined under Ha/Ar (5% H>) flow at 350 °C for 3 h in a tube furnace. The control
sample (0 wt% Ni1) was prepared following the same procedure but without the addition of

Ni(OAc?) solution.

5.2.5. Photodeposition of Nickel

The mp-Si powder was transferred to the reaction vessel which was then flushed
with Ny gas for 0.5 h. The desired volume of 50 mM Ni(OAc), in CH3;OH was bubbled
with N» for 0.5 h, then added to the reaction vessel under N2 flow. The mixture was stirred
and irradiated with UV light for 2, 4 or 24 h. The NPs were then collected by centrifugation

and washed twice with distilled water before drying from acetone in an oven.
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5.2.6. In-Situ Photodeposition of Nickel

The photocatalysis procedure outlined in section 2.3 was slightly modified to
include the addition of Ni salt. An aqueous stock solution of Ni(NO3)2 (0.1 or 10 mM) was
bubbled with N> gas for 0.5 h. The desired volume of Ni(NO3)> solution was measured out
then topped up to 30 mL with the N>-bubbled water. This was added to the reaction vessel
containing mp-Si, along with 5 mL of the N>-bubbled CH30H (as in section 2.3). Following
the experiment, the Ni-decorated mp-Si NPs were collected for characterization by drying

the reaction mixture overnight in an oven at 100 °C.

5.2.7. Nickel Deposition by Chemical Reduction

Dry mp-Si powder was dispersed in 10 mL of distilled water by sonication. The
desired amount of 10 mM aqueous nickel (II) nitrate (Ni1(NO3)2) solution was added to the
dispersion with stirring. 3 mg of NaBH4 was dissolved in 1 mL of cold water, which was
then quickly added to the NP dispersion. Within a few seconds, the dispersion turned from
light brown to a darker brownish black. The mixture was left to stir for 2 min, then collected
by centrifugation, washed twice with distilled water and collected in a minimal amount of
acetone. The product was transferred to inert atmosphere immediately after drying to
prevent oxidation. The control sample (0 wt% Ni) was prepared following the same

procedure but without the addition of Ni(NO3)s.
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5.2.8. Photocatalytic Hydrogen Evolution

Photocatalytic experiments were performed as discussed in section 2.3.

5.3. Results and Discussion

5.3.1. Deposition of Nickel Cocatalysts and their Influence on Photocatalytic Performance

Calcination Method.

For optimal performance of mp-Si during photocatalytic H, evolution, Ni NPs or
clusters must be deposited onto the surface of the photocatalysts. This can be achieved via
reduction of Ni salts by calcination, chemical reduction or photoreduction methods.
Ni(OAc), is known to decompose to Ni under reducing atmosphere above 300°C.2%° As
such, Ni deposition was attempted by calcinating mp-Si NPs with Ni(OAc). under 5% H>
flow. Photocatalysts containing 0.1, 0.5 and 1 wt. % Ni were prepared by this method.
Photocatalytic experiments revealed a drop in the Hz evolution rates for all samples
compared to the original unmodified mp-Si (Table 5.2). A slight increase in the H»
evolution rate occurs from 0.1 to 0.5 wt. % Ni; however, given the standard deviation of
the unmodified mp-Si (Table 5.2) this difference may be negligeable and requires replicate
studies to confirm the trend. Furthermore, no Ni was detected using XRD, XPS or EDS
characterization techniques. In another experiment, a much higher amount of Ni(OAc)>
was added before heat treatment (75 wt. % Ni). EDS analysis showed an average Ni amount
of 32 + 11 wt. %, indicating that much of the Ni is lost during the procedure.

A control sample (0 wt. % Ni) was prepared following the same method (i.e.,
sonicating in CH3OH followed by heating) but without the addition of Ni(OAc)> solution.

A similar drop in the H> evolution rate for the control was observed. The Si 2p region of
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the XP spectra for the calcined samples (Fig. 5.3) showed that the mp-Si was highly
oxidized, which could account for the decrease in photocatalytic performance. Given that
the particles were calcined under reducing (H2) atmosphere, it is unlikely that oxidation
occurred during the heating step; however, oxidation could have occurred during the
mixing and drying process prior to calcination. Other possible explanations for the decrease
in catalytic activity could include morphological damage to the mp-Si as a result of
calcination or the presence of carbon impurities remaining from the acetate. Immediate
future work should include microscopy analysis to discern whether changes to the mp-Si

morphology occurred during the Ni deposition procedure.

Table 5. 2. H; evolution rates achieved over a 3 h illumination period using mp-Si modified
with Ni deposited by the annealing method. The H» evolution rate for the unmodified mp-
Si sample is reported as the average (+ standard deviation) of four photocatalytic
experiments.

Sample H; Evolution Rate (umol h! g Si)
Unmodified mp-Si 4747 + 704
mp-Si/0wt% Ni (control) 700
mp-Si/0.1wt% Ni 720
mp-Si/0.5wt% Ni 1110
mp-Si/1wt% Ni 1083
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Figure 5. 3. High resolution XP spectra of the Si 2p region of mp-Si NPs calcined with
Ni(OAc),. For clarity, only the 2ps. peak of each oxidation state is shown.

Photodeposition.

The deposition of metal cocatalysts onto semiconductor surfaces can also be
achieve via photodeposition, whereby metal salts are reduced by photoexcited electrons in
the CB. This method was first attempted by irradiating methanolic dispersions of mp-Si
containing Ni(OAc)>, then collecting the product before evaluating its photocatalytic
performance. Unfortunately, this process killed the catalytic activity of mp-Si, likely due

to oxidation that occurred during photodeposition. Furthermore, long reaction times (24 h)
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were required to achieve any detectable Ni even when a high amount of Ni (75 wt. %) was
used. EDS analysis revealed the actual amount of Ni in this sample to be less than 1 wt. %.

In-situ photodeposition, also referred to as the salt additive method, has been
reported for various metal cocatalysts in literature reports.!3>%°! In one example, Wang et
al. reported enhanced H» evolution from water on TiO2 by simply adding Ni(NOs): to the
photocatalytic reaction.'®® Their findings suggested that Ni** ions adsorbed onto the TiO>
surface are reduced by CB electrons, resulting in Ni clusters on the surface that act as
cocatalysts to drive the HER. To test this, photocatalytic experiments were performed after
adding enough Ni(NOs): to achieve the desired Ni amount (0.2, 0.5, 1 and 5 wt. %). The
Ni 2p region in the XP spectra of the mp-Si/1wt% Ni and mp-Si/5wt% Ni samples (Fig.
5.4) showed the presence of Ni(+2) 2p32 and 2pin peaks at ~854.5 and ~871.9 eV,
respectively, as well as characteristic satellite peaks.?> The characteristic 2p3» peak for
Ni(0) (853.1 eV) was not observed. The photocatalyst samples had to be collected from the
reaction vessel following a photocatalytic experiment to be characterized, so any Ni’
present would likely oxidize during this process. As such, the oxidation state of Ni observed
by XPS may not be representative of the oxidation state present during photocatalysis. The
average Ni amount was determined by EDS to be 2 £ 0.2 and 7 £ 1 wt. % Ni for the mp-
Si/1wt% Ni and mp-Si/5wt% Ni samples, respectively. However, no conclusions can be
drawn from these results as to whether the Ni** in the reaction mixture was successfully
deposited as Ni® onto the surface of mp-Si. Ni was not detected in the 0.5 or 0.2 wt. % Ni

samples by either XPS or EDS.
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Figure 5. 4. High resolution XP spectra of the Ni 2p region of mp-Si NPs following in-situ
photodeposition of Ni.

The H» evolution rates for the mp-Si NPs tested with and without Ni(NO3); additive
are shown in Table 5.3. The highest H, evolution rate (2533 pmol h'! g!' of Si) was
observed for the mp-Si/0.2wt% Ni sample, however the rate is still decreased from that of
unmodified mp-Si NPs from the same batch. One hypothesis for this observation is that the
reduction of Ni** during photocatalysis contributes to faster oxidation of the mp-Si, which

hinders the catalytic activity. This is supported by the Si 2p regions of the XP spectra (Fig.
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5.5), which show very high amounts of surface oxide on the mp-Si following in-situ
photodeposition. The H»> evolution rates are further decreased as the Ni amount increases

from 0.5 to 1 to 5 wt. %, following the expected trend for optimal cocatalyst loading.

Table 5. 3. H> evolution rates achieved over a 5 h illumination period with and without
Ni(NO3)2 additive. The H> evolution rate for the mp-Si sample without Ni(NO3), is
reported as the average (+ standard deviation) of three photocatalytic experiments.

Sample H; Evolution Rate (umol h! g! Si)
mp-Si (no Ni(NOs),) 3926 + 403
mp-Si/0.2wt% Ni 2533
mp-Si/0.5wt% Ni 1644
mp-Si/1wt% Ni 1483
mp-Si/5Swt% Ni 970
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Figure S. 5. High resolution XP spectra of the Si 2p region of mp-Si NPs following in-situ
photodeposition of Ni. For clarity, only the 2ps, peak of each oxidation state is shown.

Chemical Reduction Method.

Chemical reduction of salt precursors using NaBHs is a popular method for
depositing metal cocatalysts. NaBH4 has also been used as a reducing agent to prepare
isolated Ni NPs from Ni(NO3),.2% The chemical reduction method was explored to prepare
mp-Si NPs with 1 and 5 wt. % Ni, along with a control (0 wt. % Ni). After the addition of
NaBHj4 to an aqueous mp-Si suspension containing Ni(NO3),, the mixture turned a dark
brownish black color, indicating the reduction of Ni*" to Ni’.?*> However, no Ni was
detected in the collected samples by XRD, XPS, or EDS, likely due to the loss of Ni during

the isolation steps, and lower actual wt. % Ni in the final product. The H> evolution rates

116



for the mp-Si samples before and after Ni deposition are shown in Table 5.4. Due to a lack
in supply of reagents needed to prepare high-performing mp-Si at the time of these
experiments, the H» evolution rates are lower than those typically reported. Nonetheless,

the effects of Ni deposition could still be observed.

Table S. 4. H> evolution rates achieved over a 3 h illumination period using mp-Si modified
with Ni deposited by chemical reduction with NaBH4. The H> evolution rate for the
unmodified mp-Si sample is reported as the average (+ standard deviation) of three
photocatalytic experiments.

Sample H; Evolution Rate (umol h! g! Si)
Unmodified mp-Si 429 + 57
mp-Si/0wt% Ni (control) 398
mp-Si/1wt% Ni 585
mp-Si/Swt% Ni 399

Compared to the unmodified mp-Si, no significant change (beyond the standard
deviation) was observed in the H evolution rates for the mp-Si/1wt% Ni as well as the
control sample. However, a slight increase (~36 %) was seen in the rate for the mp-Si/5wt%
Ni sample. Unfortunately, the need for large amounts of mp-Si starting material and low
yields of Ni-decorated mp-Si after processing prevented further studies. Replicate

experiments are required to confidently assign trends to the data.
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5.3.2. Summary of Nickel Deposition Methods

In theory, Ni should have the ability to act as a cocatalyst for the HER of water
splitting. However, in order to enhance the photocatalytic performance of mp-Si, an
optimal Ni deposition method must be developed. Some advantages and disadvantages of
the methods attempted in this chapter are outlined in Table 5.5. Both calcination and
photodeposition, while simple to perform, resulted in a loss of photocatalytic activity that
could be attributed to the method itself and not necessarily the amount of Ni. The simplest
method to perform was in-situ photodeposition, which required no additional processing
prior to the photocatalytic experiment. Therefore, the experiments could be completed
relatively quickly and only using a small amount of mp-Si (10 mg) each time. However,
the photocatalytic performance was worsened for the Ni amounts tested, and the nature of
the method limits the ability to test lower wt. % Ni without modifying the setup to upscale
the amount of mp-Si.

The chemical reduction method, while more tedious and wasteful compared to other
methods, gave the most promising results for photocatalytic enhancement. Future work
should focus on replicating the results presented herein using high-performing mp-Si
samples (i.e., with comparable H» evolution rates to those discussed in Chapter 3). Detailed
microscopy analysis should be performed to determine the size and morphology of the Ni
NPs/clusters and to verify their deposition onto the photocatalyst surface. Furthermore,
higher Ni amounts (10 wt. % and higher) should be investigated since the actual Ni amount
in the product is likely much lower than what is added during deposition (suggested by the

lack of Ni detection by XPS or EDS).
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Table 5. 5. Summary of advantages and disadvantages associated with the Ni deposition
methods attempted for mp-Si NPs.

Deposition Method Advantages Disadvantages

Simple to perform - Inefficient deposition (Ni lost)
- Procedure results in loss of
catalytic activity

Calcination

Photodeposition - Simple to perform - Inefficient deposition
- Procedure results in loss of
catalytic activity

In-situ photodeposition | - Very simple to - Decrease in H» evolution rates
perform, no additional at Niwt. % >0.5
workup required - Difficult to achieve low Ni wt.
% without upscaling reaction
Chemical reduction - Procedure does not - Tedious procedure
negatively impact - Inefficient deposition
catalytic activity - Low yield due to loss of

material during processing

5.3.3. Effect of the Magnesium Reagent used to Prepare Mesoporous Silicon

Due to a recent ban of supply to Canada of the Mg reagent (—325 mesh powder
from Alfa Aesar, Sigma, and Fisher) used for the mp-Si syntheses discussed in Chapters 3
and 4, new Mg reagents with different particle size distributions were needed to synthesize
mp-Si photocatalysts for further studies. The Mg particle size is expected to affect the
reagent mixing, contact area between the reactants, and heat accumulation during
magnesiothermic reduction, which could in turn influence the properties of the mp-Si
formed.'% Therefore, the influence of the Mg reagent on photocatalytic performance for
mp-Si prepared using the new Mg reagents was briefly investigated and is discussed in this
section.

Mg reagents obtained from Alfa Aesar (—325 mesh), Oakwood Chemicals Inc. (—

325 mesh) and Sigma-Aldrich (< 0.1 mm) were imaged by SEM to verify the difference in
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their particle size distributions (Fig. 5.6). The images clearly show that on average, smaller
particles are seen in the-325 mesh Mg (Fig. 5.6A and C) than in the < 0.1 mm Mg (Fig.
5.6B). Average particle sizes were estimated using Image J to be 35+ 13 and 71 £ 25 pm,
respectively, for Mg powders obtained from Alfa Aesar and Sigma Aldrich. For the
remainder of this section, the Mg reagents are denoted Mg-S and Mg-L for the smaller

(Alfa Aesar, —325 mesh) and larger (Sigma-Aldrich, < 0.1 mm) Mg powders, respectively.

Figure 5. 6. SEM images of magnesium reagents (A) Mg-S, (B) Mg-L, and (C) Mg-S2
used to prepare mp-Si by magnesiothermic reduction.
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Figure 5. 7. Powder XRD patterns of mp-Si NPs prepared under different magnesiothermic
reduction conditions using Mg-L.

Mg-L was used to prepare mp-Si NPs using single temperature heating at 650 °C
for 3 h (mp-Si650) as well as the two-temperature heating method (mp-Si100, mp-Si200
and mp-Si300) outlined in the previous sections. The powder XRD patterns (Fig. 5.7)
showed the characteristic reflections of crystalline Si. The photocatalytic performance of
these samples was screened via water splitting under 100 mW cm™ broadband illumination
with MeOH as a hole scavenger. The H» evolution rates for these samples are presented in
Fig. 5.8. The highest H» evolution rate; 6747 pmol h'! g'! of Si, was seen for the mp-Si200
sample. H> evolution rates of 1125, 1978 and 1888 umol h'! ¢! of Si were seen for the mp-
Si100, mp-Si300 and mp-Si650 NPs, respectively. Evidently, the photocatalytic
performance of mp-Si NPs prepared using Mg-L under the different annealing conditions

does not follow the same trend as those prepared using Mg-S in Chapter 3.
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Throughout this work, average H» evolution rates are typically reported for a single
batch of mp-Si NPs prepared in one synthesis with a given set of reaction conditions.
However, reasonable reproducibility in the rates for mp-Si from different batches (i.e.,
separate syntheses using the same reaction conditions) was typically seen when Mg-S was
used as the reagent (Table 5.7). On the contrary, mp-Si NPs prepared using Mg-L were
found to have lower reproducibility between NPs synthesized in different batches. Table
5.6 shows H» evolution rates for three different batches of the highest performing
photocatalysts prepared using Mg-S (mp-Si300) and Mg-L (mp-Si200). A larger standard
deviation is seen between the rates for samples prepared from Mg-L compared to those

prepared using Mg-S.
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Figure 5. 8. Average H» evolution rates for mp-Si NPs prepared using Mg-L.
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Table 5. 6. H> evolution rates obtained from three different batches of mp-Si NPs prepared
using Mg-S (mp-Si300) and Mg-L (mp-Si200).

mp-Si300 prepared using Mg-S mp-Si200 prepared using Mg-L
Average H, Average H;
H; Evolution Rate | Evolution Rate | H; Evolution Rate | Evolution Rate
(umol h! g! Si) + Std. Dev. (umol h! g Si) + Std. Dev.
(umol h! g! Si) (umol h'! g1 Si)
Batch 1 5021 4947 + 226 2542 5076 +2232
Batch 2 5127 5940
Batch 3 4693 6747

The mp-Si NPs prepared using Mg-L were characterized using SEM, XPS, and
Raman spectroscopy to gain further insight into the effect of the Mg reagent on the mp-Si
properties. As expected, morphological damage is observed in the mp-Si650 sample by
SEM analysis (Fig. 5.9). Some possible morphological damage is also observed in the mp-
Si300 and mp-Si200 samples, as well as what appears to be some unreacted SiO2 (smooth
particles). A larger amount of these smooth particles is observed in the mp-Si100. Raman
(Fig. 5.10) was used to compare the crystallinity of the different mp-Si NPs made using
Mg-L. The degree of crystallinity was found to increase slightly with higher annealing
temperature. Based on XPS analysis (Fig. 5.11), all four samples had a relatively high

amount of surface oxide, with the lowest being in the mp-Si200 NPs.
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Figure 5. 9. SEM images of mp-Si NPs prepared under different reaction conditions using
Mg-L.
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Figure 5. 10. Raman spectra of Si wafer and mp-Si NPs prepared under different annealing
conditions using Mg-L as the reagent.

124



mp-Si100 & mp-Si200
) 0
E =
S S
] 5]
Q (&)
110 1[I)5 1[I)0 9I5 QIO 110 1{I)5 1[I)0 9I5 QIO
Binding energy (eV) Binding energy (eV)
mp-Si300 mp-Si650
@ 8
c c
2 2
Q (&)
110 105 100 95 7 90 110 105 100 % 9
Binding energy (eV) Binding energy (eV)
Si (0) Fitted data
Si(I) OOO Collected data
Si (I
Si (1)
Si (IV)

Figure 5. 11. High resolution XP spectra of the Si 2p region of mp-Si NPs prepared under
different annealing conditions using Mg-L. For clarity, only 2p3,» peaks are shown.

The high amounts of surface oxides that are seen in these samples could be due to
a combination of particle fracturing (leading to faster surface oxidation) and incomplete
reduction. The larger particle size and broader size distribution of the Mg-L reagent

probably leads to a more inhomogeneous reaction mixture compared to when Mg-S is used.
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Larger particles slow the rate of magnesiothermic reduction due to lower surface area and
higher nucleation barrier, which could result in areas of incomplete reduction. Further, the
larger particle sizes can create artificial Mg-poor areas in the reaction leading to unreacted
Si0; particles and formation of Mg>Si in Mg-rich regions, which can occur when the Mg:Si
ratio is high.!% The effect of poor homogeneity would also explain the variability seen in
the photocatalytic performance between different sample batches (as outlined in Table 5.7).
Given that large reagent particles generally reduce the rate of solid-state reactions, it is
surprising that the mp-Si200 NPs had a lower oxide amount and better photocatalytic
performance than the mp-Si300 NPs. It seems likely that other factors besides the amount
of surface oxide (such as the surface area and porosity) contribute to the high performance
of the mp-Si200 samples given their drastically improved H: evolution rates. One
hypothesis is that with higher annealing temperature, heat accumulation in Mg-rich regions
of the reaction mixture is high enough to cause morphological damage to the mp-Si, even
though the reaction rates at Mg-poor regions may be relatively low. The formation of
Mg>Si could also affect the product morphology since it is removed with MgO during HCI
treatment.”® This could influence the amount of surface oxidation. Further characterization
(such as analysis of the surface area and porosity and HRTEM imaging) is required to
elucidate these differences and provide a complete explanation for the observed trends.

A third Mg reagent with a —325 mesh size was obtained from Oakwood Chemical
(Mg-S2). The average particle size was estimated from SEM (Fig. 5.6C) to be 28 = 16 um.
The Mg-S2 reagent was used to prepare mp-Si300 by annealing at 650 °C for 0.5 h
followed by 300 °C for 6 h. This sample had a relatively low photocatalytic performance

with a H» evolution rate of 1030 umol h'' ¢! of Si. The XRD pattern (Fig 5.12) revealed
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the presence of the by-product Mg>SiO4 in this sample, which can form at temperatures
above 1100 °C due to excess heat accumulation.!%19204 SEM imaging (Fig. 5.13A) also
revealed extensive morphological damage and particle fusion. These results suggest that
the reaction reaches excessively high temperatures (well above 1000 °C) when using Mg-
S2. Therefore, the synthesis was repeated using a lower temperature (100 °C) for the second
step to prepare mp-Sil00. This dramatically improved the H> evolution rate to 4420 umol
h'! ¢! of Si. However, Mg,SiOs is still seen in the XRD (Fig. 5.12), and significant

morphological damage is observed by SEM (Fig. 5.13B).
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Figure 5. 12. Powder XRD patterns of mp-Si NPs prepared under different
magnesiothermic reduction conditions using Mg-S2.
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Figure 5. 13. SEM images of mp-Si prepared using Mg-S2.

The results for the photocatalytic performance of mp-Si made from Mg-S2 support
the finding that Mg-S2 has a smaller overall particle size distribution compared to Mg-S.
Smaller Mg particles have a higher reactivity (due to their high surface area) which can
speed up the reaction kinetics of magnesiothermic reduction, leading to a large heat release.
This effect has been shown to induce excessive particle sintering in mp-Si in previous
work.!% The use of Mg-S2 resulted in mp-Si NPs containing the by-product Mg>SiO4 and
large agglomerates of sintered particles, which both can arise from elevated reaction
temperatures. Furthermore, these particles had a high degree of crystallinity, indicated by
the sharp Si peaks in their XRD spectra (Fig. 5.12), which tends to improve as the reaction
temperature increases. The crystallinity of these samples may therefore be a key contributor
to their photocatalytic performance, particularly the high performance of the mp-Si100.

It is evident from the preliminary results presented in this section that the choice of
Mg reagent has a crucial effect on the optimal magnesiothermic reduction conditions for
obtaining high-performing mp-Si photocatalysts. As such, care must be taken to ensure

consistency (both in the size and the supplier) of the reagents selected in order to maintain
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reproducibility when synthesizing mp-Si. A more thorough investigation into the effects of
the Mg characteristics (i.e., average particle size, morphology, purity, and overall size
distribution) and further characterization of the resulting mp-Si is necessary to achieve a

more complete understanding.

5.4. Conclusions

Four Ni deposition methods (calcination, photodeposition, in-situ photodeposition
and chemical reduction) were investigated for loading Ni cocatalysts onto the surface of
mp-Si NPs. Of these, chemical reduction with NaBH4 gave the most promising results,
showing an increase in the H> evolution rate when the amount of Ni added was 5 wt. %.
These results warrant further investigation into the effect of the Ni loading amount (via
chemical reduction of Ni(NO3)2) on the H> evolution rates of high-performing mp-Si
photocatalysts.

The choice of Mg reagent for magnesiothermic reduction was also found to be an
important factor influencing the photocatalytic performance of mp-Si. Using Mg with a
different particle size (Mg-L) or from a different supplier (Mg-S2) changed the expected
H> evolution rates of the mp-Si samples prepared under the previously optimized reaction
conditions (650 °C for 0.5 h followed by 300 °C for 6 h). As such, it is important to keep
the choice of reagent consistent in order to achieve reproducible mp-Si photocatalysts.
High H» evolution rates were achieved by using Mg-L (Mg with an average particle size of

71 + 25 um) and annealing at 650 °C for 0.5 h, then 200 °C for 6 h.
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CHAPTER 6. Conclusions and Future Work

The results presented in this thesis provide insight into how the physical and
chemical properties of mp-Si NPs influence their photocatalytic performance for H»
generation. Specifically, the crystallinity and amount of Si oxides/suboxides were found to
play an important role (Fig. 6.1). It is hypothesized that these factors primarily affect the
charge carrier diffusion process of photocatalysis. For instance, oxygen impurities
introduce defect states which can lead to recombination, while high crystallinity limits the
number of defects and facilitates carrier diffusion. Additionally, excess sintering can

introduce grain boundaries which may also act as recombination sites.
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Figure 6. 1. Visual representation showing the effects of crystallinity and oxygen content
on photocatalytic H, generation by mp-Si NPs. Reproduced from reference 166 by
permission of the Royal Society of Chemistry.

Magnesiothermic reduction has become the sought-after method to synthesize mp-
Si NPs; however, the number of tunable parameters which can influence their physical
properties has led to inconsistencies in the literature between the H> evolution rates

reported. While the tunability of magnesiothermic reduction reactions could be beneficial
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in designing the best performing photocatalysts, the interplay between variables such as
the reaction conditions and the chosen reactants (SiO» precursor and Mg) adds a complexity
to the synthetic method that warrants more complete understanding. In regards to designing
high performing mp-Si photocatalysts for H, generation, the work in this thesis supports
the following general conclusions: 1) to prepare mp-Si by magnesiothermic reduction, a
non-porous SiO precursor is preferred, as it yields products with higher crystallinity and
lower oxygen content, 2) the reaction conditions (temperature and time) used to synthesize
mp-Si by magnesiothermic reduction should be optimized considering the choice of SiO2
precursor and Mg reagent to achieve high crystallinity, low oxygen amount and to avoid
morphological damage, and 3) following their synthesis, mp-Si NPs should be stored under
inert atmosphere to prevent further oxidation, which deleteriously affects their catalytic
activity. Additionally, it is hypothesized that earth-abundant cocatalysts such as Ni have
the potential to enhance the photocatalytic performance of mp-Si. However, further
investigation is required to develop an efficient deposition method and to determine the
optimal loading amount. The specific effects of the reaction conditions, SiO2 precursor,
Mg reagent and Ni cocatalyst on the catalytic activity of mp-Si are discussed below.
Directions for future work on mp-Si NPs applied to H> generation are discussed in section

6.4.

6.1. Influence of the Reaction Conditions

The reaction temperature and time used for magnesiothermic reduction was found
to influence the crystallinity and amount of oxidation in the resulting mp-Si NPs. The high
in-situ reaction temperatures that likely occur when the reaction was held at 650 °C for its

duration resulted in sintering and fracturing of the mp-Si NPs, which probably led to faster
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oxidation due to the larger exposed surface. The high amount of Si oxide in this sample
resulted in lower H» evolution rates despite the high degree of crystallinity and large
crystallite size. Furthermore, grain boundaries formed from sintering could act as trap states
and/or recombination sites.

For the mp-Si NPs prepared by the two-step annealing method, lower temperatures
(mp-Si100 and mp-Si200) produced samples with smaller crystallite sizes, a lower degree
of crystallinity and higher amount of oxide. The highest H> evolution rate (4437 + 450
umol h! gl of Si) was reported for the mp-Si300 NPs, which had low amounts of oxidation,
large crystallites and a high degree of crystallinity. This represents the highest rate for mp-

Si NPs reported in the literature thus far.'

6.2. Influence of the Reactants

In Chapter 4, porous SiO> precursors (SBA-15) were used to investigate the
influence of porosity on the photocatalytic activity of mp-Si. While these mp-Si NPs all
had a relatively high SSA (> 300 m? g'!), small differences in the SSA between samples
did not have a noticeable effect on the trend in their H> evolution rates. Notably, the SSAs
were still lower than those reported for mp-Si prepared from non-porous SiO> under the
same reaction conditions and were decreased from those of their precursors. This is
hypothesized to be a result of collapse of the original SBA-15 pores during the thermal
treatment as well as from the formation of elemental Si. H> evolution rates observed for
the mp-Si NPs were found to increase with decreasing pore size. Larger pores appear to

facilitate the oxidation of mp-Si surfaces, which leads to lower catalytic activity.
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The Mg particle size used as a reagent for magnesiothermic reduction was also
found to influence the optimal reaction conditions needed to prepare high performing mp-
Si NPs (discussed in Chapter 5). When larger Mg (< 0.1 mm particles sourced from Sigma
Aldrich) was used, samples annealed at 650 °C for 0.5 h, then at 200 °C for 6 h (mp-Si200)
had the highest photocatalytic performance. Since larger reagent particles reduce the
contact area between the reagents in solid state reactions, local areas of incomplete
reduction likely contributed to the high oxygen content observed for these samples.
Furthermore, inconsistencies due to the broader size distribution of the Mg particles
reduced the reproducibility of the Hz evolution rates. Conversely, the use of smaller Mg
particles (-325 mesh Mg sourced from Oakwood Chemicals) resulted in extensive
morphological damage, likely due to fast reaction rates creating high local temperatures.
Lowering the temperature of the second annealing step to 100 °C (mp-Si100) dramatically
improved the photocatalytic performance. These results demonstrate the importance of
consistency when choosing the reactants for magnesiothermic reduction reactions in order

to achieve reproducible results.

6.3. Influence of Nickel Cocatalysts

In Chapter 5, preliminary studies were performed in order to screen the plausibility
of various Ni deposition methods. Calcination, photodeposition (pre-treatment and in-situ),
and chemical reduction methods were attempted to deposit Ni cocatalysts onto mp-Si NPs.
Of these, chemical reduction gave the most promising results for photocatalytic
enhancement, showing a slight increase in the H> evolution rate at a Ni loading of 5 wt. %.
Photodeposition methods lowered the photocatalytic activity of mp-Si, likely due to

oxidation which occurred during the deposition process. Calcination also resulted in a loss

133



of photocatalytic activity; however, possible reasons for these results are less clear and
warrant more a thorough characterization of the materials to discern. For all the methods
tested, further studies are required to replicate the findings presented and to determine the
optimal Ni loading amount. Plans for future work in this regard are discussed in more detail

in section 6.4.3.

6.4. Future Work

6.4.1. Further Understanding of Magnesiothermic Reduction, the Physical Properties of
Mesoporous Silicon, and their Effects on Photocatalytic Activity

The results of this thesis demonstrate how the many variables involved in
magnesiothermic reduction reactions can influence the properties and thus the
photocatalytic performance of mp-Si NPs. Valuable insight was gained regarding the
effects of the reaction conditions, the choice of SiO precursor (porous or non-porous) and
the particle size of the Mg reagent on the photocatalytic performance of mp-Si. However,
future work should aim to develop a more complete understanding of the interplay between
these variables and their affect on the physical and chemical properties of mp-Si.
Furthermore, the mechanisms through which factors such as the crystallinity and amount
of oxygen affect the catalytic activity of mp-Si could be further elucidated.

The reaction conditions required to optimize the photocatalytic performance of mp-
Si changed depending on the choice of Mg reagent. With this in mind, it is likely that the
nature of the SiO; precursor (i.e., the particle size and morphology) would also influence
the optimization of reaction conditions. In future studies, experiments conducted in Chapter
3 could be repeated while varying the SiO» particle size to investigate the influence of the

Si0; precursor. Future studies could also look to optimize the reaction conditions for the
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SBA-15 precursors used in Chapter 4 to determine whether higher photocatalytic
performance could be achieved. The mp-Si NPs in Chapter 4 were synthesized using the
best reaction conditions from Chapter 3 for consistency. However, it remains possible that
changing the reaction conditions could improve the performance of these mp-Si NPs. Such
studies could lead to a better understanding of the mechanisms involved in
magnesiothermic reduction and allow us to better predict the combination of precursor, Mg
reagent, and reaction conditions that would optimize the performance of mp-Si NPs.

Of all the samples discussed in this work, the highest H> evolution rate (6747 umol
h'! g’ of Si) was achieved using the mp-Si200 NPs synthesized with > 0.1 mm Mg sourced
from Sigma Aldrich (Table 5.7). Surprisingly, these showed improved performance
compared to the mp-Si300 NPs (made with —325 mesh Mg powder from Alfa Aesar)
optimized in Chapter 3, despite having a higher oxygen content (Fig. 5.11) and lower
crystallinity (Fig. 5.10). The findings suggest that other factors beyond the crystallinity and
oxygen amount also play significant roles in the photocatalytic activity. The mp-Si
photocatalysts discussed in section 5.3.3 should be further characterized to obtain a more
complete understanding of these results. Specifically, an analysis of the surface area and
porosity of these samples would be imperative. TEM and HRTEM should also be
performed to reveal additional morphological details and determine the crystallite size.

In order to further advance our understanding of photocatalysis using mp-Si, it is
necessary to understand the dynamics of photoexcited charge carriers. It is proposed in this
thesis that the crystallinity and oxygen content of mp-Si influence the photocatalytic
activity through the minimization or introduction of trap states, which limit the charge

carrier diffusion lengths. This explanation could be further refined through characterization
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of the charge carrier dynamics in the mp-Si NPs. In future work, the average carrier
lifetimes in mp-Si samples with varying degrees of crystallinity and oxygen content could
be investigated using time-resolved techniques such as transient absorption spectroscopy

(TAS).205

6.4.2. Surface Protection Strategies

In Chapter 3 (section 3.2.6) it was demonstrated that after synthesis mp-Si NPs
continue to oxidize over time, and that this oxidation decreases the photocatalytic
performance. The photocatalysts were also found to show poor recyclability (Figs. 3.8C
and 4.11) owing to oxidation that occurs during the catalytic reactions. Surface protection
strategies such as the incorporation of surface-bound ligands, coatings or polymer
encapsulation could be used to improve the oxidative stability of mp-Si NPs. Surface
protected Si NPs have been considered for applications as battery anode materials,?%¢2%
solar cells,?” LEDs,?!? for photocatalytic degradation of pollutants* and to improve the
photoluminescent properties of Si quantum dots.?!! However, the effect of surface
protection on the photocatalytic activity of mp-Si for H> generation has not been
investigated. Future work will focus on developing appropriate surface protection

strategies to prolong the longevity and recyclability of mp-Si NPs without damaging their

photocatalytic performance.

6.4.3. Cocatalysts and Other Enhancement Strategies
Chapter 5 presents the data from initial screening experiments investigating the
photocatalytic performance of mp-Si NPs following Ni deposition. Replicate studies are

required to confirm these results. Specifically, future work will focus on revisiting the
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chemical reduction and calcination methods of Ni deposition. Calcination of mp-Si with
Ni(OAc) resulted in a decreased Hz evolution rate for each of the samples tested. However,
this may be due to oxidation which occurred during the impregnation (mixing and drying)
steps. In future work, performing these steps under inert atmosphere before calcination
could potentially give better results. Although the calcination temperature was relatively
low (350 °C), there is still a possibility that heat treatment caused morphological damage
to the mp-Si NPs which hindered their catalytic activity. Microscopy (SEM and TEM) will
be performed to investigate whether morphological damage occurred. For both deposition
methods, detailed microscopy analysis is imperative to determine whether Ni was
deposited onto the surface of mp-Si, as well as the shape, size and distribution of Ni
particles. Microscopy techniques such as back-scattered SEM, TEM and HRTEM could be
used to visualize the Ni particles.

Future work could also explore the use of other earth-abundant metals such as
cobalt (Co) and copper (Cu) as cocatalysts for mp-Si NPs. Co and Cu cocatalysts have been
applied to other materials for photocatalytic H> production in previous work.?* Beyond this,
other strategies to enhance the photocatalytic performance of mp-Si such as doping,

alloying or plasmonic enhancement could be investigated.
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APPENDIX A. Energy-Dispersive X-Ray Spectra

T Electron image 1 i Electron Image 1

Image  Spectrum Number Cc 9} Si Na Cl

1 261 27.42 69.97

A 2 264 26.9 70.46
3 2.83 28.71 68.46
1 9.75 32.97 55.36 0.74 1.18

B 2 9.43 30.91 58.31 0.60 0.75
3 10.53 33.01 54.93 0.73 0.79
1 6.28 24.91 68.52 0.30

c 2 9.63 26.45 63.58 0.34
3 9.05 25.15 65.8

Figure A. 1. Images used for EDS analysis and results table for mp-Sip4 NPs. Numerical
results are presented in atomic %.

kS
am Electron image 1

Electron Image 1

Image  Spectrum Number Cc 0 Si
1 9.34 32.32 58.34
A 2 8.03 32.82 59.14
3 8.82 34.49 56.70
1 11.35 32.51 56.14
B 2 10.35 28.24 61.41
3 12.52 31.75 55.72
1 715 30.77 62.08
c 2 7.16 31.53 61.31
3 5.43 27.65 66.93

Figure A. 2. Images used for EDS analysis and results table for mp-Sip6 NPs. Numerical
results are presented in atomic %.

157



Image  Spectrum Number Cc o Si

1 6.03 44.50 49.47

A 2 6.38 37.53 56.09
3 5.97 46.66 47.37
1 5.01 46.23 48.77
B 2 417 45.38 50.44
3 4.70 45.74 49.55
1 11.14 38.95 49.91
Cc 2 9.69 37.69 52.62
3 10.94 39.66 49.40

Figure A. 3. Images used for EDS analysis and results table for mp-Sip8 NPs. Numerical
results are presented in atomic %.
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by RSC and include the right to sub-license without limitation. RSC may sell or distribute the Article
andior Supplementary Material within a journal, on its own, or with other related material.

2.8 If the journal in which the Article is to be published is published by RSC on behalf of any other
organisation(s), or by RSC as part owner of, the licence and rights granted at clause 2.1, 2.2 and
2.3 above shall also be deemed granted to the other crganisation(s).

va.0
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2.7

2.8

29

If any third party infringes. or on reasonable grounds appears to be infringing, any intellectual
property rights in the Article and/or Supplementary Material, and RSC is of the reascnable belief
that this infringement will be prejudicial to or interfere with its business, RSC shall have the right 1o
bring an action for infringement pursuant to section 1014 of the Copyright, Designs and Patents
Act 1988 (as amended, extended or re-enacted from time to time) or its equivalent legislation in
any relevant jurisdiction. The RSC is hereby authorised by the Copyright Cwner(s) independently
to take such steps as RSC considers necessary or appropriate in respect of such infringement,
including the institution and conduct of legal proceedings and any subsequent appeals. In doing
sa, RSC shall not be taken as acting as agent or acting in any way on behalf of the Copyright
Owner(s). RSC shall bear all costs arising from taking such steps but shall be entitled to retain for
its absolute benefit any damages, profits, costs or other amounts awarded or recovered in such
procesdings.

The Copyright Owner(s) hereby consents to the inclusion of electronic links from the Article to third
party material wherever it may be located.

The rights to any raw research data included in the Article are not covered by the Agreement.

2.10 Submission of the Article does not guarantee publication. If the Article is withdrawn, rejected. or

not published, RSC shall notify the Copyright Owner(s) of this and the rights aforementioned in
clause 2.2 shall not take effect, or if they have taken effect, shall terminate with immediate effect
upon the RSC notifying the Copyright Cwner(s) of the same. The RSC' may need to retain a copy
of the Article and Supplemental Material as a record (including via anmy contractor) but will do so
only for as long as is reasonably required.

2.11 The Copyright Cramern(s) agrees to be RSC's primary point of contact in respect of this Agreement.

The Copyright Owner(s) shall be responsible for ensuring up to date contact details are provided
fto the RSC.

Copyright owner(s)’ Rights

3.1

3.2

Owinership of the copyrght remains with the Copyright Cwner(s). The Copyright Cwner(s) waives
such of its rights as it may be necessary to waive in order for RSC to exercise any of the rights
granted at clause 2 above, with the exception of the rights listed at clause 3.2 below which are
reserved by the Copyright Owner(s) on its own behalf or for the benefit of (and exercisable by)
them, and so are granted under clause 2 on a non-exclusive basis.

The Copyright Owner shall retain the following non-exclusive rights:

(a) in the Submitted Manuscript:

(i} the rght to self-archive the Submitted Manuscript on the Copyright Owner's persanal
website, place in a preprint server or repository or in an Approved SCH or in the Copyright
Owner's company/institutional repository or archive. The right extends to both intranets
and the Internet. The Copyright Owner may replace (or authorise replacement of) the
Submitted Manuscript with the Accepted Manuscrpt, after the embarge pericd as set out
in 3.2{b){ii) below has elapsed;

(i} the right to share copies of the Submitted Manuscript with colleagues, including via
Approved SCM's, provided there is no systematic distribution or automated delivery;

(k) imthe Accepted Manuscript:

(i} the rightto share copies of the Accepted Manuscript with colleagues within private research
sharing groups only including via intramets and Approved SCM's provided there is no
systematic distribution, the Accepted Manuscript is not updated or replaced with the
‘ersion of Record and the Copyright Owner ensures recipients are notified that the
Accepted Manuscript must not be used for Commercial Use,

(i) following expiry of any embarge period secured pursuant to 3.7 below, the right to make
available the Accepted Manuscript via the Copyright Owner's personal website; archive the
Accepted Manuscript in the Copyright Owneri(s)'s or employer's institutional or other open
access repository and, archive the same in Approved SCHN's and in subject based
repositories and the Copyright Cwner shall be entitted to permit third parties who access
the Accepted Manuscript via these repesitories to copy and reproduce (but not adapt or
create derivatives versions of) the Accepted Manuscript in accordance with the provisions
of the Creative Commons licence CC BY NC MD (3.0)
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[z} with respect to the Version of Record:

[i] the personal right of the Copyright Owner only to share copies of the Version of Record in
any format with colleagues upon their express request and for their personal use and with
private research sharimng groups including via intranets and Approved SCHN's, there is no
systematic distibution/'networking of the Version of Record to external users and,
recipients are notified that they may not further distribute or copy the Version of Record,

(i) the right to include the Version of Record in mormal teaching duties at the Copyright
Owner's university/institution or internal training at the Copyright Owner's place of
employment,

[ili) the right to include (in whaole or in part} in submissions of grant applications, and the thesis
of the Copyright Owner in printed formn and the right to create and make the PDF in the
thesis of the Copyright Owner available via any website that the university/institution of the
Copyright Owner may have for the deposition of the same. Recipients of the PDF must be
notified that this may mot be further made available or distributed,

[iw) reproduce, perform, transmit and othenwise communicate the Version of Record in spoken
presentations (including those which are accompanied by visual materials such as slides,
owverheads and computer projections);

(d) with respect to Article abstracts, figures, tables, artworks and selected text (up to 10% of
total words)
[i] the Copyright Cramer may re-use unmodified abstracts for use other than Commercial Use,
(i) the Copyrght Owner may re-use figures, tables, artworks, and selected text up to 10% of
the total number of words from the Aricle, provided full and accurate credit is given to the
‘Version of Record, no changes are made other than modification to the figures and tables
being noted, re-use must not be for Commercial Use and, there is no dual publication in
breach of journal ethical practices.

The Copyright Owner must submit a written request to RSC for any use other than those specified
at clause 3.2 above.

All cases of republication/repreduction must be accompanied by an acknowledgement of first
publication of the Article by REC, the wording of which depends on the joumal in which the Article
was published criginally. The acknowledgement should also include a hyperink to the Article on
the RSC website.

In all cases of deposition there must be a link from the deposited version to the Version of Record
on the RSC website.

The Copyright Owner and'or RSC may deposit the Supplementary Material cormesponding to the
Article in any repository, there being no embargo.

The embargo period referred to in 3.2(a)(i) and (3.2(k)(ii} above is 12 months from the date of
publication by RSC of the Accepted Manuscript or the final Version of Record if the Article was not
published as an Accepted Manuscript.

Copyright Owner Warranties

4.1

The Copyright Owner(s) warrants that:

(a) where the Article and Supplementary Material is multi-authored, all individuals identified

contributed to the Aricle and Supplementary Material and all individuals who contributed are

named in the Aricle;

the Copyright Owner has obtained written permissicns from third party copyright owner(s) to

grant the licence and rights to RSC as their agent on these terms and that all Copyright

Crwmer(s) agree to the obligations herein. The Copyright Owner(s) will supply a copy of the

same to RSC upon request; and

{c) if copyright in the Article is owned by any third party, whether an employer or third party to
wiom the Copyright Owneris) has assigned rights, the Copyright Crwner(s) have obtained
written authorsation from such copyright owner to grant this licence to the R5C on their behalf
as their agent. The Copyright Owner(s) will supply a copy of the same to RSC upon request.

b

4.2 The Copyright Cramern(s) further warrants that:
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{a) the Article and Supplementary Material is the oniginal work of the Copyright Owner(s) and has
not been copied (in whole or in part) from any other work or matter or, if the Article andior
Supplementary Materal includes excerpts of copyright work of persons other than the
Copyright Owner(s). the Article and Supplementary Material is substantially the original work
of the Copyright Owneris) and all permissions as are necessary for the grant of the licence
and rights to RSC herein have been cbtained for use of such excerpts and all necessary credits
to the sources hawve been included;

(b} the Article and Supplementary Material and the exercise of the licence and rights granted to
RSC by the Agreement will in no way whatsocever infringe the intellectual property rights
(including without limitation copyright, database rights, patent or trademark or other third party
rights} of any person whatsoever or result in breach of any existing duty of confidentiality, or
duty to respect privacy, or any other right (including any moral right) of any person or entity
whatsoever or breach of any confract or of any law;

(¢} the Article and the Supplementary Materal do not contain anmythimg which is defamatony,
libellous or unlawful and that, to current scientific knowledge, all statements contained in the
Arficle and the Supplementary Material purporting to be facts are true and any recipe, formula,
instruction or equivalent contained in the Article will not, if fiollowed accurately, cause any injury
or damage o the user;

(d)} there are no conflicts of interest relating to the Aricle and Supplementary Material, except as
disclosed;

(e} the Copyrght Owner(s)] has mead and complied with the RSC guidelines:
hitpohwwew. rsc.orgliournals-books-databases/journal-authors-reviewers/author-
responsibilities! and confirms that the Article has not been, and will not prior to publication by
RSC be, published, with the exception of such deposition or presentation of the research in
the manner listed at clause 3 above and which is in line with the RSC guidelines referred to
above.

4.3 The Copyright Owner(s) shall be responsible for ensuring that the cormect permissions and rights
have been granted to them in writing from any other copyright owner as mentioned in clause 4
abowve, in order to submit the Article to the RSC and grant the R5C the rights detailed in clause 2.

4.4 All warranties and obligations set out in clauses 4.1; 4_2{a), 4.2(b), 4.2{c); and 4.3 are subject to
clause 2.4 and, accordingly. do not exitend to the Copyright Owner's dealings with Public
Information contained in the Article or Supplementary Materials.

General

5.1 Inexercising its rights and performing its obligations under the Agreement, each party shall comply
with all applicable laws, rules and regulations of governmental entities having jurisdiction over such
performance including but not limited to its obligations under the Data Protection Act 2018 and UK
GDPR (as amended or updated from time to time) which arise in connection with the Agreement
with regard to the use of personal data and its obligations under the Bribery Act 2010 (as
amended).

52 RSC is entitled to assign its rights under the Agreement to any third party without the prior written
consent of any other party to this Agreement

5.3 Mo change or modification of the Agreement will be valid unless agreed by both parties in writing.
54 Failure or delay by RSC to exercise any right or remedy under the Agreement shall not be deemed
to be a waiver of that right or remedy, or prevent RSC from exercising that or any other right or

remedy on any occasion.

55 The Agreement shall be govermned by English law and the parties submit for all purpeses connected
with the Agreement to the exclusive jurisdiction of the English courts.
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SIGMNED by the Owner or by someone duly authorised te sign for the Owner.

Definitions.

Accepted Manuscript:

Article:

Copyright owner:

Commercial Use:

Scholarly Collaboration
Network (SCH):

Submitted Manuscript:

the manuscript version of the Aricle that has been accepted for
publication and may include Author-incorporated changes suggested
during submission, peer review, and editor-Author communications
but excludes other REC valus-added conftributions such as copy-
editing, formatting, technical enhancements and (if relevant)
pagination and subsequent author corrections at proof stage.

all the material that comprises the article submitted to R3C pursuant
to this Agreement, including but not limited to the abstract, tables,
reference lists, figures, images. multimedia files that are directly
embedded within the text, and the text itself. The Article does not
include the Supplementary Material.

the individual, group or entity (or entities) that are the original legal
owners of the copyright in the Aricle and Supplementary Matenal (as
applicable). This will usually be the author(s) of the article (whether
sole or joint), but may also be an employer where that author created
the Article and Supplementary Material in the course of their
employment, or a third party where that third party has a vested
interest in the Aricle or Supplementary Material such as funding any
element of research or providing any services or supplies which
contributed to the content of the Article or Supplementary Material;

includes without limitation:

* copying or downloading of doecuments, or linking to such postings.
for further redistribution, sale or licensing, for a fee;

* copying, downloading or posting by a site or service that
incorporates adwvertising with such content;

# inclusion or incorporation of document content in other works or
services (other than for legally permitted gquotations with an
appropriate citation) that is then available for sale or licensing for a
fesa;

» use of documents or document content (other than for legally
permitted quotations with appropriate citation) by organisations for
any promotional or advertising purposes whether direct or indirect,
whether for a fee or otherwise.

# use for the purposes of monetary reward by means of sale, resale,
license, loan, hire transfer or other form of commercial exploitation.

a professional networking site that faciltates collaboration ameong
researchers as well as the sharing of data, results, and publications.
An approved SCMH is one which endorses and is a signatory to the
voluntary STM article sharing principles (see: hitpsdwaw.stm-
assoc.org/2015 08 08 Voluntary principles for article sharng on
scholarly collaboration networks. pdf).

the manuscript version of the Aricle (including Supplementary
Material) as orginally submitted by the Corresponding Author for
publication.

164



Supplementary Material:

Version of Record:

material that has been judged by peer review as being relevant to the
understanding of the Article but too lengthy or of too limited interest for
inclusion in the Aricle itself. Supplementary Material will b2 made
available electronically only and may include data tables or seis,
appendices, movie or audio clips, or other multimedia files.

the final published version of the Article that is produced by the RSC
after peer review, electronic production and other publisher value-
added contributions such as copy-editing, formatting, technical
enhancements and (if relevant) pagination.
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