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SUMMARY

During the last decades, the environment is ever-charged by toxic chemicals
which usually are by-product of various industrial activities such as electroplating,
leather tanning, paint and pigments, and are disposed uncontrollably to the
environment. These by-products not only consist a threat to the environment
lifecycle but also could have devastating effects to the human being. One of the
prominent pollutants of groundwater is hexavalent chromium (Cr(VI)) that is a
non-biodegradable contaminant of groundwater and shallow water wells and it is
responsible for human carcinogen and mutagen according to the International
Agency for Research on Cancer (IARC); thus, classifying it as a Group 1
carcinogen. Therefore, the effective and sustainable neutralization of Cr(VI)-
bearing aqueous solutions is one of the utmost importance in terms of protecting
the environment and human health. Apart from detoxification solutions, trace
analysis such as part per million (ppm) level detection of toxic molecules, such as
organic dyes, that may contaminate water is also of great concern. Detecting
pollutants in low concentrations, however, pose a significant challenge. Surface-
enhanced Raman scattering, commonly known as SERS, has become a powerful
analytical technique that extends the range of Raman applications for detecting
trace amounts of analytes through their vibrational signals. Assembling 3D
nanoscale structures of plasmonic nanoparticles, such as copper (Cu), holds great
promise for achieving enhanced optical and electronic properties. Additionally,
graphite decorated Cu (Cu/G) nanoparticle assemblies can exhibit a large number
of surface hot spots, while offering the possibility for synergetic effects to be
achieved.

This dissertation focuses on synthesis, structural characterization and
environmental applications of ordered mesoporous networks of metal and metal-
oxide nanoparticles. Specifically, it is studied the synthesis of high-surface-area
mesoporous assemblies of CoO nanoparticles (CoO MNASs) and their potential
application in the reductive detoxification of aqueous hexavalent chromium
solutions, under UV and visible light irradiation. These materials indicate excellent
photocatalytic performance, which is presumably a result of the combined effect of
accessible pore volume, appropriate band edge positions and specific reactivity of

the crystal phase. Moreover, in an effort to further improve the photocatalytic
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activity and chemical stability of CoO assemblies, we suggest the synthesis of high-
surface-area mesoporous networks consisting of Ni and Cu-implanted cubic CoO
(Co1xNixO and Co01xCuxO MNAS) nanoparticles as promising catalysts for
detoxification of Cr(VI) aqueous solutions. Mechanistic studies with X-ray
photoelectron, UV-vis/near-IR  optical absorption, fluorescence and
electrochemical impedance spectroscopy and theoretical (DFT) calculations
indicate that the performance enhancement of these catalysts arises from the high
charge transfer kinetics and oxidation efficiency of surface-reaching holes. By
tuning electronic structure and chemical composition, the Co1-xNixO mesoporous
catalyst at 2 wt% Ni content impart outstanding photocatalytic Cr(V1) reduction
and water oxidation activity, corresponding to an apparent quantum yield (QY) of
1.5% at A = 375 nm irradiation light. The remarkable activity and durability of the
CoO-based MNAs implies the great possibility of implementing these new

catalysts into a realistic Cr(VI) detoxification of contaminated water.

Additional subject of the present research is the fabrication of highly porous Cu
nanoparticle assemblies decorated with graphite layers (denoted as Cu/G NPAS),
as well as their use in SERS detection. The large surface area of the porous
framework of assembled Cu/G NPAs exposes essentially a number of plasmonic
sites to incoming molecules, resulting in a significant SERS enhancement for
chemical analyte detection. Moreover, the network structure of these materials
shows a similar SERS activity across different spot areas with high reproducibility.
These findings are very promising and suggest that Cu/G nanoparticle assemblies

are highly efficient, cost-effective, and stable substrates for SERS detection.
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HNEPIAHYH

Tig televtaieg dekaetieg, 10 mepPdriov emPapvvetar pe mOiAes TOEIKES
0VCieg Ol OMOlEC AMOPPEOLV G TAPUTPOIOVTA Omd OLAPOPES Prounyavikeg
dOpacTNPLOTNTEG, OMMC EIVOL 1) EMUETAAA®GN, M KoTEPYOCio dEPpUAT®V, N Popn
HETAAL®V K.0. AVLTO €Y€l GOV OMOTEAECUO VO OTMENEITOL LE KOTOGTPOPIKES
ouvvEneLleg Oyl LOVO 0 TEPIPUAAOVTIKOS KUKAOG (NG 0ALG Kat 1) avOp®dTIVN vYEia.
"Evoc amd Toug onpovtikdtePOuS pOHIOLS TV LILOYEI®V VOATWV £ivor To e£achevEg
ypouo (Cr(V1)), 1o omoio Aoym tov un ProdlacTOUEVOD YOPAKTHPO TOV UTOPEL
€0KOAQ VoL LOADVEL ToL LTTOYELD VOATO Kot TO PTG TNy ddto. ZOpuemva pe tov Atebvi
Opyaviopod ‘Epevvac tov Kapkivov (IARC) ta&vopeital og kapkivoyovo Ouddog
1 wxou elvar vmedBvvo Yy KOPKIVOYEVECELS Kol UETAALAEELS TOVL OvOpdTIVOL
veveTikov Kadwka. Katd cuvéneia, n anotedespatikng kot frocyn aroppOmaven
TV vodtwv mov mepEyovy Cr(VI) elvan e€apetikng onpaociog. Extoc and Tig
pHeBOO0VE ATOPPVTAVGNG, 1| AVIXVELCT] TOV EMTEI®V LOAVVONG TV VOATOV OTd
TOEIKEG OPYOVIKEG EVAGELS, OMMG OPYUVIKEG YPWOTIKEC OVGIEG, OTAV OQVTEC
Bpiokoviar 6e TOAD YOUUNAES GUYKEVIPOGEIS TPOKAAEL EMioNG HEYOAN avnovyia.
Mo ToAAd vooyouevn HEB0SOG aviyvevong sival 1 TEYVIKY TNG EMPOVELOKY
evioyvuévng eacpatockoniog Raman (Surface Enhanced Raman Spectroscopy,
SERS), n omoia PBociletor omnv KaToypo@y] TOL YOPAKTNPICTIKOD QAGUOTOG
Raman pog évoong kot £xet SuvatdTnTa AviyveLoNG OPYAVIKMOY EVOGEDV GE TOAD
uikpéc  ovykevipwoels. Ot Tplodidotate  HEGOTOPMOES VOVOOOUES  Omd
TAUGLOVIKG VOVOSOUATIOW, OTT®G 0 YaAKkog (CU), amoteAovv TOALL VITOGYOUEVOL
VAMKE yoo v emitevén PeATIOUEVOV OMTIKOV KOl MAEKTPOVIKAOV 1010THTMV.
Emmpocbétmg, ocvvBeta vikd amd vavocopoatioww Cu otabepomompéva oe
otpopata ypoeitn (Cu/G) eppaviCovv onuavtikd apldpd empavelokmy 0epumv
KNAMOWV Kol £0VV OMOTEAECEL AVTIKEILEVO EVTOVIG £PELVOG GE EQAPLOYES YOP®
amo to medio SERS.

Avtikelpevo g mopovcag OOKTOPIKNG daTpng  eivor mn odvBeon, o
YOPOKTNPIGUOG KO 01 TEPIPAALOVTIKES EQPOAPUOYES TPIGOACTOTOV UEGOTOPDIMY
SOUMV OMOTEAOVUEVAOV OO VOVOCOUATION HETAAAOL KOl UETAAALOL-0ELYOVOV.
EwWwotepa, amookomeitor 1M avanTuln  KOWOTOU®V  UEGOTOPDO®Y  SOUDV
AmOTEAOVUEVDV amO Vovocouatidw o&gdiov Tov kofaitiov (CoO MNAS) kot 1

HEAETN TNG (QOTOKOTOALTIKNG OpPACNG TOLG OTNV  OIOPPUTOVCT] VOATIKOV
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dwdvpdarov Cr(V1), ko and axtivofolrio. UV kot opatod ¢otog. To vAkd avtd
eUQaVifouv eEAPETIKN POTOKATOAVTIKY OPACTIKOTNTA, 1 OTTOio PaiveTon Vo etvor
OTOTEAECUO, TNG GLVOLIOTIKNG OPAoNG TOL HEYAAOL OYKOL TOP®V, TNG KAAX
OPYAVOUEVNG KPUGTAAAIKNG OOUNG Kol TNG KATAAANANG Béonc tev (ovav cBévoug
Kol ayoyloTnTag Tov AMKoL. EmmAéov, pe okomd v mepattépw PeAtiooon g
dpacTikOTNTAG Ko ynukne otafepotntag twv CoO MNAS, tpaypatomoOnke n
avamtuén  VE®V  HECOMOPMO®MY  OOU®MY MOV  OmOTEAOVVIOL Omd  KLPkd
vavooopatidte CoO vrorapicpéva pe 1ovto vikediov (Ni) kot yaikod (Cu) (Cor-
xNixO kot Co1xCuxO MNAS). MnyovioTikég HEAETEG LE  POCULOTOCKOTIOL
potoniekTpoviov aktivov-X, ontikng aroppdéenong UV-vis/near-IR, ¢Bopiopov
KOl NAEKTPOYNUIKY €UmEONONG € cLVOLOCUO HE Be@PNTIKOVE VTOAOYIGUOVG
(DFT) vrodewviovy 611 1 Peltiopévn amddoon tov kataAvtdv CorxNixO kot
Co1xCuxO MNAS opeiretor Kupimg 6T YpNyopN KIVITIKT LETOPOPAS POPTIOV Ko
oTNV LYNAN 0EEWMTIKN 10Y0 TOV OTOTAPAYOUEVOV OTMV. AdY® TG KATAAANANG
NAEKTPOVIOKNG OOUOPOMONG Kot yNUkng ovotaons, o kataddtg Co1xNixO
MNAS pe 2 wt% Ni emdeikvoel eEqpeTiK OpaCTIKOTNTO OTNY TOVTOYPOVT
avayoyn tov Cr(V1) kat 0&eidmon Tov vepov, eppaviCovtag po KBavtikn anddoon
(QY) mepinov 1.5% oe axtivoPorio pe punkog kopatog A = 375 nm. H e&apetikn
OpacTIKOTNTA Kol OovOEKTIKOTNTO TOV UHECOMOPMO®V Jopdv pe Pdon o
vavocouatidie CoO, vrodnimvel Ty duvaTdTNTO EPAPLOYAS TOV VEOL OVTOV
KATOADTN GE PEAAGTIKY| ATOPPLTOVGT VATV TOV TEPEXOVY EAGHEVEC YPDLUO.

Emnmiéov avtikeipevo peAétng e mopovcos dtotpiPng amotedel n avamTuén
VAKGOV amd vavooopatidlo yaikod otabepomomuéva oe AL ypaeitm (Cu/G
NPAS) pe peydhn eocotepiki] em@dveld kot opodpopeovg mopove. Ta
amoteAéopato deiyvouv 0Tt ta. VAKG Cu/G NPAS mopovstalovv évo peydio
aplOpd Bepudv KNMOWV otV EMPAVELDL TOVS, dlvovtag Tn ovvatdTNTe. Vo
xpnoonomBodv og arcintpes pe vYNAN aroddoor oty texviky SERS ya v
aviyvevon opyavik®v evicewv. EmmAéov ot dopég avtég mopovstdlovv vynin
EMOVOANYILOTNTO GTNV €Vioyvom Tov onpotog Raman oe d10popeTikég TEPLOYES
TOL TAEYUATOC, EMOEIKVOOVTOS £TGL TOV OTOO0TIKO Kol 6Tafepd TOVG YOPAKTPA

oe melpaparta aviyvevong SERS.
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Introduction
1.1 Porous Materials

Porous materials are of vital importance due to their wide use in technological
applications such as catalysis, adsorption, ion exchange, energy storage and
conversion [1,2,3,4]. Just as their name implies, porous materials contain a plethora
of pores, i.e. cavities and channels, which are distributed either uniformly or
randomly throughout the solid matrix, forming a continuous network of
interconnected vacancies which allow flow of fluids into the structure. The
chemical behavior and reactivity of porous solids are mainly affected by
morphological features such as specific surface area, specific pore volume and pore
size distribution. According to the classification of the International Union of Pure
and Applied Chemistry (IUPAC) [5], pores are divided into three categories based
on their width, that is, micropores of size below 2 nm, mesopores of size between
2 and 50 nm, and macropores of size above 50 nm (Figure 1).

Figure 1. Classification of porous materials according to pore size.
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Mesoporous materials are gaining increasing research interest due to their useful
properties such as high internal surface area, large pore volume, tunable
mesoporous channels with well-defined pore-size distribution, controllable wall
composition and modifiable surface characteristics [6]. Additionally, they may
exhibit highly ordered and size-controlled porous structure, which is useful for size
selective adsorption and separation of small molecules, providing a molecular
weight cut-off enrichment. In 1992 researchers of Mobil company first introduced
a new family of mesoporous silicate materials named M41S [7], which were
dominated by the name MCM (Mobil Composition of Matter). These materials
have narrow pore size distribution with a pore diameter ranging from 1.5 to 30 nm,
periodically arranged pores (in hexagonal, cubic or leaf-shaped symmetry) and
large surface area (> 1000 m? g1). The innovation of Mobil's researchers is based
on the use of organic amphiphilic surfactants (soft templates) during the synthesis,
which under appropriate conditions (e.g. solvent, reagent concentration,
temperature, pH) have the ability to self-organize into micelles acting as templates
for the growth of the inorganic structure. This synthetic process has led to the
development of many different mesoporous silicate solids, such as MCM-41 which
has a two-dimensional (2D) hexagonal pore structure (space group pémm), MCM-
48 and KIT-6 (Korean Institute of Technology) that possess three-dimensional
(3D) cubic organized pore structure (space group la-3d), SBA-type solids (Santa
Barbara Amorphous) with 3D organized cubic (SBA-1, space group Pm-3n) and
hexagonal (SBA-15, space group P6mm) structure, as well as MCM-50 with leaf-
shaped pore structure (La) (Figure 2).

Figure 2. Typical structures of M41S mesoporous materials: (a) hexagonal, (b) cubic

and (c) leaf-shaped (lamellar) pore structure.
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As it has already been mentioned, Mobil researchers were based on the ability
of amphiphilic organic molecules, containing both a hydrophilic and a hydrophobic
moiety, to form micelles and as a consequence extensive mesostructures in polar
solvents such as water and ethanol. The length of the carbon chain and the size of
the hydrophilic part affect significantly the size and geometry of the organic
mesostructures. Surfactants typically form cylindrical structures and in a polar
solvent are arranged in a way that the hydrophobic part is directed towards the
center of the micelle and the hydrophilic part is exposed to the solvent. The
synthesis of mesoporous silicate solids initially involves the interaction of the
surfactants with hydrolyzed monomer or oligomer metal oxides/hydroxides, which
are adsorbed on the outer surface of the forming cylindrical micelles. The inorganic
components are condensed usually in the presence of a catalyst, typically acid (e.g.
HCI) or base (e.g. NaOH), or get polymerized by the presence of an organic or
inorganic compound. The resulting inorganic-organic hybrid mesostructure is
bonded by electrostatic interactions between the positively charged surfactant
groups and the negatively charged oxo-hydroxyl-metal (MOx(OH)y™) species.
Then, the solution is placed in an oven, usually at 35 — 150 "C, for a few hours or
days and the resulting solid product is isolated by filtration or centrifugation and
dried. Finally, the porous solid obtained after careful removal of the organic
molecules between the framework by heating at elevated temperature (usually 500
— 600 °C) in air or nitrogen atmosphere. By calcination, the organic part is finally

removed leaving behind a structure of pore channels similar to the micelles

mesostructure.
Removal of
Condensation template
‘ + } \‘ ,‘
Inorganic Self-assembled Metal-template Mesoporous
precursor template Con]posite materials

Figure 3. Typical pathway for the formation of mesoporous solids [8].
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Many studies have been conducted in order to investigate the formation of the
mesostructures based on self-assembly of surfactants. The two most predominant
mechanisms that best describe the development of mesoporous materials are the
liquid-crystal templating and the cooperative assembly pathways, proposed by
Beck and collaborators immediately after the discovery of MCM-41 [9]. In Figure
4, route (b) is represented the true liquid-crystal templating procedure. Due to the
fact that hydrophobic tails of templating surfactants are insoluble in polar solvents
(e.g. water), while hydrophilic heads would tend to contact with polar solvents, the
surfactants can thus self-assembled into micellar liquid crystals at concentrations
lower than the “critical micelle concentrations” (CMCs) under certain
temperatures. The formed surfactant micelle crystals then act as template for the
subsequent formation of inorganic—organic composites around these crystals,
afterward the addition and condensation of inorganic precursors from the solution.
The route (a) represents cooperative self-assembly process. According to that
mechanism, the surfactants interact electrostatically with the inorganic species,
resulting in simultaneous formation of the micelles. After polymerization and
condensation of inorganic components, the ordered mesostructured inorganic—
organic composites are eventually formed. Finally, in both (a) and (b) pathways,
after removal of templates by solvent extraction or calcination, the mesoporous

solids with ordered mesochannels can be obtained.

a e 3 IR A (N
\ g b Zaiey
+ ., —p 7 S = L -
v v e
Cooperative Cooperative aggregati Condensation to form  Further polymerization
nucleation of micelle and inorganic liquid crystal with and condensation
precursor molecular inorganics Mesoporous
formation after
template removal
> & ) e |
Selfassembly Liquid crystal Incorporation of Transformation
of surfactants formation Inorganic precursor to aimed material
‘ g * Surfactant

x * Inorganic species

Figure 4. Formation of mesoporous structures: (a) via co-operative self-assembly, (b) via

true liquid—crystal templating process [8].
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Despite the attractive morphological properties of the mesoporous silicate
materials, these materials are poor catalysts because of their chemically inert
silicate skeleton. They do not exhibit, for example, interesting acid-base or redox
properties. In order for some of the physical properties of these solids to be
improved, such as total acidity (Lewis and Brensted), hydrophobic or hydrophilic
function, catalytic activity and thermal stability, modified MCM silicate materials
were prepared containing metals and especially oxides of transition metals into the
inorganic matrix. The most commonly modified MCM materials are these that
contain ions of aluminum [10], vanadium [11], titanium [12], copper [13], cobalt

[14], chromium and molybdenum [15] into the framework.

During the last two decades, synthetic chemists and material scientists have
made extensive efforts in developing mesoporous structures by transition metal
oxides. Thus, organized mesoporous solids have been synthesized and their
structure, among others, consists solely of vanadium oxide (V20s), titanium oxide
(TiO2), cerium oxide (CeQOy), iron oxide (Fe20s3), cobalt oxide (Co0204) and
chromium oxide (Cr203). Metal oxide mesoporous structures with large internal
surface area and uniform pores constitute an interesting class of materials with a
significant impact on various technological applications, including catalysis,
adsorption and energy conversion [16,17,18,19,20]. Such materials combine
complementary features into the inorganic structure such as mesoporosity and high

catalytic activity.

1.2 Semiconductors and photocatalysis

Photocatalysis has become a field of great research interest and exhibits a
variety of practical applications in industrial activities. These applications include,
but are not limited to, organic pollutants mineralization (such as dyes and
pesticides) [21], decontamination of water and wastewater effluents [22],
production of renewable fuels (e.g. hydrogen and methane) [23], and organic
synthesis (e.g. hydroamination of alkynes) [24]. In case of semiconductor
photocatalysis, processes are occurred on a semiconductor/fluid interface irradiated
with photons of appropriate energy. Semiconductors combine a variety of
properties such as light absorption, electronic structure, charge transport and
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excited-state lifetimes, thus they can be leveraged as photocatalysts [25]. A
semiconductor is nonconductive in ground state because an energy gap (Eg), the
bandgap, exists between the top of the filled valence band (VB) and the bottom of
the vacant conduction band (CB). Consequently, electron transport between
valence and conduction band must occur only with appropriate energy absorption.
As depicted in Figure 5, in semiconductor photocatalysis, electrons get excited
from the valence band to the conduction band when a photon with energy equal to
or higher than the semiconductor bandgap is absorbed. This process creates an
electronic vacancy or hole (h*) at the valence band and a photogenerated electron
(¢) in the conduction band edge of the semiconductor. The light-induced
generation of an electron-hole pair (exciton) is a required step in all semiconductor
photocatalytic processes. These photogenerated species, when transferred to the
solid/liquid interface, are capable of reducing and oxidizing a surface-absorbed
substrate, whereas in the absence of suitable scavengers, electron-hole pair may

undergo recombination on the surface within a few nanoseconds [26].

F 3 A

)7 A NA - Reduction
|98 = 5 '
ni| £ v Q B
e A-
)
g
y

D~
Oxidation

D

Figure 5. Schematic diagram of semiconductor photocatalysis.

The photocatalysis is chemically productive when the electron-hole pair

recombination is suppressed. Conduction band electrons and valence band holes

22



can be separated efficiently in the presence of an intrinsic electric field, such as the
one formed spontaneously in the space-charge region at the semiconductor/liquid
or semiconductor/metal (Schottky) interface [27]. In this case the lifetime of
photogenerated carriers increases, enhancing the possibility for electrons and holes
to be involved in redox reactions on the photocatalyst surface. Interfacial electron
transfer, that is transfer of an electron to or from a substrate adsorbed on the
semiconductor surface, is a crucial step towards photocatalytic process. Notably,
the efficiency of this step determines to a large extent the ability of the
semiconductor to serve as a catalyst for a given redox transformation. In fact, the
position of semiconductor’s conduction and valence band edges relative to the
redox potentials of the adsorbed substrates (reactants) determines the efficiency of
the aforementioned electron transfer reaction. In order for an electron transfer
reaction to occur, the potential of the electron acceptor should be located below (to
a more positive direction) the conduction band of the semiconductor, whereas the
potential of the electron donor should be located above (to a more negative
direction) the valence band of the semiconductor [28,29]. (Figure 6).
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Figure 6. Bandgaps and band edge positions of representative semiconductors in relation

to the redox potentials for water splitting at pH =0 [30].
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The electronic characteristics of conductors, semiconductors, and insulators can
be understood by examining the electronic structure of these materials [31]. Due to
the large number of atoms that interact in a solid material, the corresponding energy
levels are tightly spaced, therefore a continuum of energy states (bands) is formed.
The filling of bands as well as the size of the band gap in solid materials, segregate
them in conductors, semiconductors and insulators (Figure 7). In general, electrons
flow in a solid material when an electric field is applied under the following
circumstances; Electrons should be in a partially filled band (valence band) or have
access to the closest empty band (conduction band). In insulators, the bandgap is
too large (more than 4 eV) as well as the valence band is completely filled with
electrons, posing the flow of electrons impossible. On the contrary, in conductors
like metals the bandgap is non-existent as there is an overlap between the valence
and the conduction bands. Hence, the electrons can access empty levels within the
conduction band and move freely across all atoms of the solid. A semiconductor
IS a special case between metals and insulators where the band gap is small enough
(generally less than 4 eV) that can be bridged by electrons with sufficient energy.
Usually, electrons get excited from valence band to conduction band by heating or

light irradiation.
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Figure 7. Energy bands in metals, semiconductors and insulators.
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1.3 Environmental remediation and analyte detection

The rapid development of industrial activities has led to a series of
environmental problems. For decades, large amounts of pollutants, such as
hexavalent chromium (Cr(V1)) compounds, have been discharged and accumulated
into the environment either intentionally or accidentally, releasing toxic metals in
the water with great health and ecology concerns. Aquatic solutions of toxic metal
ions (e.g. HCrO4™ anions) cause noxious properties and devastating effects on the
groundwater and other sources of drinking water [32]. Therefore, an effective

environmental remediation technique would be beneficial for our ecosystem.

In an effort to provide a complete solution, detoxification methods should be
coupled with an efficient mechanism of detecting pollutants. In particular,
chemical sensors in recent decades consist vital areas of instrumentation in modern
analytical chemistry. Based on different mechanisms of molecular recognition
[33], they are widely employed in clinical and environmental analysis. Powerful
detection methods are crucial for an in-depth analysis of pollutants, therefore
provide us with valuable insight which would be then incorporated in the next step

of decontamination.

1.3.1 Hexavalent chromium: a serious environmental threat

The oxidation states of chromium range from +2 to +6, but only the hexavalent
chromium (Cr(V1)) and trivalent chromium (Cr(111)) species are environmentally
stable [34,35]. Hexavalent chromium represents a serious environmental pollution
problem that is arising from various industrial activities such as electroplating,
leather tanning, paint and pigments among others [36]. It is very soluble in water
forming the most probable species of monovalent (HCrO4) and divalent (CrO4%)
oxyanions, which have high mobility. Cr(VI) compounds are highly toxic and are
responsible for carcinogens and mutagens in humans. According to the
International Agency for Research on Cancer (IARC), Cr(V1) is classified as Group
1 carcinogen [37]. Most notably, the LD50 (Lethal Dose, 50%) value for Cr(VI) is
between 50 and 150 mg Kg* in humans [38,39]. Because of its non-biodegradable
nature, Cr(VI) can contaminate groundwater and shallow water wells with

detrimental effects to the environment [40]. Hence, many countries regulate its
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allowable limit concentration in drinking water. For example, US Environmental
Protection Agency (EPA) has set the maximum contaminant level for total
chromium in drinking water to be 0.1 mg L™ [41]. Consequently, an effective and
sustainable detoxification of Cr(VI)-bearing aqueous solutions is one of the high-

priority research directions for environment and human health.

To date, a variety of techniques such as adsorption, ion-exchange, chemical
precipitation, and biological, chemical and electrochemical reduction have been
proposed for detoxification of aqueous Cr(VI) solutions [42,43,44]. Although
successful, these techniques are costly, complicated, and require lengthy
processing times. For instance, during chemical precipitation large amounts of
residual sludge are generated. This sludge is difficult to manage, transport, and
dispose, and there are associated high costs with each step [45]. Thus, development
of new technologies is needed to address these problems. In the last years, light-
induced photocatalytic reactions have gained a lot of attention for the purification
of wastewater. Photocatalysis provides a compelling alternative to the energy-
intensive conventional treatment methods as it uses renewable and pollution-free
solar energy. Additionally, photocatalytic reaction conditions are mild and a lesser
chemical input is required, as well as the secondary waste generation is minimal.
Particularly, the photocatalytic reduction of Cr(VI) to Cr(I11) over a semiconductor
photocatalyst has been considered as a promising means for effective and
sustainable detoxification of Cr(VI)-bearing solutions. The Cr(Ill) product is
approximately 100 times less toxic than Cr(VI), is mostly immobile,
environmentally friendly and can be easily removed from the solution as Cr.Os or
Cr(OH)s precipitates in alkaline environments [46]. Therefore, in recent years,
researchers strive to neutralize the deteriorating effects of Cr(\V1) to less nocuous
Cr(111) form by photocatalytic reduction [47]. Apart from chromium, groundwater
is contaminated by other pollutant factors such as colorless organic molecules and
recalcitrant dyes. These compounds enhance the environmental threatening and
increase the human contact with toxic organic chemicals [48], making their
decontamination of outmost importance. As these organic compounds act as hole
scavengers leading to a better photo-carrier separation at the solid/liquid interface,

they can accelerate the overall catalytic process. This procedure is important since

26



not only results in the acceleration of Cr(VI) reduction processes but also in

simultaneous decomposition of organic pollutants present in water.

So far, although many semiconductor materials have been investigated as
potential photocatalysts for Cr(VI) reduction, such as TiO2 [49,50], Bi2s031Brio
[51], NaTaOs [52], SnS2 [53], Ag2S/Ag [54], CdS [55], (AgIn)xZn2@-xS2 [56], g-
C3Ng4 [57], their efficiency and cyclic stability are still not suitable for commercial
applications. These materials generally suffer from a variety of drawbacks such as
poor utilization of solar energy due to their large band gap (> 2.8 eV), short lifetime
of photogenerated electron-hole pairs, low electrical conductivity, which adversely
impact their viability for photocatalytic reactions. Furthermore, most of these
catalysts, even though they have good water oxidation potential, operate in the
presence of hole sacrificial reagents such as ascorbic acid,
ethylenediaminetetraacetic acid (EDTA), formic acid and ammonium ions, which
are essential to trigger Cr(\VI) photocatalytic reduction [58]. This limits their
utilization in detoxification of Cr(VI)-rich wastewaters. Therefore, the
development of a stable and efficient photocatalyst for the simultaneous Cr(VI)
reduction and water oxidation in aqueous solutions is of particular interest because
of the simplicity and low cost of operation. However, the photooxidation of water
to dioxygen (2H20¢) — Oz + 4H*@ag) + €7) is a sluggish reaction that involves
several uphill reaction steps such as dissociation of OH™ species and formation of
0O-0 bonds [59].

First row transition metal monoxides constitute an important group of materials
due to their interesting physicochemical properties and numerous potential
applications [60]. Cobalt monoxide (CoO) is an interesting semiconductor material
with an energy band gap of 2.4-2.7 eV [61]. It typically crystalizes in two
structures, the cubic rocksalt phase (space group Fm3m) where cations occupy the
octahedral sites of the cubic close-packed (ccp) array of anions and the hexagonal
wurtzite phase (space group Pémc) where cations are located at tetrahedral sites of
the hexagonal close-packed (hcp) structure. These two distinct phases of hexagonal
CoO (denoted as h-Co0) and cubic CoO (denoted as c-CoO) are formed by thermal
decomposition of a cobalt precursor (e.g. Co(acac)s, acac = acetylacetonate) under
an inert atmosphere via Kkinetic and thermodynamic control experiments,

respectively, as shown in Figure 8. In general, when two pathways are possible
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from a common starting material, one route having a lower activation barrier
rapidly affords a product, although this product is energetically less stable than that
formed via the other route. In other words, the kinetic control of a reaction
generates a thermodynamically less stable product, while the thermodynamic

reaction control naturally yields a thermodynamically more stable product.

Cofacac),

1
Kinetic regime Thermodynamic regime

h-CoO

Figure 8. Selective formation of h-CoO and c-CoO structure [70].

Although cubic (ccp) structure of CoO is thermodynamically more stable, the
relatively unstable hexagonal form of CoO shows interesting electrical, optical,
magnetic, and electrochemical properties [62,63] that are useful for a variety of
potential applications such as catalysis, gas sensors, magnetic data storage devices
and lithium-ion batteries [64,65]. A phase that is thermodynamically less stable is
hardly observed in bulk forms. However, in the nanoscale range, the surface energy
exceeds the crystal formation energy of the particles, stabilizing an unstable phase
of the nanostructured material and dominating all of its physicochemical properties
[66,67,68,69]. Importantly, a thermodynamically unstable phase can be stabilized
by coupling the excess surface energy of nanomaterials with careful control of
kinetic parameters in synthetic reactions [70]. Currently the fabrication of CoO
materials at the nanoscale has been the subject of extensive research in
photoelectrochemical cells and magnetic nanodevices [71]. For instance, recently
Liao et al. designed CoO nanoparticles with tunable band-edge positions and
demonstrated their high activity for photocatalytic water splitting [72].
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1.3.2 Surface-enhanced Raman scattering (SERS) in trace analysis
detection of analytes

Surface-enhanced Raman scattering (SERS) is a powerful analytical technique
that extends the range of Raman applications and allows highly sensitive structural
detection of organic analytes at very low concentrations [73,74,75,76]. In this way,
trace analysis such as part per million (ppm) level detection of toxic molecules (e.g.
organic dyes) that may contaminate water has become possible, opening new
chances in the environmental world.

Mesoscopic architectures made of abundant and inexpensive metal
nanoparticles are highly desirable for sustainable and cost-effective catalysis,
energy conversion, light-emitting nanodevices and optical sensing [77]. In
principle, small-sized nanoparticles have the ability to provide high surface-to-
volume ratio, while exhibit distinct physical characteristics that are completely
different from those of the bulk phases. In this context, copper (Cu) nanoparticles
have emerged as exceptionally promising materials for redox catalysis,
nanophotonic devices and biological sensors because of their low cost, high
electrical conductivity and large plasmonic tunability [78,79,80,81]. Studies of this
system have been facilitated by rapid progress in the synthetic methods and, so far,
a variety of Cu nanoparticles with desired shape, size and crystal structure have
been prepared. Nonetheless, the great instability in air and the readily oxidization
to copper oxides (CuxO), even after a few minutes of air exposure [82,83], the
limited interparticle electron transfer and high propensity to agglomeration of
isolated Cu nanoparticles pose serious problems for practical applications [84].
This means that only a small fraction of the total nanoparticle’s surface being
accessed to the target molecules. In fact, this point can be further extended to other
systems, which has already become a fundamental issue to many colloidal
nanoparticle solutions.

To overcome these limitations, different chemical methods have been employed
to enhance the electrochemical performance and chemical stability of Cu
nanoparticles. One of the most attractive methods is to stabilize copper
nanoparticles on various high-surface-area host materials, especially 2D graphene
and multilayer graphite nanosheets [85,86,87]. As a consequence, various
nanostructures have been prepared by either supporting Cu nanoparticles on the
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graphene sheets [88,89] or encapsulating Cu nanoparticles within the graphene
layers [90]. The graphene matrix not only endows the nanoparticles with improved
chemical stability, but also impart them with new functionalities. Such hybrid
materials have been demonstrated, for example, to be efficient catalysts for a
diverse set of catalytic organic reactions, including coupling of terminal alkynes
[91], Suzuki-Miyaura cross-coupling reaction of aryl halides [92], C-H arylation
of arenes [93] and phenols [94], addition of anilines [95] and reduction of olefins
[96]. More recently, graphite decorated Cu (Cu/G) nanoparticles have been the
subject of intense research for their use in SERS applications. However, the
integration of nanoscale building blocks, like metal nanoparticles, into high
surface-to-volume ratio porous architectures is not trivial because of the high
surface reactivity of nanoparticles which causes serious problems for most
chemical methods, such as agglomeration of nanoparticles into large particles.
Currently, the synthesis of these nanostructures is restricted to the use of precise
nanofabrication techniques such as nanolithography, electron- or ion-beam
pattering and atomic layer deposition (ALD) which, however, are time-consuming,
costly and complicated [97].

Intrinsically, metallic nanoparticles with strong surface plasmon resonance
(SPR) effect in the visible and near-IR region of the electromagnetic spectrum,
such as the copper nanoparticles, are effective for SERS applications. A rough
metal substrate based on plasmonic nanoparticles is required since at the
interparticle cavities and gaps (hot spots) of the plasmonic nanoparticles (Figure 9)
an intense electromagnetic field can be generated under excitation of an incident
laser beam, resulting in enhanced Raman signals of the absorbed analytes. This
mechanism is referred as electromagnetic enhancement (EM), which can reach up
to 108 or more times of the original (without support) signal [98]. Additionally,
there is another mechanism which results in the amplification of the signal, called
chemical enhancement (CM), but with a lower enhancement factor. Chemical
enhancement involves charge transfer mechanisms where the excitation
wavelength is resonant with the metal-molecule charge transfer electronic states
[99]. The total SERS enhancement factor usually is the result of the combined
effect of the electromagnetic and chemical mechanisms.
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Hot Spot

Figure 9. Organic molecules (dyes) trapped in a hot spot generating intense

electromagnetic field between the nanoparticles.

Graphene has the ability to generate strong chemical enhancement by offering
a large surface for molecules to be adsorbed through m-m interactions and an
effective charge transfer efficiency, thus attracting the attention for SERS
applications [100]. On the other hand, graphene alone exhibits a minor
enhancement factor. Thus, combining graphene with metallic nanoparticles
interesting synergetic effects can be observed. Due to the efficient adsorption of
analyte molecules thought dipole-dipole interactions with the graphite matrix and
the strong electromagnetic-field enhancement at the graphite/Cu interface, Cu/G
hybrid materials have exhibited extraordinary SERS activity and selectivity
[101,102]. Notably, materials of this type demonstrate similar or even higher levels
of SERS sensitivity than periodic arrays of 100 times more expensive Au and Ag
nanoparticles [103,104]. Unfortunately, although promising, inherent problems
such as poor dispersibility of metal nanoparticles within graphite layers and fusion
of nanoparticles in close-packed microstructures with limited porosity still remain
serious challenges. Therefore, from a sustainable development perspective, it is
highly desirable to develop novel strategies to assemble functional mesostructures
from discrete nanoparticles that exhibit adaptive properties and morphologies.

1.4 Thesis statement and Contributions

The ever-increasing industrial activities have led to the disposal of byproducts
containing toxic metals, organic dyes, among others that pose a significant
environmental and health issue. Highly toxic metals, like Cr(VI), can easily
contaminate groundwater, constituting its detoxification from aqueous solutions an

important yet challenging topic to the research community. Although several
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methods of Cr(VI) decontamination exist, they exhibit considerable drawbacks
(cost, complexity etc.), so that their use is a double-edged sword to some extent.
Apart from detoxification, an effective detection of pollutants in trace
concentrations is also mandated. In the scope of SERS detection, the synthesis of
appropriate sensor materials in a cost-effective and non-complicated way is also

obligatory.

In this dissertation, the scope of my work is to produce new mesoporous
networks of connected metal and metal-oxide nanoparticle for environmental
applications such as detection of pollutants and photocatalytic reduction of aqueous
Cr(VD). In particular, it is presented the fabrication of highly porous Cu
nanoparticle assemblies decorated with graphite layers (denoted as Cu/G NPAS)
from the in-situ reduction and self-assembly of colloidal CuO nanoparticles, as
well as their use in SERS detection. The materials that are reported here represent
the first example of graphite-decorated Cu nanoparticle assemblies that exhibit a
multitude of hot spots across a 3D nanoscale porous structure with large internal
surface area and uniform pores. All these characteristics make the Cu/G NPAs a
suitable plasmonic platform for chemical sensing. In more detail, we found that
Cu/G assemblies attain a significant improvement in SERS performance by
detecting trace amounts of rhodamine 6G (R6G) and aniline molecules. Moreover,
the as-prepared Cu/G hybrid materials can conduct SERS analysis with a

satisfactory level of sensitivity and reproducibility.

Furthermore, it is reported the synthesis of new mesoporous CoO materials
(both in hexagonal and in cubic structure) from the polymer-assisted cross-linking
of colloidal CoO nanoparticles. This is the first time that it is demonstrated the
application of CoO single-component assemblies in photocatalytic reduction of
Cr(VI) to Cr(lll). The construction of a continuous network of connected
nanoparticles with open-pore structure and high internal surface area constitutes a
challenging issue for synthetic chemists mainly because of the aggregation
tendency of the nanoparticles into large microstructures with limited porosity. The
resulting assembled frameworks possess an inherently large pore surface, which
provides a large number of exposed active sites for reactions. It is shown that
hexagonal CoO nanoparticle-linked networks can serve as an efficient

photocatalyst to drive Cr(VI) reduction and water oxidation with high efficiency
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and stability under UV and visible light irradiation. Also, by using a combination
of control catalytic experiments and spectroscopic studies, we provide insights into
the reaction mechanism of these systems. Similar studies to the hexagonal CoO
have been conducted with mesoporous assemblies consisting of cubic-phased CoO
nanoparticles. Even though cubic CoO nanoparticles do not exhibit comparable
performance like their hexagonal counterparts, they are inherently more stable. To
this end, we seek ways to improve the photocatalytic performance of cubic CoO
nanoparticles by doping the crystal structure with nickel (Ni) and copper (Cu)
impurities. The activity of the resulting Ni- and Cu-doped cubic CoO nanoparticle

assemblies is evaluated in the photocatalytic reduction of Cr(V1).
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Experimental Section

2.1 Synthesis of CuO nanoparticles

CuO nanoparticles with an average diameter of 5-6 nm were prepared according
to literature procedure [105]. In a typical reaction, 3 mmol of copper(ll) acetate
(98%, Sigma-Aldrich) and 8.7 mmol of glacial acetic acid (99.7%, Sigma-Aldrich)
were added in 150 mL of water. After slowly heating to reflux, a total amount of
10 mL NaOH (> 98%, Sigma-Aldrich) aqueous solution (0.04 g mL™) was added
under vigorous stirring to precipitate the nanoparticles. The nanoparticles were
isolated by centrifugation, washed with ethanol (Sigma-Aldrich) and dispersed in
water to form a stable colloidal solution (130 mg mL™).

2.2 Synthesis of mesoporous Cu/G NPAs

In a typical synthesis of graphite-decorated Cu nanoparticle assemblies (Cu/G
NPAs), 0.3 g of poly(ethylene glycol)2o-block-poly(propylene glycol)zo-block-
poly(ethylene glycol)zo (PEG-b-PPG-b-PEG, M, ~ 5800 g mol™) block copolymer
(BCP, Sigma-Aldrich) were dissolved in 1.5 mL of water. To this solution, 1.5 mL
of colloidal CuO nanoparticle solution in water (130 mg mL™) was added dropwise
and the mixture was stirred at room temperature for 2 h. Then, the resulting mixture
was placed in an oven at 60 °C and left under static conditions within 3—4 days
until complete evaporation of the solvent. This procedure yields a brown-red that
was subsequently heated to 350 °C for 4 h under N, flow (~50 cm® min™?), using a
heating rate of 1 °C min?, to yield the mesoporous product with simultaneous

removal of the template and reduction of Cu(ll) to Cu(0).
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2.3 Fabrication of Cu/G NPAs films

For a typical procedure for fabricating the Cu/G NPAs thin film, 5 mg of Cu/G
NPAs, 15 mg of a-terpineol (>96%, Alfa Aesar) and 6 mg of ethyl cellulose (44-
51% ethoxy groups, Alfa Aesar) were dispersed in 1 mL ethanol by sonication to
form a homogeneous solution. After evaporation of ethanol under reduce pressure,
the colloidal ink was drop-casted on a clean glass slide. The casted film was drying
for about 10 min at 120 °C to remove a-terpineol and then heated for 1 h at 300 °C
under vacuum to remove ethyl cellulose, forming a homogeneous 3 um-thick layer
(Figure 10). The apparent area on the glass slide coated with the Cu/G NPAs

powder was 1 cm?,

)
A
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Figure 10. Typical top view and cross-sectional (inset) SEM images of Cu/G NPAs film
deposited on glass substrate.

2.4 Synthesis of Cu nanoparticles

Cu nanoparticles with an average diameter of 1200 nm were prepared according to
the reported procedure [106]. In a typical reaction, copper (11) nitrate trihydrate
(Alfa Aesar) was dissolved in the solution of sodium hydroxide and glycerol (99%,
Sigma-Aldrich) with molar ratio of Cu(NO3)2-3H.0:NaOH:glycerol 0.02:0.1:1.

This mixture was then slowly heated to 140°C for 20 min until the reduction
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reaction became completed. The copper particles were then separated by
centrifugation and washed with absolute ethanol for several times. Significant

effort was made to minimize the air exposure of the copper samples.

2.5 Fabrication of Graphene layers

Graphene layers were prepared by pyrolysis of alginate at 1000 °C under Ar

atmosphere.

2.6 SERS Measurements

In atypical experiment, 1 mL of ethanol containing 0.1 to 10 umol of R6G (Sigma-
Aldrich) or 0.1 umol aniline (Sigma-Aldrich) was deposited on the as-synthesized
Cu/G NPAs films (Figure 11). Prior to the measurement, all substrates were dried
at 60 °C under vacuum for 2 h to remove ethanol. All the SERS spectra were
acquired under identical conditions, i.e. using a 473-nm excitation laser wavelength
with a 5-mW laser power and a 20-s acquisition time, on a Nicolet Almega micro-

Raman spectrometer.

Figure 11. Photograph of the Cu/G NPAs film on glass substrate.

2.7 Synthesis of h-CoO nanoparticles

h-CoO nanoparticles were prepared according to literature procedure [107].
Briefly, 1.5 mmol of Co(acac)s (98%, Sigma-Aldrich) and 300 mmol of oleylamine
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(70%, Sigma-Aldrich) were heated at 135 °C under inert atmosphere for 5 h. The
resulting brown solution was then flash-heated to 200 °C and annealed for 3 h,
giving a green suspension. Next, the supernatant was removed by centrifugation
retrieving the CoO nanoparticles in a powdery form. The h-CoO nanoparticles were
then dispersed in hexane (95%, Sigma-Aldrich) to form a stable colloidal solution
(10 mg mL™).

2.8 Synthesis of Ni and Cu-doped c-CoO nanoparticles

c-Co1xNixO and c-Co1xCuxO (x = 0, 0.01, 0.02 and 0.05) nanoparticles were
prepared according to a modified literature procedure [108]. For a typical synthesis
of C00.98Ni0.020 or C00.98CU0.020 nanoparticles, 1.47 mmol of Co(acac)z (98%,
Sigma-Aldrich), 0.03 mmol of Ni(NO3)2-6H20 or Cu(NO3),-2.5H>0 (98%, Sigma-
Aldrich) and 300 mmol of oleylamine (70%, Sigma-Aldrich) were heated at 135
°C under inert atmosphere (N2 flow) for 5 h. The resulting brown solution was then
slowly heated to 200 °C and annealed for 3 h, giving a brown suspension. Next,
the supernatant was removed by centrifugation, retrieving the Cog.9gNio.020 or
C00.98CuU0.020 nanoparticles in a powdery form. The C0o.908Ni0.02O or C0o.98Cu0.020
nanoparticles were then dispersed in hexane (95%, Sigma-Aldrich) to form a stable
colloidal solution (10 mg mL™). Similar procedure was followed for the synthesis
of 1% and 5% Ni-doped or Cu-doped CoO nanoparticles, utilizing 1.485 mmol and
0.015 mmol or 1.425 mmol and 0.075 mmol of Co(acac)s and Ni(NOz)2-6H20 or
Cu(NO3)2-2.5H20, respectively. Pure c-CoO nanoparticles were also prepared

using 1.5 mmol of Co(acac)s.

2.9 Ligand exchange of h-CoO, c-Co1xNixO and c-Co1-xCuxO
nanoparticles

The surface of CoO/c-Co1xNixO/c-Co1-xCuxO nanoparticles was modified with
NOBF; by a ligand-exchange process according to a previously reported method
[109]. In detail, a dispersion of CoO/c-Co1.xNixO/c-Co1xCuxO nanoparticles in
hexane (6 mL) was added to a solution of NOBF4 (60 mg, 97%, Acros Organics)
in DMF (6 mL, 99.9%, Sigma-Aldrich) and the mixture was stirred at room

38



temperature until the nanoparticles were transferred to the DMF phase. The BF4 -
capped CoO/c-Co1-xNixO/c-Co1xCuxO nanoparticles were then collected by
precipitation with toluene (99.7%, Sigma-Aldrich), followed by centrifugation.
The BF4-capped CoO nanoparticles were dispersed in DMF to form a stable

colloidal solution of 120 mg mL ™.

2.10 Synthesis of h-CoO, c-Co1xNixO and c-Co1.xCuxO MNAs

For a typical synthesis of mesoporous hexagonal-phased CoO nanoparticle
assemblies (h-CoO MNAs), 0.2 g of block copolymer Pluronic F127
(OH(CH2CH20)100(CH(CH3)CH20)624 (CH2CH20)100H, Mn ~ 12000, Sigma-
Aldrich) were dissolved in 1.5 mL of tetrahydrofuran (THF, >99%, Sigma-Aldrich)
with continuous stirring. To this solution, 0.5 mL of colloidal h-CoO nanoparticle
solution in DMF was added dropwise and the mixture was stirred at room
temperature for 2 h. Then, the resulting mixture was placed in an oven at 40 °C and
left under static conditions for about 5-6 days to gives a mesostructured h-
CoO/polymer composite. The resulting dry powder was subsequently heated to
350 °C for 4 h under N flow (=50 cm?® min™), using a heating rate of 1 °C min™?,
to yield the mesoporous product. Similar procedure was followed for the synthesis
of 1%, 2%, 5% Ni-doped and Cu-doped c-CoO MNAs. For comparison, random
aggregates of h-CoO nanoparticles (h-CoO RNASs) were also prepared, following
a similar procedure to that of h-CoO MNAs, but in absence of template. Porous
assemblies of Coz04 nanoparticles (Co30s MNAS) were also obtained by heating

the CoO/polymer composite at 350 °C for 4 h in air.

2.11 Photocatalytic reactions

In a typical procedure, a quantity of catalyst (10-20 mg) was dispersed in 50 mL
of 50 mg L"* Cr(V1) aqueous solution, which were prepared by dissolving K2Cr.0O7
into deionized (DI) water. The pH of the solution was adjusted to the desired values
with dilute sulfuric acid. Prior to irradiation, the suspension was magnetically
stirred in the dark for 30 min to ensure equilibrium. The photocatalytic reaction
was performed by irradiating the solution with UV-visible or visible light, using a
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300 W Xe lamp (Variac Cermax) with cut-off filters allowing A > 360 nm or A >
420 nm, respectively. All the experiments were carried out at 20 + 2 °C using a
water bath cooling system. During reaction, the concentration of Cr(VI) in the
solution was monitored via 1,5-diphenylcarbazide (DPC) colorimetric method,
using a Perkin Elmer Lambda 25 UV-vis spectrometer. The normalized
concentration (C/Co) of Cr(VI) solution at different illumination times was
calculated as proportional to the absorbance of the DPC-Cr(VI1) complex at 540
nm (normalized to the initial absorption). Control experiments were carried out
with the addition of citric acid, EDTA (1 equiv.) and phenol (1 equiv., 10 equiv.)
in the reaction mixture. Analysis of the reaction products was performed by
extracting the organic compounds with ethyl acetate and then analyzing the extract
by GC-MS (Shimadzu GCMS-QP2010 Ultra).

Figure 12. Layout of photocatalytic Cr(V1) reduction experiments with a 300-W Xe lamp.

For the photooxidation of water to oxygen, 15 mg of h-CoO or ¢c-C00.9sNi0.020
MNASs catalyst and 50 mL of 50 ppm Cr(V1) aqueous solution (pH = 2) were placed
into a 100-mL airtight quartz tube. The temperature of the suspension was
maintained at 20 + 2 °C by using an external water cooling system. Prior irradiation,
the mixture was purged with argon for at least 30 min under atmospheric pressure

to remove any dissolved air. The photocatalytic reaction took place under
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irradiation of a 300 W Xe lamp (A > 360 nm). The oxygen generated from the
reaction was analyzed with a gas chromatograph (Shimadzu GC-2014) equipped

with a thermal conductivity detector, using Ar as a carrier gas.

The apparent quantum yield (AQY) of each catalyst was calculated by analyzing
the amount of reduced Cr(VI) at a given monochromatic irradiation, using LED

light with wavelengths of 375, 410 and 440 nm, respectively:

_ 3 x number of reduced Cr(VI)

AQY = 1)

number of incident photons

The intensity of the incident light was measured using a StarLite energy meter
equipped with a FL400A-BB-50 fan-cooled thermal sensor (Ophir Optronics Ltd,

Jerusalem).

2.12 Physical characterization

Thermogravimetric analyses were performed using a Perkin Elmer Diamond
analyzer. Thermal analysis was conducted from 40 to 600 °C in air or nitrogen
atmosphere (~200 mL min* flow rate) with a heating rate of 5 °C min™,

Powder X-ray diffraction (XRD) patterns were obtained with a PANalytical X Pert
Pro MPD X-ray diffractometer (45 kV and 40 mA) using Cu Ka radiation (A =
1.5406 A) in the Bragg—Brentano geometry.

Scanning electron microscope (SEM) images were obtained using a JEOL Model
JSM-6390LYV electron microscope operated at 20 kV.

Transmission electron microscopy (TEM) images were taken with a JEOL JEM-
2100 electron microscope, equipment with a LaBs filament, operating at 200 kV
accelerating voltage. Samples were prepared by suspending fine powders in
ethanol and then drop casting on a holey carbon-coated Cu grid.

Elemental microprobe analyses were performed by a JEOL JSM-6390LV scanning
electron microscope (SEM) equipped with an Oxford INCA PentaFETx3 energy-
dispersive X-ray spectroscopy (EDS) detector (Oxfordshire, UK). Data acquisition
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was performed at least five times for each sample using an accelerating voltage of

20 kV and a 100-s accumulation time.

Elemental C, H and N analysis was performed on a PerkinElmer 2400 Series 1l
CHNS/O instrument.

XPS measurements were carried out using a mon-monochromatic Mg K, line at
1253.6 eV (12 kV with 20 mA anode current) and a Leybold LH EA11 electron
energy analyzer operated at a constant pass energy of 100 eV. The analyzed area
was a 1.5 x 5 mm? rectangle, placed near the center of the powder-covered area on
each specimen surface. In all XPS spectra, the binding energy of the predominant

aliphatic contribution to the C 1s peak at 284.8 eV was used as a reference.

Nitrogen adsorption and desorption isotherms were measured at —196 °C on a
Quantachrome NOVA 3200e sorption analyzer. Prior to measurement, samples
were degassed at 100 °C under vacuum (<107 Torr) for 12 h. The specific surface
areas were calculated using the Brumauer-Emmett-Teller (BET) method [110] on
the adsorption data in the relative pressure range of 0.05-0.22. The total pore
volumes were estimated from the adsorbed amount at the relative pressure (P/Po)
of 0.98, and the pore size distributions were obtained from the adsorption branch
of the isotherms, using the non-local density functional theory (NLDFT) method
[111].

Diffuse reflectance UV-vis/near-IR spectra were collected using on a Perkin Elmer
Lambda 950 optical spectrophotometer. BaSOs powder was used as a 100%
reflectance standard and base material on which the powder sample was coated.
Diffuse reflectance data were converted to absorption using the Kubelka-Munk
function a/S = (1-R)%(2R), where R is the measured reflectance and «, S are the
absorption and scattering coefficients, respectively [112]. The energy bandgap (Eg)

of the samples were estimated from Tauc plots of (ehv)? versus photon energy.

Fluorescence spectra were obtained at room temperature on a Lumina Fluorescence

spectrometer (Thermo scientific) equipped with a 150 W Xe lamp.

Infrared (FT-IR) spectra were recorded on a Perkin Elmer Model Frontier FT-IR

spectrometer with 2 cm™* resolution. Samples were prepared as KBr pellets.

42



The Raman spectra of the Cu/G NPAs were collected on a Nicolet Almega XR

micro-Raman spectrometer using a laser line at 473 nm wavelength.

2.13 Electrochemical measurements

Mott-Schottky measurements were performed in a 0.5 M NaxSOs aqueous
electrolyte (pH = 7) using a Metrohm Autolab PGSTAT 302N potentiostat. A
three-electrode set-up, with a platinum plate (1.0 x 2.0 cm?) and a silver-silver
chloride (Ag/AgCl, 3M KCI) as the counter and reference electrodes, respectively,
was adopted to study the samples. The capacitance of the
semiconductor/electrolyte interface was obtained at 1 kHz, with 10 mV AC voltage

amplitude.

For Nyquist plots a small AC perturbation of 20 mV was applied to the electrodes,
and the different current output was measured throughout a frequency range of 1
to 10° Hz. The steady state DC bias was kept at 0 V (open-circuit potential)
throughout the electrochemical impedance spectroscopy (EIS) experiments. All
these experiments were conducted under dark conditions. The measured potential
vs the Ag/AgCI reference electrode was converted to the normal hydrogen

electrode (NHE) scale using the formula: Enve = Eagiagel + 0.210 V.

Figure 13. Typical photographs of (a) CoO, (b) C0099Nio.010, (€) C0o.98Nio.020 and (d)
C00.95Nio.0s0 MNAs thin films deposited on FTO-coated glass for EIS characterization.

The working electrodes for impedance-potential measurements were fabricated as

follows: 10 mg of each sample was dispersed in 1 mL DI water and the mixture

43



was subjected to sonication in a water bath until a uniform suspension was formed.
After that, 40 uL of the suspension was drop-casted onto the surface of fluorine-
doped tin oxide (FTO, 9 Q/sq) substrate, which was masked with an epoxy resin to
expose an effective area of 1.0 x 1.0 cm? (Figure 13). The sample was dried in a

60 °C oven for 30 minutes.

2.14 Photoelectrochemical measurements

Photoelectrochemical measurements were carried out in an air-tight three-electrode
cell with the samples as the working electrode (1 cm? illumination area), an
Ag/AgCI (3 M KCI) as the reference electrode, and a platinum wire as the counter
electrode. Photocurrent data were collected at a potential of 1 V (vs Ag/AgCl) in
0.5 M KOH aqueous electrolyte. Before analysis, the electrolyte was purged with
N2 for 30 min to remove the oxygen. The photocurrent densities of the samples
were measured using a Metrohm Autolab PGSTAT 302N potentiostat coupled with
a neutral white light-emitting diode (WLED, A = 420 — 760 nm).

2.15 Calculation of Rt from EIS data

The equivalent circuit model Rs(Qf/(RctLad)Q2) (see inset of Figure 91) was used to
simulate the EIS data of the fabricated Co1.xNixO (x = 0-0.05) MNAs electrodes.
Rs represents the electrolyte resistance, Rt is the charge-transfer resistance, and Qs
and Q2 elements account for the defect resistance (pores, cracks and grain
boundaries) of the solid film and the double layer capacitance, respectively. In
addition, an inductor (Lad) to the proposed circuit model, which account for the
pseudo-inductive behaviour in the high frequency domain (often causing by
disordered charge-carrier relaxation and disordered movement of redox species at
the surface of electrode) [113,114] was also necessary for fitting the experimental

results.
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2.16 Theoretical calculations

Density functional theory (DFT) calculations were performed using the Vienna ab
initio Simulation Package (VASP) [115]. The projector augmented wave method
(PAW) for the core electrons and the nuclei was used [116]. For the exchange-
correlation functional, we tested both the generalized gradient approximation
(GGA) of Perdew—Burke—Ernzerhof (PBE) [117] and the local density
approximation (LDA) [118]. It was found that LDA describes the electronic
structure of c-CoO as a semiconductor better than GGA-PBE, in agreement with
previous works [119]. Thus, results reported here are from LDA calculations only.
In order to account for the on-site repulsion between d electrons, DFT+U within
Dudarev’s approach was adopted with U-J parameter values of 4 and 7 for Co and
Ni, respectively [120]. Wave functions were expanded on a plane wave basis set
with a 512-eV kinetic energy cutoff. Ground state was in the antiferromagnetic
(AFM) configuration. Simulation cells of several sizes were used in order to

examine doping in bulk c-CoO with different Ni concentrations.
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Results and Discussion

Part I: SERS detection of analytes

3.1 Synthesis and structural properties of Cu/G NPAs

A schematic overview of the mesoporous Cu/G nanoparticle assemblies (NPAS)
synthesis by the polymer-templated aggregating self-assembly process is
illustrated in Figure 14 [121]. In particular, first a CuO nanoparticle colloidal
solution was slowly added to a clear aqueous solution of poly(ethylene glycol)2o-
block-poly(propylene glycol)7o-block-poly(ethylene glycol)o (PEG-b-PPG-b-
PEG, Ms ~ 5800 g mol™?) block copolymer (BCP). The reaction mixture was kept
under vigorous stirring for about 2 h and then placed in an oven at 60 °C until
complete evaporation of the solvent yielding a brown-red gel. To facilitate self-
assembly at the polymer interface, precursor CuO nanoparticles were coated with
acetate (CH3COO") ligands. In this case, the polyvalent ligand-BCP interactions
(e.g. ionic and hydrogen bonding interactions) can favor the absorption of
nanoparticles within the polymer aggregates instead of self-aggregation of
nanoparticles in solution [122].

Cu/G NPAs

Figure 14. Schematic representation of the synthesis of Cu/G NPAs: (1) BCP/CuO
nanoparticles self-assembly and (2) mesoporous Cu/G nanoparticle replica of the polymer

aggregates after heating process (NP: nanoparticle, BCP: block copolymer).
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In addition, the solvent used for the synthesis was chosen to provide good solubility
of both colloidal CuO nanoparticles and polymer template. Under these reaction
conditions, the CuO nanoparticles preferentially segregate to the BCP interface,
allowing the formation of mesostructured BCP/nanoparticle composites. Finally,
removal of the template and reduction of Cu(ll) to Cu(0) were achieved
simultaneously through a one-step annealing process in which the gel product was
gently pyrolysed at 350 °C (using a 1 °C min*! heating rate) under nitrogen flow
for 4 h. The as-obtained material was foam-like and brown.
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Figure 15. TGA profile for (a): as-prepared containing surfactant (black line) and
mesoporous (red line) Cu/G NPAs recorded under N flow (=200 mL min?). The
differential thermogravimetric (DTG) curve (dashed line) for as-prepared materials is also

given.

Characterization of the as-prepared Cu/G NPAs by thermogravimetric analysis
(TGA) under nitrogen showed no appreciable weight loss up to 600 °C, consisting
with the elimination of the polymer template (Figure 15). In contrast, the
uncalcinated sample revealed a weight loss of ~80% in the temperature range 250—
440 °C, which is attributed to the decomposition of surfactant. In order to find the

carbon content remaining in the porous material, it was performed TGA by heating
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the Cu/G NPAs sample to 900 °C under an air atmosphere (Figure 16). After
completion of analysis, the inorganic residue was found to be crystalline CuO with
a monoclinic structure (JCPDS No. 48-1548) (Figure 17), while any remnant
carbon species would be fully oxidized to CO». From the difference of mass before
and after calcination, it was derived a weight fraction of carbon ~12.5 wt.%. A

similar carbon content (ca. 11.2 wt%) was obtained by elemental C, H, N analysis.
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Figure 16. TGA profile for mesoporous Cu/G NPAs recorded under air flow (~200 mL

min?).
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Figure 17. XRD pattern of the inorganic residue obtained after TGA analysis (up to 900

°C, in air).
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The presence of acetate (CH3COO") ligands in the surface of CuO nanoparticles
was confirmed by Fourier transform Infrared (FT-IR) spectroscopy (Figure 18).
The IR spectrum shows intense absorption peaks at 1108, 1632 and 2850-2980 cm’
! which can be attributed to the stretching vibration bands of C-O, C=0 and C-H
bonds of the acetate ligand, respectively [123]. The broad absorption band in the
range 3100-3600 cm™ is assigned to the stretching vibration of hydroxyl groups of
acetate and possibly adsorbed water. The absorption bands at 434, 519 and 595 cm’
L are attributed to the 2Bu modes and Au mode of CuO, respectively.
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Figure 18. FT-IR spectrum of precursor CuO nanoparticles coated with the acetate ligand.

The morphology and porous structure of the Cu/G NPAs as well as CuO
nanoparticles were investigated using X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and N2
physisorption. X-ray diffraction measurements indicated the phase purity and
crystallinity of the as-prepared CuO nanoparticles (Figure 19a), as well as the
complete conversion of CuO to Cu in Cu/G NPAs (Figure 19b). In the XRD pattern
of the obtained nanoparticles all the diffraction peaks are consistent to the CuO
phase with a monoclinic structure (JCPDS No. 48-1548), while in case of Cu/G
NPAs it shows single-phase elemental Cu (JCPDS No. 85-1326), with no signs of
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other crystalline phases. Further characterization of the CuO nanoparticles by TEM

showed an average particle size of 4.9 + 0.6 nm (Figure 20).
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Figure 19. XRD pattern of (a) CuO nanoparticles and (b) Cu/G NPAs.

Field-emission (FE) SEM studies revealed that the resulting Cu/G NPAs
material is composed of nanoparticles with roughly spherical morphology and size
of about 100 nm (Figure 21). This particle size is fairly larger than the size of
starting materials (Figure 20), indicating grain coarsening of CuO nanoparticles

during synthesis. In particular, upon heating the CuO nanoparticles trapped by

51



BCPs are expected to reduce into Cu nanoparticles, which in turn can coalesce
further into large particles. The growth of Cu nanoparticles is assumed to occur in
the confined volume of the BCP aggregates via an Ostwald ripening process in
which the small nanoparticles are consumed into larger nanoagglomerates in order
to decrease the surface-to-volume ratio [124]. Interestingly, the as-prepared Cu/G
nanoparticle assemblies form stable dispersions in nonpolar solvents, like toluene,
chloroform and tetrahydrofuran, due to the large pore volume and hydrophobic

nature of both copper and carbon components (inset of Figure 21).
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Figure 20. (a-c) Typical TEM images and (d) particle-size distribution histogram of the
precursor (acetate-capped) CuO nanoparticles. The inset of pane (a) displays a high-
resolution TEM image from an individual nanoparticle, showing the lattice fringes of the
(110) crystal planes of monoclinic CuO (JCPDS No. 48-1548).
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Figure 21. FE-SEM images of the Cu/G NPAs. The inset of the panel shows suspension
of the Cu/G assemblies in toluene (0.5 mg/mL).
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Figure 22. (a,b) Typical TEM images of the Cu/G NPAs. Inset of panel (a): particle-size

distribution histogram showing an average size of 94.2 + 14.6 nm.

TEM characterization of the Cu/G NPAs sample showed a network structure
consisting of connected Cu nanoparticles with an average particle size of 94 nm
(Figures 22a and b), which is in agreement with that observed from SEM. Close
inspection of a constituent nanoparticles with high-resolution TEM (HRTEM)
reveals distinct lattice fringes with a 2.1 A interplanar spacing that corresponds to
the (111) planes of the face-centered cubic (fcc) Cu (Figure 23), in agreement with

XRD results. Besides, the HRTEM image displays a graphitic network with
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replication of the morphology of nanoparticle assemblies. Figure 23 also shows
layers of short-range order aligning parallel to each other with an interlayer spacing

of about 3.4 A, which is a typical distance for graphite structure.

Figure 23. High-resolution TEM image of a constituent nanoparticle. Inset: High
magnification HRTEM image of the areas marked by the dashed rectangles, showing
flakes with a typical interlayer distance of graphite (blue boxed region) and lattice fringes

of the Cu (111) planes (orange boxed region).

The graphitization degree of the Cu/G NPAs material was also characterized
by Raman spectroscopy, whereas the characteristic bands at ~1362 cm™ (defect-
related D band) and ~1594 cm™ (in-plane G band) for carbon materials can be
readily seen (Figure 24). The first peak corresponds to the disordered carbon, while
the latter peak is associated with the graphite-like morphology of carbon materials
[125,126]. The intensity ratio of Ip to Ic in Raman spectrum is relatively low (Ip/lc
~ 0.7) and resembles that of the less defective structures of reduced graphene oxide
(rGO) and rGO/Cu composites [127,128]. The combined effect of planar graphene
layers and nonplanar graphitic structure was also verified by the broad feature at
~2300-3200 cm™. Deconvolution of the Raman spectrum in this region showed

three component peaks at 2756, 2962 and 3163 cm, which can be assigned to the
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two-photon Raman scattering process (2D band), and the C-H and C-OH
stretching vibrations of graphite layers, respectively [129,130].
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Figure 24. Raman spectrum for the Cu/G NPAs. Inset of panel: Lorentz fitting of the

Raman data. The red line is fit to the data.

The conjunction of Cu nanoparticles with graphite layers leads to a significant
increase in the UV-vis absorption in the visible-light region (Figure 25). The Cu/G
NPAs shows a strong absorption peak at wavelength (A) ~ 625 nm due to the
localized surface plasmon resonance (LSPR) of Cu nanoparticles. The red shift in
LSPR absorption of Cu/G NPAs material compared to that of isolated Cu
nanoparticles with similar size (A ~ 550-600 nm) [131] could be attributed to the
strong interactions of Cu nanoparticles with the graphite layers. It was suggested
that graphite structure may act as a lossy dielectric with high reflective index in the
visible spectrum, which results in red-shift of the LSPR absorption [132], although
the plasmon coupling between the neighboring Cu nanoparticles could be a

possible explanation [133].
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Figure 25. UV-vis absorption spectra of Cu/G NPAs (red line) and Cu nanoparticles
(black line) suspensions in toluene (0.5 mg mL™?).

Clear evidence for the open-pore structure of Cu/G NPAs was obtained by N>
physisorption at -196 °C. The sample exhibits typical type IV adsorption-
desorption isotherms accompanied with a small Hs-type hysteresis loop at high
relative pressures, characteristic of the mesoporous solids with interconnected slit-
shaped pores (Figure 26). The specific surface area of Cu/G NPAs, which is
deduced using the Brunauer—-Emmett-Teller (BET) method, is 90 m? g* and the
total pore volume is 0.19 cm® g%, Notably, the surface area of Cu/G NPAs is among
the highest found for carbon supported Cu nanoparticles surpassing the values of
core-shell Cu@carbon nanowires (8 m? gt) [134], reduced graphene oxide (rGO)
supported Cu nanoparticles (30 m? g*) [135] and graphene network supported
core-shell Cu@G nanoparticles (79 m? gt) [136]. Density functional theory (DFT)
analysis of the adsorption data reveals a quite narrow distribution of pore sizes with
an average diameter of 4.3 nm (assuming slit-like pores), see inset of Figure 26.
The N2 physisorption isotherms together with TEM image shown on Figure 22a
suggest that this pore size stems from interstitial voids formed between the
assembled Cu nanoparticles. It is noteworthy that the polymer template plays a key
role in the conformation growth of Cu/G assemblies — that is to direct the

arrangement of CuO nanoparticles into mesoporous structures, promote the
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reduction of CuO into Cu, and provide the carbon source appropriate for the

formation of graphite network.
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Figure 26. N, adsorption—desorption isotherms at —196 °C and the corresponding DFT
pore-size distribution plots (inset) of the PEG-b-PPG-b-PEG (circle symbols) and
polyoxyethylene (100) stearyl ether POE-SE templated (square symbols) mesoporous
Cu/G nanoparticle assemblies (Cu/G NPAS).

To evaluate the effect of organic polymer acting on the porous structure, Cu/G
assemblies were successfully prepared with a different template and then were
characterized by N2 physisorption. It was found that after templating with
polyoxyethylene (100) stearyl ether (POE-SE, Mn ~ 4670 g mol™), the size of
interstitial voids between nanoparticle assemblies can be increased to 5.9 nm
(Figure 26, inset). That larger mesostructure is interpreted to arise from the large
POE hydrophilic block of the POE-SE polymer. Both POE-SE and PEG-b-PPG-b-
PEG templates have similar total molecular weights, but feature very different
hydrophilic/hydrophobic weight ratios (17.5 and 0.4, respectively). On the
contrary, thermal processing of the CuO nanoparticles in absence of template gives
a mixture of Cu,O and CuO microparticles as it can be deduced from the XRD

pattern in Figure 27a, where all the diffraction peaks can be assigned to the
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monoclinic phase of CuO (JCPDS No. 48-1548) and cubic phase of Cu20 (JCPDS
No. 65-3288). Notably, analysis of the N2 absorption data of this sample indicates
almost negligible porosity, with a BET surface area of ~14 m? g and a total pore
volume of ~0.02 cm® g* (Figure 27D).
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Figure 27. (a) Powder XRD pattern and (b) N, adsorption-desorption isotherms for the

non-templated CuOx material obtained after calcination in nitrogen at 350 °C.

Additionally, when the gel product was thermally treated in air (350 °C), only a
black solid of CuO microparticles with almost none porosity was obtained (Figure
28). X-ray diffraction shows that all peaks can be assigned to the monoclinic
structure of CuO (JCPDS No. 48-1548) and N2 physisorption experiment indicates
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a BET surface area of ~5 m? g™ and a total pore volume of ~0.01 cm®g™. All these
control experiments together suggest explicitly that the pore structure in Cu/G
assemblies is determined by the co-assembly of BCP and CuO nanoparticle

components, while the organic polymer acts also as the reducing agent for the
synthesis of Cu nanoparticles.
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Figure 28. (a) Powder XRD pattern and (b) N2 adsorption-desorption isotherms for the
PEG-b-PPG-b-PEG-templated CuO material obtained after calcination in air at 350 °C.
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3.2 SERS detection of analytes

The open pore structure and high interface area of Cu/G NPAs provide
opportunities for chemical sensing. To this end, it was tested the Raman scattering
capability of the Cu/G NPAs with R6G as a model analyte. Surface-enhanced
Raman scattering (SERS), as stated before, is a powerful analytical technique for
detecting trace amounts of analytes through their vibrational signals
[137,138,139,140]. Intrinsically, metallic nanoparticles with strong surface-
plasmon resonance in the visible and near-IR region of the electromagnetic
spectrum, such as the Cu nanoparticles, are effective for SERS applications. As
such, the materials described here are expected to function as SERS sensors
because the interstitial voids between the nanoparticles can provide a large number
of plasmonic hot spots, whereas the interfacial interactions between Cu
nanoparticles and graphite layers can potentially result in a remarkable

amplification of the electromagnetic field around the Cu nanoparticles [141,142].
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Figure 29. SERS spectra of a dilution series of R6G deposited to the Cu/G NPAs (solid
lines) and aluminum (dot lines) substrates. The SERS spectrum of 0.1 umol R6G deposited
on the Cu nanoparticles substrate (dark yellow ling). The arrows point to the 1186 cm™
and 1644 cm™ SERS peak positions of R6G.
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SERS measurements clearly indicated that Cu/G NPAs are able to detect R6G in
ethanol at concentrations ranging from 0.1 to 10 umol (Figures 29 and 30). All the
SERS spectra exhibited the characteristic shifts of R6G, that is, the in-plane and
out-of-plane C—C—C bending (612 and 771 cm™, respectively), in-plane C—H
bending (1132 cm™) and aromatic C—C stretching (1186, 1360, 1511, and 1644 cm-
1) modes. By comparing the SERS tests of R6G deposited on Cu/G NPAs and
aluminum substrates at the same concentrations of R6G, we can see that Cu/G
assemblies show a dramatic increase of the pristine Raman signals. Impressively,
under identical conditions with 0.1 umol R6G, although the R6G sample did not
exhibit any observable Raman signal (Figure 29), the Cu/G NPAs substrate
demonstrated strong characteristic lines, which is consistent with an enhancement
factor (EF) of about 3.9x108, based on the intensity of the 1186 cm™ Raman peak.
At this concentration, an average of approximately 2 dye molecules are bound per
one nm? of Cu nanoparticles, assuming that all R6G molecules were
homogeneously absorbed on the nanoparticles surface. The enhancement factor for

Cu/G NPAs substrate was calculated according to the following equation:

_ Isers/Nsgers
EF = =282~ ot 2
Irs/Ngs )

where Isgrs and Irs are the peak intensities (at 1186 cm™ Raman shift) in SERS
and normal Raman (on an aluminum substrate) spectra, respectively, and Nsgrs and
Nrs are the number of R6G analyte molecules on the Cu/G NPAs and aluminum
substrates within the laser spot, respectively.

The number of R6G molecules deposited on the surface of aluminum substrate
(Nrs) was calculated by the Eq. (3). In our calculations, we assume that R6G
molecules are uniformly dispersed on the surface of the aluminum and porous Cu/G
NPAS substrates.

NRrs = CrecxNa/SAs (3)

where Crec is the amount of analyte molecules (moles), Na is the Avogadro
number (6.022x10%) and SAs is the area of the support (10 nm?). Nsers was

calculated by dividing the number of adsorbed R6G molecules on the porous Cu/G
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NPAs substrate (CrecxNa) by the surface area (SAp) of the Cu/G NPAs material
(5 mg x (90 m?/g x 10™ nm?/m? x 10" g/mg) = 4.5x10'" nm?) or Cu nanoparticles
(Ncux4m(Dne/2)? nm?, where Ncy and Dne are the number and diameter (100 nm)

of Cu nanoparticles deposited on the substrate, respectively).
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Figure 30. SERS spectra of 0.5 and 5 umol dilutions of R6G deposited on the Cu/G NPAs
substrate. For clarity, the SERS spectrum with 5 umol concentration of R6G is offset by
1000 units.

For comparison, we also prepared thin films of Cu nanoparticles and graphite
flakes and investigated their SERS activity. At a 0.1 umol concentration of R6G,
the Cu nanoparticles substrate exhibited weak but resolved Raman peaks (Figure
29), corresponding to an EF of about 9.3x10%, which is 42 times lower than that of
Cu/G NPAs substrate. The SERS spectrum of graphite substrate, on the other hand,
showed only the characteristic D and G bands of graphitic sample (Figure 31). This
comparative study signifies the synergistic effect of Cu nanoparticles and graphite
layers in enhancing SERS efficiency. It is believed that a strong interaction
between plasmonic Cu nanoparticles and the graphite layers occur, which may

facilitate the binding of target molecules and charge transfer effect at the molecule-
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Cu/G interfaces (chemical enhancement) [143,144], thereby increasing the SERS

signal.
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Figure 31. SERS spectrum of 0.1 umol dilution of R6G deposited on the graphite
substrate.

Furthermore, besides the enhancement in SERS signal by Cu/G NPAs substrate,
the estimation of relative concentration of analytes in solution is another interesting
issue. As shown in Figure 32, the intensities of the 1186 cm™ and 1644 cm™
vibration bands of R6G correlated very well with the logarithm of R6G amount
dissolved in solution. To examine the feasibility of the Cu/G NPAs sensor for wide-
range analyte detection, aniline was also tested. In Figure 33, the compared Raman
spectra of 0.1 umol aniline on Cu/G NPAs and aluminum substrates are shown.
Similar to R6G, for this analyte the signal-to-noise ratio and sensitivity are also

good (EF ~ 1.4x10°), indicating the versatility of the sensor.
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R6G concentration over Cu/G NPASs substrate.
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Figure 33. SERS spectrum of 0.1 umol aniline deposited on the Cu/G NPAs (red line) and

aluminum (green line) substrates.

A remarkable feature of the Cu/G NPAs substrate is the ability to detect analytes
in a reliable way across the whole structure. To test this possibility, SERS analysis
of R6G with a concertation of 0.1 umol was carried out on different areas of the
same substrate. The SERS signals indicated no significant fluctuations (less than

+8%) in the intensity of the Raman peaks (from 809 to 867 at 1186 cm™ and from
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1617 to 1743 at 1644 cm™, see Figure 34), and eventually the vibration bands of

R6G analyte resulted in almost equal enhancement, i.e. 838+21 at 1186 cm™ and

1688445 at 1644 cm, revealing high reproducibility.
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Figure 34. (a) SERS spectra of R6G with concentration of 0.1 umol acquired on different
spots of the Cu/G NPAs substrate. (b) Plot of the intensity of the 1186 and 1644 cm* peaks
measured in ten (10) different areas of the R6G-loaded Cu/G NPAs substrate.
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Figure 35. (a) XRD patterns and (b) UV-vis absorption spectra of partial oxidized Cu/G
NPAs substrates upon exposure to air for different periods. In pane (b), the UV-vis

absorption spectrum of as-prepared Cu/G NPAs is also given for comparison.

Besides the enhancement in SERS activity, Cu/G nanoparticle assemblies
exhibited also sufficient resistance to oxidation, which is another important issue
for their real-life application. To check the chemical reactivity of the Cu/G NPAs,
the substrate was exposed to air for different times and subsequent characterized
by UV-vis and X-ray diffraction measurements. UV-vis spectroscopy is a

sensitive technique to detect changes of the LSPR optical absorption of Cu
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nanoparticles due to the oxidation. It was suggested that upon air exposure, even
after a few minutes, the LSPR peak is immediately shifted to longer wavelengths
due to the modification of the dielectric constant of the material (Cu.O)
surrounding the Cu nanoparticles [145]. Therefore, UV-vis analysis on Cu/G
NPAs sample can probe the chemical environment of Cu nanoparticles even a very
small amount of surface oxides is present. The results indicated no signs of
formation of any copper oxides on Cu/G assemblies even after exposure to ambient
air for one week (Figure 35). More importantly, there was no apparent change in
the SERS spectrum of 0.1 pmol R6G-loaded Cu/G NPAs after the oxidation
treatment (Figure 36), which is an indication of excellent chemical stability. The
stability of the Cu/G NPAs can be attributed to the graphite layers that effectively
protect the Cu nanoparticles from oxidation. Nevertheless, evidence for oxide
species (Cu20) on the nanoparticles surface began to appear in Cu/G NPAs
material after extended (~1 month) exposure to air, judging from the red-shift (from
625 nm to 655 nm) and low intensity of the LSPR absorption in UV-vis spectra
and the weak features at ~36-37° in XRD patterns (due to the (111) reflection of
Cu20) (Figure 35). Under these oxidative conditions, the SERS signal of Cu/G

NPAs decreases over time owing to the formation of surface Cu.O species.
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Figure 36. SERS spectra of R6G (0.1 umol) on as-prepared and air-oxidized Cu/G NPAs
samples.

67



Part I1: Photocatalytic reduction of Cr(VI)
3.3 Morphology and structural characterization of h-CoO MNAs

Mesoporous assemblies of hexagonal CoO nanoparticles (denoted as h-CoO
MNASs) were successfully prepared by a polymer-assisted aggregating self-
assembly method. In a typical synthesis, a colloidal dispersion of BF4-stabilized
h-CoO nanoparticles in N,N-dimethylformamide (DMF) was added slowly to a
solution of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
(F127) block copolymer (BCP) (10 wt%) in tetrahydrofuran (THF). After a slow
evaporation of the solvent (within ~5-6 days, at 40°C) in order the CoO
nanoparticles to co-assemble with the amphiphilic liquid-crystalline polymers, the
mesostructured nanoparticle/BCP composites were formed. This intermediate
product was then calcined at 350 °C for 4 h in nitrogen to give an extended network
of interconnected h-CoO nanoparticles with accessible surface. The elimination of
the polymer template was confirmed by thermogravimetric analysis (TGA) under

nitrogen flow of the h-CoO/BCP sample before and after calcination (Figure 37).

100

B [e2] o]
o o o
1 1 1

Weight loss (%)

N
o
1

0 100 200 300 400 500 600
Temperature (°C)

Figure 37. TGA profiles of as-prepared containing surfactant (red line) and mesoporous
(green line) h-CoO MNAs recorded under N flow (~200 mL min). The differential

thermogravimetric (DTG) curve (dashed line) for as-prepared materials is also given.
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The TGA results of uncalcined h-CoO/BCP sample revealed a rapid weight loss
of about 82% in the temperature range 280440 °C, which is attributed to the
decomposition of template. After template-removal, a weight loss less than 5% was
observed at temperatures between 40 and 480 °C due to the dehydration and/or
dehydroxylation of CoO surface, indicating that the polymer template is almost
fully decomposed by 350 °C calcination. Also, in the range of 480-580 °C, a weight
loss of about 23% was observed which is attributed to the reduction of CoO to Co
under inert nitrogen atmosphere. X-ray diffraction measurement of the inorganic
residue after TGA analysis indicated this conversion. As shown in Figure 38, all
diffraction peaks could be indexed to the metallic Co with a face-centered cubic
(fcc) (JCPDS No. 15-0806) and hexagonal close-packed (hcp) (JCPDS No. 05-
0727) structure.
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Figure 38. XRD pattern of the inorganic residue obtained from h-CoO/BCP composite
after TGA analysis (up to 600 °C, in Ny).

The crystallinity and phase purity of the porous framework of h-CoO MNAs
were confirmed with X-ray diffraction, and typical result is shown in Figure 39.
The XRD pattern of template-free h-CoO MNAs suggests the formation of a
hexagonal lattice structure with P6smc symmetry, which is identical to that of the
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precursor CoO nanoparticles (Figure 40). On the basis of the peak width of the
(011) reflection and Scherrer’s equation, the average domain size of the
CoO crystallites in mesoporous h-CoO assemblies was estimated to be ~18 nm,
which is slightly larger than that of the precursor nanoparticles (ca. 15 nm). This
small increase is probably related to a low degree of interparticle fusion during the

heating process.
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Figure 39. XRD pattern of h-CoO MNAs. The standard diffraction lines of hexagonal
CoO (JCPDS No. 48-1719) are also given.
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Figure 40. XRD pattern of BF4-capped CoO nanoparticles. All the diffraction peaks are
consistent with the CoO phase with a hexagonal structure (JCPDS No. 48-1719). Scherrer

analysis on the (011) peak showed an average crystallite size of 15 nm.
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Typical transmission electron microscopy (TEM) images of the mesoporous h-
CoO assemblies are shown in Figure 41. It appears that the structure of h-CoO
MNA:s is actually constructed solely by cross-linked nanoparticles with an average
diameter of 18 +£ 5 nm (based on a count of more than 100 individual nanoparticles,
inset of Figure 41), in good agreement with XRD results. High-resolution TEM
(HRTEM) characterization reveals that the constituent nanoparticles adopt a
pyramid shape and exhibit single-crystal structure, displaying well-resolved lattice
fringes throughout the particles, which, according to the fast Fourier transform
(FFT) pattern, correspond to the (110) and (101) planes (along the [111] zone axis)
of hexagonal CoO (Figure 42a). In addition, the HRTEM image in Figure 42a
shows intergrowth between neighboring nanoparticles, suggesting the formation of
a continuous cross-linked nanoparticle network. Creating a network structure of
tightly connected nanoparticles is important for applications that require electronic
connectivity and mechanical rigidity, such as catalysis, chemical sensing and
energy conversion [146]. To further analyze the crystallinity of the constituent
nanoparticles within the h-CoO MNAs sample, it was performed selected-area
electron diffraction (SAED). In agreement with XRD and HRTEM results, the
SAED pattern in Figure 42b demonstrates a random orientation of highly
crystalline h-CoO nanoparticles into the pore walls, displaying a sequence of broad
Debye—Scherrer diffraction rings which can be readily assigned to the hexagonal
crystalline phase of CoO (JCPDS No. 48-1719).

Figure 41. Typical TEM images (inset: particle size distribution plot showing an average
diameter of 18 £ 5 nm) of h-CoO MNAs.
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Figure 42. (a) High-Resolution TEM (inset: the corresponding FFT pattern) and (b) SEAD
pattern for h-CoO MNAs. The arrows in panel (a) show linking area between adjacent

nanoparticles.

Nitrogen physisorption measurements indicated the mesoporous nature of h-
CoO nanoparticle assemblies. Figure 43 depicts typical adsorption-desorption
isotherms and the corresponding pore size distribution plot for the h-CoO MNA:s.
The isotherms exhibit a type 1V shape accompanied with a Hs type hysteresis loop,
suggesting mesoporous structure with slit-shaped pores. The delayed closure of the
hysteresis loop could be associated with potential surface pore-blocking effects.
The specific surface area and total pore volume of the h-CoO MNAs were
measured to be 96 m? g1, according to the Brunauer-Emmett-Teller (BET) method,
and 0.14 cm?® g, respectively. The pore size distribution plot, obtained from the
adsorption branch of isotherms using the non-local density functional theory
(NLDFT), shows a quite narrow size distribution with a pore diameter of about 4.8
nm (inset of Figure 43). Comparatively, random aggregates of h-CoO nanoparticles
(h-CoO RNAS), which have been prepared by direct mixing of BF4-capped h-CoO
nanoparticles in THF without template, possess a lower surface area of 74 m? g*
and small interstitial voids (ca. 2.3 nm) among the h-CoO particles (Figure 43).
These results clearly suggest that the F127 polymer plays an important role in
synthesis of h-CoO MNAs by assisting the self-assembly of colloidal nanoparticles
into open-pore structures. The X-ray diffraction measurement confirmed the
hexagonal structure of h-CoO RNAs (JCPDS No. 48-1719), similar to the crystal
structure of h-CoO MNAs (Figure 44).
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Figure 43. N, adsorption-desorption isotherms at —196 °C and the corresponding NLDFT
pore-size distributions of the h-CoO MNAs (circle symbols) and h-CoO RNAs (square
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Figure 44. Powder XRD pattern of randomly aggregated h-CoO nanoparticles (h-CoO

RNAs). All the diffraction peaks are consistent with the hexagonal structure of CoO
(JCPDS No. 48-1719).
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3.4 Photocatalytic study of h-CoO MNAs

The catalytic activity of as-prepared h-CoO mesoporous materials was initially
evaluated in photocatalytic reduction of aqueous Cr(VI) under UV-visible light
irradiation (A > 360 nm). Firstly, the reaction conditions were optimized by
measuring the Cr(V1) reduction rate for different loadings of the h-CoO MNAs
catalyst (from 0.2 to 0.4 g L™%). As it can be seen from Figure 45, with increasing
catalyst addition, the reduction rate of Cr(VI) is increased until reaching a
maximum at 0.3 g L. The h-CoO MNAs concentration-dependent degradation
rate of Cr(V1) can be explained by the enhancement of the light absorption by the
catalyst’s nanoparticles. However, as indicated in Figure 45, excess amount of
catalyst (more than 0.4 g L™*) may counter this effect, leading to a slight decrease
in Cr(V1) reduction efficiency, presumably due to the light scattering effect from
the particles surface [147]. Meanwhile, control experiments in the absence of the
catalyst or light irradiation have been carried out to demonstrate the photocatalytic
nature of the reactions and the results showed that the reduction of Cr(V1) does not

take place under these conditions (Figure 45).
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Figure 45. Time courses of photocatalytic reduction of Cr(VI) under different
concentration of h-CoO MNAs catalyst. Reaction conditions: 0.2-0.4 g L of h-CoO
MNAs catalyst, 0.4 mg mL™* of phenol (PhOH), 50 mg L Cr(VI), 300-W Xe lamp (A >
360 nm), pH =2, 20 °C.
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The pH of the solution is another critical parameter that influences the
photocatalytic reduction of Cr(VI) [148,149]. Figure 46 depicts that this process is
favored for low pH values 1-2, while increasing to pH 4 no apparent Cr(VI)
reduction (ca. 5% Cr(V1) reduction ratio) was observed after 3 h of irradiation. This
is in line with previous studies mentioning that by raising pH of solution from 2 to
4 the conversion of Cr(VI1) decreases [48]. It is well known that the predominating
species of Cr(VI) at acid pH (pH = 1-2) is HCrO4™ (for Cr(VI) concentrations less
than 1 g L), which are gradually converted to CrO4*~ by increasing pH [150].
Since the HCrO4~ oxyanions (E° (HCrOs/Cr®") = 0.86 V) are stronger oxidants
than CrO4> (E° (CrO4*/Cr.03) = 0.56 V), the electron transfer process to these
species is therefore favorable [151]. Note that all potentials reported in this work
are referenced against the normal hydrogen electrode (NHE) at pH = 7. In addition,
in such high acidic conditions the surface of the CoO catalyst is positively charged
favoring the attraction of negatively charged HCrO4™ complexes (the point of zero
charge (pzc) of CoO is reported to be ~ 9.2) [152], thus accelerating the
photocatalytic reduction of Cr(V1) to Cr(111). In agreement with this assumption, at
higher pH the surface is protonated in weaker range and repels chromate anions

leading to a significant decrease in photocatalytic reduction rate of Cr(VI).
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Figure 46. Time courses of photocatalytic reduction of Cr(VI) over h-CoO MNAs catalyst
in pH 1-4. Reaction conditions: 0.3 g L™ catalyst, 50 mg L™ Cr(V1), 300-W Xe lamp (A >
360 nm), pH = 1-4, 20 °C.

75



To study the visible light response of h-CoO MNAs catalyst, Cr(VI)
photocatalytic reduction experiments were carried out under irradiation of A > 420
nm light. As shown in Figure 47, under visible-light illumination, the
photocatalytic reaction proceeds gradually and nearly 56% of the Cr(V1) is reduced
in 4 h. In comparison, when UV-visible light (A > 360 nm) was irradiated on h-
CoO mesoporous, the conversion yield reaches 92% at the same period. Recent
studies have shown the formation of hot (high-energy) carriers in colloidal
semiconductor nanoparticles through above-gap excitation [153,154]. It was
suggested that such a high photon-energy pump can facilitate the transfer process
of photoinduced hot holes in semiconductors, competing interband charge-carrier
transitions [155]. Similarly, the relatively higher efficiency of the h-CoO MNAs
under UV-visible-light irradiation could be possibly attributed to the higher hole

transfer yield as a result of the shorter wavelength excitation.
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Figure 47. Photocatalytic reduction of aqueous Cr(VI) (50 mg L) with h-CoO MNAs

catalyst (0.3 g L) in the absence and presence (0.4 mg mL™) of phenol (PhOH) under UV

(A > 360 nm) and visible (A > 420 nm) light irradiation (pH = 2, 20 °C).

In line with this, the apparent quantum yield (AQY) of the Cr(VI) reduction, which
is a key metric for the operational efficiency of a photocatalytic system, was

estimated to be ~1.61% at A = 375 nm and ~0.17% at A = 440 nm, assuming all
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incident photons were absorbed by the catalyst’s nanoparticles. Of note, the
efficiency of the h-CoO MNAs catalyst is among the highest reported values of
semiconductor photocatalysts that perform Cr(V1) reduction without the combined
use of sacrificial donors. For instance, Au/TiO2-Pt nanocomposites showed a
maximum AQY of 1.0% at 550 nm [156], CuFe204/CdS composites showed a
1.1% AQY at 430 nm [157] and Ba2SnO4 particles exhibited a 0.13% AQY [158]
and CuAl,04/TiO, heterostructure reached a AQY of 0.11% [159] under
polychromatic light. It should be stressed that this photocatalytic activity was

obtained by using single-component h-CoO catalyst.

To test the role of photogenerated electrons and holes in catalytic process, UV
and visible light photocatalytic Cr(V1) reduction experiments were also carried out
in the absence and presence of phenol as a sacrificial hole acceptor. The oxidation
of phenol is thermodynamically (~0.96 V) [160] and kinetically more favourable
than the oxidation of water (0.82 V), and thus often this process can accelerate the
overall photocatalytic reaction [146,161]. The high concentration of phenol (10
equiv.) employed in the experiments ensures that the surface of h-CoO
nanoparticles is saturated with excess of phenol. At these conditions, the reaction
rate is not diffusion limited and therefore should be independent of phenol
concentration, which means that the hole transfer across the solid/liquid interface
is not a diffusion-controlled process of the overall photocatalytic reaction. Catalytic
results shown in Figure 47 indicate that addition of 0.4 g L of phenol into the
Cr(VI) solution (50 ppm) leads to a considerable increase in the photocatalytic
reduction rate under A > 420 nm illumination, resulting in almost quantitatively
(>99%) conversion of Cr(V1) at 4 h. It should be stressed that the detection limit of
the analysis method is 5 pg L™. Comparatively, under identical conditions, when
the h-CoO MNAs-Cr(VI1)—phenol catalytic system was irradiated with UV-visible
light, the Cr(V1) reduction reached a moderately higher rate than with visible light.
For example, using A > 360 nm light, the average reduction rate of HCrO4
increased from 5.49 (with A > 420 nm light) to 7.66 umol h™l. This different
behavior could be tentatively related with the transfer rate of hot carriers generating
from high photon-energy excitation. Such hot carriers may have little effect on the
hole transfer process from h-CoO nanoparticles to phenol, but play a more

prominent role in photooxidation of water. Unlike water, phenol seems to enable
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efficient utilization of surface reaching holes (both hot and relaxed holes), leading
to an improvement of the oxidation efficiency. This means that the high propensity
for oxidation of phenol can diminish the differences in catalytic activity that may
arise from the change in photon energy of the radiation and the overall reaction can
readily proceed at a faster rate. Additionally, control experiment in the absence of
the h-CoO MNAs was carried out to demonstrate the role of the catalyst in the
oxidation of phenol. The results showed that when the Cr(V1)-phenol system was
irradiated the reduction of Cr(VI) and oxidation of phenol does not take place
(Figure 45). The conversion of phenol to diphenyl oxide, and thus its direct
participation in the photocatalytic process as an electron donor, was confirmed by
gas chromatography-mass spectroscopy (GC-MS, Shimadzu QP2010 Ultra)
analysis of the reaction products (Figure 48).
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Figure 48. GC-MS profile of the ethyl acetate extract of the reaction mixture taken after 2
h of catalysis (0.3 g L™ h-CoO MNAs catalyst, 50 mg L Cr(V1), 10 equiv. phenol, 300-
W Xe lamp (A > 360 nm), pH = 2, 20 °C).

Taken together, it is obvious that photooxidation process by h-CoO surface holes
is the reaction rate-controlled step in the h-CoO MNAs-Cr(V1) photocatalytic
system. At this point, it should be noted that the synergistic degradation of organic
pollutants such as phenol by Cr(VI) reduction is of vital importance for practical

applications. Apart from chromium, groundwater contains also other pollutant
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byproducts such as colorless organic chemicals and recalcitrant dyes [48], which
their decontamination is a major concern [162,163]. This study clearly suggests
that the photocatalytic reduction of Cr(VI) and oxidation of phenol are
collaborative over mesoporous h-CoO nanoparticle assemblies and this process can

enhance the photocatalytic reduction effect.

In addition to the oxidation Kkinetics at the h-CoO/solution interface,
morphological effects may also contribute to the high photoactivity of h-CoO
MNAs. This can be investigated by comparing photocatalytic data for Cr(\VI)
reduction by individual (BFs-capped) h-CoO nanoparticles and random
aggregates of h-CoO nanoparticles (h-CoO RNAs). Results shown in Figure 49
indicate that these materials afforded a considerably lower catalytic performance
than that obtained for Cr(VI) reduction at mesoporous h-CoO nanoparticle
assemblies. Assuming that the reaction rate is proportional to the concentration of
Cr(VI), the photocatalytic reaction can be investigated by the first-order kinetics of
Langmuir-Hinshelwood model. Thus, the kinetic data obtained from analysis of the
temporal evolution of Cr(VI) concentration using the first-order reaction rate (Eq.
4) reveal that the reaction proceeds at a lower rate over isolated h-CoO
nanoparticles (k = 2.7x10° min™?) and random aggregates h-CoO RNAs (k =
0.9x10° min) than mesoporous h-CoO assemblies (k = 4.9x10° min) under

identical conditions (Figure 50).

In(Co/Cy) = kt 4)

where, Co and C; is the concentration of Cr(VI) at initial time and time t,

respectively, and k is the apparent reaction rate constant.

Presumably, under the reaction conditions, the BF4~ ligands anchored on the h-CoO
nanoparticles surface are not sufficient to prevent agglomeration of the colloidal
particles, and thus a deterioration of the catalytic performance was observed. On
the other hand, the h-CoO RNAs although have an adequate surface area of 74 m?
g (Figure 43), contain a random distribution of small-sized pores between the
nanoparticles that possible results in slow diffusion kinetics of Cr(\V1) and/or C(l11)
ions. Therefore, from these results, it can be inferred that the material’s surface

area and pore volume play an important role in the reduction rate of Cr(VI).
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Figure 49. Photocatalytic reduction of Cr(VI) over different CoO-based photocatalysts.
Reaction conditions: 0.3 g L catalyst, 50 mg L* Cr(VI), 300-W Xe lamp (A > 360 nm),
pH =2, 20 °C.
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Figure 50. Kinetic profiles for UV-visible-light photocatalytic reduction of Cr(\V1) over
different CoO-based catalysts. The red lines are fit to the data.

Of particular note, mesoporous assemblies of cubic CoO nanoparticles (denoted
as c-CoO MNAs), were also examined in Cr(VI) detoxification of water. c-CoO

MNAs were obtained by polymer-templated self-assembly of cubic structured CoO
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nanoparticles [107] and characterized by X-ray diffraction and nitrogen
physisorption measurements (Figure 51). All the diffraction peaks in the XRD
pattern can be assigned to the cubic phase of CoO (JCPDS No. 43-1004) as well as
analysis of the N absorption data indicates a BET surface area of ~134 m?g?, a
total pore volume of ~0.15 cm3g* and a pore diameter of 4.4 nm. Nevertheless, c-
CoO MNAs showed a lower UV-visible-light Cr(\V1) reduction activity (ca. 51%
Cr(VI) reduction ratio at 4 h; k = 1.9x10° min, see Figure 50) than the
corresponding h-CoO MNAs catalyst with hexagonal phased CoO nanoparticles.
This difference in activity may originate from the structural stability and the hole
oxidation kinetics in CoO. As it has already mentioned, the crystal structure of
cubic CoO (space group Fm3m) is composed of CoOs octahedra, whereas that of
hexagonal CoO (space group P6smc) contains tetrahedral CoO4 units. The high
stability and thus low reactivity of Co3*~0% bonds may be related to the higher
crystal field stabilization energy (CFSE) of the high-spin d’ Co(ll) centers of cubic
Co0, i.e. —4/5A, versus — 6/5At =~ — 8/15A, for tetrahedral d” Co(ll) ions. This
means that although cubic CoO is a thermodynamically more stable phase than
hexagonal CoO structure, it is less active for the generation of -OH radicals by hole

oxidation of surface-bound —OH groups or absorbed water molecules.
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Figure 51. (a) Powder XRD pattern and (b) N adsorption-desorption isotherms for the c-
CoO MNA s catalyst. The diffraction peaks in the XRD pattern can be assigned to the cubic
phase of CoO (JCPDS No. 43-1004).

The Cr(VI1) reduction in water was also tested using mesoporous Co030a
nanoparticle aggregates (Co304 MNAS), and a negligible UV-visible-light Cr(VI)
reduction activity (~3% Cr(VI) reduction ratio) was detected, even after 3 h of
illumination (Figure 49). This new material was obtained by annealing of the CoO
nanoparticles/F127 composite in air at elevated temperature (350 °C). XRD pattern

confirmed that the thermally converted sample is pure-phase cubic spinel structure
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of Co304 (JCPDS No. 09-0418), while N2 physisorption isotherms revealed an

open porous structure with a BET surface area of 62 m? g™ and a total pore volume

of 0.15 cm® g (Figure 52). These data clearly suggest that single-component

Co030s4 is unsatisfactory catalyst for the simultaneous reduction of Cr(VI) and

oxidation of water, although it has small grain size composition (ca. 12 nm based

on Scherrer analysis) and large internal surface area, similar to those of h-CoO

MNAs. Therefore, taken together, the catalytic results support that, apart from the

surface area, the crystal phase of CoO plays a key role by promoting the oxidation

half-reaction by the photoinduced holes and contributing to the high Cr(VI)

reduction activity.
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Figure 52. (a) Powder XRD pattern and (b) N2 adsorption-desorption isotherms for the as-

prepared Cos04 MNAS material.
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Additionally, the stability and reusability of the h-CoO MNAs catalyst was
investigated by conducting a series of Cr(\VI1) photocatalytic experiments. The
catalyst was recovered from the reaction mixture simply by filtration and re-
dispersed in a fresh Cr(V1) aqueous solution. As illustrated in Figure 53, the h-CoO
MNAs show an adequate cycling stability in the examined conditions, retaining
about 92% of the initial activity after three consecutive 4-h photocatalytic runs; the
apparent reaction rate constant of the photocatalytic reactions was estimated to be
k!'=4.6x10" min?, k?=4.0x10" min* and k3=4.1x10" min for first, second and
third cycle, respectively. This slight loss of activity might be partly related to the

mass loss of the photocatalyst during each isolation step.
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Figure 53. (a) Recycling study of the h-CoO MNAs catalyst and (b) kinetic plots of
pseudo-first-order reaction rates (The red lines are fit to the data). Reaction conditions: 0.3
g L? catalyst, 50 mg L Cr(VI), 300-W Xe lamp (A > 360 nm), pH = 2, 20 °C.
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N2 physisorption measurements indicated no crystal decomposition and
structural collapse or obvious shrinkage for the retrieved h-CoO MNAs catalyst
(Figure 54). Moreover, X-ray photoelectron spectroscopy (XPS) measurements
(Figure 55) further confirm the CoO chemical nature of the catalysts before and
after catalytic test, showing Co 2ps> core-level signal with binding energy at 781.2
eV. This binding energy as well as the broad satellite feature appeared at about 5.5

eV higher binding energy from the main peak are characteristic of the Co(ll)
oxidation state [164].
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Figure 54. N, adsorption-desorption isotherms of the three-times reused h-CoO MNAs
catalyst.

satellite

M

781.2

before catalysis

Intensity (a.u.)

after catalysis

T J T L T 4 T L T 4 T 5 T . T
792 789 786 783 780 T77 774 771
Binding Energy (eV)

Figure 55. High-resolution Co 2ps» XPS spectra of the h-CoO MNAs catalyst before and
after catalysis.
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3.5 Reaction mechanism of photocatalytic reduction of aqueous Cr(VI)
under UV-visible light

To better understand and interpret the catalytic findings, photocatalytic
experiments were carried out in an air-tight cell with h-CoO MNAs catalyst
suspended in a 50 ppm Cr(VI) aqueous solution, and the headspace content of the
cell was analyzed by a gas chromatography (Shimadzu GC-2014) equipped with a
thermal conduction detector. Before irradiation, the solution was purged with argon
until oxygen was fully removed (as confirmed by GC analysis). The results directly
demonstrate that h-CoO MNAs catalyst is active in Oz evolution reaction under
UV-visible light irradiation, showing an average O.-production rate of ~1.9 umol
h*t (Figure 56a). To further verify the generation of oxygen during the catalytic
reaction, it was performed on-line mass spectrometry measurements of
photocatalytic oxygen evolution. In particular, it was conducted the same
photocatalytic test as above in a vacuum-tight cell with h-CoO MNAs catalyst and
the generated oxygen gas was monitored in situ with a mass spectrometer (Hiden
HPR-20 QIC gas analyzer). Figure 56b presences the transient photocatalytic O>
evolution response of h-CoO MNAs under intermittent A > 360 nm light irradiation.
It can be seen that the production of oxygen increased with time under light
illumination, while no oxygen evolution was observed when the reaction was
conducted in the dark. This observation clearly confirms that the photocatalytic
reduction of Cr(VI) occurs by the spontaneous photooxidation of water at the h-
CoO/solution interface. Thus, the main processes of the photocatalytic reaction at

acid pH solution can be described as follows:

2HCrOs + 14H* + 66~ — 2Cr®*" + 8H.0 (5)

3H,0 +6h* — 2O + 6H* (6)

Consequently, the overall reaction can be described by the Eq. 7.

2HCrO4™ +8H* — 2Cr¥* +2 0; + 5H0 @
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Figure 56. (a) Time course for photocatalytic O, evolution and (b) O evolution transient
with light on/off for h-CoO MNAs catalyst under UV-visible light (A > 360 nm)

irradiation. Reaction conditions: 0.3 g L catalyst, 50 mg L Cr(V1), 300-W Xe lamp (A >
360 nm), pH =2, 20 °C.

It is noteworthy that oxygen is produced at a lower rate (~1.9 umol ht) with the
expected value according to the stoichiometry of HCrO4™ reduction. It was obtained
a ~5.75 umol h** of HCrO4~ reduction rate under UV-visible-light irradiation
which, based on Eq. 7, consists in an O, evolution rate of about 4.3 umol h%. This
difference is ascribed to the oxidation of hydroxyl groups or absorbed water

molecules at the surface into hydroxyl radicals (-OH) by photogenerated holes:
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Co-OHs+h" — [COJr -OH]s (8)
H2O0as + h* — -OH + H* 9

An incontestable qualification for the formation of -OH radicals during the
photocatalytic reduction of Cr(VI) was obtained by the fluorescence probe method,
utilizing coumarin in the experiment. Coumarin is an effective probe molecule for
monitoring hydroxyl radical in solutions, as it can readily react with -OH producing
umbelliferone. Umbelliferone under excitation at 332 nm, shows a characteristic
fluorescence signal at 455 nm wavelength [165]. Figure 57a presents the respective
fluorescence spectra obtained at certain time intervals during the course of the
reaction. It shows the gradually decrease of coumarin (fluorescence signal at ~398
nm) and increase of umbelliferone (at ~455 nm) emission over 3 h irradiation,
recommending the existence of hydroxyl radicals in the solution. It is suspected
that an electron-transfer-type oxidation of either surface Co—-OH (or Co—0O-Co)
groups or adsorbed water molecules by photogenerated holes in h-CoO
nanoparticles could be responsible for the formation of hydroxyl radicals in the

solution.

In general, the oxidation rate of hydroxyl radicals which is a one-electron-
transfer process (Eg. 8 and 9) is much faster than the rate of the oxygen
photoevolution reaction, i.e. 2H20 — Oz + 4H" + 4e". Comparatively, it was also
conducted the same experiment using the c-CoO MNA:s as a catalyst. As revealed
in Figures 57b and c, the c-CoO MNAs catalyst exhibits an approximately 2.7-fold
lower production rate of -OH radicals, which is defined by the ratio of intensity
between umbelliferone and coumarin, than that of h-CoO MNAs at identical
conditions. The lower OH™ oxidation kinetics for c-CoO MNAs could be attributed
to the most stable Co—OH bond of cubic CoO structure, which impedes the
formation of hydroxyl radicals and subsequently conversion to umbelliferone.
These results suggest that the favorable oxidation of surface hydroxyl groups by
surface-trapped holes (instead of the sluggish water dissociation step) plays a
critical role in accelerating the oxidation rate, resulting in a rapid generation of -OH

radicals.
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Figure 57. Time course of fluorescence spectra of the coumarin in water for (a) h-CoO
MNAs and (b) c-CoO MNAs catalyst. In pane (a), the fluorescence spectrum of coumarin
(t = 0) is also given. (c) The integrated fluorescence intensity ratio of the umbelliferone
emission at ~455 nm to coumarin emission at ~398 nm for h-CoO MNAs and c-CoO
MNAs catalysts. Reaction conditions: 0.3 g L* catalyst, 50 mg L?* Cr(VI), 10 mM
coumarine, 300-W Xe lamp (A > 360 nm), pH = 2, 20 °C. Fluorescence emission spectra

were obtained with an excitation wavelength of 332 nm.

The electronic band structure and optical transitions in h-CoO nanoparticle
assemblies were investigated by combining electrochemical impedance (EIS) and
UV-vis spectroscopy. Figure 58 displays the Mott-Schottky plot and the
corresponding fit of the linear portion of inverse square of capacitance (1/C?) of
the space charge region versus electrode potential (E) for the h-CoO MNAs
catalyst. The extrapolation to 1/C2 = 0 was used to determine the flat-band potential
(Ers) of h-CoO MNAs, which was calculated to be —0.04 V vs NHE at pH = 7.

Moreover, the electron donor density (Np) of h-CoO is 4.02x10'® cm?3, as
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determined by the slope of the 1/C? versus E plot. Note that the positive slope of
the Mott-Schottky plot indicates that h-CoO MNAs shows n-type behavior. The
VB maximum for h-CoO MNAs is thus estimated at 2.57 V vs NHE (pH =7) from
the difference of Erg and energy band gap (Eg) of the semiconductor. The Eg value
of h-CoO MNAs, which was determined from optical absorption data using the
Tauc equation, was found to be ~2.61 eV (Figure 59). Comparatively, the
calculated energy gap of h-CoO RNAs was estimated to be slightly lower at ~2.56

eV, as expected due to smaller pore structure.
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Figure 58. Mott-Schottky plot of the h-CoO MNAs catalyst.
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Figure 59. Tauc plots [(ahv)? versus photon energy, where « is the absorption coefficient,
h is the Planck’s constant, and v is the light frequency] derived from UV-vis optical
absorption data for h-CoO MNAs (green line) and h-CoO RNAs (red line) materials.
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In light of these findings, a potential photocatalytic mechanism for the reduction
of Cr(VI) has been proposed, as shown in Figure 60. In short, under UV (A > 360
nm) or visible (A > 420 nm) light irradiation, h-CoO nanoparticles get excited and
generate electron-hole pairs. The favourable thermodynamic conditions of the band
structure drives the transfer of photoexcited electrons from the CB to the Cr(VI)
species; the CB edge of h-CoO nanoparticles lies above the redox potential of the
HCrO47/Cr® couple (0.86 V) [166]. Meanwhile, since the VB level of h-CoO
nanoparticles is more positive than the O2/H20 redox potential (0.82 V vs NHE,
pH = 7), the photogenerated holes can oxidize water, producing oxygen. In
addition, during the course of irradiation, a fraction of surface-trapped holes (Lewis
acids) may be also transferred to the hydroxyl groups or adsorbed water molecules
(Lewis bases), causing the formation of -OH radicals. Indeed, the redox potentials
of -OH/OH" (E° = 1.58 V) [167] and -OH/H20 (E° = 1.92 V) [168] pairs are above
the VB edge of h-CoO nanoparticles (2.57 V) and their oxidation is a viable
possibility. The presence of -OH radicals in the solution was evidenced by
fluorescence spectroscopy (Figure 57). This observation is in line with previous
studies that report the phase transformation of hexagonal CoO to B-Co(OH)2 by
hydration of the CoO surface [169]. Such cobalt hydroxide species on the surface
of h-CoO nanoparticles may possess advantages for the formation of hydroxyl

radicals during the photocatalytic reaction.
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Figure 60. Energy band diagram and possible reaction mechanism for the photocatalytic
reduction of Cr(VI) over h-CoO MNAs catalyst.
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It must be noted that the resultant -OH radicals also have the ability to recombine
with each other, producing H20., which may further be oxidized by the holes to
dioxygen [170]. Meanwhile, the in situ generated -OH radicals may be also
considered as a primary oxidant for the photocatalytic degradation of organic
pollutants at the CoO surface, such as phenol, facilitating the charge carrier
separation through the fast hole transfer kinetics and, thus, accelerating the overall

Cr(VI) reduction process.
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3.6 Morphology and structural characterization of Ni and Cu-doped c-
CoO MNAs

The synthesis of mesoporous assemblies from colloidal cubic Co1xNixO
(denoted as c-Co1-xNixO MNAs) and Co1-xCuxO (denoted as c-Co1.xCuxO MNAS)
nanoparticles (x = 0, 0.01, 0.02 and 0.05) was accomplished by a polymer-
templated self-assembly method, in a similar way as the hexagonal CoO MNAs.
Briefly, a BFs-stabilized c-Co1xNixO or c-Co1xCuxO nanoparticles solution was
slowly added to a clear solution of poly(ethylene oxide)-b-poly(propylene oxide)-
b-poly(ethylene oxide) block copolymer (10 wt%) in tetrahydrofuran (THF). The
mixture was reacted for 2 h, followed by a slow evaporation of the solvent (within
5 days at 40 °C). Then, annealing of the dry product at 350 °C for 4 h under nitrogen
results in formation of a mesoporous network of connected nanoparticles with a
large internal surface area and open pore structure. The removal of the polymer
template upon heating was verified by thermogravimetric analysis (TGA). The
TGA plot of mesostructured c-CoO/polymer composite in Figure 61 shows a
weight loss of about 5.2% in the 40-120 °C temperature range due to the removal
of residual solvent and a ca. 71.9% weight loss between 120 and 500 °C, which is
attributed to the decomposition of organic polymer. Additionally, the TGA plot of
mesoporous c-CoO MNAs sample shows a ~2.5% weight loss between 40 and 180
°C due to the removal of physisorbed solvents and a weight loss of ~10.6% in the
180-480 °C temperature range, which is attributed to the decomposition of residual
carbon species. Both mesostructured (containing surfactant) and mesoporous c-
CoO MNAs materials display a weight loss (~7.4% and ~28.7% respectively) in
the temperature range 480-600 °C, which is attributed to the reduction of CoO to
metallic Co. X-ray diffraction measurement of the inorganic residue after TGA
analysis signified this conversion; a similar chemical conversion was also
mentioned for h-CoO MNAs. In Figure 62, all XRD peaks can be indexed to the
metallic Co with a face-centered cubic (JCPDS No. 15-0806) and hexagonal close-
packed (JCPDS No. 05-0727) structure. The Ni and Cu content of modified c-CoO
MNAs was determined with energy dispersive X-ray spectroscopy (EDS) and
anodic stripping voltammetry (ASV) (for c-Co1xNixO MNAs samples), and the
results are very close to the expected composition from the stoichiometry of
reactions (Figure 63, Tables 1-2).
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Figure 61. TGA profile of (a) as-prepared containing surfactant (black line) and (b)
mesoporous ¢-CoO MNAs (blue line) recorded under N> flow (=200 mL min). The

differential thermogravimetric (DTG) curve (dotted line) for as-prepared material is also
given.
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Figure 62. XRD pattern of the inorganic residue obtained from c-CoO/polymer after TGA
analysis (up to 600 °C, in N,).
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Figure 63. Typical EDS spectra of c-Co1.xNixO MNAs for (a) x=0.01, (b) x=0.02, (c)
x=0.05 and ¢c-C01-xCuxO MNAs for (d) x=0.01, (e) x=0.02 and (f) x=0.05.

X-ray diffraction measurements were performed to investigate the crystal

structure of the as-prepared c-Co1-xNixO and c-Co1.xCuxO MNAs materials. In
Figures 64 and 65, all samples exhibit broad yet distinct XRD peaks that
correspond to the cubic rock-salt structure of CoO (JCPDS no 48-1719, Fm3m).

No impurity peaks corresponding to other chemical phases of cobalt like C0z04

were detected, indicating the phase purity of the samples. However, due to the low

concentration of both Ni and Cu in c-Co1xNixO and c-Co1xCuxO MNAS,
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respectively, no corresponding XRD peaks can be observed. Using the peak width
of the (200) diffraction and Scherrer’s equation, the grain size of the mesoporous

samples was estimated to be ~6.5-7 nm, which is equal to the grain size of the

precursor nanoparticles (Figure 66).
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Figure 64. XRD patterns of c-Co1.x<NixO MNAs materials.
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Figure 65. XRD patterns of c-Co1xCuxO MNAs materials.
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Figure 66. XRD pattern of the precursor (BFs-capped) c-Co1.xNixO nanoparticles.

Figure 67 displays typical transmission electron microscopy (TEM) images for
the c-C0o0.08Ni0.00O MNAS catalyst, which as it is illustrated below displays the best
catalytic activity among the c-Co1xNixO MNAs and c-Co1-xCuxO MNAs materials.
It shows a porous network of connected nanoparticles with an average diameter of
5-6 nm, which is very close to the crystallite size obtained from XRD. This implies
minimal grain coarsening of the CoO nanoparticles during synthesis. Crystal
structure features of c-Co0o.9sNio02O MNAs were also characterized by high-
resolution TEM (HRTEM) and selected-area electron diffraction (SAED) analyses.
The HRTEM image suggests single-crystalline particles, showing distinct lattice
fringes throughout the entire particles with ~2.1 A interlayer distances that
correspond to the (200) planes of cubic CoO (Figure 68a). The SAED pattern taken
from a small area of the assembled c-Coo.9sNio020 structure corroborates the
polycrystalline nature of the sample, showing a series of Debye-Scherrer
diffraction rings (Figure 68b). In agreement with XRD results, these diffraction

rings can be assigned to the cubic phase of CoO.
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Figure 68. (a) High-Resolution TEM, showing the lattice fringes of CoO along the [001]
direction and (b) SAED pattern of Cog.9sNio.020 MNAs.

N2 physisorption measurements of c-Co1xNixO and c-Co1xCuxO assemblies
corroborate that they contain mesopores within the nanoparticles. The Brunauer-
Emmett-Teller (BET) surface areas and pore volumes of the Ni-implanted samples
were estimated to be 108—115 m? g and 0.15-0.16 cm® g2, respectively, and these
of Cu-implanted samples were estimated to be 99-102 m? gt and 0.12-0.15 cm® g°
! which are similar to those of pure c-CoO MNAs (137 m? gt and 0.15 cm?® g%,
respectively). All the materials showed type-1V adsorption-desorption isotherms
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with a Hs type hysteresis loop, which is characteristic of mesoporous solids with

slit-like pores. Analysis of the adsorption data with the non-local density functional

theory (NLDFT) method showed a quite narrow distribution of pore sizes with a
pore size of 4.3—4.5 nm for c-Co1-xNixO MNAs (Figure 69) and 4.4-4.7 nm for c-
Co01-xCuxO MNAs (Figure 70). All the textural properties of the c-Co1xNixO MNAs
and c-Co1.xCuxO MNAs catalysts are listed in Tables 1 and 2, respectively.
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Figure 69. N, adsorption (filled cycles) and desorption (open cycles) isotherms at —196 °C
and the corresponding NLDFT pore-size distribution plots (inset) for c-Co1-xNixO MNAs:
@) x=0, (b) x=0.01, (c) x=0.02 and (d) x = 0.05.

99



100
1004 =0ue
0,012
o 80 = E
g ‘™ 80 g 0008
5. E =
@ — =
60 . S e
E 0 5 W 15 20 25 3 E 60 e T R
g Pore wadth (nm) ° Pore width (nm)
3 s
a -
g 40 § 40 4
1] o
s &
= 20 20
01— T T T T T 01— T T T T T
0,0 0.2 04 06 08 1,0 0,0 02 04 06 08 1,0
Relative pressure (P/P_) Relative pressure (P/P)

=2}
=]
m- g
=)
|
o

- +

4 T

£ !

E 0,008 '|‘

E. 0,004 T

60 % ®

0 5 10 15 20 25 3
Pore width (nm}

40

N, absorbed volume(cm® g}

20 2
100 m*g”

T T T T T
0,0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P )

Figure 70. N2 adsorption (filled cycles) and desorption (open cycles) isotherms at —196 °C
and the corresponding NLDFT pore-size distribution plots (inset) for c-C01.xCuxO MNAs:
(@) x=0.01, (b) x=0.02 and (c) x = 0.05.

Table 1. Analytical data and textural properties of mesoporous Co1xNixO nanoparticle
assemblies (MNAS).

Ni content!® (atomic%) Surface Pore Pore
Sample EDS ASV area volumel®! size
(m*g?) (cm®g™) (nm)
CoO MNAs 137 0.15 4.4
C00.99Nio.010 MNAS 0.99 1.09 £0.14 108 0.16 4.3
Co00.9sNio.020 MNAS 1.89 2.06 £0.07 112 0.16 45
C00.95Nio.0s0 MNAS 4.81 4.97 £0.44 115 0.15 4.4

Ni/(Co+Ni) atomic ratio based on EDS and anodic stripping voltammetry (ASV) analysis.
bCumulative pore volume at P/P, of 0.98.

100



Table 2. Analytical data and textural properties of mesoporous Co1xCuxO nanoparticle
assemblies (MNAS).

Sample Cu coqtent"" Surfa;:e _{ilrea Pore VSOIL_Jlmeb Pore size
(atomic%o) (m*g?) (cm®g™?) (nm)
C00.99CU0.010 MNAs 0.60 99 0.13 4.7
C00.08CU0.020 MNAS 1.28 102 0.15 45
C00.65CUo.0sO MNAS 3.74 100 0.12 4.4

3Cu/(Co+Cu) atomic ratio based on EDS analysis. "Cumulative pore volume at P/P, of
0.98.

The surface chemical state of pristine c-CoO and c-C0o.98Nio.0oO MNAS are
investigated with X-ray photoelectron spectroscopy (XPS). For c-CoO MNAs, the
Co 2p32 XPS core-level peak is detected at binding energy of 781.1 eV with a
shake-up satellite feature at about 786.4 eV (Figure 71a), providing convincing
evidence of the existence of Co?* ions [171]. The Co 2pss2 signal is clearly observed
at slightly lower binding energies (780.8 eV) for the c-Coo.9sNio.020 MNAS,
possibly due to a partial electron transfer from Ni to Co through the bridging
oxygen atoms. Specifically, the single occupied 3d tzq orbital of high-spin Co?
(tzg°eq” electron configuration) can interact with the oxygen lone pairs, accepting
electrons via n-donation. After Ni doping, the fully occupied 3d tyq states of Ni?*
(tzg°eq electron configuration) can strengthen the partial electron transfer from
oxygen to Co?" due to the repulsive interactions with the occupied 2p orbitals of
O?% ions [172] (Figure 72). In agreement with this, the O 1s XPS spectrum of c-
Co0.98Nio.02O MNAs (Figure 71b), which is deconvoluted into two peaks
corresponding to the lattice oxygen (530.0 eV) and the hydroxyl groups (532.0 eV),
was found to be slightly red-shifted with respect to ¢c-CoO (530.3 eV and 532.2
eV). This shift is thought to be related to the incorporation of Ni. Comparatively,
the O 1s line of polycrystalline NiO is deconvoluted into two peaks at around 529.4
eV and 531.2 eV. Since the Ni content in c-C00.08Nio.020 MNAs is as low as 1.56
wit%, it was difficult to directly detect Ni in the XPS survey spectrum (within the
854.2-854.5 eV region).
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Figure 71. XPS spectrums of the (a) Co 2ps» and (b) O 1s core-levels of c-CoO and c-
C00.98Ni0.020 MNAS.
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Figure 72. Schematic representation of the electronic coupling between Co, Ni and O
before and after Ni doping in ¢c-Co1.xNixO MNAs.
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In line with XPS results, in Figure 73, the valence band (VB) spectra of c-CoO
and c-Co0o.98Nio.02O MNAs provide an additional hint for the incorporation of Ni
into the CoO lattice. The c-CoO MNAs shows a photoemission onset, which is
defined as the energetic difference between the Fermi energy and the VB edge, at
about 0.31 eV, indicating a p-type character. For the c-Coo.9sNio.020 MNAs, the
photoemission onset is shifted to ca. 0.26 eV, revealing that Ni doping leads to a
downshift of the Fermi level. Consistent with this interpretation, the photoelectron

onset of polycrystalline NiO was found at 0.22 eV.

NiO
Coy 95Nig 020
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Figure 73. Valence band spectra of NiO polycrystalline and c-CoO and c¢-Co0o.9sNi0.0.0
MNAs catalysts.
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3.7 Photocatalytic study of c-Co1.xNixO and c-Co1-xCuxO MNAs

The catalytic activity of the c-Co1.xNixO and c-Co1.xCuxO MNASs materials was
investigated in photocatalytic reduction of aqueous Cr(V1) solutions under UV-
visible light irradiation (A > 360 nm). Figure 74 depicts the evolution of
photocatalytic Cr(V1) reduction over c-Co1xNixO MNAs catalysts (at 0.3 g L™
concentration) with different Ni loadings, i.e. from 0 to 5%. The comparison shows
that materials doped with Ni exhibit better performance for Cr(V1) reduction than
c-CoO MNAs. Especially Coo.98Nio.020 MNAs achieve a ~90% Cr(V1) conversion
in 4 h, which is markedly higher than that of pure c-CoO MNAs (~46% conversion
level at 4 h). On the other hand, under identical conditions the evolution of
photocatalytic Cr(V1) reduction over c-Co1.xCuxO MNAs indicated that, although
these materials exhibit higher catalytic performance than c-CoO MNAs, they show
lower efficiency than c-Coo.08Nio.020 MNAs, affording a ~70% Cr(VI1) conversion

in 4 h (at c-Coo.98Cu0.020 composition) (Figure 75).
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Figure 74. Photocatalytic reduction of aqueous Cr(VI1) with c-Co1«xNixO MNAs catalysts.
Reaction conditions: 0.3 g L™ catalyst, 50 mg L Cr(V1) solution, 300-W Xe lamp (A >
360 nm), pH =2, 20 °C.
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Figure 75. Photocatalytic reduction of aqueous Cr(VI) with ¢c-Co1xCuxO MNAs catalysts.
Reaction conditions: 0.3 g L™ catalyst, 50 mg L Cr(V1) solution, 300-W Xe lamp (A >
360 nm), pH =2, 20 °C.

By performing a series of photocatalytic Cr(VI) reduction tests with the more
efficient catalyst (c-Coo.98Nio.02O MNAS) in different loadings (from 0.2 to 0.4 g
L) (Figure 76), the optimum catalyst dosage is found to be 0.3 g L (as for
hexagonal CoO MNAs). The outstanding photocatalytic performance of
Co00.98Ni0.020 MNAs is also evident by its high apparent quantum yield (AQY)
~1.5% at 375 nm and ~0.8% at 410 nm, which is comparable or even higher to that
of other highly active catalysts [155-158]. Because of the visible light absorption
of c-CoO, Cr(VI) photocatalytic reduction experiments were also carried out under
irradiation of A > 420 nm light using c-C00.98Nio020 MNAs and the results
indicated that they can also perform photocatalytic Cr(VI) reduction with
reasonable activity. As shown in Figure 77, a ~50% Cr(V1) conversion level was
obtained with visible-light irradiated c-Coo.9sNio02O MNAs, comparatively to

~27% conversion by c-CoO MNAs dispersions in 4 h.
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Figure 76. Concentration dependent photocatalytic Cr(VI1) reduction activity of c-
Co0o9sNio020 MNAs. Reaction conditions: 0.2-0.4 g L of catalyst, 50 mg L* Cr(V1)

aqueous solution, pH = 2, UV-visible light (A > 360 nm) irradiation, 20 °C.
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Figure 77. Photocatalytic reduction of aqueous Cr(VI) with ¢c-CoO and ¢c-Co0g.9sNio.020

MNAs catalysts under A > 360 nm and A > 420 nm light irradiation. Reaction conditions:

0.3 g L catalyst, 50 mg L Cr(V1) aqueous solution, 300-W Xe light radiation with a

long-pass cut-off filter allowing A > 360 nm or A > 420 nm, pH = 2, 20 °C
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The ¢-Co00.98Nio.020 MNAs catalyst also demonstrates very good stability over
a period of 12 h under illumination. The reusability of the catalyst was assessed
within three recycling tests, in which the catalyst was collected by centrifugation
and re-dispersed in a fresh Cr(VI) aqueous solution. The results shown in Figure
78 reveal that the c-C0o.9sNio.02O MNAS retain more than 94% of its initial activity
after recycling. Moreover, X-ray diffraction, N> porosimetry and X-ray
photoelectron spectroscopy characterizations of the reused sample indicated that
the crystal structure, porous morphology and surface chemical state are well
maintained after catalysis, substantiating high durability. In the XRD pattern
(Figure 79), all the diffraction peaks can be assigned to the cubic phase of CoO
(JCPDS No. 43-1004). Analysis of the N2 adsorption-desorption isotherms (Figure
80) indicate a BET surface area of 92 m2 g and a pore volume of 0.13 cm?® g%,
while the Co 2ps2 XPS spectrum of the reused c-C0o.98Nio.020 MNAs sample
shows a Co 2pzy peak at 780.8 eV associated with a shake-up satellite peak at 785.7
eV (Figure 81), in consistent with the results of fresh catalyst.

C/IC

00 T T T T T T T T
0 60 120 180 240
Irradiation time (min)
Figure 78. Recycling study of c-Coo.9sNio.02O MNAs catalyst. Reaction conditions: 0.3 g
L of catalyst, 50 mg L Cr(VI) aqueous solution, pH = 2, UV-visible light (A > 360 nm)

irradiation, 20 °C.
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Figure 79. Powder XRD pattern of the three times reused ¢c-Cog.9sNio.0c2O MNAS catalyst.
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Figure 80. N, adsorption-desorption isotherms at —196 °C (Inset: the corresponding
NLDFT pore-size distribution, indicating an average pore size of ~4.6 nm) of the c-

Co00.98Nio.020 MNAs catalyst retrieved after the cycling tests.
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Figure 81. Co 2ps» XPS spectrum of the ¢-Coo.9sNio.02O MNAS catalyst obtained after
catalysis.

Subsequently, in order to understand the oxidation mechanism of ¢c-Co1.xNixO
mesoporous catalysts, photocatalytic reduction of Cr(V1) in an air-tight quartz cell
was carried out and the evolved oxygen gas was analyzed by gas chromatography
(Shimadzu GC-2014). Before irradiation the solution was purged with argon until
oxygen was fully removed (as verified by GC analysis). The results showed that c-
Co00.98Ni0.020 MNA:s is effective to oxidize water to oxygen, giving an average O>
evolution rate of ~3.5 pmol h*! after 4 h irradiation (Figure 82). Moreover, to prove
that the generation of oxygen is indeed a photoinduced effect, the evolved gas was
monitored with an on-line gas analyzer (Hiden HPR-20 QIC). When light on and
off conditions were applied to a c-Coo.ssNio.020 MNAs dispersion (0.3 g L™) for
photocatalytic Cr(VI) reduction, a transient O evolution response was detected,
suggesting that the observed photocatalytic Cr(VI)  reduction proceeds
simultaneously with the water oxidation reaction (Figure 83). Thus, the overall

reaction can be described by the following equation:
2HCrO4 + 8H* — 2Cr** + 32 Oz + 5H,0 (10)

It is noteworthy that the calculated oxygen evolution derived from the Eg. 10 match
well with the experimental results (Figure 82). A HCrO4™ reduction rate of about

5.2 umol h™* was obtained which based on Eq. 10, consists in a ~3.9 umol h* O,

109



evolution rate. These results prove that, under UV-visible irradiation, a major
fraction of surface-reaching holes is associated with the water oxidation reaction
to produce Oa.
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Figure 82. Comparison of photocatalytic Cr(VI) reduction (black) and oxygen evolution
(experimental: blue line, calculated from Eq. (10): red line) as a function of irradiation
time for c-Coo.9sNio02O MNAs catalyst under A > 360 nm light irradiation. Reaction
conditions: 0.3 g L™ of catalyst, 50 mg Lt Cr(V1) aqueous solution, pH = 2, 20 °C.
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Figure 83. O, evolution transient with light on/off for c-Coo.0sNio.0.2O MNAs catalyst under
A > 360 nm light irradiation. Reaction conditions: 0.3 g L™* of catalyst, 50 mg L™ Cr(V1)
aqueous solution, pH =2, 20 °C.
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Apart from the oxygen evolution, photooxidation of surface hydroxyl (—OH)
groups to hydroxyl radicals (OH) is a possible option. As it has already been
demonstrated, this is a viable process for hexagonal CoO catalyst in the
photocatalytic reduction of Cr(\V1) [173]. In order to elucidate this possibility, a
fluorescence study of the Cr(VI) photocatalytic reduction over c-CoO, c-
C00.98Ni0.020 and c-Coo.98Cu0.020 MNAs catalysts was carried out in the presence
of coumarin. It is known that coumarin reacts readily with hydroxyl radicals to
produce umbelliferone, which gives a characteristic emission peak at 455 nm upon
332 nm excitation wavelength. The time evolution of the fluorescence of
umbelliferone reveals that the production rate of -OH radicals, which is defined as
the ratio of the intensity of umbelliferone to the intensity of coumarin, is

comparable between these three materials (Figure 84).
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Figure 84. Fluorescence spectra of coumarin (10 mM) in water (pH 2) for (a) c-CoO, (b)
¢-C00.98Nio.020 and (c) c-C0o.9sCu0.020 MNAs catalysts (0.3 g L1). The emission peaks at
~398 nm and ~455 nm correspond to the coumarin and umbelliferone, respectively. (d)
Time evolution of the fluorescence intensity ratio of umbelliferone to coumarine emission
for ¢c-Co0, ¢-C00.9sNio.020 and ¢-Coo.9sCuo 020 MNAS catalysts.
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Additionally, the fluorescence signal of umbelliferone does not show obvious

intensity increase after 1 h of illumination. Therefore, it is reasonable to conclude

that the observed OHaq oxidation process for pure and Ni- and Cu-doped c-CoO

MNAs catalysts is minimal and, instead, the oxidation product is almost

exclusively oxygen. This is consistent with the O2 evolution results shown in

Figure 82, referred to c-C0o.08Nio.02O MNAS catalysts.
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Figure 85. Photocatalytic reduction of aqueous Cr(V1) over (a) c-C0o.9sNio.020 MNAS and

(b) c-Co00.95CuU0020 MNAs catalyst in the presence of 1 equiv. phenol, citric acid and
EDTA. Reaction conditions: 0.3 g L™ catalyst, 50 mg L* Cr(VI) solution, A > 360 nm light,

pH =2, 20 °C.
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The above catalytic results clearly suggest that the four-electron water oxidation
process (2H20 — O + 4H" + 4e") at the surface of c-Co1.xNixO and ¢c-Co1xCuxO
catalysts dictates the overall reaction rate. As a proof of concept, the Cr(VI)
reduction activity of both c-C0o.9sNi0.02O and c-C00.9sCu0.020 MNASs catalysts is
investigated in the presence of phenol, citric acid and EDTA as sacrificial electron
donors. Since oxidation of these organic compounds is thermodynamically more
favorable than oxidation of water (Eox for phenol, citric acid, EDTA and water is
0.97V,1.2V, 117V and 0.82 V vs NHE at pH=7, respectively) [174,175,176], it
is anticipated that this process will enhance the kinetics of the Cr(VI) reduction. As
expected, the Cr(V1) degradation is significantly increased for Ni and Cu implanted
samples with the addition of only 1 equiv. of sacrificial agents (Figure 85). Indeed,
in the presence of phenol, a complete conversion to Cr(l11) was achieved after 3.5
h and 4 h over c-C00.98Nio.02O MNAS and c-C00.9sCuo.020 MNAsS, respectively. In
case of citric acid and EDTA the reaction was completed within 3 h for both

catalysts.

Assuming that the reaction rate is proportional to the Cr(VI) concentration, the
photocatalytic reaction can be described by the first-order kinetics of Langmuir-
Hinshelwood model: In(C/Co) = —kt, where, C, and C is the concentration of Cr(V1)
at initial time and time t, respectively, and k is the apparent reaction rate constant.
Thus, Kinetic analysis of the temporal evolution of Cr(VI) concentration reveals
that the photocatalytic reduction by c-Coo.esNio.02O MNAS proceeds at a rate (k) of
44 x1023min%, 7.0 x 103 min~t and 9.7 x 1073 min~* with phenol, citric acid and
EDTA, respectively (Figure 86). In comparison, an about two to six times lesser
reaction rate (1.7 x 1073 min™t) was observed without sacrificial regent, signifying
that presence of organic contaminants to the Cr(VI)-bearing wastewater has an
additive effect on improving photocatalytic activity of c-Co1.xNixO MNAs. In case
of c-Coo.98Cu0.020 MNAS the photocatalytic reaction proceeds at a rate (k) of 3.2 x
103 mint, 4.7 x 107 mint and 7.0 x 102 min™* with phenol, citric acid and
EDTA, respectively (Figure 87). These results suggest that c-C00.9sCuo.020 MNAS
catalyst achieves about two to four times greater reaction rate than pure CoO

MNA:s, signifying the photocatalytic enhancement of the doped catalysts.
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Figure 86. Kinetic profiles over c-CoogsNioo2O MNAs catalyst during photocatalytic
reduction of aqueous Cr(VI) in the presence 1 equiv. of phenol, citric acid and EDTA
under UV-visible (A > 360 nm) light irradiation. The red lines are fit to the data.
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Figure 87. Kinetic profiles over c-C0o0sCU002O MNAs catalyst during photocatalytic
reduction of aqueous Cr(VI) in the presence 1 equiv. of phenol, citric acid and EDTA
under UV-visible (A > 360 nm) light irradiation. The red lines are fit to the data.

In order to understand the effect of Ni dopant on the photocatalytic activity of
c-Co0, the electrochemical behavior of as-prepared c-Co1.xNixO MNAs materials
was delineated with electrochemical impedance spectroscopy (EIS). The resultant
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Mott-Schottky plots (1/Csc? versus E) of c-Co1xNixO MNAs recorded in 0.5 M
Na2SOs electrolyte (pH 7) are shown in Figure 88a. Using extrapolation to 1/Csc?
= 0, the flat-band potentials (Ergss) calculated for c-Co1xNixO MNAs were 1.15
(x=0), 1.17 (x=0.01), 1.20 (x=0.02) and 1.22 (x=0.05) V vs NHE. Consistent with
VB XPS results, the negative slope of the 1/Csc® — E curves indicates the p-type
behavior of the catalysts. The anodic shift in Erg for CoO upon Ni doping is due to
the formation of Co—O—Ni linkages in implanted c-Co1xNixO samples. In fact,
substitution of Co?" with Ni?* impurity ions can create localized Ni 3d states near
the VB maximum, increasing the hole density in the c-Co1-xNixO structure. The
presence of these donor states will shift the Fermi level downward, improving the
p-type conductivity of c-CoO, as suggested by the VB XPS spectra in Figure 73.
This state is also supported by theoretical density functional theory (DFT)
calculations shown in Figure 89. For c-CoO in the rocksalt structure (simulated by
unit cells of a minimum size of four atoms) the DOS profile near the Fermi level
gives an electronic band gap of 2.0 eV. In order to examine the effects of doping,
Co atoms were replaced by Ni atoms in the CoO lattice. The DOS plot for c-
CoosNios0 in Figure 89 shows a small increase of the bandgap by 0.1 eV and an
increase of the states close to the band edges by mixing of the O 2p and Co/Ni 3d
orbitals. These trends are also confirmed by calculations for smaller Ni
concentrations  with larger simulation cells (c-Cog7sNip2s0  and  c-
Coo.9375Ni0.06250). In consistent with this, the charge density (Na) of c-Co1.xNixO
MNAs, as calculated by the slope of the 1/Csc? — E plots, according to Eq. (11),
increases from 3.31 x 10% to 4.57 x 10'® cm3with a higher level of nickel doping
(Table 3).

Na = Z(E—EFB)‘CSCZ/SSOAZQe (11)

where Cs is the space charge capacitance, E is the applied potential, Ers is the flat-
band potential, ¢ is the relative dielectric constant of CoO (13), & is the dielectric
permittivity of vacuum (8.8542x102° F cm™), A is the area of the electrode and ge

is the elementary charge (1.602x107*° C)
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Figure 88. (a) Mott-Schottky plots and (b) Tauc’s plots, (Fhv)? versus photon energy,
where F, h, and v are the Kubelka-Munk function of the reflectance, Plank constant, and

light frequency, respectively, of the c-CoO MNAs and c-Co1xNixO MNAs catalysts.
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Figure 89. Projected electronic density of states (DOS) for (a) c-CoO and (b) c-C0oosNios0
rocksalt crystal structures. The DOS profiles near the Fermi level give an energy band gap
of 2.0 and 2.1 eV for c-CoO and c-CoosNiosO lattice, respectively. DFT+U calculations
also show that the valence and conduction band edges of the c-CoosNiosO phase are raised
by the mixing of the O 2p and Co/Ni 3d orbitals.

Table 3. Electrochemical properties of mesoporous c-Co1xNixO nanoparticle assemblies

(MNAs).

Sample Energygap VEFKTHE, v V'SE‘;\IBHE’ Carrier density
(V) bH=7) pH=7) (Na, cm)
CoO MNAs 2.50 1.15 -1.35 3.31 x 10%
C00.99Ni0.0:0 MNAS 2.63 1.17 -1.46 3.98 x 106
CoossNio.020 MNASs 2.66 1.20 -1.46 3.82 x 10
CoossNio.osO MNAs 2.69 1.22 -1.47 4.57 x 10%

UV-vis diffuse reflectance spectroscopy is used to obtain optical absorption
spectra of c-Co1-xNixO MNAs, from which the Eq was estimated to be 2.50, 2.63,
2.67 and 2.69 eV for c-CoO and Ni-doped samples containing 1%, 2% and 5% Ni,
respectively (see Figure 88b and Table 3). In Figure 90, the energy band diagram
for each c-Co1xNixO MNAs catalyst is illustrated. For heavily p-doped
semiconductors such as c-CoO, it is quite reasonable to assume that the Ers level
lies very close to the VB edge. Thus, the position of conduction band (CB) could
be obtained according to the equation of Ecs = Ers + Eg, and the results are shown
in Table 3. As shown in Figure 90, while a small perturbation of the CB edge is
observed, the VB edge position of c-Co1-xNixO MNAs is gradually shifted to higher
potentials with increasing Ni doping, making them better electron acceptors for

water oxidation, thus signifying superior photocatalytic Cr(V1) reduction kinetics.
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Figure 90. Energy band diagrams of the c-Co1xNixO MNAs (Green line: valence band
maximum, orange line: conduction band minimum). The reduction potentials of water and

HCrO4 species are also given.

In addition, from EIS measurements and Nyquist Plots, it was received
information about the charge-transfer resistance (Rct) for each catalyst (Figure 91).
The equivalent circuit model Rs (Qf/(Rctlad)Q2) (inset of Figure 91) was used to
simulate the EIS curve of the fabricated c-CoixNixO (x = 0-0.05) MNAs
electrodes. Rs represent the electrolyte resistance, Rct is the charge-transfer
resistance, Qs and Q2 elements account for the defect resistance (pores, cracks and
grain boundaries) of the solid film and the double layer capacitance, respectively.
In addition, an inductor (Lad) to the proposed circuit model, which account for the
pseudo-inductive behaviour in the high frequency domain (often causing by
disordered charge-carrier relaxation and disordered movement of redox species at
the sur face of electrode) [177,178], was also necessary for fitting the experimental
results. The results in Table 4 clearly show that the Ni-doped samples produce a
lower Rt than pure c-CoO MNASs does; a Ret of 103.8, 100.7, 100.5 and 99.8 Q is
obtained for pure and 1%, 2% and 5% Ni implanted c-CoO MNAs. These findings
affirm a better charge carrier conductivity for Ni-implanted catalysts, which
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correlates well with their high Cr(\V1) photocatalytic reduction activity. Hence, the

higher performance of c-Coo.9sNo.02O assemblies can be attributed to the enhanced

charge transfer and oxidative ability of surface-reaching holes. In line with this, the

C00.98N0.020 MNAs sample demonstrated a higher mobility of the photogenerated

carriers according to the photocurrent density (Jon) measurements. In particular, the
Jph for Co1xNixO MNAs catalysts was estimated to be 9.52 (x=0), 11.01 (x=0.01),
19.89 (x=0.02) and 14.36 (x=0.05) mA cm under 420-760 nm irradiation at 1 V

applied bias, which can be interpreted as a result of the depressed recombination

of photoinduced electron-hole pairs.
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Figure 91. Nyquist plots of the ¢c-Co1xNixO MNAs catalysts.

Table 4. EIS equivalent circuit fitted parameters of pure and Ni-doped c-CoO MNAs

catalysts.

S N R
CoO MNAs 294 10.41x10° 74.04x10° 103.8 42.70x10° 1.5x1073
Coo99Nio.0:O MNAs  3.05 10.77x10% 73.20x107 100.7 51.78x107 2.3x10*
Coo92Nio020 MNAs  3.18 10.76x10* 73.55x10® 100.5 39.82x10® 3.4x10°
Coo.95Nig0sO MNAs  3.08 10.82x1071? 73.53x10°  99.8  36.00x10° 3.6x10°
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Electrochemical impedance spectroscopy measurements were also carried out
for c-Co1xCuxO MNAs catalysts, in order to evaluate their lower efficiency in
photocatalytic reduction of Cr(\VI) compared to Ni dopant materials. The resultant
Mott-Schottky plots (1/Csc? versus E) recorded in 0.5 M Na2SOs electrolyte (pH
7) are shown in Figure 92a. Using extrapolation to 1/Csc? = 0, the flat-band
potentials (Erss) calculated for c-Co1xCuxO MNAs samples were 0.78 (x=0.01),
0.79 (x=0.02) and 0.82 (x=0.05) V vs NHE. The charge density (Na) of these
catalysts deduced from the slope of the 1/Csc? — E plots according to Eq. (11),
range between 6.53 x 10%° and 8.89 x 10% cm™, It should be noted that the negative
slope of the 1/Csc®—E curves indicates p-type behavior for the c-Co1-xCuxO MNAS

materials.
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Figure 92. (a) Mott-Schottky plots and (b) Tauc’s plots, (Fhv)? versus photon energy,
where F, h, and v are the Kubelka-Munk function of the reflectance, Plank constant, and

light frequency, respectively of the c-Co:xCuxO MNAs catalysts.
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The electronic structure of the c-Co1.xCuxO MNAs was investigated with UV—
vis diffuse reflectance spectroscopy, from which the energy band gap was
estimated to be 2.54, 2.55 and 2.58 eV for x = 0.01, 0.02 and 0.05 Cu-doped
materials, respectively (see Figure 92b and Table 5). In Figure 93, the energy band
diagram for each catalyst is illustrated, which was deduced in a similar way as for
p-type c-Co1.xNixO MNAs using the equation Ecs = Ers + Eg. The results show
that the CB edge position of the Cu implanted samples shifts to a more negative
values, reflecting a higher ability of photoexcited electrons for Cr(VI) reduction
compared to the pure c-CoO MNAs. On the other hand, the VB edges state very
close to the thermodynamic O evolution potential (0.81 vs NHE, pH = 7) and,
therefore, it is possible a major portion of photogenerated holes to be lost by
electrons at the surface of the catalyst. This behavior could result in lower
photocatalytic activity of c-Co1.xCuxO MNAs compared to c-Co1xNixO MNASs
catalysts, taking into consideration that oxidation process is the rate-controlled step

in the Cr(VI) photocatalytic reduction by the CoO-based catalysts.

Table 5. Electrochemical properties of mesoporous c-Coi1.xCuxO nanoparticle assemblies.

Sample Energy v VISEFI\?HE v vIsECI\?HE Carrier degsity
gap (eV) OH=T) | OH=T) (N, cm))
Coo.ggcuo.mo MNAs 2.54 0.78 -1.76 8.89 x 1015
€0y 5CU, 1,0 MNAS 2.55 0.79 -1.76 6.53 1015
€0} 45CU; 00 MNAS 2.58 0.82 -1.76 735 % 10°
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Figure 93. Energy band diagrams of the ¢c-Co1xCuxO MNASs (Green line: valence band
maximum, orange line: conduction band minimum). The reduction potentials of water and

HCrO4 species are also given.

Also, further information about the charge-transfer resistance (Rct) of c-Cos-
xCuxO MNAs were received by EIS measurements and Nyquist Plots (Figure 94).
An equivalent circuit model similar to that used for c-Co1xNixO MNAs samples
was utilized to simulate the EIS data (inset of Figure 94). From Table 6, it is
obvious that the c-Co1.xCuxO MNAs materials exhibit higher R¢t than that of Ni-
doped catalysts; we calculated a Rt of 102.4 Q, 103.8 Q and 117.9 Q for x = 0.01,
0.02 and 0.05 Cu-doped samples. These results clearly suggest a lower charge
carrier conductivity in c-Co1xCuxO implanted structures. Therefore, taking into
consideration all the above findings, our results suggest that the lower
photocatalytic Cr(V1) reduction activity of c-Co1.xCuxO MNAs compared to the c-
Co1-xNixO MNAs catalysts is due to the low oxidative ability of the photogenerated

holes and the high charge-transfer resistance of c-Co1.xCuxO assemblies.
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Table 6. EIS equivalent circuit fitted parameters of Cu-doped CoO MNAs catalysts.

Sample Rs Qf Lad Rct QZ X2
(Q) (F) (H) (2) (F)
C0,0CU O MNAS 114 1675410° 80.8x10° 1024  10.0x10° 1.9x10°
C0,0ClUy,OMNAS 116 160x10° 80.2x10° 1038  7.1x10° 45x10"
C0,0:ClU O MNAS 116 131x10° 885x10° 117.9 10.6x10° 5.6x10"
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Conclusions

To sum up, this work shows that it is feasible to create mesoporous networks of
Cu nanoparticles decorated with graphite (G) layers through a polymer-assisted in-
situ reduction and aggregating self-assembly of CuO nanoparticles. Importantly,
this synthetic route seems particularly suitable to construct Cu/G assemblies with
novel integrations of properties, such as tunable mesoporosity and plasmonic
activity. The large surface area of the porous framework of assembled Cu/G
nanoparticles (BET surface area ~ 90 m? g) exposes essentially a number of
plasmonic sites to incoming molecules, so that a significant SERS enhancement
becomes obvious (Cu/G NPAs attain an EF of ~ 3.9x10° for R6G detection).
Moreover, the network structure of these materials shows a similar SERS activity
across different spot areas with high reproducibility, as well as sufficient chemical
stability after exposure to air. These results demonstrate Cu/G assemblies as a
highly efficient cost-effective and stable substrate for SERS detection. The present
approach can provide a generic synthetic pathway for the rational design and
fabrication of other porous networks of graphite-decorated metal nanoparticles
(such as Ag, Co, and Ni). Such hybrid porous nanostructures may enable low-cost

catalysts, chemical sensors and photonic devices.

Additionally, high-surface-area mesoporous networks of linked hexagonal CoO
nanoparticles (h-CoO MNASs) were also successfully synthesized via a polymer-
assisted co-assembly of colloidal h-CoO nanoparticles and amphiphilic block-
copolymer aggregates. These newly developed materials show an open-pore
structure (BET surface area ~ 96 m? g1) consisting of tightly bonded nanoparticles
with an average diameter of 18 nm and manifest excellent photocatalytic
performance for reduction of Cr(V1) in aqueous solutions. Results indicated that
the unprecedented photocatalytic activity of h-CoO MNAs catalyst is presumably
a result of the combined effect of accessible pore volume, appropriate band edge
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positions and specific reactivity of the crystal phase. Control catalytic experiments
coupled with on-line mass spectrometry and fluorescence spectroscopy confirmed
that the Cr(\V1) reduction reaction proceeds simultaneously with the competitive
formation of molecular oxygen and hydroxyl radicals (-OH) at the h-CoO surface.
Indeed, hexagonal CoO nanoparticles favor the oxidation half reaction through a
localized-hole-mediated -OH radical production mechanism, accelerating the
reduction of Cr(VI). The remarkable activity and durability of the h-CoO MNAs
implies the great possibility of implementing this new catalyst into a realistic
Cr(VI) detoxification of contaminated water.

Finally, high-surface-area Ni-doped and Cu-doped cubic-phased CoO
nanoparticle assemblies (c-Co1xNixO MNAs and ¢-Co1.xCuxO MNAS) have been
successfully prepared by a polymer-assisted self-assembly method, and were used
as photocatalysts for the detoxification of Cr(VI) aqueous solutions. Comparatively
to the c-Co1xCuxO MNAs, c-Co1.xNixO MNAs with an optimal atomic ratio (2%)
of Ni perform higher Cr(VI) photocatalytic reduction and water oxidation activity
with a 1.5% AQY at 375 nm, while demonstrating remarkable stability,
outperforming previous results. Mechanistic studies with XPS, UV-vis,
fluorescence, EIS experiments and theoretical (DFT) calculations reveal that Ni
doping of c-CoO effectively improves the charge-transfer process and oxidation
efficiency of surface-reaching holes for water oxidation. Such Ni-implanted CoO
nanoparticle assemblies manifest improved photochemical properties and
demonstrate good possibilities for widespread uses in photocatalysis and

environmental remediation.
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