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Abstract

Chapter 1: General Introduction
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The combustion of fossil fules
induced environmental and energy
problems are presented firstly in this
charpter. The most promising
method for solving these problem is
to develop pollution free clean
energy. Solar-driven water splitting
devices are briefly introduced for
transferring solar energy to storable
and transportable hydrogen. The
most promising solar-driven water
splitting configurations and efficient
water oxidation cataysts are
discussed and compared. The
progress in the design and
performance of the latters are also
described and their  major
breakthroughs are highlighted.

Chapter 2: Objectives
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Chapter 3: Nanoscale characterization on airborne pollutant particles
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For the first time we combined the
morphological, chemical and
mechanical  characterizations on
airbone pollutant particles with the
aerodynamics diameters less than 2.5
pum, PMas particles. Three kinds of
particles are observed most commonly,
which are carbon-rich fluffy soot
aggregates, elongated minerals with
high content of metals, and spherical
fly ash made of metal-silicates. Among
them, most of the particles are
surrounded by a dark trace layer made
of carbon alkali metals, hydrogen and
CH groups. The soot aggregates show
strong adhesiveness and aggregation.

Chapter 4: Cheap metal oxides functionalized silicon photoanodes for

photoelectrochemical water splitting devices

VI

Silicon is a very popular material
for photoelectrochemical water
splitting devices due to its good
photon absorbing ability and
suitable bandgap. Here we use
cheap metal oxides (CuO and
NiOx) as water oxidation
catalysts to functionalize the

silicon photoanodes, and
exhaustively analyze the
reliability and ageing

mechanisms of ultrathin Ni coated
Si photoanodes. After that, in Ni
coated silicon photoanodes, the
nickel and silicon interface is
enigeered through replacing
native silicon oxide by titanium.
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Chapter 5: Molecular catalysts for photovoltaic-electrolysis

water splitting devices
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Photovoltaic-elctrolysis (PV-EC)
water splitting configuration is
with the most mature technology
for solar-driven water splitting
devices. One of the main
challenge that blocks its practical
application is the high cost of the
involved materials. Therefore,
one of the main goals in this field
is to achieve a high solar-to-
hydrogen (STH) effiency PV-EC
water spliiting devices with low
cost. Here we implement for the
firt time the use of molecular
catalysts in the solar-driven PV-
EC water splitting configuration
by using state of art perovskite
amd commercially available
triple junction ni-v
semiconductors based solar cells.
The latter shows the highest STH
efficiency at neutral pH (room
temperature) reported so far. This
study may pave the way to realize
the large scale production of
hydrogen from sunlight.

Chapter 6: General Conclusions
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Chapter 1:

General introduction

In this chapter, the energy and environmental problems derived from fossil fuels
combustion will be discussed (section 1.1). In order to solve these problems, solar
energy based devices have been widely developed. In this thesis, | will focus on the
solar-driven water splitting devices (section 1.2). Particular emphasis on the water
oxidation catalysis field, photoelectrochemcial (PEC) water splitting nad photovoltaic-
eletrolysis (PV-EC) water splitting will be describled in detail in sections 1.3, 1.4 and

1.5, respectively.
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1.1 Environmental and energy problems
The combustion of fossil fuels produces a myriad of toxic air pollutants (Figure

| 1a) and carbon dioxide (COz), which is a significant greenhouse gas and changes our

climate (Figure 1b). These emissions have been the most significant threat to global
environment, which endanger the health and future of the whole human society. It has
been reported that the toxic air pollutant and climate change caused by fossil fuels

combustion, result in more and more biological and psychological diseases to young

. el [

.

4 os.Angales. . =S New Delhi

Figure 1. (a) Global air pollution problem. (b) Climate change induced floodwater.
Reproduced with permission from Refs. [1] and [2], copyrights 2016 University
Corporation for Atmospheric Research and 2017 Time Inc.
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childrens.® Since the childrens require 3-4 times more food and breathe more air than
adults for a body weight basis, in this case they get more exposure to the pollutants from
air and food.*® The World Health Organization (WHO) has estimated that the children
under 5 years old suffers more than 40 % of environmental related disease and more than
88% of climate change.®® And recently WHO has released that 90% of people worldwide
breathe polluted air, in which the fine particles can penetrate into the lungs and
cardiovascular system deeply and result in 7 million people dying every year due to
polluted air leaded lung cancer, heart disease, stroke, respiratory infections and chronic
obstructive pulmonary.®

In general, the air pollution is caused by the combustion of fossil fuels including
coal, gasoline, diesel fuel, oil and natural gas, which are combusted for electricity
production, transportation, heating and industry.’® This energy related fossil fuel
combustion generates almost all nitrogen oxide and sulfur dioxide emissions to the
atmosphere,!! and 85% airbone particulate pollution, which is respirable and causes a
long-term inhalation hazard.*? Moreover, the combustion of these fossil fuels can generate
the emission of black carbon, nitrogen and sulfur dioxides, polycyclic aromatic
hydrocarbons (PAH), mercury and volatile chemicals, which form the ground level ozone
(O3). It has been pointed out that 300 million children live in areas with air pollution that
exceeds international limits at least six times.*® This is injustice since the adults create the
problems by their activities, but the children suffer more to the caused air pollution and
climate change. 35 billion metric tons of CO2, from human activities related to energy
consumption are emitted to the atmosphere every year.'* Most (45%) of the CO2 emission
is from coal combustion (Figure 2a), even though it provides 28% of the total primary
energy supply (TPES) for the world in 2015.%® The CO_ emission from oil and natural gas

consumption accounts for 34 % and 20 %, respectively (Figure 2a).'® The National
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Oceanic and Atmospheric Administration (NOAA) uses the Annual Greenhouse Gas
Index to track the influence of climate altering greenhouse gases. From 1990-2016, this

| index has increased by 40%, most of which are from the increase of CO2 emission.®

Moreover, it has been predicted that the CO2 levels will reach to their highest in the

atmosphere in 800,000 years.*’

a Percent share

TPES

co, 1%

0% 20% 40% 60% 80% 100%

BOil @BCoal BAGas OOther*

* Other includes nuclear, hydro, geothermal, solar, tide, wind, biofuels and

waste.
b World energy consumption by energy source
quadrillion Btu
250 2015
petroleum and other liquids
200
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0
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Figure 2. (a) Percentage of CO. emissions from the world primary energy supply. (b)
The word energy consumption from different types of energy sources in the past and
following decades. Reproduced from Refs. [15] and [18], copyrights International Energy
Agency (IEA) 2017 and U.S. Energy Information Administration (EIA) 2017.
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Except for the air pollution and climate change from consumption of fossil fuels,
these fossil fuels are formed from the remains of the living plants and animals that lived
millions of years ago, which are not renewable energy sources. The BP statistical Review
of World Energy 2016 has calculated®® how long it lasts until all the fossil fuels reserves
run out based on the known reserves and annual production levels in 2015. The reserves-
to-product ratio shows that the global coal will run out in 115 years, however the oil and
natural gas remaining will run out in ~50 years, respectively.!® Even though the
development of fracking gas may provide enough natural gas for the next century, the
CO. emissions and air pollution will still endanger the future of the human society. In
order to build a sustainable future for next generations, the human activities should
become less dependent on the fossil fuels, and the study of renewable and clean energy is
necessary to be investigated for letting it become the major energy provider for the next
century. The US Energy Information Administration predicts that around half of the world
energy consumption will come from renewables by the early 2040s (Figure 2b).*® As one
of the main renewable energy sources (wind, hydropower, solar, etc.),?° solar energy plays
a very important role in the development of renewables, since sunlight is decentralized
and inexhaustible in the world. Moreover, the Earth’s surface can receive ~ 1.2 x 10* kJ

solar energy per second.?*

1.2 Solar-driven water splitting devices

Even though the energy harvested from sunlight is a desirable method to fulfill
the demand of clean energy for the global world, there are still challenges remaining due
to the sunlight’s daily and seasonal variability. In order to make the solar energy storable,
transportable and available when needed, the sunlight needs to be converted into chemical
fuel/chemical bonds efficiently and cost-effectively, with meeting the demand at a global
scale.?2 In 1972, Fujishima and Honda firstly proposed the solar-driven electrolysis

5



UNIVERSITAT ROVIRA I VIRGILIT
MATERIALS AND MOLECULES FOR POLLUTION FREE CLEAN ENERGY
Yuanyuan Shi

prototype, which used a n-type TiO- electrode as a light absorber for decomposing water
to convert solar energy into a simple chemical bond (hydrogen, H) (Equation 1).2* After
| this, solar-driven water splitting has been studied massively as a renewable, storable and

green emerging technology (see Figure 3).

Water splitting: 2H20 > 02 T+ 2H, T, AE=1.23 V. (Equation 1)

AG°

AG° =-113.5
Kcal/mol

| AG® =-113.5
Kcal/mol

P3: PERSONAL POWER PLANT

Figure 3. Solar-driven water splitting for home hydrogen fueling station, which is
renewable and clean. Reproduced from Ref. [25], copyright 2008 Alternative Energy Info.
There are three main components required for the solar-driven water splitter
devices: i) light absorber, ii) catalysts for oxygen and hydrogen evolution half reactions
(OER and HER, Equations 2-3), iii) a membrane to separate the generated oxygen (O2)
and Ho.
OER:  2H,0 +4h* > O, T +4H* (Equation 2)
HER: 4H"*+4e > 2H, 7T (Equation 3)
Three kinds of solar-driven water splitting devices®® have been proposed to
achieve an efficient, robust and scalable H> generation for addressing the terawatt

challenge:?" i) PV-EC water splitting cells,?®3¢ ii) integrated PEC water splitting cells,3”

6
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*Liii) mixed colloid system (Figure 4).>*3 The first strategy is a mature technology since
it combines a commercial PV module (light absorber) with a water electrolyzer, which
are both developed technologies. However, the cost of the PV-EC water splitting devices
is too high (estimated US $8 per kg),** compared to the traditional methods by using fossil
fuels.*® Considering the economic cost of these three kinds of devices, the mixed colloid
system will be the most attractive strategy, but its STH efficiency is very low, which is
around 1%-3% up to date.? *3 Meanwhile, this system produces a mixture of Hz and Oy,
which need to be separated to avoid the back reactions.** The integrated PEC water
splitting system is an intermediate strategy between PV-EC cells and mixed colloid
system, which may provide a high STH efficiency with an affordable cost (estimated US
$3 per kg).26 444649 |t has been reported that this technology can be economically feasible
and competitive if its efficiency can be improved to > 10 % and with a lifetime of >5

years,3! 5051 The details of the PEC water splitting devices are described in section 1.4.

photoanode

PV-electrolysis Integrated PEC Mixed colloid

O Technological Maturiy 8
. cost :

Figure 4. Schematic of the three main solar-driven water splitting systems. (left) PV-EC
system, (middle) wired tandem PEC system with a photoanode (red bar with green coating)
and a photocathode (red bar with yellow coating), and (right) mixed colloid system. They
are ordered by the maturity of the technology and cost of the manufacture.

7
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1.3 Water oxidation catalysis

As it is shown in Equation 1-3, the overall water splitting reaction can be devided
into two half reactions (OER and HER). The water oxidation half reaction happens at a
high thermodynamic potential of E® = -1.23 V vs. normal hydrogen electrode (NHE) at
pH = 0.52 It is more difficult than the water reduction half reaction since water oxidation
requires the removal of four protons and four electrons from two water molecules and the
formation of one O-O bond. Thus, a catalyst with the ability to reduce the overpotential
(the additional potential needed to overcome the reaction barriers) is necessary for water
oxidation, which should help this half reaction happen at a potential as close as possible
to the thermodynamic one.>® This catalyst should be stable in aqueous solutions and at
high oxidation states.> In this thesis, two types of water oxidation catalysts have been
explored in different solar-driven devices, namely, metal oxides and molecular
complexes.

As stated above, the high energy demands of the water oxidation reaction implies
that the catalyst should be stable at high potentials and therefore the stability of metal

oxides at high oxidative states is very important for the catalytic process. Figure 5

H He
Li |Be BI{C|N|O|F|[Ne
Na|Mg Al |Si|P|S|Cl|Ar

K |Ca|Sc|Ti|V |[Cr|Mn|Fe|Co| Ni|Cul|Zn|Ga|Ge|As|Se| Br | Kr

Rb|Sr| Y [Zr INb|Mo| Tc [Ru|Rh|Pd|Ag|Cd| In [Sn|Sb|Te| | |Xe

Cs|Ba|La|Hf | Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl |Pb| Bi [Po| At |[Rn

Figure 5. Stability of different metal oxides or hydroxides at different aqueous solutions.
The orange, green and blue color represents the stability at low, neutral and high pH
electrolytes, respectively. The combination colors (blue/green, and blue/orange) indicates
the stability at a wide pH range. The combination of the orange and gray indicates the
stability of the moderate oxidative states at low pH electrolytes. Reproduced with
permission form Ref. [55], copyright Pergamon Press 1966.
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indicates the stability of different metal oxides or hydroxides at low, neutral and high pHs,
which shows that earth abundant metals based oxides or hydoxides (at high oxidative
states) are more stable in a high pH electrolyte.>® The use of transition metal oxides or
hydroxides have been studied extensively to promote the water oxidation half reaction.>®-
58 Among them, Ir0,%%%* and RuO,%5%" are the most active and stable catalysts for OER
in both base and acid conditions (depending on the synthesis/deposition methods).
However, Ir and Ru are scarce metals on earth, which increases the cost of the H>
generation. Many first-row transition metals based oxides and (oxy)hydroxides, such as
manganese,®®"2 iron,”*"" cobalt,®®? nickel 2% copper oxides,* have been developed
to sever as a low-cost and efficient catalyst for the water oxidation reaction.®® T. F.
Jaramillo et al. have compared the overpotentials of different metal oxides as water
oxidation catalysts to achieve a current density of 10 mA/cm? after two hours controlled
current electrolysis (Figure 6).%4% Among the first-row transition metals, cobalt and
nickel oxides show very efficient and robust behavior in alkaline electrolytes.*® Moreover,
for nickel oxides based water oxidation catalyst, even accidental iron incorporation (from
electrolytes or other sources) into nickel oxides can enhance its catalytic activity.%

Even though metal oxides show very active catalytic activity and some of them
are earth abundant, their working mechanisms are often unknown or difficult to evaluate

and their modification and/or tunability is limited to particle size and morphology. As a

(e)-200020IN
(q)-200092IN

0 z
z

~

2 2

¥ g

(a)-edoWIN

Figure 6. The required overpotential of different metal oxides as water oxidation catalyst
to reach a current density of 10 mA/cm? after two hours controlled current electrolysis at
base (pH 14) and acid (pH 0) conditions. Reproduced from Ref. [94], copyright American
Chemistry Society 2015.
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consequence, it is difficult to design better metal oxide catalyst in a rational manner. In
contrast, it is much easier to tune, design and characterize the active center of molecular
catalysts, which helps the understanding of their catalytic mechanisms. The first
molecular catalyst capable of oxidizing water to dioxygen was discovered in 1982 by T.
J. Meyer,% which is around 80 years later than the metal oxides used for water oxidation.%
By understanding the catalytic mechanisms of molecular catalysts, their designs can be
tuned step-by-step to reach a minimum overpotential at maximum Turnover Frequencies
(TOFs) and long stability under neutral conditions. Many transition metal complexes can

99 copper, 100-104 iron,105

serve as molecular catalysts for OER, including manganese,
cobalt, %1% jridium® and ruthenium®1 complexes, in which the metals are used as
active centers. Most of the mechanistic studies have been done for ruthenium

complexes,*® which can be extended to other transition metals based molecular catalysts.

WNA 12M
(n+4)* +
(n+2)
M—Of&% M—O,
O-H “o—m
H
M"™ + 0-0 + 2 H 2 M™ + 0-0

Figure 7. Two kinds of the mostly accepted O-O bond formation mechanisms.
Reproduced from Ref. [116], copyright 2014 Royal Society of Chemistry.
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One of the important mechanistic steps during the water oxidation reaction is the
formation of the O-O bond. There are two kinds of proposed mechanisms, which are i)
water nucleophilic attack (WNA) and ii) the interaction of two metal-oxo (M-O) units,
which can happen in an inter or intramolecular manner (12M) (Figure 7).2% 115 In the
WNA mechanism, one water molecule attacks a highly oxidized M-O unit, which helps
to break the M-O bond and then forms a hydroperoxide species. Finally, an oxygen
molecule can be released after a posterior oxidation process.!®® In contrast, the 12M
mechanism is based on the merging of two highly oxidized M-O units.**""18 |n the whole
water oxidation process, the formation of O-O bond is very important, which often
decides the rate of the whole process.

The mechanistic understanding of the water oxidation reaction by molecular
complexes has allowed the field to progress tremendously in the last ten years, reaching
catalytic rates higher than that of the Oxygen Evolving Complex in Photosystem 11,
responsible for the water oxidation reaction in natural photosynthetic systems. In
particular, the catalyst [Ru(tda)(py)2] (where tda: [2,2".6',2"-terpyridine]-6,6"-
dicarboxylato and py = pyridine) performs at a rate of 7 700 s at pH 7 and 50 000 s* at

pH 10.%

1.4 PEC water splitting

The main elements of PEC water splitting devices include photoelectrodes as light
absorbers and catalytic surface area, electrolyte and a membrane for separating the
produced Oz and Ha. In an integrated PEC system (as it is shown in Figure 4), it needs a
n-type semiconductor as the photoanode, and a p-type semiconductor as the photocathode
to absorb light. When a semiconductor is illuminated, it can absorb photons with larger
energies than its band gap energy (Eg), then a pair of electrons and holes (charge carries)

can be created. The electrons will jump to the conduction band (CB) for water reduction,

11
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which will leave the holes in the valence band (VB) for water oxidation. The water
oxidation requires the VB potential of the photoanode (under illumination) to be more
positive than the thermodynamic water oxidation potential (1.23 V vs. NHE at pH 0).
While water reduction requires the CB potential of the photocathode (under illumination)
to be more negative than the thermodynamic water reduction potential (0 V vs. NHE at
pH 0). Therefore, the selection of suitable materials is very important as photoanodes and
photocathodes for PEC water splitting. Figure 8 shows the band positions of various
semiconductors, which can be used as photoanode/photocathode in PEC water splitting
devices. An idea photoanode or photocathode needs the semiconductor to fit with the
following characteristics:** i) the semiconductor should be with a bandgap between 1.9
eV and 3.2 eV with suitable CB and VB positions. Since the natural sunlight consists of
43% visible (400-700 nm), 5% UV light (300-400 nm) and 52% infrared light (700-2500

nm), the appreciable absorption of visible light is needed for increasing the STH

R

- oo nl 5 ' Ll omo

Enecrgy relative to vacuum (eV)
Potential Relative to NHE (V)
|

4

ZnSe

CdS

CdT
Sic

- A T

L'Ul,Vn.‘QnS

Figure 8. Band gap positions of various semiconductors with respect to the redox
potentials (dashed black and red lines) of water splitting at pH 0. The red and black bars
represent the calculated reduction and oxidation potentials of different semiconductors at
pH 0 and room temperature (298.15 K) with 1 bar pressure. Reproduced with permission
form Ref. [119], copyright Royal Society of Chemistry 2012.
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Table 1. Earth abundant materials based photoanodes for PEC water splitting. J1.23 v
means the current density of the photoanodes at 1.23 V vs. reversible hydrogen electrode
(RHE). Reproduced with permission from Ref. [120], copyright Wiley-VCH 2018.

OER catalyst Photoactive substrate Morphology J1.23v [MA/CM?] pH  Stability
Co0304 Fe203 Nanorod 1.2 13.6 -
CoOx Fe203 Multidimential nanoplates 2.29 13.6 -
FeOOH Fe203 Plate 0.85 13.6 70h
FeOOH Fe203 Nanorod 1.21 13.6 2.5h
NiCeOx Fe203 Nanorod -0.8 13.6 -
FeOOH Ti:Fe203 Nanorod 231 13.6 -
C0304 TasNs Particulate >1.5 (>420 nm) 13.6 2h
CoPi Ba:TasNs Nanorod 6.7 13.6 1.7h
Co0304 TasNs/Fh Porous cubic 5.2 13.6 6h
NiOOH TasNs/MoOs Porous cubic ~1.4 13.6 12h
CoPi W:BVO, Planar 3.6 7.3 -
CoPi BVO4/WOs3 Helical nanorod 6.72 7 -
CoOW/NIOx BVO: Particulate 35 16 h
NiFeOxBi BVO. Nanoworm 3.2(0.6V) 9.5 10h
NiFeOxBi Ni/Mo:BVO4 Particulate ~2.6 (0.6 V) 9 1100 h
FeOOH/NiOOH BVO4 Nanoporous 4.5 7 48 h
FeOOH/NiOOH WOs/(W,Mo0):BiVO4 Helical nanorod 5.35 7

Fe(Ni)OOH Mo:BVOq4 Nanocone 5.82 7 5h
FeOOH BVOq4 Nanoporous ~1.7 7 6h
Ni:FeOOH WO3/BVO4 Nanowire 4.5 7 27mA3h
CoFe-H BVO4 Nanoporous 2.48 7 -
Co/Co(OH)2 n-Si Planar >16 13.6 -
CoOx n-Si Planar 232 13.6 2500 h
Ni/NiOx n-Si Planar >10 9.5 80 h
CoOx/NiOx n-Si Planar 28 13.6 1700 h
NiOOH n-Si/TiO2/ITO Planar ~18 14 -
CoOx p*n-Si Nanotexture 17 13.6 24 h
C0304/Co(OH)2 p*n-Si Planar 30.8 13.6 72h
Ni/NiOx p*n-Si Planar 29 13.6 1200 h
NiFe alloy p*n-Si Planar 31.2 13.6 10h
NiSez a-Si Nanowire 5.8 13.6 12h
NiOx a-Si/c-Si Pyramidal 21.8 13.6 -

efficiency; ii) The charge carriers in the semiconductor needs to be separated and

transported efficiently to reduce the charge recombination. The carrier mobility,

nanostructure and crystallinity of the semiconductor can decide the efficiency of charge

carriers separation and transportation; iii) The semiconductor should show good catalytic
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activity and long stability. Surface charge accumulation, which leads to charges
recombination, can be avoided by increasing surface reaction kinetics with the presence
| of specific catalysts. Photocorrosion is one of main problems for reducing the stability of
photoanodes/photocathodes in PEC water splitting. When the anodic decomposition
potential of the semiconductor is above its valence band potential, the anodic
photocorrosion happens. Similarly, when the cathodic decomposition potential of the
semiconductor is below its conduction band potential, the cathodic photocorrosion
Table 2. Earth abundant materials based photocathodes for PEC water splitting. Jo v

means the current desity of the photocathodes at 0 V vs. RHE. Reproduced with
permission from Ref. [120], copyright Wiley-VCH 2018.

HER catalysts Photoactive substrate Morphology Jov[mA/cm?] pH Stability
MoS2:x Cu20/AZOITiO2 Planar 5.7 1 <7h
MoS2:x Cu20/AZOITiO2 Planar 6.3 13.6 <10h
NiMo alloy Cu20/AZOITiO2 Planar 6.3 13.6 <10h
1T-MoS: p-Si Planar 17.6 0 <3h
MoSx n+p-Si/Mo Planar 175 0 100 h
2H-MoS:2 p-Si Planar 24.6 0 2.8h
2H-MoS:2 p-Si Planar 21.7 0 24 h
CoMoSx p-Si Planar 175 4.25 -
CoMoSx p-Si Microwire 17.2 0 >7h
MoOxSy p-Si Microwire 9.83 1 2h
S:MoP p-Si Planar 33.13 0 <2.8h
CoSez p-Si Nanowire 9 1 -
NiCoSex p-Si Nanopillar 375 0 >2h
Ni12Ps p-Si Nanowire 21 0 1h
NiFeLDH p-Si Planar 7mA 13.6 24 h
MoSx n*p Si/Ti/TiO2 Planar >16 0 -
MoS2 n*p Si/Al203 Micropyramid 35.6 0 120 h
MoSxCly n*pp*-Si Micropyramid 43 0 2h
MoSexCly n*pp*-Si Micropyramid 38.8 0 2h
CoP n*p-Si/Co Nanowire 15.6 1 <lh
CoP n*p Si/Co Nanowire 17 0 12h
CoP n*p Si/Co Planar 20 0 >24h
NiMo alloy n*p Si/TiO2 Microwire 14.3 0 -
NiP2 n*p Si/Ni Micropyramid 12 0 6h
NiMo alloy n*pSi Microwire 10.3 45 1h
CoPS n*pp*-Si Micropyramid 35 0 -
NiMo alloy ZnO/p-i-n a-Si/TiO2 Planar 11 45 12h
Mo2C a-Si/AZOITiO2 Planar 11.2 Ogél 1h
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usually happens. However, for some semiconductors such as TiO2 and Fe20s, their anodic

decomposition potentials are above their valence band, but they show good stability since

their decompositions are with very slow kinetics;* iv) The semiconductor should be

cheap and earth-abundant in order to make commercially available water splitting devices.

Tables 1 and 2 summarize the earth abundant materials based photoanodes and

photocathodes for PEC water splitting, respectively, which have been reported mostly in

the past decades.

There are four kinds of PEC water splitting configurations (Figure 9) mostly

reported until now. The first type (Figure 9a) is PEC water splitting with the aid of

external bias by using a simple semiconductor as light absorber, which can be used as
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Figure 9. Four kinds of configurations for PEC water splitting devices. (a) External bias
assisted PEC water splitting by using a single semiconductor as the photoanode or
photocathode. (b) External bias assisted PEC water splitting by using heterojunction
semiconductor as the photoanode or photocathode. (¢) Wired tandem PEC water splitting
by connecting a photoanode and a photocathode. (d) Wireless PEC water splitting based
on ohmic contact, which can also rely on p-n junctions.*?! Reproduced with permission
from Ref. [44], copyright Royal Society of Chemistry 2017.
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either a photoanode or a photocathode. This configuration is simple, but a large external
bias is needed to drive the holes and electrons separation for water oxidation and reduction.
The second type (Figure 9b) use two or more coupled semiconductors as a light absorber,
which can enhance the light absorption and the charge carrier separation.*?? The third and
fourth types (Figures 9c and 9d) are spontaneous PEC water splitting devices. In this case,
two kinds of semiconductors are needed to severe as the photoanode and photocathode
respectively, in which no external bias is needed. For the third type (Figure 9c), a
conductive metal wire is used to combine the photoanode and photocathode. The fourth
type is wireless (Figure 9d), and uses a transparent conductive substrate as the electron
and hole recombination layer. One of the main issue for the PEC spontaneous water
splitting is that the maximum valence band of the photocathode must lie more positive
than the minimum conduction band of the photoanode to ensure they can work and be
stable at a similar current under sunlight illumination and without external bias applied.**
Among all the configurations shown in Figure 9, the third type (Figure 9c) is the most
promising system for PEC water splitting devices, because it needs sunlight as the only

energy source, and the generated O» and Hz can be separated.

1.5 Photovoltaic cells based water splitting

There are two kinds of photovoltaic (PV) cells based water splitting configurations,
which are PV-PEC and PV-EC water splitting devices, respectively (Figure 10). In the
PV-PEC configuration, both the photoanode/photocathode and PV cells can absorb light.
In the PV-EC configuration, just the PV cell absorbs light. In both cases, the selection of
the materials is much wider than that for spontaneous PEC water splitting devices
described in section 1.4, since there is no requirement for the band alignments of the

semiconductors in PV based water splitting devices. As mentioned in section 1.2 and
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PEC-PV cell PV-EC cell

electrolyte

—
—

Figure 10. Two configurations of PV cells based unassisted water splitting, including
PEC-PV cell and PV-EC cell respectively. Reproduced with permission from Ref. [123],
copyright Wiley 2016.

depicted in Figure 4, the PV cell based water splitting is more mature than PEC water
splitting approaches, due to the well developed PV technologies. Table 3 compares the
requirements and main achievements for PEC, PV-PEC and PV-EC configurations based
water splitting devices. It is worth to note that the STH efficiency in the spontaneous
water splitting system is calculated through Equation 4, where Jop is the operation current
density for stability test, in mA/cm?. 5 is the faradic efficiency, which is the ratio between
produced gas and the theoretically generated gas according to the charge passed through

the curcuit. Pin is the incident light density in mw/cm?,

STH = &20Xop o 10095 (Equation 4)

solar

In this thesis, we mainly focus the study of PV solar cells based water splitting on
the PV-EC configuration. Considering the thermodynamic potential of the water splitting
reaction, trade-off current and voltages in light absorbers and state-of-art catalysts, a
minimum photovoltage of 1.5-1.9 V must be generated for the spontaneous water
oxidation and reduction reactions.!?* 4 However, the single junction based PV cells
provide open circuit potentials (Voc) below 1.5 V,? 46124 5o two or multiple single

junction PV cells need to be connected for their application in water splitting.2? 125126
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Alternatively, a single PV cell with multiple junction can reach a Voc > 1.7 V, which can
also be employed to drive the spontaneous water splitting reaction. Some successful
reported examples include inter-connected CulnGai-xSez (CIGS),* triple junction 111-V
semiconductors based solar cell,?® 3127 triple junction silicon solar cell,® triple junction
polymer solar cell.*® The technology of PV-EC based water splitting is very mature, but
until now there is still no commercial PV-EC system available in the market. The major

challenge in the field is related to the high materials cost and short device stability.*®

Table 3. Main requirements and achievements for three kinds of spontaneous water

splitting devices. Reproduced with permission from Ref. [123], copyright Wiley 2016.

Parameters

Integrated PEC cell

PV-PEC cell

PV-EC cell

Semiconductor type
(nor p-type)

Challenges: anode is n-type,
cathode is p-type

Advantage: no
requirements

Advantage: no
requirements

Band edge

Challenges: band edge of anode
satisfies water oxidation, band
edge of cathode satisfies water

reduction potential

Challenge: band
edge satisfies either
water oxidation or

reduction at least

Advantage: no
requirements

Band alignment

Challenge: VB of photocathode
must lie more positive than CB
of photoanode

Advantage: no
requirements

Advantage: no
requirements

Catalyst Challenge: necessary Challenge: Challenge: necessary
necessary
Bias of PV Advantage: no requirements Advantage: low bias | Challenge: >1.6 V
Numbers of PV Advantage: no requirements Challenge: > 1 Challenge: > 2

Charge carrier transport High loss High loss Low loss
Photo-conversion efficiency Low Medium High
Material cost Low Medium High
Stability H'glrr‘]é'f;‘rf]egaggyr']‘:drg)a”d Medium/low High/medium
Theoretical maximum of nstx 12 29.7% ~20% > 20%
Obtained nsth 2.5% %8 6.3% 128 30% 35
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Chapter 2

Chapter 2:

Objectives

After a brief introduction of the environmental and energy problems in Chapter 1,
research studies have been performed with the aim to explore new materials and
molecules for next generation of clean and sustainable energy. The objectives of our

studies will be displayed in detail in this Chapter.
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The main goal of this thesis is to study the combustion of fossil fuels induced air
pollution problem, then synthesize new materials and design new structures for solar-
driven water splitting devices, which can transfer sunlight to storable and transportable
hydrogen. This clean and sustainable energy can bring us new breakthroughs to solve
current environmental and energy problems. This main goal can be divided into the
following three objectives.

The first objective is to study the use of fossil fuels caused environmental
problems. As it was mentioned in section 1.1, toxic air pollutants and excessive emissions
of CO> are the main environmental problems from the combustion of fossil fuels. In this
thesis, | will statistically analyze the morphological, chemical and mechanical properties
of fine airborne pollutant particles, which are pollutant matters with an aerodynamics
diameter less than 2.5 um (PM25). | decided to study the PM2 s particles because they are
so small that they can be inhaled and penetrate to the lungs and even the circulatory
system of the human bodies. These fine particels trigger or worsen chronic disease such
as asthma, heart attack, bronchitis and other respiratory problems. Based on the
micro/nano-scale characterizations on PM. s particles, we will understand which parts of
these particles are most toxic for our human body, which can provide us some new ideas
to filter these airborne pollutant particles.

As mentioned in section 1.2, there are three main systems for solar-driven water
splitting devices. In this thesis, | will mainly focus on the exploration of PEC water
splitting devices and PV-EC water splitting devices.

The second objective is to functionalize the n-type silicon photoanodes for PEC
water splitting device, in which low cost and ultra-thin transition metal (Cu, Ni and Ni/Ti
in this thesis) films will be deposited on the silicon photonaodes. These deposited thin

metal films can form metal oxides (CuO, NiOxand NiOx/TiOx) to work as efficient water
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oxidation catalysts and protect silicon photoanodes from corrosion. In this study, the
water splitting reaction will be trigged by both sunlight and external bias, which is
expected to be as low as possible.

The third objective is to build a super-efficient anode based on a highly active
ruthenium molecular catalyst for spontaneous PV-EC water splitting. In this study, no
external bias will be applied, and just sunlight will be used for energy resource. The PV
cells (perovskite or I11-V semiconductors based solar cells) will absorb sunlight to
generate electrons and holes for water reduction and oxidation, respectively. This study
is based on a relatively mature technology, which is much closer to be commercially
available. And also it will be the fisrt work to explore the use of molecular catalyst in PV-

EC water splitting configuration.
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Chapter 3:
Nanoscale characterization on

airborne pollutant particles

In this chapter, the airbone pollutant particles (PM2s) are collected and
statically characterized. The mechanical property of the PM. s particles is analyzed for
the first time, which is combined with the morphology and chemical composition
analysis. Different kinds of PM2s particles are observed, and the results show the
stickiest PM2 s particles are soot aggrates, which are made of carbon. And one kind of
the dark trace layers has also been frequencyly observed betwwen the PM2 s particles
and the collected substrete, and we find that they are always around 10 nm thick, and

mainly composed of alkali metals, hydrogen and CH groups.

The chapter consist of the following independent papers:

Paper A Y. Shi, Y. Ji, H. Sun, F. Hui, J. Hu, Y. Wu, J. Fang, H. Lin, J. Wang, H. Duan,
M. Lanza, Sci. Rep. 2015, 5, 11232.
Paper B Y. Shi, B. Wang, M. Bartrons, M. Kolibal, P. Babor, X. Zhang, E. Grustan-

Gutierrez, M. Lanza, 2018, submitted
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Paper A: Nanoscale characterization of PM.s airborne pollutants

reveals high adhesiveness and aggregation capability of soot particles

Y. Shi, Y. Ji, H. Sun, F. Hui, J. Hu, Y. Wu, J. Fang, H. Lin, J. Wang, H. Duan, M.

Lanza, Sci. Rep. 2015, 5, 11232.
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Abstract

In 2012 air pollutants were responsible of seven million human death worldwide,
and among them particulate matter with an aerodynamic diameter of 2.5 micrometers or
less (PM2s) are the most hazardous because they are small enough to invade even the
smallest airways and penetrate to the lungs. During the last decade the size, shape,
composition, sources and effect of these particles on human health have been studied.
However, the noxiousness of these particles not only relies on their chemical toxicity, but
particle morphology and mechanical properties affect their thermodynamic behavior,
which has notable impact on their biological activity. Therefore, correlating the physical,

mechanical and chemical properties of PM2s airborne pollutants should be the first step
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to characterize their interaction with other bodies but, unfortunately, such analysis has
never been reported before. In this work, we present the first nanomechanical
characterization of the most abundant and universal groups of PM2 s airborne pollutants
and, by means of atomic force microscope (AFM) combined with other characterization
tools, we observe that fluffy soot aggregates are the most sticky and unstable. Our
experiments demonstrate that such particles show strong adhesiveness and aggregation,

leading to a more diverse composition and compiling all possible toxic chemicals.

Contribution

Yuanyuan Shi did the AFM, SEM, EDX and TEM characterizations and prepared the

manuscript.
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A 1 Introduction

Air pollution has become the major problem of many cities, and it is affecting
billions of persons' around the globe. Among all the noxious pollutants in air, fine
particles with an aerodynamic diameter of 2.5 micrometers or less (PM25) are the most
harmful for human health because they are small enough to invade even the smallest
airways and penetrate to the lungs.* Exposure to this fine particulate matter has been
shown to cause respiratory ailments, and can lead to premature death from heart and lung
disease.® These particles generally come from activities that burn fossil fuels, such as
traffic, smelting, and metal processing, which are more abundant in urban areas.®® To
give an idea about the magnitude of the problem, while in 2012 the average PMas
concentration in Los Angeles was 7.4 pg/cm?®, New Delhi established last year a new
record registering 575 pg/cm?® (60 times larger than the values considered safe),® and in
2013 Beijing suffered PM2 s concentrations above the limit recommended by the World
Health Organization for more than 219 days;® according to the Lancet Global Health
Burden of Disease Report air pollution is the fourth and sixth cause of death in East and
South East Asia'! (respectively), and in 2012 seven million people worldwide died due to
illnesses linked to air pollution.'> Moreover, PM. s pollutants can travel long distances on
the atmosphere and may affect surrounding areas. A recent study has reported that
Chinese pollution contributed, at a maximum, 12-24% of sulfate concentrations over the
western United States.*3

In the past few years, many studies reported the size, shape, density and source of
PM_5%8, as well as their effect in human health. > Despite the morphology and chemical
composition of PM2s may vary depending on the location, some groups of particles are
omnipresent and have been invariably reported worldwide. Among them, the most

common and abundant are Carbon-rich fluffy soot aggregate from incomplete combustion
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of hydrocarbons, elongated minerals with high content of metals from coal-fired power
plants, and spherical fly ash made of metal-silicates from road dust, construction, coal
combustion and secondary atmospheric reactions.581617-19 Ce|l viability tests indicate
that both organic and inorganic PM2s components generate oxidative stresses responsible
of toxic effects in human health.?%23 While inorganic matter has possibly more impact on
the respiratory system, organic particles may induce lethal cardiovascular disease.?*?
Although chemical toxicity is the number one health concern, chemistry alone does not
determine the noxiousness of the particles, and particle morphology (i.e. shape and
surface properties) affect their dynamic behavior and thermodynamic properties, which
have notable impact on their biological activity.*® Therefore, nanomechanical properties
determine how the particles morph, stick and aggregate, which strongly affect the way in
which they interact with other bodies. However, in-depth nanomechanical particle
analyses have never been performed. In this report, we present the first morphological
and mechanical analysis of PM2s and, by means of atomic force microscopy (AFM), we
reveal essential information about these particles never reported before, such as surface
roughness, stickiness, deformation and elasticity. Further scanning electron microscope
images (SEM) and energy dispersive X-ray spectroscopy surveys (EDX) allowed to link
these properties to the chemical composition and, therefore, to the sources. We analyze
the most abundant and universal groups of PM: s airborne pollutants and, after thoroughly
investigating more than 500 fine particles with different tools, our results indicate that
PM2 s soot aggregates exhibited the largest surface roughness, stickiness and deformation.
Such observation is indeed indicating that these particles, not only can easily compile all
other toxic chemicals, but also are difficult to remove when interacting with other bodies,
which may cause longer exposure. This general behavior has been statistically

corroborated processing experimental data through Weibull analytical models.
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Figure 1. Morphology of PM2s particles. (a), large area image of as-collected PM2s on
the filamentary filter. (b) and (c), SEM images of a particle with flat and rough top surface,
respectively. (d), SEM image of the PM. s transferred on a Silicon substrate. Inset, zoom-
in SEM image of an Iron-rich particle. The scale bars are 20 um for image (a), 2 um for
image (b), 1um for image (c), 40 um for image (d).
A 2 Results and discussion

PMg_s particles have been collected on December 2" and 7" of 2013 in Beijing,
following the regulations established by the US Environmental Protection Agency. For
the particle collection, we used the TH-150C Automatic Medium Volume TSP Sampler
coupled with TH-PM2 5, which is strategically designed to retain in the filters only small
particles with diameters below 5 um (see supplementary information). The initially white

filters become darker depending on the degree of pollution of each day, and the particles

can be easily detected with the optical microscope (Figures S1 and S2 in the
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supplementary information). Figure 1a shows the typical SEM picture of a contaminated
filter: a dense network of filaments with incrusted pollutant particles, most of them PM2s.
From all detected particles, we focus only on those with an aerodynamic diameter smaller
than 2.5 um and, at a first stage, we analyze their size and composition as collected in the
filters - one by one - from SEM pictures and EDX surveys, respectively. The PMas
exhibited circular, elongated and irregular shapes, as well as high densities of O, Si, C,
Fe, Ca, Mg, Al, K, and S (Figures S3, S4 and S5). We start our novel analysis by studying
the surface roughness of PMzs. It is widely known that surface roughness can remarkably
influence the physical and mechanical properties of a body.?” Figures 1b and 1c show the
typical example of PM.s particles with flat and rough surfaces (respectively, see also
Figure S6). It is worth noting that, while the particle with a flat surface has a well-defined
shape, the rough one seems to adapt to the shape of the filament network in the filter,
suggesting that it could be easily deformed. When a body can deform its shape to adapt
to the contour of another, the contact area between them increases, which enhances their
adhesion force (capillary forces, Wan der Waals, electronic attraction).?’

We analyze the capability of PM2s to adhere to other bodies and, to do so, the
surface properties of the particles are in-depth analyzed by means of AFM and related
modes. AFM maps are very powerful to analyze the properties of the particles because
they can provide three dimensional information with very high lateral and vertical
resolutions. But the main problem is that the filamentary network of the filters used to
collect PM_s doesn't allow reliable AFM analysis, it is too rough.®28 Other authors used
polycarbonate,® quartz” and mica substrates?® but, even if those materials don't present a
dense network of filaments, their roughness is still too large, which may lead to confusing
images with the AFM. To solve this problem we developed a method to transfer the

particles to arbitrary substrates by sonicating the filters together with a target substrate in
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the absence of solvent (Figure S8), using a low power (40 W), frequency (40 KHz £ 10%)
and short times (1-40 min). The target substrate consists of cleaned Silicon wafers (Figure
S7), and allowed direct correlation between AFM and EDX data, and vice versa. Figure
1d shows an SEM picture of PM2s particles transferred on the Silicon substrate (also in
Figure S9); the inset shows the zoom-in image of an Iron- and Oxygen-rich particle
similar to those classified as fly ash.® 8 We corroborate that the particles under test are
representative of the well-established universal groups of PM.s. Figures S10, S11 and
S12 in the supplementary information show the shape and chemical composition of the
particles in this study and in the literature for the main three groups analyzed: fluffy soot
aggregate, elongated minerals with high content of metals and spherical fly ash made of
metal-silicates. The striking similarity between the particles in this work and those
previously reported worldwide establishes the immediate importance and relevance of
our study. We further analyze the reliability of this method comparing the types of
particles observed in three different samples: i) in-situ collected on the filter (Figures la-
c and S3-Sb), ii) collected on the filter but transferred to the Silicon (Figures 1d and S10-
12), and iii) in-situ collected on a piece of Silicon directly introduced in the collector
(Figure S13). We observed a larger density of small particles in in-situ experiments
(diameter below 500 nm, see Figure S14a), while after the transfer the particles measured
were slightly larger (diameter usually above 500 nm, see Figures S10-S12). Such
observation has two implications. The first is that the transfer process didn’t fragment the
particles. The absence of solvent minimizes particle fragmentation, and only the
vibrations necessary to detach the particles from the filter are generated, so that they can
precipitate on the target substrate.>® And the second is that smallest particles couldn't be
transferred. We further analyze those particles with SEM and EDX, and observed that

their surface and chemical composition is very similar to those larger transferred on the
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filter (Figure S14), indicating that they are not a different type of particle, but just smaller
pieces of soot, elongated minerals and fly ash. It is worth noting that some atmospheric
particles can be semi-to-entirely liquid when they are airborne, which would difficult the
filter-to-silicon transfer process. Interestingly, we also observe many particles surrounded
by a dark layer on both in-situ (Figure S14d) and after transfer (Figure S29). Due to its
regular contour and flat shape, this dark trace may be related to the semi-liquid nature of
some particles. Such observations corroborate that we successfully transferred most

classes of PM2 s airborne pollutants collected on the filters (without altering them).

Reference Silicon substrate
80 1 Flat particle (SR=7.83 nm) -
Semi-rough particle (SR=15.93 nm)
. 40 4 Rough particle (SR=38.41 nm)
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Figure 2. Mechanical properties of PM2 s particles measured with AFM. (a) and (b), three
dimensional topographic AFM images of similar PM2s particles with flat and rough
surfaces respectively (on Silicon substrate); the AFM is able to display the surface
roughness with a precision of Angstroms. (¢) and (d), SEM and topographic AFM images
of PM2 s soot aggregate with high surface roughness (respectively). (e), Example of force-
distance curves measured on particles with different surface roughness (SR); the negative
peak of the backward curve corresponds to the AFM tip-sample adhesion force; particles
with higher surface roughness usually exhibited larger adhesion forces. The scale bars are
300 nm for (a) and 2.5 um for (b), 3 um for (c), 1.1 um for (d).

41




UNIVERSITAT ROVIRA I VIRGILI
MATERIALS AND MOLECULES FOR POLLUTION FREE CLEAN ENERGY

Yuanyuan Shi

Once the particles rest on flat Silicon, performing accurate AFM research is
feasible, and therefore, we scanned the surface of the PM2s-rich Silicon substrate in
tapping mode (Figure S15). The AFM characterization has been intentionally performed
in air environment to monitor the real properties of the particles in atmosphere.
Kollensperger et al.?® demonstrated that the exposure of PM2s pollutants to different
relative humidities could alter their surface composition. Depending on their wettability,
airborne pollutants could retain a water layer at the surface, which could alter the intrinsic
adhesiveness of the particles measured by AFM due to the addition of capillary
effects.?”3! Therefore, using vacuum AFM may lead to false imaging of such properties,
due to the removal of the natural water layer on the particles.*>* During our AFM
experiments the temperature and relative humidity of the room ranged between 6-10 °C
and 60-70% (respectively). Figures 2a and 2b show the three dimensional AFM
topographic images of PM2s particles with flat and rough surfaces (respectively). The
extraordinary high vertical resolution of the AFM allows displaying the rugosity of the
PM2 s surface with an unprecedent precision of Angstroms (correlated SEM images in
Figure S16). Using the NanoScope Analysis software of the AFM we have been able to
easily and accurately calculate the surface roughness of each particle (Figures S17 and
S18), and values of 14.60 nm and 39.51 nm for the particles in Figures 2a and 2b have
been obtained (respectively). Moreover, off-line process of the images using the AFM
software facilitate the determination of the diameter and area of the PM. 5, something that
is much more laborious to do from SEM images. The resulting statistical analysis of the
particle diameter shows a maximum at 1.34 um (Figure S19). It is worth noting that, the
physical diameter measured in SEM and AFM images may not necessarily correspond to
the aerodynamic one and, therefore, some particles with a physical diameter below 2.5

pm may could not strictly be considered PM2s. The relationship between the aerodynamic
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diameter, physical diameter and particle density can be expressed as:

dg = dey /%g—”%‘;; Eq.1

where, y is the dynamic shape factor (in any flow regime), da is the aerodynamic
diameter, dve is the volume equivalent diameter, C. is the Cunningham slip correction
factor, pp is the particle density and po is the standard density (1 g/cm®)**. Different
methodologies to measure the particle density have been presented in the past.3>2 For
nonspherical particles, most techniques provide "apparent™ or “effective" densities which,
as stated in DeCarlo et al.**, could be not necessarily a true measure of the particle. In any
case, the complexity of these techniques makes the calculation of the particles density to
be out of the scope of this study. Despite filtering the particles only by diameter may
induce some degree of error, we believe it is small and we could evaluate it. Previous
PMg_ s studies reported particle densities mainly between 1 g/cm?® and 3 g/cm®4%41, As the
particle density in Eq.1 is inside the square root, a maximum increase of density (pp) up
to 3 g/cm® would produce an increase of 1.73 in the aerodynamic diameter (d.). That
would imply that, for a maximum particle with a density of 3 g/cm?®, a physical diameter
below 1.44 um would ensure an aerodynamic diameter of 2.5 pum or less. Interestingly,
in the statistical analysis of the diameter (shown in Figure S19) most of the particles we
analyzed are below 1.44 um in diameter (the maximum peak of the distribution is at 1.34
pm). Despite a remarkable amount of particles with physical diameters between 1.44 and
2.5 um are analyzed in our work, it is also reasonable to think that not all particles will
reach the maximum densities above mentioned. Furthermore, Kelly and McMurry*? and
Schleicher et al.*® observed that the calculated densities of aggregates were much lower
than the bulk density of the particle material. Therefore, since many of the largest particles
analyzed in this study may be aggregates (with diameters between 1.4 and 2.5 pum, see

Figures S10-S12), in this work we will rely on the physical diameters measured in the
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SEM and AFM images, as many other authors did in the past.®®1°

Subsequently, the mechanical properties of airborne pollutants with a physical
diameter below 2.5 pm (most of them PM:2s) were analyzed by means of AFM
topographic maps and Force-Distance (F-Z) curves in contact mode. The shape of the F-
Z curves in contact mode can provide information about tip/particle adhesion, particle
deformation, elasticity, rupture and indentation.**-** It should be noted that such
experiment has never been performed before, and all previous AFM studies mostly
analyzed the particles by topographic/phase maps in tapping mode. The main reason is
that, in contact mode, conventional AFM tips may move the particles on the surface of
the substrate, leading to false imaging. To avoid this problem, we use specific AFM tips
with a very long cantilever (450 um) and low spring constant (0.2 N/m) from Bruker (see
methods). Using this methodology, we are able to monitor the intrinsic topography of the
samples without introducing external modification. As an example, Figures 2c and 2d
show the SEM and AFM images (respectively) of a PM2s soot aggregate (see EDX
composition analysis in Figure S20). As Figure 2d reveals, all the tiny features of its
characteristic fluffy surface can be clearly observed with AFM. By sequences of
topographic maps measured at the same location using different contact forces, we
analyze the deformation and elasticity of the particles. As an example, the particle in
Figure 2d exhibited shape changes, increasing its length and decreasing its height, as
displayed in successive sections (Figure S20). Further AFM maps didn't reveal any other
shape change, indicating that the particle cannot recover its initial shape, leading to plastic
deformation (elastic deformation and shape recovery has been rarely observed). We also
analyze the stickiness/adhesiveness of the particles by F-Z curves. Figure 2e shows the
F-Z curves collected on particles with different surface roughness (the F-Z curves

measured on bare Silicon are also shown as reference). The adhesion forces measured on
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flat particles are ~20 nN respectively, close to the values of non-sticky flat surfaces such
as Silicon, glass and aluminum; on the contrary, rough particles showed adhesion forces
above ~100 nN, a stickiness comparable to that of scotch tape or laboratory Carbon tape
(Figure S21). A low percentage of ultra-sticky PM2s rich in Carbon may attach to the
AFM tips (Figure S22). The adhesion and deformation of the particles have been also
analyzed by scanning the surface of the samples with the Peak Force Quantitative
Nanomechanical Mapping (QNM) tool from Bruker Dimension Icon AFM (see methods),

which provides information at each pixel of the image (Figure S23). As an example,

a m | l
0nm

Figure 3. Adhesion and deformation of PM2s particles. (a), (b), and (c), topographic,

contact force and deformation maps of a PM2s particle with a flat surface (respectively).

The images reveal a more complete picture of the mechanical properties of the particle.

Since many particles can be analyzed during the same scan, this AFM mode paves the

way to statistically analyze the mechanical properties of the particles. The scale bars are
300 nm for (a-c).

OnN C 6.5nm

-30nN

Figures 3a, 3b and 3c show the topographic, adhesion and deformation maps (respectively)
of a typical PM2s particle with a flat surface. The negative contact force in Figure 3b
indicates adhesive force, i.e. the particle shows an adhesion force of 25 nN (contact force
of -25nN). As it can be observed, the values of adhesion force and deformation at each
image deviate from the maximum/minimum values detected on the flat Silicon, and local
differences can also be detected. More specifically, the particle displayed in Figure 3
holds a very flat surface with more progressive height changes than local fluctuations,

which interestingly, produces an almost constant adhesion force. Such behavior has been
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observed in particles with regular shapes and fine surfaces, while rough morphologies
normally showed larger deviations. The genuine capability of this tool to analyze the
adhesiveness and deformation of many particles during the same scan allows for the first

time the statistical analysis of these properties.

Filter filament Aggregated

£ mineral
/ - /
\

Aggregated
fly ash

Figure 4. Aggregate of PM2s particles. (a) and (b), SEM and EDX analyses of a PM2s
particles aggregate on clean Silicon; the rough Carbon-rich soot particle shows to be very
sticky and can attach Iron-rich spherical fly ash, elongated minerals and even rip off filter
filaments during the transfer. (c), TEM analysis of an organic particle showing
hierarchical structure and proving the aggregation of small flakes and nanoparticles. The
scale bars are 2 um for (a) and 100 nm for (c).

The large stickiness of some PM2 s has been also proved from SEM/EDX analysis.
Figures 4a and 4b show the SEM and EDX images of a sticky PM.s soot particle. As it
can be observed, the rough particle made of Carbon can aggregate other with typical
shapes and chemical compositions, such as Iron- and Oxygen-rich fly ash and elongated
minerals. The ability of fluffy soot particles to aggregate the rest has been repeatedly
observed (Figure S24), which could increase the toxicity of the particle. Some particles
are so sticky that they can even rip out some filter filaments during the transfer. The
aggregation capability of soot PM. s has also been observed from Transmission Electron
Microscope (TEM) images (Figure 4c), which indicate that the sticky nature of

these pollutants leads to a hierarchical structure made of thin layers and small particles

46



UNIVERSITAT ROVIRA I VIRGILI
MATERIALS AND MOLECULES FOR POLLUTION FREE CLEAN ENERGY

Yuanyuan Shi

Chapter 3

a 300 T T T T T T T C :
- 100 4
250 3
Z N
O
£ 200 5
8 ®
O 150+ o 104
= S 5
C =
o L
2 100 2 T
o IS
S 50 3
< 1 .
0- 20 50 100 200
C;'larpb:n Sg;:h Rough Flat Aluminum  Glass Siicon AdheS|0n Force (nN)
T T T 60 T T T T T T
b d PM, 5 surface roughness
—_ 100 5 50- mRough mSemirough mFlat
< 2y
s >
o ~~
B =
. g
o ]
c
= S
= @)
£
=]
O _
1 T T
1 - e C O Fe Al Ca S
Deformation (nm) Element

Figure 5. Relationship between mechanical properties and chemical composition of
PM2s. (a), Adhesion force of PM2s with rough and flat surfaces compared to standard
sticky and non-sticky substrates. (b), Weibull probability plot of the adhesion force
collected on two groups of PM2s particles (with low and high surface roughness); (c),
statistical analysis of the deformation of the same particles; both studies corroborate the
different mechanical properties of rough and flat PM2s particles, and stickier particles
usually show a larger deformation. (d), EDX Chemical composition histogram of the
particles collected with SEM/EDX classified by surface roughness; a larger surface
roughness (and therefore, stickiness and deformation) link to a larger content of Carbon,
while particles with a flat surface (low stickiness and viscosity) are richer in Oxygen and
metals.

aggregated on them. Compared to the reference substrates, fluffy-rough particles showed
larger adhesion forces in F-Z curves (Figure 5a), which is responsible of nanoparticle
aggregation. The PM. 5 aggregates analyzed in this study systematically showed large
densities of Carbon (Figures S23, S24 and S25). Smith et al.’ studied the PM2s in London
air, and suggested that organic pollutants may tend to aggregate, while pure metals and

minerals do not. The larger adhesiveness and deformation of fluffy soot aggregate

particles have been statistically corroborated through the Weibull probability plots
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(Figure 5b and 5c). The mass mobility and fractal dimension of soot aggregate is
especially important because it remarkably affects the way in which it interacts with other
bodies, and hence, the exposure experienced by the receptor.’® The lower slope of the
Weibul plots for fluffy-rough particles rich in Carbon (soot aggregates) reveal a larger
variability of these characteristics, indicating that they are more unstable from a
mechanical point of view. On the contrary, particles with a flat surface and rich on stable
metallic oxides and silicates (fly ash and elongated minerals) exhibited lower and uniform
stickiness and deformation. The larger content of Carbon of rough, sticky and deformable
particles (soot aggregates) has been statistically corroborated with EDX (Figure 5d). We
quantified the amount of particles of each type and concluded that, in the more than 500
particles analyzed: 49% are rich on Carbon, sticky, deformable and unstable, 26% showed
larger stability and were composed of metallic oxides, and the remaining 25% showed an
intermediate behavior. The first group can be clearly linked to fluffy soot aggregate, while
the last two groups correspond to elongated minerals and fly ash indistinctly. These values
are comparable to those previously reported.'®-1 45 Finally, we observe that 54% of the
PM2s particles analyzed appeared surrounded by a dark area in the SEM images. We
analyze the morphology of such layer by means of AFM and observed that such areas are
flat plateaus with thicknesses between 2 and 10 nm (Figure S29). Despite EDX analyses
were unable to assess the chemical composition of these plateau-like areas, the
observation of regular contours make us think that such layer may be formed by semi-
liquid particles. The observation of much more particles surrounded by this layer in in-
situ experiments on Silicon further supports this hypothesis: semi-to-entirely liquid
particles may be difficult to transfer from the filters to the flat Silicon substrate. We
further analyzed the stickiness of this plateau-like layer by means of, AFM F-Z curves

and adhesion/deformation maps, but did not reveal any increase of the adhesion force,
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suggesting the formation of an inert layer. Probably Oxygen atoms from the PM2 s particle
may interact with the underlying Silicon substrate leading to the formation of a thin SiO>
layer.*® Such oxidation may be responsible for some of the toxic effects of PM2s on
human cellular tissue.® Future cell viability assays should conduct to clarify of the degree

of toxicity of these specific particles.

A 3 Conclusion

In conclusion, we statistically analyzed the physical and chemical properties of
the most representative and universal groups of PM2s airborne pollutants by means of
AFM, SEM, TEM and EDX. After a thorough characterization of more than 500 particles,
our study reveals that fluffy soot particles show the capability to retain other species with
different sizes and chemical compositions, increasing the chemical toxicity of the
resulting aggregate. Our unprecedented AFM analysis revealed that such capability is
related to the intrinsic high adhesiveness of soot aggregates. The experimental
methodologies used here, including a method to transfer PM2s from rough collection
filters to flat analysis-friendly substrates, pave the way for future in-deep nanoscale

characterization of airborne pollutants.

A 4 Methods

In this investigation, we developed a method to transfer PM2s particles on flat
substrates for friendly physical and mechanical characterization with Atomic Force
Microscope. A piece of polluted filter and cleaned Si substrate were placed together in a
plastic tube box; the tube was then immersed in a glass with water and sonicated for
different times to let the particles precipitate on the Silicon (see supplementary

information). The relationship between surface roughness and chemical composition was
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studied by using the Quanta 200FEG Scanning Electron Microscope coupled with Energy
Dispersive X-ray Spectrometer (SEM-EDX). High-resolution Transmission Electron
Microscope (HRTEM) images were obtained with the Tecnai G2 F20 using standard
copper grid and a field voltage of 20 KV. The mechanical properties of the particles were
analyzed using two kinds of AFM: the Multimode V AFM and Dimension Icon AFM
form Bruker. The first one was used to measure F-Z curves in contact mode using standard
commercially available AFM tips from Bruker (model SCM-PIC). These tips were made
by Silicon micromachining and were coated first with a 20 nm thick layer of Pt—Ir, which
is a 95% platinum and 5% iridium alloy (the iridium is used to enhance the stability of
the platinum layer). The other main characteristics of these tips are: thickness = 2 um,
width = 50 um, length = 450 um, spring constant = 0.2 N/m, resonance frequency = 13
kHz and nominal tip radius = 20 nm. The Dimension Icon AFM was used to measure
adhesion and deformation maps. The images are built from the information collected at
each point (which represents the value of each pixel of the map (see supplementary
information). For these experiments Co-Cr coated Silicon tips from Burker were used.
The main characteristics of the tip are: thickness = 1.85 pum, width = 30 um, length = 125
pum, spring constant = 5 N/m, resonance frequency = 150 kHz and nominal tip radius =
35 nm. The maps were recorded using a scan frequency of 1 Hz, and a drive amplitude of
5V. All AFM data were analyzed with the NanoScope Analysis AFM software from

Bruker (version 1.40), and the plots were generated with OriginLab 8.0.

A 5 Associated content
Supporting Information available: PMa2s collection process, Digital camera
pictures of the contaminated filters, Optical microscope pictures of the contaminated

filters, SEM-EDX study of most representative particles on the filters, Methodology to
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select particles with rough and flat surfaces from SEM images, Silicon substrates used in
this investigation, Process to transfer PMa2 s from rough filters to flat analysis-friendly
substrates, Representative SEM images of PM; s transferred on Silicon, Representative
AFM images of PM; s, transferred on Silicon, Correlation between AFM and SEM images,
Quantification of the particles roughness with AFM, Statistical analysis of PMy s size
transferred on Silicon, Universal groups of PM2 s airborne pollutants, Analysis of PMa s
deformation from topographic AFM maps, Values of adhesion force in reference
substrates, Particle adhesion to the AFM tip, Measurement of the adhesion and
deformation with AFM, Ability of Carbon-rich soot to aggregate other particles, Effect

of some of PM; 5 to surrounding areas.
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PMg2.s collection process

PM2 s airborne pollutants have been collected according to the regulations established by
the US Environmental Protection Agency, Code of Federal Regulations 40, Part 53:
"Ambient air monitoring reference and equivalent methods”. For more information,
please check: http://www.ecfr.gov. Mass concentrations of daily PM2s were acquired
from the continuous monitoring using a TH-150C Automatic Medium Volume TSP
Sampler (Wuhan Tianhong instruments Co. Ltd) with TH-PM2s. Both equipments were
located at the stepped platform in front of the laboratory building at No. 7 PanjiayuanNali
road, in the Chaoyang District of Beijing (zip code 100021), in China. The particles were
collected on December 2" and 7™, with concentrations of 106 pg/m® and 298 pg/md,
respectively. We analyzed more than 30 samples and systematically detected three groups
of universal particles: fluffy soot aggregate, elongated minerals and spherical fly ash (see
Figures S10-S12). These three groups have been previously reported by many other
authors at different locations of the world, including US, UK, Mexico, India, Italy and
China (see Figures S10-S12). Therefore, the particles reported in this study are
representative of the global collective of PM2s worldwide, and the aim of this work is not
to further report their size/shape, amount and composition, but to thoroughly analyze the

nanoscale properties of these three well-identified groups of PM2sairborne pollutants.
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Digital camera pictures of the filters

a b

Figure S1. Pictures collected with a digital camera for the clean filter (a), and the particles
exposed to atmospheric air on December 2" (b) and December 7(c). Sizes: 1 cm x 1 cm.

Optical microscope pictures of the contaminated filters

a b C
d e f

Figure S2. Optical microscope collected on clean filter ((a) and (d)), intermediate
polluted filter ((b) and (e)), and very polluted filter ((c) and (f)). Polluted filters show
larger amount of particles (black spots). The scale bars are 100 um for images (a-c) and
20 um for images (d-f).
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SEM-EDX study of most representative particles on the filters
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Figure S3. SEM picture and EDX analysis for one representative PM2 s particle on the
filter.
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Figure S4. SEM pictures and EDX analyses for two representative PM2 5 particles on the
filter.
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Figure S5. SEM pictures and EDX analyses for two representative PM2 5 particles on the
filter.
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Methodology to select particles with rough and flat surfaces from SEM images

According to the user manual from FEI [RS1], the SEM pictures collected by the Quanta
200FEG tool (used in this investigation) result from interactions between an electron
beam with the secondary electrons of the atoms at or near the surface of the sample. Due
to the very narrow electron beam, SEM micrographs have a large depth of field, which
allows displaying the features of a sample at different heights. Such topographic
differences are displayed with different values of the grayscale in JPG files recorded.
Therefore, the SEM images can also reveal information about the roughness of the

samples.

a

Figure S6. Representative PM2s particles with flat (a), semi-rough (b), and rough (c)
surfaces. The scale bars are 4 um for (a), 1 um for (b) and 4um for (c).

Moreover, most of the particles scanned with SEM can also be found with the AFM tip.
After transferring the particles on the grid-like SiO2/Si substrate, we perform SEM
images of the samples to find out the PM2s. Then, we zoom out until a global picture of
the whole sample at macroscopic scale is obtained. Finally, we go to the AFM and locate
the tip at the same place and perform a large area scan. Despite the shape of some PM2s
could be slightly modified during the scan, we found relatively easy most of the particles
analyzed with EDX/SEM in tapping mode. In contact mode it was more difficult because
the AFM tip may induce particle shape modification, especially in those with less stable

shapes. SEM/AFM corrlation is also possible on bare Silicon depending on the particle
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size and shape. The AFM then can quantitatively compare the differences on the surface
roughness of the particles by using both the roughness analysis and cross section tools.
Please see the section "Correlation between AFM and SEM images” of this

supplementary information document for more details.

Silicon substrates used in this investigation

SRMS =208 prr” .« [l

4

d

Figure S7. SEM (a) and AFM (b) images of clean Si. For this investigation, a n-type Si
with natural oxide layer from Kejing Co. Ltd. was used. Before PM2 s transfer, the wafers
were cleaned in isopropyl alcohol in ultrasonic bath for 5 minutes and then rinsed in pure
water during 10 seconds (without sonication). The samples were dried with dry nitrogen
gas. Nearly no particles exist on the surface of clean Si. The scale bars are 500um for (a)
and 1.6pumfor (b). The roughness of the Si substrate is very low and suitable for particle
detection.

Process to transfer PM2.5 from rough filters to flat analysis-friendly substrates
This is a method commonly used in chemistry to homogenize solutions, and it basically
introduces mechanical stresses in the sonicated samples. According to the Royal Society
of Chemistry (ref. 31 in the manuscript), ultrasonication can be defined as: the irradiation

of a liquid sample with ultrasonic (>20 kHz) waves resulting in agitation. Sound waves

propagate into the liquid media result in alternating high-pressure (compression) and low-
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pressure (rarefaction) cycles. During rarefaction, high-intensity sonic waves create small
vacuum bubbles or voids in the liquid, which then collapse violently (cavitation) during
compression, creating very high local temperatures. In our case, we sonicate the samples
in the absence of any solvent. As shown in Figure S8, we used no water or any other
solvent in the tube (between the Silicon substrate and filter). On the other hand, both the
glass and sonicator contained water. Such configuration produced the continuous
vibration of both the tube and the sample, but no aggressive reaction took place on the
PM2 s surface. As a result, the particles can detach from the filer and precipitate on the
target substrate, but no remarkable particles size change or fragmentation has been
observed in further SEM images. It is worth noting that the density of particles (number
per mm?2) is not representative (it cannot be controlled), since the mechanical stress and
filter/Silicon distance may not be homogeneous during the transfer process, and we didn't

find any characteristic value of particle density.

sonication

P

PM, . filter

g

|, Silicon

Figure S8. Schematic of process followed to transfer PM2 s from rough filamentary filters
to clean Si. A piece of polluted filter and cleaned Si are introduced in a plastic tube box
(free of any solvent). Then, the tube is placed in a glass with water and introduced into
the ultrasonic bath for different times. By this method, the PM2s can be effectively
transferred to a flat substrate avoiding particle modification.
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Representative SEM images of PMzs transferred on Silicon

I I I i Surface scratch Piece

of filter \

Figure S9. Large area SEM images of the particles on clean Si after the transferring
process described above. The PM2 s particles, pieces of filters and surface scratch can be
clearly observed on the surface of clean Si. The whitish dots in (a) and (b) are the PM25
particles. The short filaments are parts of filters, and the long trace in (b) is just the surface
scratch. The scale bars are 40 um for (a) and 500 pm for (b).
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Universal groups of PMzs airborne pollutants: carbon-rich fluffy soot aggregate

Figure S10. SEM images of soot aggregate. (a-c) and (j) are data from this investigation
(Beijing, China). (d) and (e) are from reference [3] (Shanghai, China). [f] is from
reference [5] (Guangzhou, China). (g-h) and (k) are from reference [19] (Pune, India). (i)
is from reference [RS5] (Wellington, New Zealand). The chemical composition in (j) and
(k) by EDX.
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Universal groups of PM2s airborne pollutants: elongated minerals rich in metal-

silicates

..::". e () =t T T e
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Figure S11. SEM images of elongated minerals. (a-c) and (j) are data from this
investigation. (d), (f) and (g) are from references [3] (Shanghai, China), [5] (Guangzhou,
China) and [19] (Pune, India), respectively. (e) and (k) are from reference [18] (all
aroundUSA). (h) is from reference [RS6] (Gujarat, India). (i) is from [RS7] (Tianshan,
China).
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Universal groups of PMzs airborne pollutants: spherical fly ash rich in metals
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Figure S12. SEM images of fly ash. (a-c) and (j) are data from this investigation. (d), (e)
and (k) are form reference [18] (all around USA). (f) and (g) are from reference [5]
(Guangzhou, China). (h) is from reference [3] (Shanghai, China). (i) is from reference
[RS8] (Lisbon, Portugal).The scale bars for (b) and (c) are 3 um.
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Reliability of the transfer method

In order to analyze the reliability of the transfer method we performed an additional
experiment, which consisted on attaching a piece of Silicon on the filters before
introducing them in the PM2s collector (Figure S13a). We in-situ collected the PM>s
particles on the Silicon substrate, and we observed many particles with sizes, shapes and
compositions very similar to those reported after the transfer (Figure S13b-f and S10-12).
This is indeed demonstrating that the transfer process didn't dramatically alter the

properties of the particles we reported in the manuscript.

Elongated mineral

Figure S13. (a) Filter with a piece of Silicon in the center. This filter was directly
introduced in the collector for in-situ studies. (b-f) In-situ collected particles on the Silicon
substrate. The particles collected are very similar to those observed in the manuscript after
transfer.

It is worth noting that after a carefully analysis of the particles, we observed that the

density of small particles (diameter below 500 nm) attached to the Silicon remarkably

increased when using in-situ collection (Figure S14a). This indicates that some smaller
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particles attached in the filter couldn't be transferred on the Silicon during ultrasonication.
Probably, due to their smaller mass, the detaching force was smaller than the adhesion
force to the filter, and therefore such small particles just remained on the filter. Finally,
some atmospheric particles can be semi-to-entirely liquid when they are airborne, which
would difficult the filter-to-Silicon transfer process. Interestingly, many particles
collected in both in-situ (Figure S14d) and transferred (Figure S29) experiments show a
dark trace that, due to its regular contour and flat shape, may be related to the semi-liquid

nature of some particles

oJl Soot particle

C Fly ash Dark layer

Figure S14. (a-b) SEM image of the in-situ collected particles on the Silicon filters.
Unlike after particle transfer, a large density of small particles has been observed on the
Silicon. (b-c) Examples of small size particles showing that their nature is very similar to
the larger ones, indicating that they may be related to small portion of those reported in
the manuscript, rather than a different type of particles. (d) Example of a particle
surrounded by a dark layer that may be related to liquid particles. The scale bars in (b)
and (c) are 250 nm and 200 nm respectively.
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We careful analyzed the morphology of these small particles by SEM and observed that
their morphology and composition is very similar to that of larger particles (Figures S14b-
c and Figures S10-12), indicating that they may not necessarily correspond to a new type
of particles, but they could be just small fragments of soot. We would like to highlight
that, using in-situ collection on Silicon, we observe a larger density of particles
surrounded by a darker layer (as shown in Figure S14). The long and straight shapes of
this surrounding layer make us think that this could be related to the semi-liquid particles.

Representative AFM images of PMzs transferred on Silicon

Figure S15. Topographic AFM images displaying different types of PM2s. The particles
in Figures (a) and (b) have a 2 nm Au coating (a-b), while (c) and (d) were measured as-
transferred. In the paper, all topographic images were displayed without gold coating. The
substrate used in Figures (a-c) was glass, while Figure (d) used Si. Many PM2 sparticles
can be observed in all the AFM images and they usually exhibit different shapes. The
AFM used in these experiments was the Veeco Multimode V AFM from Bruker in
tapping mode. For tapping measurements Si tips from Nanoworld(model NCH-20) were
used. We used a scan line frequency of 1 Hz and the amplitude setpoint ranged between
100-300 mV. The scale bars are 1umfor image (a), 5 um for image (b), 10 pum for image
(c) and 4 um for image (d).
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Correlation between AFM and SEM images

a b

Figure S16. (a) and (b) show the SEM images correlated to the three dimensional AFM
topographic maps in Figures 2a and 2b of the article (respectively). Most of the particles
can be found with the tip of the AFM after SEM and vice versa. The scale bars are 1 pum
for (a) and (b).

Quantification of the particles roughness with AFM

Among other uses, the high lateral and vertical resolution of the AFM can be used to
quantify differences on the surface roughness of the particles, so that they can be
accurately classified. For this purpose, we use the Roughness tool of the AFM can be used
to calculate the RMS value of an area selected. The layout of the AFM tool in the AFM

software is shown in Figure S17. The Rq value corresponds to the standard deviation of

the Z values within the box cursor, calculated as:

(Z,)*
Ra= =5

where Zi is the current Z value, and N is the number of points within the box cursor.
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Figure S17. Layout of roughness analysis in Bruker Nanoscope Analysis Bruker version
1.40.
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Additionally, we compare the roughness of the particles with the section tool. In this case,

the software provides the standard deviation (RMS) of the Z values between the reference

markers. I“

Spectal Fraquency 00 um
S Ampltude 721nm  Tempoesl Freq 0100 e

oty (iAol | Freguancy Cutod | Puadies |
2000 42411 (nm) 35 0.000 (pm) 10.017 (pm) 0.013
0.000 () 0.000  0.000 (am)  0.000 (nen) 0.000 (um)  0.000 () "
0.000 (nm)  0.000  0.000 (nm)  0.000 (nem) 0.000 (pm) 0.000 (pm)  0.000 (um)  0.000 (m)

Figure S18. Layout of the cross-section tool in Bruker Nanoscope Analysis Bruker
version 1.40.

2(21 - za‘.’ejz
N

RMS =

Where Zi is the current Z value, Zave is the average of the Z values between the reference
markers, and N is the number of points between the reference markers.

Despite we observe differences on the values calculated, the AFM software allows
reliable comparison of the surface roughness of the particles. It is worth noting that the
Rq value calculated with the roughness can change depending on the box size. For this
reason, we used a constant box size of 500nm x 500 nm for all analyzed particles. The
numerical data obtained with the software of the AFM correlate with the visual

observations made from SEM images in 88.46 % of the particles analyzed.
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Statistical analysis of PMzssize transferred on Silicon
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Figure S19. Statistical analysis of the physical diameter (b), and area (c) of PM2 s particles
transferred on clean Si. The AFM software, NanoScope Analysis V1.4 was used to do the
particle analysis. As an example, panel (a) shows the typical aspect of the processed
images, with areas above a threshold height highlighted in blue. The threshold height was
selected to be 10 nm above the most repeated value of the image histogram, which is
represent the average height of the Silicon substrate. In total 217 particles in different
images were analyzed. As it is shown in (b), the main diameters of the PM2s range from
0.4-2.2 um, in agreement with the values reported in other works [RS2-4] and expected
values (below 2.5 um). As indicated in the manuscript, despite the values here displayed
represent the physical size, the quadratic relationship between particle density and
aerodynamic diameter (see Eq.1 of the manuscript), the values of PM.s densities
previously reported and the fact that aggregates of particles show a much lower density
than bulk materials allows considering that most of the particles in Figure S19b are in fact
PM2 s airborne pollutants. The corresponding area-counts histogram further demonstrates
the main size of these particles. The scale bar in (a) is 10 um.
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Analysis of PMzs deformation from topographic AFM maps
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Figure S20. First (a) and fourth (b) topographic AFM images of PM2s particles
transferred on clean Si. Both scale sizes are 5.5um, and the drive amplitude used during
each scan was 100 mV for (a) and 300 mV for (b). The drive amplitude is a parameter
used when scanning in tapping mode and it is directly proportional to the tip/particle
contact force. As it can be observed, at higher contact forces the particle can be elongated.
It is worth noting that (for this particle) deformation has been achieved when applying a
drive amplitude of 300 mV, while drive amplitudes of 100 mV and 200 mV didn't produce
deformation. Shape modification can be also observed from the cross sections (c). Further
topographic maps measured with high and low contact forces didn't show additional shape
modificationrespect to (b), indicating that the particle modification was plastic (larger
viscosity), and elastic particles that recover the initial shape have been rarely detected.
The chemical composition analysis with EDX (d) revealed that PM2s with such
morphology and shows that this elastic particle contains a lot of carbon.
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Values of adhesion force in referent substrates
To better understand the meaning of the adhesion force values measured on the PM2 s, we
perform additional F-Z curves on four reference substrates: Silicon, Glass Aluminum

plate for AFM samples and adhesive tapes: usual scotch tape and laboratory carbon tape.
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Figure S21. Force-Distance curves on four reference substrates with different stickiness:
cleaned Si (a), Aluminum plate (b), cleaned glass (c) carbon tape (d), scotch tape (e). (f)
F-Z curves on dried silver paint before and after the scotch tape experiments in (e). The
large stickiness alters the properties of the AFM tip, the same behavior observed in some
specific ultra-sticky particles.
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The Force-Distance curves measured on Silicon revealed adhesion forces around -20 nN
(Figure S21a) consistent with values previously reported [RS9]. Similar experiments
performed on AFM sample holders made of aluminum (b) and a glass slides (c) revealed
values of the same order of magnitude than silicon. On the contrary when measuring
Force-Distance curves on sticky carbon tape, adhesion forces more than ten times larger
(around -230 nN) have been observed. The conventional scotch tape used also showed
similar adhesion force values. Figure S21e shows the F-Z curves on a plate covered with
dried silver paint before and after the scotch tape experiments. Therefore, the PM2s
particles with adhesion values close to 20 nN could be considered non sticky, while those

near 200 nN should be highlighted as very sticky.
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Particle adhesion to the AFM tip
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Figure S22. SEM images of a Pt-Ir coated AFM tip before (a) and after (b) scanning very
sticky PM2 5 particles on clean Si in contact mode. The EDX survey measured on the tip
apex of each image (c)is shown below. Something attached to the tip in (b), which shows
similar chemical composition to the sticky PMa2s particles in (c). This further
demonstrates the adhesion property of PM..s. The scale bars are 500 nm for (a-b).
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Measurement of the adhesion and deformation with AFM

When analyzing the properties of small particles with the AFM, the shape of sequences
of Force-Distance (F-Z) curves can provide information about electrostatic force,
tip/particle adhesion, particle deformation and particle rupture and [29].The Force-
Distance curves were recorded with the Multimode AFM working in contact mode using
a Pt-Ir coated AFM tip from Bruker. The tips we used were standard commercially
available AFM tips from Bruker (model SCM-PIC). These tips were made by silicon
micromachining and were coated first with a 20 nm thick layer of Pt—Ir, which is a 95%
platinum and 5% iridium alloy (the iridium is used to enhance the stability of the platinum
layer). The other main characteristics of the tip are: thickness = 2 um, width = 50 um,
length =450 um, spring constant =0.2 N/m, resonance frequency = 13 kHz and nominal
tip radius =20 nm. More sophisticated AFM allow analyzing the tip-sample interaction in
real time during an scan in tapping mode. Using the Dimension lcon AFM from Bruker
we have access to the Peak Force Quantitative Nanomechanical Mapping (QNM) tool.
Using this mode particle adhesion and deformation maps can be built from the
information collected at each point (pixel) during the scan (see Figure 3). During this
mode, we usedCo-Cr coated silicon tips from Burker. The main characteristics of the tip
are: thickness = 1.85 um, width = 30 um, length = 125 um, spring constant = 5 N/m,
resonance frequency = 150 kHz and nominal tip radius = 35 nm. The maps were recorded

using a scan frequency of 1 Hz and a drive amplitude of 5V.

pixel pixel

Figure S23. Schematic representation of the Peak Force QNM tool of the Dimension Icon
AFM. Reproduced from [29]. Copyright @ 2013, by Jelena Zivkovic.
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Ability of Carbon-rich soot to aggregate other particles

The fluffy Carbon-rich soot aggregate (which is sticky) can retain other species

Elongated

/ mineral

aggregate Saot
aggregate

Fluffy
soot
aggregate

Figure S24. Examples of PM2 s aggregate surrounded by a fluffy soot aggregate network.
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We confirm the composition of the sticky network formed by the fluffy soot aggregate
particles by means of EDX. As an example, the images below show an aggregate of fly
ash circular particles made of aluminum and iron oxides. The network of particles is

aggregated by a continuous mass of fluffy Carbon -rich soot particles.
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" »

Many fly ash aggregated by fluffy soot aggregate

2014-4-30| HV WD mag det | vac mode | 3um
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Figure S25. SEM image (up) and EDX maps of a fluuffy soot aggregate particles.
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Figure S26. Another example of PM. s aggregate. The top SEM and bottom EDX images
show a particle cluster and its chemical composition. The elongated mineral and fly ash
get trapped in the Carbon-Oxigen rich network.
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Soot aggregate
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Figure S27. Another example of PM2s aggregate. The EDX analyses show a larger
concentration of Sulfur and Oxygen on the fly ash, while the Carbon peak is larger on the
soot aggregate.
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Soot aggregate
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Figure S28. Another example of PM2s aggregate. The top SEM and bottom EDX images
show a particle cluster and the chemical composition (respectively).
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Effect of some of PMz2s to surrounding areas

Some particles detected with the SEM/AFM revealed some degree of interaction with the
Silicon substrate by forming a thin (2 to 10 nm thick) circular layer around them. As
mentioned in the manuscript and Figure S14, this layer may be related to small semi-
liquid particles attached the bigger one. Despite EDX analyses were unable to assess the
chemical composition of these plateau-like areas, AFM F-Z curves and
adhesion/deformation maps, didn't revealed any increase of the adhesion force,
suggesting the formation of an inert layer (a liquid would increase the adhesion force (27).
Probably oxygen atoms from the PM2 s particle may interact with the underlying Silicon
substrate leading to the formation of a thin SiO> layer The formation of thin SiO> layers

from oxygen diffusion has been previously reported [30].
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Figure S29. a, SEM image of one PM2 s particle on clean Silicon showing a characteristic
dark circular trace around it. b, Three dimensional topographic AFM map of a similar
particle; the black trace showed heights between 2 and 10 nm. ¢, Force distance curves
on both the Silicon and plateau-like layer. d, EDX Chemical composition histogramof the
particles with trace (active) and without trace (passive); no clear chemical composition

difference between the two groups has been observed. The scale bars are 4 um for (a) and
750 nm for (b).
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The EDX analysis reveal that passive particles are richer in stable metallic oxides like

Iron and Aluminum, while passive contain more Cadmium and Sulfur. Probably the

particles with stable oxides don't let the oxygen atoms interact with the Silicon substrate,

limiting the oxidative effect. Since cell oxidation has been proved to be an important

source of toxic effects for cellular tissue, these particles may be specially hazardous.
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Paper B: Interaction between PM: 5 airborne

pollutants and third bodies

Y. Shi, B. Wang, M. Bartrons, M. Kolibal, P. Babor, X. Zhang, E. Grustan-Gutierrez,

M. Lanza (Submitted, 2018)

Abstract

In May 2016, The World Health Organization (WHO) reported that more than 80%
of urban areas have levels of air pollution higher than its recommended limits. The report
was specifically referring to particulate matter (PM): dust, dirt, soot and smoke grouped
together according to diameter for legislative reasons. PMso for particles 10 pum or less,
PM2s for particles 2.5 um or less. Air pollution increases the risk of many diseases
including respiratory conditions, heart disease, stroke and cancers. The size, shape,

composition and sources of PM. s particles have been abundantly studied during the past
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decade. However, the interaction of these fine particles with third bodies still remains
unclear. In this study, we report that more than 50% of PM2 s particles strongly interact
with the substrates on which they are collected or transferred. More specifically, we
observe the formation of a dark trace on the substrates surrounding all the PM2 s particles,
independently of their size, shape and chemical composition. In depth nanoscale
mechanical and chemical analyses of this trace reveal that it is around 10 nm thick and
very stable even under local mechanical stresses, and that it is formed by alkali metals,
hydrogen and CH groups. These results raise new concerns related to the effect of PM2s
airborne pollutants in contact with third bodies, giving insight to previous and future

biomedical studies.

Contribution

Yuanyuan Shi designed and performed the experiments and prepared the manuscript.
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B 1 Introduction

Particulate matter with an aerodynamic diameter smaller than 2.5 um (PM25s) is
an airborne pollutant with noxious consequences for human health,® due to both the
effect of the particles themselves and their potential capacity to absorb carcinogenic
organic pollutants—such as polycyclic aromatic hydrocarbons (PAHs)—on their surface.
The fact that these particles can travel long distances in air makes PM2 s pollution a matter
of global interest.* Most investigations in this field analyzed the amount, size, shape and
composition of PM2 s pollutants by collecting the particles on a filter and scanning them
using a Scanning Electron Microscope (SEM) and/or an Electron Dispersive X-Ray
Spectroscopy (EDX).>° Using these techniques different types of PM2s particles have
been reported, being carbon-rich fluffy soot aggregate, elongated minerals and spherical
fly ash the most common an abundant worldwide, i.e. they have been observed in several
countries, including China,'® India,** Korea,” Japan,'? United States,'* Mexico,® United

Kingdom,** Portugal,*® and New Zealand,'® among others.

Only a few works went beyond that and reported the nanoscale properties of PM3s.

Fu et al.” used a Transmission Electron Microscope (TEM) to analyze the structure of
PM2 s at the atomic scale, and reported that this high lateral resolution technique is able
to differentiate single particle and aggregates. Additional factors such as surface
roughness and adhesiveness could also have an important effect on their interaction with
third bodies, as well as on their biological activity.'® De Oliveira et al.'® observed that

surface roughness can alter the frictional coefficient of the particles, and Szoszkiewic et

al.?" reported that the stickiness of many particles is related to their elasticity and plasticity.

However, the study of these properties is more complex and requires mechanical
characterization tools with higher spatial resolution.

One of the most powerful techniques used in materials science for analyzing mor-
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-phological and mechanical properties of different kinds of nanoparticles is atomic force
microscopy (AFM), but interestingly in PM2s research it has been barely used.
Kollensperger et al.?! used AFM to analyze the density and size of PM_ particles, but no
information about their surface roughness or stickiness was reported, as their images were
collected in tapping mode. Kundu et al.?? also analyzed the surface roughness of different
nanostructured polymers at the sub-nanometer scale via AFM. The adhesiveness and
stickiness of a material/particle can be also accurately monitored by using an AFM
recording Force-Distance (F-Z) curves. Despite these capabilities, the use of the AFM in
PM2s research is being hindered by the filamentary surface of the filters used to collect
the particles, which are too rough impeding reliable AFM analyses.*>?3 In a previous work,
we used an ultrasonic bath to transfer PM2 s particles from rough filters to ultra flat silicon
wafers, reporting the first adhesiveness analyses using F-Z curves collected with the tip
of an AFM on this type of particles.?*?°

In this study the interaction between PM2 s airborne pollutants and third bodies is
analyzed at the nanoscale using a combination of characterization tools. By using SEM,
AFM, EDX and Auger electron spectroscopy (AES) essential data about topography,
roughness, adhesiveness, deformation and chemical composition of particles have been
collected. Our results indicate that most of the particles (both particles transferred and
collected directly on the substrates) interact with the substrates presenting a dark trace
layer (halo) around them. We statistically analyze the dark trace layers and find that they
are always around 10 nm thick, and mainly composed of alkali metals, hydrogen and CH
groups. These results reveal a very strong interaction between PM2;s and third bodies,
which in turn may represent a worrying concern for the health of the inhabitants of cities

that suffer high concentrations of PM2s in air.
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B 2 Experimental methods

PMas collection process: The particles have been collected according to the
"Ambient air monitoring reference and equivalent methods” established by the US
Environmental Protection Agency (Federal Register, Vol. 64, No. 74).2® We used a TH-
150C Automatic Medium Volume TSP Sampler (Wuhan Tianhong instruments Co. Ltd)
with TH-PMzs impactor to continuously monitor the mass concentration of the daily
PM2s. The equipment was located at the building at No. 7 of Panjiayuan Nali road
(Chaoyang District, Beijing), and the particles were collected on December 2" and 7" of
2015, with concentrations of 106 pg/m?® and 298 pg/m?3, respectively. The filters used for
particle collection consisted on standard rough networks of quartz filter filaments from
Whatman (model 1820-90). In order to allow nanomechanical characterization with the
AFM, the PM2 s particles were transferred from the rough filters to flat silicon substrates
using the ultrasonic bath. The reliability of this transfer method was analyzed by
performing an additional experiment: a piece of silicon was introduced in the collector
together with the filters during the PM25s collection process. We observe that the sizes,
shapes and compositions of the particles deposited directly on the substrate in the
collector are very similar to those transferred from the rough filters to the silicon. For
comparison, PMzs particles have been also collected directly on flatter substrates (Si
wafer, Al foil), by introducing them in the particle collector.

PM.s characterization: A Quanta 200FEG Scanning Electron Microscope
coupled with Energy Dispersive X-ray Spectrometer (SEM-EDX) was used to analyze
the relationship between the morphology and chemical composition of the particles. An
AES from Omicron (NanoSAM Omicron) was also used for the high-resolution chemical
composition analysis. Before the AES characterization, the samples were annealed under

UHV conditions (5x1071° mbar) at 300 °C for 1 hour to desorb impurities, and thus to
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increase the signal-to-noise ratio. This procedure did not induce any morphological
changes, as confirmed by in situ monitoring. After this treatment, AES analysis was
performed using 5 keV electron beam, 1 nA beam current. The mechanical properties of
the particles were characterized using two kinds of AFM equipments: the Multimode V
AFM and Dimension Icon AFM, both from Bruker. The Force-Distance (F-Z) curves
were measured in contact mode using the Multimode V AFM with Pt-Ir coated silicon
tips from Bruker (SCM-PIC, item no. A009/07-07/14). Adhesion and deformation maps
were measured in peak-force tapping mode by the Dimension Icon AFM with Co-Cr
coated silicon tips from Bruker (MESP-RC), which have a spring constant of 5 N/m. The
maps were obtained with a scan frequency of 1 Hz and a drive amplitude of 5 V. The
AFM maps were analyzed with the NanoScope Analysis (version 1.40) software of the
AFM and the plots were generated with OriginLab 8.5.

Mapping of chemical composition of a dark trace layer around particles was done
by Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) using ToF-SIMS 5
instrument (lonTOF company). During ToF-SIMS analysis, a solid sample surface is
bombarded by pulsed primary ion beam (Bi*). Atomic and molecular ions (positive or
negative) are sputtered from the outer layers of the surface and extracted. Their mass is
measured in the time of flight analyzer. For 2D mapping a Bi* fine-focused primary ion
beam operating at 30-keV impact energy and a current of 0.1-0.3 pA was used. The
maximal lateral resolution was ~200 nm. Intensity of the secondary ions was higher in
the surrounding of the particle than from the particle itself because complicated

morphology of the particle and charging of the particle.

B 3 Results and discussion

After particle collection, the filters were scanned with SEM; the PM> s particles
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Figure 1. SEM morphology of the as-collected PM2.5 particles on the filter (a), and the
particles transferred on the clean silicon substrate (b) at large scale. (¢) Topography map
of transferred PM2 s particles on clean Si, collected by the Multimode V AFM. (d) SEM
morphology of the PM. s particles collected directly on the clean silicon substrate. The
size of the particles in (b) and (d) is similar, only the density is different.

trapped at the cavities between the filaments could be clearly observed (Figure 1a). For
the AFM characterization we used two kinds of samples: one containing particles
transferred on silicon wafers using an ultrasonicator, and another one containing particles
collected in situ on flat substrates (silicon wafers and aluminum foils were introduced in
the particle collector). Figures 1b and 1c show the SEM images and AFM topographic
maps of the PM_s particles after transfer to silicon substrate (respectively). Figure 1d
shows the SEM image of the PM2 5 particles collected in situ on a silicon substrate. By
comparing Figures 1b and 1d it can be concluded that the sizes and shapes of the particles

in both samples were similar, just the density of particles changed. This observation
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Figure 2. Statistical analysis of the physical diameter (a), and area (b) of PM2s particles
transferred on clean Si. The AFM software, NanoScope Analysis V1.4, was used for the
particle analysis.

indicates that the transfer process did not significantly alter the properties of the particles.

The AFM images allow an accurate and fast statistical analysis of the particle size
using the NanoScope AFM software. To do so, we select a threshold height of 10 nm
above the most repeated value of the image histogram, which represents the average
height of the silicon substrate (see Figure S1). The statistical analysis of the diameter and
area of the PM2s particles transferred on clean silicon is shown in Figures 2a and 2b
(respectively). According to the AFM manufacturer (Bruker), the values of the diameter
given by the NanoScope software correspond to the aerodynamic diameter of the
particles.?® In total, 217 particles from different images (collected at random locations)
were analyzed. As shown in Figure 2a, 83% of the PM2 s particles have a diameter ranging
between 0.4 and 2.2 um. These values are expected because we selected that size in the
particle collector, and demonstrate that the collection process was successful.

Upon individual scrutiny of the PM. s particles in the SEM images, an interesting
and unreported behavior is exposed: 54% of the particles collected display a dark trace
on the substrate surrounding them (Figure 3). Repeated and thorough experiments
revealed that the dark trace is not coming from the beam contamination, which could

possibly explain such observation. The dark trace is present in all the samples and it is
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Figure 3. Different kinds of PM2s particles with the dark trace layer. (a)-(c) are the
particles with flat surface. (d)-(f) are the soot aggregates. And (g)-(i) shows the soot
aggregates, elongated minerals, and spherical fly ash gather together, also with the dark
trace. The dark trace appears almost at all kinds of PM2 s particles, indicating that it is not
source-dependent.

independent of i) the collection method: it is present for both directly collected particles
(on 300 nm SiO»/Si wafers, Figure S2) and transferred particles (Figure 3); ii) the
morphology of the particles: soot aggregates, elongated minerals and spherical fly ash
indistinctly show this feature; and iii) their chemical composition (Figure S3).
Furthermore, not only the individual particles appear to be surrounded by these dark traces
(Figures 3a-3f), but also their aggregates (see Figures 3g-3i). These observations indicate
that the particle formation and trace generation should be independent processes. The

regular contour and the good homogeneity observed in the SEM images (i.e. the contrast

is the same along all the dark trace) suggest that these dark traces might be related to the
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presence of liquid layer, originally surrounding the particles. It is known that some
particles could be semi-to-entirely liquid when they are airborne,?” and that PM2s can trap
water molecules when suspended on the wind (due to the relative humidity of the

atmosphere).
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Figure 4. (a) Three dimensional topographic AFM map of a particle with the dark trace
layer, similar to those in Figure 3. (b) Typical cross-section analysis on the particle with
trace layer. Both the AFM topographic map (a) and the typical cross section (b) show the
black trace layers have around 10 nm in height. (c) F-Z curve on the plateau-like layer
(the trace) in (a), and the F-Z curve on the silicon substrate has also been obtained as
reference. The scan size is 3.75 um x 3.75 um for (a).

To get deeper insight into the properties of the dark traces, the samples were
scanned using AFM. Topographic AFM images of PM2 s particles that appear with a dark
trace in SEM pictures are shown in Figures 4a and 5a. The dark traces surrounding the
particles in SEM images appear as a flat plateau in the topographic AFM maps. Using the
cross sectional tool of the AFM software, we observe that these traces were around 10 nm
thick (Figure 4b). Interestingly, no topographic modification has been observed in
consecutive topographic maps collected with the AFM, which suggests that the layer is

not in liquid state. The nature of this plateau-like traces was further analyzed from
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sequences of F-Z curves collected on the bare silicon substrate and on the plateaus.
According to previous reports, liquid films can increase the adhesion force between the
tip and the sample during such experiments.?® Therefore, if the film would be liquid an
increase of the (negative) adhesion force peak in the F-Z curve should be observed.? The
F-Z curves measured on the silicon revealed adhesion forces around -20 nN (Figure. 4c,
red line) consistent with values previously reported.?® Similar experiments performed on
the plateau-like layer (the dark trace) reveal that the adhesion value of the dark trace is
very similar to the silicon substrate (it is also around 20 nN). Such observation has been
statistically corroborated on different particles and using different AFM probe tips (e.g.
in Figure 5a both the particles on the top left and bottom right show this plateau-like
shape). Peak-force error and adhesion AFM maps (Figures 5b and 5c) further support
these observations, and they do not reveal any increase of the adhesion force on the dark
trace. The dark trace layer is also stable in UHV condition. This result further supports

that the dark trace layer is not a liquid film in its current state.

240mv C 300a.u.
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Figure 5. (a) Topography, (b) peak-force error, and (c) adhesion maps of the particles
with trace. The trace can be observed clearly in (a), (b) and (c), and it shows the similar
properties to the surrounded particles. The scan sizes are 10.7 um x 10.7 um for (a)-(c).
While the chemical composition of the PM_s could be easily detected by EDX,®
% the analysis of the ultra thin (<10 nm) dark traces requires tools with a larger surface

sensitivity. Therefore, instead of using EDX (which information applies to the underlying

1 um), AES was selected for its better spatial resolution. Figures 6a and 6¢ show the SEM
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images of the PM. s particles with the dark trace layer on the native SiO2/Si and Al foil
(respectively). The corresponding AES surveys (shown in Figures 6b and 6d) indicate
that the dark trace layer surrounding the particles contains mainly carbon. The oxygen
peak that appears on the Al surface (red line in Figure 6d) is related to the native oxide
on the Al foil.*® However, the oxygen was not detected on the dark trace layer (grey line
in Figure 6d); probably this is due to its non-negligible thickness (~ 10 nm from the AFM
measurements).

The chemical composition of the particles has been further analyzed via ToF- SIMS, for

which the average depth of analysis is approximately 1 nm. Figure 7 shows the SEM image of a
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Figure 6. SEM and AES characterization of the PM2s particles on native SiO/Si
substrate (a-b) and Al foil (c-d). (a) A PM2s particle with a dark trace layer that were
transferred on the Si substrate with native SiO». (b) AES characterization on the bare
substrate (red dot in a) and the dark trace around the particle (grey dot in a). (c) PM2s
particles collected directly on the Al foil, some of which are surrounded by the dark trace
layer. The corresponding AES characterization is shown in (d).
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PM2s particle with a dark trace surrounding it, and the SIMS maps displaying its
composition. It can be observed that the dark trace also contains alkali metals, hydrogen
and CH groups, indicating that the carbon present in the trace could be a mix of soot and

decomposed complex hydrocarbons.

Figure 7. SEM image of a PM_ s image with a dark trace and chemical composition maps
at the same location obtained using SIMS. There is a presence of alkali metals, hydrogen
and CH groups, and the composition is clearly different from the Si substrate. The scale
bar in the SEM image is 4 um. The color scale for the SIMS maps is in arbitrary units
(black/white indicate low/high concentrations).

Taking into account the information gained from SEM, AFM, AES and SIMS, we
propose a dynamic mechanism for the dark trace formation. The dark trace may be related
to semi-to-entirely liquid phase particles attached to the PM2s while traveling suspended
on the air. This is supported by the fact that the dark trace is observed for different types
of particles (i.e. fluffy soot aggregate, elongated minerals and spherical fly ash), as well

as by the regular contour and homogenous color observed in the SEM images. When the
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particles are collected on the flat SiO/Si and Al substrates for SEM/AFM inspection, the
liquid phase particles interact with the underlying substrate, forming a solid inert layer
(or partially evaporate/freeze if inserted into vacuum chamber). It is widely known that
liquids can interact with the substrates (made of Al and Si) to form stable compounds.
The chemical composition of the dark trace analyzed by AES and SIMS indicates the
presence of alkali metals, hydrogen and CH groups. This observation indicates that,
during their travel in the air, PM25 particles may have absorbed not only water, but also
other materials. In the worse scenario, the liquid may be composed by toxic hydrocarbons,
such as the carcinogenic PAHs. PAHs are strongly potent carcinogens or mutagens,
widespread distributed around the globe.®® These PAHs are a mixture of hydrocarbons
composed of multiple aromatic rings produced by the incomplete combustion of organic
matter, e.g. coal burning, gasoline/diesel engine emission, industrial activities like
aluminum, iron and steel production, waste incineration, oil refining, or forest fires. Once
introduced to the human body, these particles are released and could potentially enter the
blood stream.®! The results herein suggest that the dark trace observed in the SEM images
(Figure 3) could certainly be composed of PAHs. The potential link between PAHs and
airborne PMs has been suggested also recently.®*® Traffic emission and coal
combustion seem to be the principal sources of PAHs associated with PM2s. More
information is needed regarding the characterization of PM2s-bound toxic organics, their
transport, spatial distribution and health impacts but PAHs bounded to PM2s could be

responsible for a significant portion (if not most) of the overall carcinogenicity of PM_s.

B 4 Conclusions
In this study, more than 500 in situ collected and transferred PM. s particles have

been investigated at the nanoscale via SEM, AFM, AES and SIMS. For more than 50%
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of these particles a dark trace layer around the particles (and their aggregates) was
observed. Further analyzes reveal that this trace is a stable film of around 10 nm thickness,
and that it is composed by alkali metals, hydrogen and CH groups. These results indicate
a strong interaction between PM s airborne pollutants and third bodies, and may represent
a very important concern for human health. Biological studies should clarify what is the

impact of such interaction for the health of living beings.
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Example of the AFM panel to statistically analyze PMzs size transferred on Si

|k Particle Analysis

N glzl] BT petect | Modify | Select |

& Threshold
|+ Threshold Height 294,195 nm
L Feature Direction Above

Relative
Nu istogram Bins 512
Histogram Filter Cutoff 0.00 nm
Min Peak to Peak 0.00 nm
Left Peak Cutoff 0.00000 %
L Right Peak Cutoff 0.00000 %

5 Depth Histogram

15 :
10 !
3 |

50 100 150 200 250 300 nm

METECT PARTICLE GUIDELINE:
(1) Set Feature Direction te Above or Below as needed

) Move the cursor in the Depth Histogram to adjust the
threshold to show particles (sky blue) in the imags

1
0.0 1: Height 50.0 um Hext
-24.0 o

Parameter [ Hean [ Minimum [ Masimum [ Sigma
Total Count 10.000 10.000 10.000 0.000
Density 0.004 (/if12) 0.004 (/112) 0.004 (/ii12) 0.000 (/4i2)
Height 126.628 (nm) 67.168 (nm) 255.946 (nm) 59.856 (nm)
Area 5.814 (12) 1526 (12) 12741 (#i2) 3.449 (ti2)
Diameter 2593 (i) 1394 (i) 4.028 (i) 0.825 ()

Figure S1. Example of an AFM analysis process shows the typical aspect of the processed
images, with areas above a threshold height highlighted in blue. The threshold height was
selected to be 10 nm above the most repeated value of the image histogram, which
represents the average height of the silicon substrate. In total, 217 particles in different
images were analyzed. The scan size of the image is 50 x 50 pm.

Small particles in-situ collected on silicon substrate

1pm EHT = 10.00 kV Signal A = InLens Date :23 Dec 2015
| ¢ FUNSOM

{ Mag= 462KX WD =11.7 mm Time 23:33:26

Figure S2. SEM image of the in-situ collected particles on the 300 nm SiO/Si wafers.
Unlike after particle transfer, a large density of small particles has been observed to gather
together on the SiO/Si wafers. The image here is an example of the small particles
surrounded by the dark layers that may be related to liquid particles.
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Chemical composition between PMzs particles with and without trace

60 I N I ' I N I ' L] ' I

Interaction of PM, . with the substrate -
501 m Active m Passive i
40-

30
20 1

Content (%)

C O Fe A Ca S
Element

Figure S3. EDX Chemical composition histogram of the particles with trace (active) and
without trace (passive); no clear chemical composition difference between the two groups
has been observed.
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Chapter 4:
Cheap metal oxides functionalized silicon IV
photoanodes for photoelectrochemical

water splitting

In this chapter, low cost metal (Cu and Ni) have been deposited on the earth abundant
silicon photoanodes, which can form CuO and NiOx and then serve as a protection
layer for the silicon surface and also water oxidation catalyst. The stability and ageing
mechanism of these photoanodes has been statistically analyzed. And after
understanding the ageing mechanism, the interface between the metal oxides catalyst
and silicon photoanodes has been engineered to reduce the overpotential for water

oxidation reaction.

The chapter consist of the following independent papers:

Paper C Y. Shi, C. Gimbert-Surifiach, T. Han, S. Berardi, M. Lanza, A. Llobet, ACS
Appl. Mater. Interfaces 2015, 8, 696.

Paper D T. Han', Y. Shif, X. Song, A. Mio, L. Valenti, F. Hui, S. Privitera, S.
Lombardo, M. Lanza, J. Mater. Chem. A, 2016, 4, 8053. (" Equal Contribution)

Paper E Y. Shi, T. Han, C. Gimbert-Surifiach, X. Song, M. Lanza, A. Llobet, J. Mater.

Chem. A, 2017, 5, 1996.
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Paper C: CuO functionalized silicon photoanodes for

photoelectrochemical water splitting devices

Y. Shi, C. Gimbert-Surifiach, T. Han, S. Berardi, M. Lanza, A. Llobet, ACS Appl.

Mater. Interfaces 2015, 8, 696.

®) 75 mV overpotential o
10 h stability

p- -
4

H*/H, T

Ti/nSi/Sio,/  JcuC Borate buffer pH9

Abstract

One of the main difficulties for the technological development of
photoelectrochemical (PEC) water splitting (WS) devices is the synthesis of active, stable
and cost-effective photoelectrodes that ensure high performance. Here we report the
development of a CuO/Silicon based photoanode, which shows an onset potential for the
water oxidation of 0.53 V vs. SCE at pH 9, that is, an overpotential of 75 mV, and high
stability above 10 hours. These values account for a photovoltage of 420 mV due to the
absorbed photons by silicon, as proven by comparing with analogous CuO/FTO electrode

that are not photoactive. The photoanodes have been fabricated by sputtering a thin film
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of Cu® on commercially available n-type Si wafers, followed by a photoelectrochemical
treatment in basic pH conditions. The resulting CuO/Cu layer acts as: (i) protective layer
to avoid the corrosion of nSi, (ii) p-type hole conducting layer for efficient charge
separation and transportation, and (iii) electrocatalyst to reduce the overpotential of the
water oxidation reaction. The low cost, low toxicity and good performance of CuO-based
coatings can be an attractive solution to functionalize unstable materials for solar energy

conversion.

Contribution

Yuanyuan Shi deposited the metal films for fabricating the photoanodes, performed the

photoelectrochemical and spectroscopic analysis and prepared the manuscript.
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C 1 Introduction
Photoelectrochemical (PEC) cells exploit the built-in potential generated at

semiconductor-liquid junctions under illumination to drive uphill chemical reactions,
such as the splitting of water (Eq. 1), which can be used to produce hydrogen fuel in a
clean manner.! The transformation of sunlight into chemical energy via the formation of
new chemical bonds is attractive because it allows solar energy to be stored and
transported.> The overall electrochemical water splitting can be divided in two half
reactions, the reduction and oxidation, also named hydrogen evolution reaction (HER,
Eq.2) and oxygen evolution reaction (OER, Eq. 3), respectively:

Overall water splitting: 2H,O - O, + 2H2 (AE=1.23V) (Eg. 1)

HER: 2H* +2 e > H2 T (E%eq = 0.00 V vs. NHE) (Eq. 2)

OER: 2H,0 + 4h* > 0, T + 4H* (E%x = -1.23 V vs. NHE) (Eq. 3)

where the redox potential values are reported versus the normal hydrogen

electrode, NHE. The OER is considered the bottleneck of the overall process, being
thermodynamically and kinetically demanding. Thus, enormous research efforts have
been invested on developing efficient photoanodes for the OER, to be coupled, in a
possible water spitting PEC device, to a dark Pt cathode, performing the HER (Figure 1).
Several kinds of photoanodes have been used in this PEC set-up, including metal oxide
semiconductors (Fe203, WOs3, BiVOs, ...), group III-V semiconductors (GaAs, GaP,
InP, ...) and amorphous silicon, all being excellent light absorbers and in most of the
cases with good carrier mobility.>> Among them, silicon is a particularly interesting
candidate due to its low cost and good ability to absorb light. Unfortunately, silicon is
only able to produce modest photocurrent densities of some pA/cm?, which decay very
fast (in the minutes time scale) due to premature corrosion.® The reason is that the

thermodynamic oxidation potential of Si is less positive than that of water oxidation (1.23
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H*/H,

Potential

Photoanode: Counter electrode:
(Ti/nsi/Si0,/Cu/Cu0) Electrolyte Metal

Figure 1. Scheme of the PEC cell developed in this work. The cell consists on a Cu-
protected nSi photoanode connected to a Pt counter electrode through a potentiostat.
When the sunlight illuminates the surface of the photoanode, it induces charge separation.
The photogenerated holes migrate to the surface and are used to produce O2 from water.
At the same time, the electrons promoted to the conduction band move to the counter
electrode to reduce protons to hydrogen.

V vs. NHE at pH 0), thus making it susceptible to self-oxidation when interfaced with
aqueous electrolytes.” Therefore passivating the surface of silicon with a cheap coating
that can serve as corrosion-resistant and water oxidation catalyst (WOC) has become one
of the main challenges in this field.®® Among all candidate materials, TiO2 has shown
outstanding performance in protecting Si and other 111-V materials from oxidation,* but
in those cases an additional WOC layer (film) is needed to boost the PEC reaction.
Superstructures made of Ir/TiO2!" have shown water oxidation activity and stability in
acid and basic conditions, while NiOx/TiO2* achieved even larger current densities, but
only at pH 14. In fact, Ni-based coatings can be used as both anti-corrosion and WOC

simultaneously. For example, Kenney et al.*® evaporated a 2 nm Ni layer on a silicon

wafer (with its native oxide), leading to inexpensive Ni/SiO2/nSi photoanodes with
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extraordinary activity at pH 14 and enhanced stability at pH 9.5. Mei et al.'® deposited
Fe-modified NiOx films on np+-Si junctions (which notably enhance charge separation)
and achieved continuous OER during 300 hours. Recently Lewis’ group overcame that
performance using 35-160 nm thick NiOx coatings on np+-Si and achieved continuous
OER during more than 50 days at pH 14.2° Even though these devices show higher activity,
the cost of these photoanodes is still high, as the fabrication of the np+ junction requires
both implementation and thermal processes.

Due to its low cost and toxicity, copper is an attractive material from an industrial
perspective, but its use in photoanodes for PEC WS-devices has never been reported.
Recent advances showed that copper oxides,®?° as well as molecular copper
complexes,?®-?° can be used to catalyse the electrocatalytic water oxidation reaction. Sun
and coworkers?! reported a continuous OER over 10 hours at pH 9 using a copper oxide
catalyst electrodeposited on fluorine doped tin oxide (FTO), and a similar performance
was achieved by Meyer and coworkers?? by forming a CuO film on the surface of a Cu
foil, but in both cases the water oxidation reaction was induced by applying a high
external voltage. In this work, we report copper-based photoanodes for water oxidation
that have been fabricated from Cu films sputtered on nSi photoanodes. The resulting
devices work at very low overpotential (7 = 75 mV) and show good stability (10 hours)
at pH 9. These findings point out the possibility of using copper-based composites as a

promising photoanode for PEC-WS devices.

C 2 Experimental
Sample preparation
All reagents were purchased from Aldrich unless otherwise stated. The fluorine

doped tin oxide (FTO) coated glass was purchased from XopFisica (thickness, 2.3-3.0
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mm; visible transmittance, 80-81.5%; resistance, 6-9 Q/cm?). Before the deposition and
characterization tests, the FTO-coated glass was ultrasonically cleaned in water
containing a cleaning detergent (Hellma), deionized water and ethanol, for 10 minutes
each. Standard single side polished, single crystal and phosphorous-doped [100] n-type
silicon wafers (0.3-0.5 Qecm) were purchased from ProLog. Before all the deposition
processes, the Si wafers were cleaned with acetone, ethanol and deionized water in an
ultrasonic bath, for 10 minutes each. Cu® films with thicknesses of 5, 10, 15, 20 and 25
nm were deposited onto both FTO-coated glass and nSi photoanodes in the same vacuum
chamber, by means of sputtering (ATC Orion 8-HV instrument, AJA International) at 100
W, with a deposition rate of 1.6 A/s for 40, 80, 120, 160 and 200 s, respectively. An ohmic
contact of 20 nm titanium was previously deposited onto the backside of the nSi wafers
by e-beam evaporation (PVD75 Kurt J. Lesker). Copper tape was used to contact the

working electrodes for electrochemical and PEC experiments.

Sample characterization

All the samples were tested at room temperature in a standard three-electrode
configuration with saturated calomel electrode (SCE, saturated KCI) or Hg/Hg>SO4
(saturated K>SOg4) reference electrodes and Pt wire as the counter electrode, using CHI
660D or CHI 660E potentiostats (CH Instruments, Inc.). The FTO samples were tested in
a 20 mL one-compartment glass cell, and the nSi photoanodes in a 140 mL teflon cell,
the areas exposed to OER were of ~1.0 and ~0.45 cm?, respectively. In order to quantify
the amount of O produced, a two-compartment cell (in which anodic and cathodic sides
are separated by a glass frit) was used. In this set-up, the Cu-coated nSi photoanodes were
used as the working electrodes, Ag/AgCI (saturated KCI) as the reference and a Pt mesh

as the counter electrode. All the cyclic voltammetry (CV) scans were collected with iR
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compensation at a scan rate of 100 mV/s, while the current density versus time traces
were obtained without iR compensation. For comprehensive comparison, all redox
potentials reported herein will be referenced versus SCE. The experimental onset
potential values reported in this paper have been taken at a current density of ca. 1
mA/cm?. An oxygen sensitive OXNP15121 Clark electrode (Unisense) was used to
measure the photoproduced O under air, and in turn to calculate the Faradaic efficiency.
The electrolyte consisted of 0.2 M borate buffer solution (pH 9), obtained by mixing a
0.05 M NazB407 solution and a 0.2 M H3BOs solution in a ratio of 8:2 (v/v). All pH values
were measured with a HI 4222 pH-meter (Hanna Instruments) using a calibrated Crison
5029 electrode (Crison Instruments). For the PEC characterization of the photoanodes,
illumination was provided by 150 W Xe Arc Lamps (LS-150, ABET technology and
66906, Newport Corporation), equipped with a UV-light cut-off filter (A <400 nm) and
calibrated to 1 sun (100 mW/cm?) using a calibrated silicon photodiode at 25 °C. UV-Vis
characterizations were performed using a Cary 50 (Varian) spectrophotometer. The
morphological characterization of the samples was performed by means of Transmission
Electron Microscopy (TEM, JEOL, model 1011) and Scanning Electron Microscopy
(SEM, FEI Quanta 200FEG). The chemical composition of the samples was analyzed by
X-ray Photoelectron Spectroscopy (XPS), using a KRATOS Axis ultra-DLD
spectrometer equipped with a monochromatic Al Ko X-ray source (hv = 1486.6 eV). The
XPS analyzer uses hybrid magnification mode (both electrostatic and magnetic) and the
take-off angle is 90°. Under slot mode, the analysis area is 700x300 um. Analysis
chamber pressure is less than 5x10° Torr. Pass energy of 80 eV and 20 eV are normally
used for survey spectra and narrow scan spectra, respectively. The energy step size of 1
eV and 0.1 eVwere chosen for survey spectra and narrow scan spectra, respectively. In

addition, binding energy range for a survey spectra is 0-1200 eV. The X-ray source power

116



UNIVERSITAT ROVIRA I VIRGILI
MATERIALS AND MOLECULES FOR POLLUTION FREE CLEAN ENERGY

Yuanyuan Shi

Chapter 4

is 75 W and 75-150 Wfor acquring survey spectrum and narrow scan spectra, respectivey.

C 3 Results and discussion
Copper films on FTO: electrocatalytic water oxidation

Metallic copper films of different thicknesses (from 5 to 25 nm) were sputtered
on FTO substrates. The TEM images of the films show that the films are not homogeneous
and that the surface morphology depends on their thickness; the thinner Cu films appear
to be rougher than the thicker ones (Figure S1). The electrocatalytic water oxidation
ability of the sputtered copper electrodes was tested in 0.2 M borate buffer solution at pH
9. Unless otherwise stated, all the reported electrochemical measurements were
performed in this electrolytic solution. As shown in Figure 2a, regardless of their
thickness, all the electrodes show similar onset potentials for the water oxidation reaction
at 0.95 V vs. SCE (7 = 495 mV), ~300 mV lower than that of the bare FTO. Current
densities up to 7.5 mA/cm? were obtained at 1.1 V vs SCE. Similar results in terms of
onset potential and Tafel plot slopes have been reported for other active CuO films,
prepared using electrodeposition techniques, suggesting that the copper oxide active
species may have similar performances (Figure S2 and Table S1).21-2224-25

The stability of the generated CuO/Cu/FTO electrodes was assessed by means of
successive CV scans, as well as by controlled potential electrolysis (CPE) at 1.1 V vs.
SCE (Figures 2b and S4a). In particular, Figure 2b shows the remarkable stability of a 15
nm-thick CuO/Cu/FTO electrode. This sample maintains 80% of its activity after 12 hours
of continuous OER. The small current decay observed is likely due to a loss of Cu?* in
solution, as shown by both electrochemical experiments on the electrolytic solution at the
end of the CPE experiment (Figure S3) and UV-Vis spectroscopy before and after 1 hour

of CPE at 1.1 V vs. SCE (Figure S4b). The ability of the films to oxidize water, together
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Figure 2. Electrochemical water oxidation performances of CuO/Cu/FTO electrodes. (a)
CVs of bare FTO (dashed black curve) and 5, 10, 15, 20 and 25 nm-thick Cu/FTO in 0.2
M borate buffer solution (pH 9). All the CV scans were obtained with iR compensation
by using a SCE reference electrode and Pt counter electrode at a scan rate of 100 mV/s.
(b) Current density traces obtained by controlled-potential electrolysis (CPE) at 1.1 V vs.
SCE (without iR compensation) for a 15 nm CuO/Cu/FTO electrode in 0.2 M borate
buffer solution (pH 9).

with their good stability and transparency is further evidence that the thin sputtered Cu

layer can act as an anti-corrosion and WOC film.

Copper films on nSi: photoelectrocatalytic water oxidation

Copper-coated nSi photoanodes were prepared by sputtering technique using the
same methodology and parameters employed to prepare the Cu/FTO electrodes. The
native SiO, on the nSi wafer was not etched, as it can serve as adhesive layer,'® and a
layer of 20 nm Ti was evaporated on the back side of the nSi wafer, leading to
Cu/SiO2/nSi/Ti photoanodes. In total, nSi photoanodes with three different Cu®
thicknesses (5, 10 and 15 nm) were prepared, avoiding thicker films, which can hinder
the photon absorption by silicon. The current-density versus potential (J-V) plots in Figure
3a obtained from CV scans for the as-grown 5 nm Cu/SiO2/nSi/Ti photoelectrodes show
very low activity and a large onset potential (~0.71 V vs. SCE). However, these Cu-coated

nSi photoanodes can be activated by performing either (i) several CV scans in a larger
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Figure 3. Activation of the Cu/SiO2/nSi/Ti photoanodes: CV scans of 5 nm
Cu/SiO2/nSi/Ti before (red solid line) and after (blue solid line) activation under 1 sun
illumination (see main text for activation details). The trace obtained in dark conditions
is also reported (dashed black line). The CVs were obtained with iR compensation using
a Pt counter electrode and Hg/Hg2SO4 reference electrode at a scan rate of 100 mV/s in
0.2 M borate buffer solution (pH 9). Insets: two 3D schematic representations, illustrating
the activation process on the Cu/SiO2/nSi/Ti photoanodes. The activation of the
photoanode may be related to the formation of CuO on Cu layer.

potential range (from -0.4 V to 0.8 V vs. SCE), (ii) chopped light linear sweep
voltammetry (LSV) in the range from -0.4 to 0.9 V vs. SCE, or (iii) short or long time
amperometric, current versus time (I-t) experiments (Figure S5). After the activation
process, a significant shift of the onset potential for the OER (from ~0.71 V to ~0.53 V
vs. SCE) and a remarkable increase of the current density (up to 14.5 mA/cm?) can be
obtained (compare red and blue lines in Figure 3). The mechanism of the activation

process for the Cu/SiO2/nSi/Ti photoanodes is complex, possibly involving both soluble
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and insoluble products and multiple formal oxidation states (Cu', Cu", Cu", and/or Cu"v
species) depending on the applied potential 2233 Two three-dimensional (3D) schematic
representations of the electrode configuration are shown in the inset of Figure 3,
indicating that the activation of the photoanodes may be related to the formation of CuO
on the Cu layer, which may act as a p-type hole conducting layer to help the charge
separation and transportation of holes to the electrode surface where the water oxidation

catalysis take place.
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Figure 4. (a) Overall XPS spectra of 5 nm Cu/nSi/SiO2/Ti. Fresh sample (red), activated
sample (green), degraded sample (blue). (b)-(d) XPS binding energy regions of O 1s, Cu
2p and Si 2p, respectively

In order to identify the changes induced during the activation process, the
chemical composition of the 5 nm Cu/SiO2/nSi/Ti photoanodes was analyzed by means

of XPS. Figure 4 shows the XPS peaks of O 1s, Cu 2p and Si 2p for the as-grown (red
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lines), activated (green lines) and used (blue lines) samples. The term "used" refers to a
fresh 5 nm Cu/SiO2/nSi/Ti photoanode that was exposed to 20 hours CPE at 0.8 V vs.
SCE under 1 sun illumination (Figure S10a). As reference, the wide binding energy
regions of the samples are also exhibited in Figure 4a. The O 1s binding energy region of
fresh samples (red trace in Figure 4b) shows just one component at 532 eV, corresponding
to the oxygen on the surface. This feature confirms the presence of a metallic copper
component, since metallic Cu is reported to attract oxygen to the surface.®? After the
activation process a new peak at 529 eV was observed, which can be attributed to the
CuO formation but also to a SiO> component that may be exposed to the XPS analysis
after the activation treatment (green trace in Figure 4b).3> On the other hand, in the Cu
2p binding energy region, the as-grown samples show two peaks at 932.7 eV and 952.6
eV (red trace in Figure 4c), respectively assigned to 2p3/2 and 2p1/2 binding energies of
Cu® metal.>33* After the activation process, the 2p peaks shift to 934.4 eV and 954.2 eV
(green trace in Figure 4c), indicating the oxidation of copper to higher oxidation states,
consistent with the characteristic peaks®*3* of CuO (green and blue traces in Figure 4c),
as already pointed out by the analysis of the O 1s region, and also reported for copper
foils electrochemically exposed to high positive potentials, previously reported in the
literature.?? Finally, the clear appearance of the Si peak® in the spectrum of the used
sample further supports that the decrease in activity observed in these photoanodes may
be related to partial loss of the CuO film (blue trace in Figure 4d). The reported XPS
analyses are fully reproducible, and similar results have been obtained for the 10 and 15
nm thick counterparts (Figures S6 and S7). Interestingly, analogous XPS analysis of
related CuO/Cu/FTO electrodes show that these electrodes don’t need the activation
process but the CuO layer forms right after the metallic copper is deposited on the FTO

plates (Figure S8).
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Figure 5. Comparison of the onset potential for the water oxidation reaction by the
different (photo) electrodes prepared in this work. Bare FTO (red line); 10 nm-thick
CuO/Cu/FTO (green line); activated 10 nmCuO/Cu/SiO2/nSi/Ti in the dark (dashed blue
line) and under 1 sun illumination (solid blue line). All the CVs were recorded using a Pt
mesh as the counter electrode and a SCE or Hg/Hg>SOs as the reference electrode, with
iR compensation at a scan rate of 100 mV/s in a 0.2 M borate buffer solution (pH 9).
Figure 5 summarizes the J-V plots of electroactive CuO/Cu/FTO and
photoelectroactive CuO/Cu/SiO2/nSi/Ti electrodes obtained after activation of a 10 nm
copper film in both cases. As it can be observed, the effect of the CuO/Cu film on the
FTO produces a remarkable decrease of the onset potential for OER compared to the bare
FTO electrode (~300 mV, from 1.25 V to 0.95 V vs. SCE, compare red and green traces).
On the other hand, when the CuO film is deposited on the SiO2/nSi/Ti substrate after the
activation process, a remarkable further onset potential reduction of ~420 mV is achieved

under illumination, leading to an absolute value of 0.53 V vs. SCE. This represents an

impressive overpotential of 75 mV with regard to the thermodynamic value for the water
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oxidation reaction. These values are in the range of the best reported results on n-type
silicon based photoanodes made of iridium,*” nickel*'8-2% or iron® but are still 0.2-0.3 V
above the onset potentials of np*-type silicon modified with nickel oxide catalysts.*1%%
Additional advantages of the CuO/Cu/SiO2/nSi/Ti electrodes reported here include the
low price and low toxicity of copper and the use of n-type silicon, whose fabrication and
implementation are well established. No difference in the performance of the
CuO/Cu/FTO electrode was observed under light or dark illumination (Figure S9),
indicative for negligible photoactivity induced by the CuO layer, that is, the observed

photovoltage (solid and dashed blue lines) is induced uniquely by the silicon light

absorption.

a 0.5 b 120

0.44 — 10 nm CuQ/Cu/SiO,/nSi/Ti (piece 2)
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Figure 6. Stability and faradaic efficiency of the activated 10 nm CuO/Cu/SiO2/nSi/Ti
photoanodes. (a) Current density versus time traces obtained by controlled potential
electrolysis at 0.8 V vs. SCE on two differentl0 nm Cu/SiO2/nSi/Ti photoanodes in 0.2
M borate buffer (pH 9) under 1 sun illumination, showing good reducibility. (b) Oxygen
evolution trace (red solid line) measured with an activated 10 nm Cu/SiO2/nSi/Tiin 0.2 M
borate buffer (pH 9) at 0.85 V vs. SCE, under 1 sun illumination. From the measured and
the theoretical (black dashed line) oxygen amounts, a ~100 % faradaic efficiency can be
calculated. Both (a) and (b) were obtained without iR compensation, illuminated by a
simulated 1 sun and using a Pt mesh as counter electrode. A one-compartment cell made
of Teflon and a SCE reference electrode were used for tracing the current density versus
time (a) and a two-compartments glass cell and a Ag/AgCl reference electrode were used
for the oxygen detection experiment (b).

The long-term stability of the produced photoanodes was tested by means of CPE
experiments at 0.8 V vs. SCE. Figure 6a shows the current density traces obtained for two

activated 10 nm CuO/Cu/SiO2/nSi/Ti photoanodes, showing excellent reproducibility and
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negligible variability. Once activated, both photoanodes are stable for 10 hours at a
constant current density of 0.24 mA/cm? under PEC conditions. The overall (> 20 hours)
CPE plots for 5, 10 and 15 nm-thick Cu/SiO2/nSi/Ti photoanodes indicate that the
activation process (i.e. the formation of the CuO film) is needed for all Cu thicknesses,
and that thicker films need a longer activation process (Figure S10). The activation of the
photoanodes takes place in a characteristic two-steps process: (i) a reduction of the initial
current, probably related to a decreased conductivity associated to the formation of
species at intermediate oxidation states, e.g. Cu' or Cu", from metallic Cu that are not
active for the water oxidation reaction; and (ii) a current increase related to the formation
of the final active CuO film that boosts the OER and generates large current intensities.
After that, the performance of the photoanodes becomes stable during long periods of
time (up to 10 hours). As noted above, the activation process time depends on the
thickness of the starting metallic copper layer. Those samples that have thicker layers
require more time for the activation process due to the presence of more copper material
that needs to be oxidized from the inner layer in contact with the silicon oxide all the way
to the surface in contact with the electrolyte. Both the activation process as well as the
photocatalytic mechanism are complex processes that require further studies in order to
get a full understanding of the overall system.

The surface of the samples has been analysed by SEM before and after the
catalytic process (Figure S11). While fresh 10 nm Cu/SiO2/nSi/Ti photoanodes display
relatively flat surfaces, the same samples after 37 hours CPE tests appear to be covered
by nanoparticles. However, depending on the analyzed region of the photoanode surface,
a partial depletion of the number of CuO nanoparticles can be observed (e.g. in Figure
S11d), confirming that material loss is the major cause of current drop after long-term

stability tests of this kind of photoanodes.
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Finally, in order to prove that the photocurrent observed in the CPE experiments
with the CuO/Cu/SiO2/nSi/Ti photoanodes is actually due to the water oxidation reaction,
a quantitative O2 measurement was performed, using an oxygen gas sensor (Clark
electrode). Figure 6b shows the O evolution profile obtained with an activated 10 nm
CuO/Cu/SiO2/nSi/Ti, held at a constant potential of 0.85 V vs. SCE, under simulated 1
sun illumination. A ~100% Faradaic efficiency can be calculated considering the
theoretical and actual volume of O produced (respectively, black dashed and red solid
lines in Figure 6b). The small delay in the experimental measurement of the evolved O>
by the Clark electrode with regard to the measured current is due to the slow diffusion of

oxygen into the membrane of the electrode sensor.

C 4 Conclusions

In conclusion, we have fabricated nSi photoanodes for PEC water splitting devices
using for the first time CuO as protective layer and water oxidation catalyst at the surface
of a semiconductor. The devices show high activity at an impressively low overpotential
of 75 mV. Furthermore they are stable for over 10 hours under 1 sun illumination in 0.2
M borate buffer at pH 9, with Faradic efficiencies close to 100%. Compared to the copper-
based FTO electrode, the CuO-coated nSi photoanode shows an onset potential decrease
for the OER of 420 mV under 1 sun illumination. Finally it is important to stress here that
the photoelectrodes described in the present work are made of copper that is a cheap,
earth-abundant and low toxicity metal. Furthermore all the operations carried out for the
construction of the photoanode are industrially compatible and could be easily scaled up
for commercial applications. This work thus offers a promising solution for the generation

of clean and sustainable solar fuel.
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Figure S1. Morphology of the Cu films prepared by sputteringon copper grids suitable
for TEM analysis. TEM images of 5, 10, 15, 20 nm Cu films at nanoscale. The scale bars
are 50 nm for (a-d). For the thicker Cu films (25 nm), the TEM images were harder to
obtain.
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Figure S2. Tafel plot of a 10 nmCuO/Cu/FTO electrode in 0.2 M borate buffer pH 9,
showing a calculated Tafel slope (B™) of 86 mV-dec™ (similar values have been obtained
for electrodes with different thicknesses). The steady-state current densities (j) were
measured by means of chronoamperometric experiments collected at different applied
potentials(the latter corrected for the iR drop in the solution, Vappi-iR), and plotted versus

the overpotential 77 = (Vappi - IR)—EozH20(pH 9).

Table S1. Copper oxide based electrodes for electrocatalytic water oxidation reported in
the literature.

Fabrication Tafel plot
Year Precursor | Sample Stability/Condition Slope Ref
Method
mV/decade
Oxidative copper(ll) Cuo/ 120 min/ 0.1 M
2014 electro- molecular borate buffer (pH 56 1
" FTO
deposition | complexes 9.2)
Chemical .
2015 | reactionand Copper CuO/ | 10h/0.1 M KBi (pH 54.5 2
s salts FTO 9.2)
calcination
Oxidative
CuQ/ 10 h/ 0.2 M borate
2015 delect_r(_)- Cu(NO:s), FTO buffer (pH 9) 89 3
eposition
Oxidation
2015 | of copper Cufoil | cuoscu | 10 1M NaCOs 90 4
foil (pH 10.8)
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Figure S3. Comparison of the CV scansobtained for the electrolytic solution (0.2 M
borate buffer, pH 9) before (red trace) and after (blue trace) performing a CPE (at 1.1 V
vs. SCE for 12 hours) using a 15 nm CuO/Cu/FTO electrode to check if there is free Cu?*
in solution after CPE. The CV scans were collected with iR compensation, using a glassy

carbon, a SCE and a Pt respectively as the working, the reference and the counter
electrode,at a scan rate of 100 mV/s.
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Figure S4. (a) Current density traces obtainedin the controlled potential electrolysis at
1.1 V vs. SCE (without iR compensation) of 5 and 10 nm CuO/Cu/FTO electrodes
(respectively, red and green traces) in 0.2 M borate buffer solution (pH 9). (b) UV-Vis
transmittance spectra of 5 nm (red) and 10 nm (green) CuO/Cu/FTO before (solid lines)

and after (dashed lines) 1 hour controlled potential electrolysis (see b). The transmittance
of the bare FTO is also shown as reference (black line).
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Figure S5. Flux diagram of the process used to activate the Cu/SiO2/nSi/Ti photoanodes.
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Figure S6. (a) Overall XPS spectrum of fresh (red) and used (blue) 10 nm
Cu/nSi/SiO2/Tiphotoanodes. (b)-(d) XPS binding energy regions of 1s O, 2p Cu and 2p
Si, respectively.
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Figure S7. (a) Overall XPS spectrum of fresh (red) and used (blue) 15 nm Cu/nSi/SiO2/Ti
photoanodes. (b)-(d) XPS binding energy regions of 1s O, 2p Cu and 2p Si, respectively.
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Figure S8. XPS binding energy region of Cu 2p on the as-deposited 5, 10 and 15 nm
Cu/FTO samples showing the typical profile for a CuO/Cu film.
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Figure S9. CV scans obtained for a 10 nm CuO/Cu/FTO electrodes under dark (black
dashed curve) and simulated 1-sun illumination (blue solid curve) in 0.2 M borate buffer
solution (pH 9). The CV scans were collected with iR compensation, using a SCE and a
Pt respectively as the reference and the counter electrode, at a scan rate of 100 mV/s.
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Figure S10.(a-c) Current density traces of 5 (black), 10 (red and blue) and 15 nm (green)
Cu/SiO2/nSi/Ti photoanodes. The regions dealing with the (i) decrease in conductivity due
to intermediate products formed during the transition from Cu to CuO; (ii) activation
process; and (iii) actual performances of the activated photoanodes, are respectively
evidenced in yellow, violet and green. All the traces are collected without iR
compensation and at controlled potential of 0.8 V vs. SCE under 1 sun illumination in 0.2
M borate buffer solution (pH 9).

Figure S11. SEM images of 10 nm Cu/SiO2/nSi/Ti photoanodes before (a) and after (b-
d) 37 hours controlled potential electrolysis at 0.8 V vs. SCE (without iR compensation),
under 1 sun illumination in 0.2 M borate buffer. (c) and (d) are the zoom-in images at
position 1 and 2 in (b). The formed CuO film consists ofcompact nanoparticles, partially
depleted with the testing time.
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Paper D: Ageing mechanisms of highly active and stable nickel-coated
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Abstract

The photoelectrochemical (PEC) water splitting cell, a device that uses sunlight
to produce hydrogen, has raised massive interest due to its simple structure, low
fabrication cost and good performance. In these cells, a semiconductor photoelectrode is
immersed in a liquid and, when illuminated, hydrogen and/or oxygen can be generated
on its surface by electrolysis. Metal catalysts are often used to enhance the activity of the
semiconductor, but the lifetime is still the main bottleneck of this technology. In this
manuscript we report the ageing mechanisms of silicon photoanodes coated with nickel
films of different thicknesses (under light-driven oxygen evolution reaction, OER). The
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2 nm, 5 nm and 10 nm nickel-coated n-Si photoanodes show lifetimes of ~18 h, ~150 h
and >260 h, respectively. While the 2 nm sample degrades due to the formation of a highly
resistive NiOx with abundant potassium contamination (from the electrolyte), the
performance of the thicker samples decreased due to the formation of holes. The 5 nm
and 10 nm thick nickel films turned into an homogeneous potassium-free NiOx film
suitable for water-splitting, which remarkably enhanced the performance of the cells. The
density/size of holes in the surface decreased/increased with the metal thickness. The
potassium contamination in the 2 nm Ni sample takes place in the form of nanofilaments,
and we demonstrate that the widely used X-ray photoelectron spectroscopy tests are blind
to these features, which may have been ignored in all previous reports. These results could

be useful to understand the degradation and enhance the yield of water-splitting solar cells.
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D 1 Introduction

The use of solar energy to produce storable and transportable clean fuels has
attracted worldwide attention as renewable energy source,? as it solves the problems of
sunlight intermittence and location dependency, while avoiding the use of contaminant
and every time more scarce fossil fuels. In a PEC water splitting solar cell, electricity
generated in a photovoltaic system is used to break down water (H20) into hydrogen and
oxygen by electrolysis.>* Due to its low cost and good ability to absorb light, silicon is
one of the most preferred semiconductor photoelectrodes but, unfortunately, using
semiconductor materials the amounts of hydrogen and oxygen produced are very modest,
and the chemical reactions decay after some minutes due to surface corrosion. To
overcome these problems, the most advanced water splitting cells use a catalyst and
protective coating deposited directly on the semiconductor surface. Several metal-based
catalysts including Ru,® Ni,® NiOx,”® Ir®, Cu,’® CuOx,'* MnOx*? and Co*® have been
demonstrated to enhance the activity of semiconductor photoelectrodes for water splitting,
achieving current densities up to tens of mA/cm?.” While cell activity amply exceeds the
requirements of this technology, stability is still a major concern. Among all catalysts
used, there is consensus that nickel based oxides and compounds are the best cost-
effective and durable solution.®®7 In our previous work, we observed that silicon
photoanodes coated with ultrathin (2 nm) layers of nickel can generate current densities
of 10 mA/cm? during more than 80 hours.® Recently, Mei et al.1” achieved stable water
splitting during 300 h using p*n silicon photoanodes coated with 50 nm thick Fe-treated
NiO films, and Sun et al.” reported lifetimes above 1200 h using even thicker 35~160 nm
NiOx films on np* silicon. It is worth noting that the use of thick coatings reduces the
light transmittance to the silicon, leading to larger onset potentials and smaller saturation

currents.® Moreover, the fabrication of buried np*-Si junctions involves additional fabri-
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-cation steps that increase the cost of the photoelectrodes.

Despite the long lifetimes reported, the ageing mechanisms that produce activity
decay and device failure in water splitting solar cells are still not understood, and one of
the main reasons is the important lack of in-depth reliability studies at the nano and atomic
scales. The widely used scanning electron microscopy (SEM) is unable to provide clear-
cut information about the samples, and it has been mainly used to display the thickness
of the coatings®"!’ and to have a loose idea about surface roughness*®. Surface roughness
has been quantitatively analyzed by Atomic Force Microscope (AFM)"**15 but no work
provides a thorough characterization depending on the testing time, precluding the
detection of degradation trends and ageing mechanisms. X-ray photoelectron
spectroscopy (XPS)'®-2 energy-dispersive X-ray spectroscopy (EDX)'®!" and Auger
electron spectroscop