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Chapter 3

3.1 Introduction

Mankind is always fascinated by shapes since the earlier history of human civilization. Getting
inspired by the natural shapes of living or non-living objects they tried to mimic the same by
drawing on the canvas of natural caves or in the form of solid constructs. Pictures on the rocky
walls, the pyramids of Egypt are some examples of curiosity about the shapes. Nature also prefers
the ‘shape’ to control the biological processes; enzyme catalysis is the best example. However,
chemistry point of view, in the field of heterogeneous catalysis, the shape of the catalyst was not
given more importance than its particle size and surface area until 2005." It was observed that
single-crystalline CeO, nanorods having less BET surface area (50.1 m’g™') than traditional
nanoparticles (62.4 m?g!) show better catalytic performance for CO oxidation. This enhanced
catalytic activity of CeO> nanorods was attributed to the exposed reactive planes {001} and {110}.
Physically also, the different facets of the same semiconductor material show different optical,
electrical, and photocatalytic properties. For example, Huang’s group demonstrated the facet-
dependent electrical properties of CuxO crystals (Fig. 3.1). They observed {111} facets of Cu,O
octahedra highly conductive, those of {100} of cubic shape moderately conducting while {110}
facets of rhombic dodecahedra were non-conducting.>They ascribed this conductivity difference
due to the presence of a thin surface layer having different degrees of band-bending. Cu2O crystals
of different shapes also exhibit an amazing difference in optical properties in terms of color and

band-gap values.
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Fig. 3.1 I-V curves for the {100}, {110}, and {111} faces of Cu2O crystals. Inset gives the
expanded I-V curves to clearly show the electrical response for the {110} faces. Source; Chih-
Shan Tan et.al copyright@ ACS Appl. Mater. Interfaces 2017(Ref).’
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The drastic difference in the photocatalytic performance of various facets of the same
semiconducting material having different shapes is very well reported in a large number of recent
literature.>”” For example, in the case of Cu0, {110} facets of rhombic dodecahedra (d-Cu,0)
show the highest photocatalytic activity, while {111} of octahedra (0-Cu20) moderately active and
{100} of cubes (c-Cu0) were inactive for the degradation of methyl orange dye.*®In organic
transformations, also, the shape-dependent catalytic activity of Cu2O has been widely studied. For
example, M. H. Huang et al evaluated the catalytic efficiency of ¢-Cu,0, 0-Cu0O, and octapod
Cu20 NC:s for the synthesis of 1,2,3-triazole by the reaction among various alkynes, organic halides,

and NaN3 under N> atmosphere at 55 °C (Scheme 3.1).
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Scheme 3.1 Synthesis of 1,2,3 triazoles

They showed that octahedra bound by {111} facets are the best catalyst to form a 1,4-disubstituted
triazole product with a high percent yield (98%) in 2 h.” The catalytic activity of Cu,0 NCs having
the above morphologies were also reported for the synthesis of 3, 5-disubstituted isoxazoles by
regioselective [3+2] cycloaddition (scheme 3.2) . It was demonstrated that d-Cu,O with {110}

facets are the most while c-Cuz0O with {100} facets are the least catalytically active.

HO'N
U + = 55°C, EtOH, N, atmosphere O )
O — - o
O,N Cu,0 Cubes/ Octahedra/ 2

Rhombic dodecahedra

Scheme 3.2 Synthesis of 1,2,3 isoxazoles.

Cu20 nanoparticles have also been widely used as the catalyst for Ullmann-type coupling reactions
for C-N bond formation (scheme 3.3). Commonly, iodobenzene and imidazole are selected as

substrates in a modal reaction (three-components click reaction) for screening catalytic efficiency. !!
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Scheme 3.3 Direct synthesis of C-N Ullmann coupling reaction.

Recently, Li et al. reported (111) faceted Cu/CuzO octahedrons and tetrahexahedrons as
photocatalysts for C-N Ullmann coupling reaction. They achieved high photocatalytic activity for
both aliphatic and cyclic amines reacting with halogenated benzene.!? From these studies, it can be
concluded that Cu20 nanoparticles with (111) facets exposed having octahedral shapes are suitable
for catalytic/photocatalytic organic transformations. Most of these reactions are either coupling or
cycloaddition type, but the facet catalyzed organic oxidation processes mediated by free radicals
are rarely reported. The question arises in mind, whether these facets exhibit a similar trend of
reactivity towards the free radical-mediated oxidation processes? The origin of chemical reactivity
demonstrated by a given facet for a particular organic transformation is not explored in-depth as

compared to differentiation in their physical properties.

Industrial point of view, oxidation of benzylic sp® C-H bond to alcohol or ketone is a very important
organic transformation, as it finds applications during the synthesis of pharmaceuticals and fine
chemicals.!®> However, the benzylic sp®> C-H bond is inactive and its functionalization requires
transition metal-mediated catalysis, high temperature, and pressure, or the addition of some
additives during the reaction. For example, conversion of p-xylene to terephthalic acid, synthesis
of cumene hydroperoxide (required for the production of phenol),'* syntheses of natural products
(like artemisinin),'>pharmaceutical intermediates (like Acrivastine),'®agrochemicals, and some
new advanced materials.!” Sustainability point of view oxidation processes involving molecular
oxygen or ROSs in the presence of light at RT in the aqueous medium will be the best. Industrial
production of phenol is carried out via the cumene process and CHP is the major intermediate for
the same. Hence, looking at the applications of CHP in other diverse areas like pharmaceuticals,
synthesis of a-methyl styrene, oxidative desulfurization, etc., its production is very important. At
present, CHP is manufactured from cumene at high pressure (0.7 MPa)'® and temperature (100 -
140 C) with cumyl alcohol as a major by-product. As CHP is very sensitive to acid, base, heat and

presence of transition metal ions as impurities, various catalyst systems are developed to improve

80




Chapter 3

the conversion of the cumene oxidation process to CHP. For example, Ag nanoparticles, complexes
of transition metal ions'®, N-hydroxyphthalimide (NHPI), and its analogs**?! were investigated for

selective oxidation of cumene to CHP.??

In our previous work, we reported octahedral (111) faceted Cu,0 nanocrystals (0-Cu,O NCs) as a
catalyst for benzylic sp>C-H bond oxidation. Diphenylmethane (DPM) was selected as a substrate
for the purpose.?® Reaction parameters like the type and nature of oxidants, solvents, temperature,
and reaction time were optimized to achieve maximum yield and selectivity for the benzophenone
as the sole product (and not the carbinol). The experimental results proved the activation of the O2
molecule through the Single Electron Transfer (SET) from the copper ions exposed on the (111)
facets of semiconducting 0o-CuxO NCs in the presence of light. We observed that model oxidation
reaction takes place with more than 90% yield. However, complete catalyst obliteration took place
at the end of the reaction. Hence, the development of a highly selective and productive oxidation
protocol involving facets mediated catalysis at RT is the need of time. The complete recovery of
the catalyst with the exposed facets intact and becoming ready for the next catalytic cycle is a

challenge.

In the present study, we have synthesized c-Cuz0, d-Cu20, and 0-Cu20 NCs having (100), (110),
(111) facets exposed, respectively, and compared their catalytic activities for the oxidation of
benzylic sp> C-H bond present in DPM under the optimized reaction parameters. t-Butyl
hydroperoxide (TBHP) was used as an oxidant under aerial atmospheric conditions. Interestingly,
we observed different catalytic activities demonstrated by the different facets revealing in terms of
reaction completion time and % yield. (100) facets of Cu20O NCs show the highest catalytic activity
for sp® C-H bond oxidation in contrast to the cycloaddition and click reactions. Based on the results
of chemical kinetics, electrochemical analyses, and DFT calculations, a reaction mechanism has
been proposed to explain the catalytic cycle. In the end, we have demonstrated the effectiveness of
the developed protocol for the oxidation of cumene to CHP with high selectivity under solvent-less

conditions.

3.2 synthesis of catalyst

Synthesis of ¢- and d-Cu20 NCs. Synthesis protocols of c-Cu20 and d-Cu2O NCs were adopted

from the literature.* However, we scaled up the reaction volumes to 25 times. For this purpose, 223
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mL and 173 mL of DI water were taken in two separate RBFs, which were placed in a water bath
at 32-34°C. Then 12.5 mL of 0.1M CuCl: solution and 2.175g SDS were added to each RBF with
vigorous stirring. After complete dissolution of SDS, 4.5 mL of 1.0M NaOH solution was
introduced, each. The resulting solution turned to light blue, indicating the formation of Cu(OH)>
precipitates. Finally, 10 mL (for Cc) and 60 mL (for Dh) of 0.1M NH>OH.HCI was quickly injected.
The total volume of solution in each RBF becomes, now, 250 mL. The solutions were kept in a
water bath for 1 h for the growth of nanocrystals and centrifuged at 5000 rpm for 3 min. The
precipitates were washed several times to ensure the removal of any organic impurities two times
with DI water and finally 4 times with absolute alcohol. Samples were dried overnight at 50 °C in

the vacuum oven.

Synthesis of 0-Cu20 NCs.?* Cupric acetate (Cu(CH3COO)2.H,0, 6.0 mmol) and poly(vinyl
alcohol) (PVA, 0.12 mmol (in repeating unit)) were dissolved in 50.0 mL of water at 60 °C. First,
the light blue color solution was stirred for 1 h. Then, the aqueous solution of NaOH (120 mmol,
4.8 g in 20.0 mL) was added drop-wise under vigorous stirring. The appearance of dark blue color
indicates the formation of cupric hydroxide (Cu(OH)z). Then, 20.0 mL of an aqueous solution of
ascorbic acid (18.0 mmol) was added quickly to the above suspension under vigorous stirring, and
the color of the suspension changes from blue to green and finally to red after 30 min of stirring.
The reaction mixture was centrifuged at 6000 rpm for 10 min. The collected product was washed
with DI water (five times) and finally with absolute alcohol and dried in a hot-air oven at 60 °C.

See the Supporting Information for further photographs and references (Fig.3.2 and 3.3).

Fig. 3.2 Photographs showing change in the solution color with time during synthesis of Cu20
nanocubes. (A)Mixture of CuClz and SDS (B) Immediately after adding NaOH to the mixture
of CuClz and SDS aqueous solution, blue Cu(OH):2 formed. (C) after 20s, (D) 30s (E) 40s (F)
60s of addition NH2OH.HCI.
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Fig. 3.3 Photographs showing a change in the solution color with time during synthesis of
Cu20 rhombic dodecahedra. (A)The mixture of CuCl: and SDS (B) Immediately after adding
NaOH to the mixture of CuClz and SDS aqueous solution, blue Cu(OH): formed. (C) after
30s, (D) 40s (E) 60s (F) 8min (G) 10min (H) 20min (I) 60min of addition NH2OH.HCI.

3.3 Characterization.

A powder X-ray diffraction (XRD) pattern was obtained using a PANalytical X-ray diffractometer
operated with Cu Ka radiation, A = 0.15418 nm. The morphology with elemental analysis of the
samples was examined by FESEM (JEOL-JSM-7100F). The particle size determination with
elemental mapping was carried out by TEM (JEOL-JEM-2100) at 200 kV. The samples were
degassed at 80 °C before Brunauer—Emmett—Teller (BET) measurements. The BET surface area
was determined by nitrogen adsorption (Micrometrics ASAP 2020) via a multipoint BET method
using the adsorption data in the relative pressure (P/P0) range of 0.0-1.0. The desorption isotherm
was used to determine the pore size distribution using the Barrett-Joyner-Halenda (BJH) method,
assuming a cylindrical pore model. The nitrogen adsorption volume at the relative pressure (P/ P0O)
of 0.997 was used to determine the pore volume and average pore size. The FTIR (PerkinElmer,
Spectrum Two) spectra of the synthesized products were obtained in the range of 400—4000 cm™'.

"H NMR and 'C NMR spectra of the products were recorded on a Bruker Avance 300 MHz
spectrometer using TMS as an internal standard in CDCls. All of the spectra are reported in the
Supporting Information. Cyclic voltammetry (CV) and chronocoloumetry were performed using a
three electrodes system comprising a platinum wire, glassy carbon electrode, and Ag/AgCl as
counter, working, and reference electrodes, respectively. TBAPFs
(tetrabutylammoniumhexafluorophosphate, 0.1M) was used as a supporting electrolyte for this

system. The Cu,0 powder-coated GCE electrode (3 mm diameter, 0.07065cm?) was taken as the
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working electrode. GCE was thoroughly cleaned by polishing with 0.30 and 0.05mm alumina
powder slurries, followed by successive rinsing with ethanol, and then sonicated in DI water for 2
min. The catalyst ink was prepared by mixing 0.2mg freshly prepared NCs of each facet in 500pL
absolute alcohol. 3uL of catalyst ink was dropped onto the polished GCE surface and was allowed
to dry overnight at room temperature. CV was carried out in the potential range of -1.3to 1.5 V
with a scan rate of 50 mVs! The Mott-Schottky (MS) measurements were carried out in the
potential range of 1.0-2.5 V using the aforementioned electrode system in the model reaction
mixture under the optimized conditions. The CV and chronocoloumetry measurements were
performed using the electrochemical workstation, CHI600c (CHI Instruments, Austin TX). To
investigate the conductivity, the electrochemical impedance spectroscopy (EIS) was carried by
sweeping a frequency ranging from 1.2 MHz to 0.1 Hz with an amplitude AC signal of 10 mV by
using a Solartron 1260 +1287 interface. From the EIS measurements, the conductivity of the
samples was calculated by the equation, o = I/R, A where o is the conductivity in S cm™!, Ry, is the
ohmic resistance of the CuxO sample, 1 is the distance between the two SS electrodes, and A is the

total area of the pellet.?*

The hydrodynamic size of nanoparticles was calculated using a BIC 90
plus (Brookhaven) equipped with 35.0 mW solid-state lasers operating at 660 nm, and surface

charge (&- potential) measurement was carried out using an avalanche photodiode detector.

3.4 Results and Discussion

The phase and purity of as-synthesized Cu,0O NCs of three different morphologies were studied by
powder X-ray diffraction (Fig.3.4). The diffraction peaks at 26 values, 29.65°, 36.52°, 42.42°,
61.55°, 73.73% and 77.61° are indexed to (110), (111), (200), (220), (311) and (222) planes,
respectively, confirming the cuprite phase of Cu,O (JCPDS#77-0199) with a lattice constant of 4.26
A having body-centered cubic packing of oxygen atoms and copper atoms occupying the half of
the tetrahedral sites. It can be observed from the XRD pattern that the (111)/ (200) ratio for the Oh
morphology is the highest due to predominantly exposed (111) facets and it is the least in the case
of cubic morphology.>The crystallite size was calculated by Debye-Scherrer’s equation, D =
kA/BcosO, where D is the average crystallite size, k is the particle shape factor, A is the wavelength
of the X-ray (1.54A° for Cu Ka radiation), B is the line broadening at half the maximum intensity
(FWHM) peak for the most intense peak, 6 is the Bragg’s angle for the most intense peak (in
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The average crystallite size of the synthesized material was found to be 143, 500, and
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Fig. 3.4 XRD patterns of as-synthesized (a) octahedral (b) cubic (¢) dodecahedral Cu20 NCs.

To further confirm the phase purity and eliminate any probability of the presence of Cu or CuO as

impurities in the material, fitting of the experimental XRD data was carried out by employing the

Rietveld refinement.?’Deviation between experimental and theoretical patterns is minimized by the

least-squares method. The lattice parameters and unit cell volume were determined from the

Rietveld refinement analysis by using the FullProf software (Fig. 3.5). It can be observed from

Fig.S1 that the refinement data are in good agreement with the experimental data and the mismatch

is negligible. The structural parameters for all synthesized shapes are tabulated in Table 3.1. It is

confirmed from the Rietveld refinement that all the three samples of different morphologies are

highly phase-pure Cu,O having space group Pn-3m for the FCC lattice. The obtained y? values

indicate a good fit with experimental data and the prepared samples are free from any extraneous

impurities.

85




A) © Observed (B) 111 o Observed
( —— calculated — Calculated
Diffrence Diffrence
_ | Bragg Position| | Bragg Position
3 2
S s
= z
(é, ] 200
2 220 2 220
= % e 311
= 311
i % 222 110 222
| 1 1 1 i it
S SRy CS SN R— . MY - | | | | i
L 1 1 L — T
20 30 40 50 60 70 8 20 30 40 50 60 70 80
Ano
(©) 111 O Observed (D)
— Calculated
Diffrence
| Bragg Position|
3
KA
= 200
2 1 220
% 110 A 311
- B J A 222
i 1 1 [ (A T
.
~ T
T T T T T
20 30 40 50 60 70 80
20°

Chapter 3

Fig. 3.5 (a-¢) Reitveld refined XRD patterns of octahedral, cubic, and dodecahedral Cu20
NCs and (d) refined structure drawn by using the Vesta software.

Table 3.1 Structural parameters refined through Reitveld refinement analysis.

Structure parameters Octahedral  Cubic Dodecahedral
Crystal symmetry Cubic Cubic Cubic
Space group Pn-3m Pn-3m Pn-3m
01 (x,y,2) 0.0000 0.0000 0.0000
Cu (x,y,2) 0.2500 0.2500 0.2500
u= 0.0289 1.1604 0.7183
% -0.0172 -0.3059 -0.2793
w= 0.0257 0.1400 0.0794
Reliability factors(%R)

Experimental(Rexp) 13.52 7.26 7.85
Weighted profile(Rwp) 18.2 10.3 10.9
Bragg intensity(Rg) 3.290 2.422 1.984
Structure factor(Rr) 5.696 2.778 2.317
Goodness of fit(RwpRexp), x> 1.82 1.99 1.94
Density p(g/cm?) 1.584 1.415 1.605
Bond length(A°)

Cu-O 1.85 1.93 1.85
Lattice parameters(A°)

a=b=c 4.26 4.33 4.276
Unit cell volume(A?) 77.385 81.19 78.22

The strain produced in semiconductor crystal lattice during crystal growth processes directly affects

its electronic properties and, in turn, its catalytic/photocatalytic activities. Williamson-Hall analysis
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was employed for estimating crystallite size and lattice strain from the data derived from Reitveld

refinement.?® Strain in particles due to distortions and crystal imperfection was calculated by the

equation, € =Pnx/4tan0, assuming the particle size and strain contributions to line broadening are

independent of each other. For Williamson-Hall plots, the fcos@ terms are plotted against 4sin6.

The W-H plot is shown in Fig. 3.6 The crystallite size of all the three morphologies of Cu2O NCs

was calculated from W-H plots (Table 3.2). The positive values of slope indicate the tensile strain

(in the case of Cc and Dh NCs) and negative for the shrinkage in the case of Oh NCs. The effective

crystallite size is reported in Table 3.2. The slight variation in sizes from those obtained by Debye-

Scherrer's formula is due to internal strain. The less values of strain suggest the stability of the

exposed surfaces. Hence, it can be claimed that the role of lattice stress and strain on the catalytic

activity is negligible and the activities shown by the material are due to its inherent nature.
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Fig. 3.6 Williamson-Hall plots for synthesized Cu20 NPs.

Table 3.2 Particle size through PXRD analysis and W-H plot.

Morphology The average crystallite Effective crystallite Strain
size (D)by Debye size by Williamson- (£x1073)
Scherrer’s formula Hall plot
(nm) (nm)
Octahedral 4.098682 7.573770492 -0.00237
Cubic 4.1018194 7.248953975 0.01562
Dodecahedral 4.0223389 19.03846154 0.01484

The morphologies of as-synthesized Cu,O NCs were also studied by FESEM analysis (Fig. 3.7).

FESEM images display an almost uniform size distribution. All the eight (111) facets of Oh crystals
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are depressed from the center of the plane (Fig. 3.7A). While perfect cubes and dodecahedra with

narrow size distribution can be observed in Fig. 3.7B and 3.7 C.

Fig. 3.7 FESEM images of Cu20 NCs with particle size histograms (A) octahedral (B) cubic
and (C) dodecahedral morphologies.

d=0.30191nm
(110)

Fig. 3.8 (A) HRTEM image (B) SAED pattern (C) lattice fringes on (111) surface with
calculated d-spacing of 0-Cu20 NCs (D) HRTEM image (E) SAED pattern (F) lattice fringes
on (100) surface with calculated d-spacing of as-synthesized c-Cu20 NCs (G) HRTEM image
(H) SAED pattern (I) lattice fringes on the (110) surface with calculated d-spacing of as-
synthesized d-Cu20 NCs.
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The crystallographic features of all the morphologies were studied by using HRTEM and
corresponding selected area electron diffraction (SAED) analyses (Fig. 3.8). Figure 9A shows the
HRTEM image of 0-Cu0O obtained by aligning the electron beam perpendicular to {111} planes.
A little truncation of residual {100} planes can be observed in the HRTEM image of oh. The
corresponding SAED pattern reveals the highly crystalline nature of the material (Fig. 3.8 B). The
HRTEM image shows lattice fringes with a d-spacing of 0.24 nm for (111) planes of cubic phase
of 0-CuxO NCs (Fig. 3.8 C). The HRTEM image of the c-CuxO reveals the single-crystalline nature
which is also confirmed by the SAED pattern (Fig. 3.8 D and 3.8 E). The HRTEM image shows
lattice fringes with an interplanar spacing of 0.21 nm for (200) planes (Fig. 3.8 F). The HRTEM
image of the d-CuxO reveals the single-crystalline nature of the material which is also confirmed
from the SAED pattern (Fig. 9G and 9H). The lattice fringes with a d-spacing of 0.30 nm for
exposed (110) planes of d-Cu20 NCs can be observed (Fig. 3.8 I).

The purpose of this study is to evaluate the catalytic activity of the facets of different shapes of
Cu20 NCs, hence, NCs having various shapes were directly synthesized from the methods available
in the literature by using various capping agents*?’. Once, the targeted morphology was achieved,
the crystals were thoroughly washed with deionized water and ethanol three times to ensure the
complete removal of the capping agent, this, in turn, nullify the interference of CA during organic
transformation. The removal of CA was confirmed from the FTIR spectra (Fig.3.9). The sharp peak
at 631 cm™! is due to Cu(I)-O vibrations®’. The broad V-shaped hump at 3500 cm™ is due to the

surface adsorbed water.
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Fig. 3.9 FTIR spectra for synthesized NPs.
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Generally, the catalytic activity can be controlled by modifying the surface area of the catalyst.
However, factors like the presence of foreign materials (promoters or inhibitors), particle size,
morphology and porosity of the particles, electronic structure, defects and surface roughness (like
micro kinks, pits, steps, etc), atomic vacancies in the crystal lattice, etc. directly affect the
performance of the catalyst. The material exhibiting the catalytic activity for a specific
transformation is the collective result of all these parameters. To demonstrate the catalytic activity
dominated by certain facets, BET surface area analysis is a useful tool. It can be observed from
Table 3.3 that almost no pore voids or space produced due to defects are available. The less value

of the surface area is a direct proof of catalysis due to exposed facets.

Table 3.3 BET surface characterization of as- synthesized Cu20 NCs.

Sr. no Parameters Octahedra Cubic Dodecahedra
1 SBET(m’g") 0.0570 0.0393 2.5273
2 Average pore diameter (A°) 106.89 629.35 343.87
Adsorption average pore width 251.68
3 (4 V Ao-l by BET)(AO) 70784 24363
4 Pore volume(cm’g™) 0.0000 0.0000 0.0002
g 0.001 0.0235 0.0152
3401
5 Total volume in pores(cm’g™) (by DFT) (by DET)

1.261
6 Total area in pores(m?g")(by DFT) 0.141 0.747

Benzylic sp®> C-H bond oxidation of diphenylmethane (DPM, 1) as a model substrate was carried
out by t-butyl hydroperoxide (TBHP) as an oxidizing agent in the presence of as-synthesized Cu,O
NCs of various morphologies. We had optimized the reaction parameters for this protocol in our
previous study in presence of 0-Cu,O NCs as the catalyst®*. Accordingly,1.0 Equiv. of 1 and 4.0
Equiv. of TBHP were mixed in acetonitrile, in presence of 3.5% (6.0 mg) CuO NCs having
different morphologies, and the reaction mixture was stirred at 25°C-30°C for 4-6 days over a
magnetic stirrer in an aerial atmosphere. Interestingly, when solutions of Cu,0O NCs dispersed in
CH;CN were observed with naked eyes, before the addition of any reactants, a clear differentiation

in the color of the solution can be visualized (Fig. 3.10). The progress of the reaction was monitored
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on the TLC plate using benzophenone (2) and carbinol (CAS No. 91-01-0) as standards. We had
also carried out controlled experiments in absence of Cu20O NCs or TBHP, no product was formed.
The results obtained for each morphology of the catalyst are reported in Table 3.4.

Table 3.4 Oxidation of the benzylic sp® C-H bond in the presence of Cu20 NCs of various
morphologies.

aerial atmosphere
Hy HO, 25°C-30°C; CH4CN - 0
O O + AN 0-Cuy0/ c-Cuy0/ d-Cuy0
1 2
Sr. Morphology Major surfaces Reaction time  Yield “ Observations
No. exposed for (time required (at the end
catalysis to complete the of
reaction) reaction)
(days)
(%)
1 c-Cu0 {100} 3(3) 98 (99) No leaching/obliteration of the
catalyst
2 0-Cu,0 {111} 3(5) 80 (92) Complete catalyst obliteration
3 d-Cu,O {110} 3(4) 88 (92) Partial catalyst obliteration in the
stipulated time period

an [solated yield.

It can be observed from Table.5 that 0-Cu,O NCs require 5 days to complete the model oxidation
under the optimized parameters resulting in 92% yield. While the d-Cu>O NCs can do the same job
within 4 days. It is interesting to note that the c-Cu20 NCs finish the oxidation process with a 98%
yield at the end of 3rd day. We observed that complete catalyst annihilation (Cu2O to CuO) takes
place in the case of 0-CuxO, partial for d-Cu,0O NCs under an aerial environment while the reaction
was completed within 3 days without catalyst annihilation in the presence of ¢-Cu,O NCs (See

photographs in Fig.3.11).

Fig. 3.10 NCs suspension in acetonitrile: 0-Cu20, c-Cu20, d-Cu20 respectively (left to right)
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Exposed facet | When rxn was set After completion

{111}

{100}

(110}

Fig. 3.11 Appearance of the model reaction mixture at the beginning and at the time of
completion of the reaction.

We also carried out further experiments based on our previous work and observations for all the
morphologies of CuO NCs. Accordingly, the same model reaction was carried out in the presence
and absence of light in an aerial atmosphere. We observed that the (100) surfaces of c-CuxO NCs
become active in the presence of light and can oxidize the benzylic sp*> C-H bond the carbonyl
group very efficiently within 3 days as compared to the other surfaces that emerge from different
shapes. To evaluate the rate of reaction, the absorption spectra of the reaction mixture at the end of
24 h were recorded for the model oxidation catalyzed by as-synthesized Cu2O NCs having different
facets exposed. It can be observed from the UV absorption spectra (Fig. 3.12) that the model
reaction mediated by c-Cu2O shows the highest absorption intensity at any time due to the presence
of the product, benzophenone, followed by d-Cu>0O and 0-Cu,0 NCs. Hence, it can be claimed that
the highest catalytic activity was observed for ¢-Cu20 and the least for 0-CuxO NCs in a given

time.
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Fig. 3.12 (A) UV absorption spectra of the model reaction mixture at the end of 24 h (B) UV-
Visible spectra of (a) 0-Cu20(b) c-Cu20 (c¢) d-Cu20 in MeCN and (C) corresponding Tauc-
plots.

These experimental results contrast the established observations about facets mediated organic
transformations. Generally, (111) facets show high activities due to exposed copper ions with the
dangling bonds, while (100) surfaces ended with oxygen atoms show the least activities or are
inactive.”!1%31733 It is logical to think that the high conversion rate may be due to the large surface
area offered by catalyst particles at the nano level. The BET surface analysis reveals that the surface
area of d-Cux0O is maximum while that of ¢-CurO NCs is minimum (Table 3.3), however, the
highest catalytic activity was observed in the second case, confirming the mode of catalysis is due
to the exposed surface planes only. To further explore the variation in the reaction rate due to the
catalytic activities by various facets, { potential measurements of the freshly prepared Cu,O NCs
in pure acetonitrile were conducted in a separate study. The measured { potential for 0-Cu0, d-
Cu20, and ¢-CuxO NCs are +5.31, +0.58, and -0.58 mV respectively, while the surface charge of
Dh is close to neutral whereas that of positive for Oh and negative for Cc which agrees nicely with

the crystal plane analysis reported in the literature for Oh, Dh and Cc CuxO NCs (Table 3.5).

Kinetic studies of all three sets of reactions under the established condition were carried out to track
the reaction pathways. For designing the kinetic study, model experiments in the presence of a
catalyst having different morphologies and different concentrations of DPM keeping [TBHP] and
[catalyst] constant, were carried out by ignoring the internal and external diffusional effects**. For
all the concentrations of DPM (1.0, 2.0, 3.0, 4.0 and 5.0 mmol each for 5 days), the concentration
of product (benzophenone, absorbs in UV region, Amax =335nm) varies accordingly. Hence, from

these data, [product] Vs. time was plotted (Fig. 3.13A) (Table 3.6) and the slope of these graphs

a(b—x)
b(a-x)

gives initial rates (Table 3.6). Rate constants were obtained from the slope of the graph ﬁ In
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Vs. time (b > a) (Fig. 3.13B) (Table 3.7). It can be observed that cubic morphology shows the
highest value of the rate constant for all the concentration range. Apparent activation energies,
calculated for all the facets catalyzed reactions at 303, 313, and 323K by using the Arrhenius
equation and slope of the Arrhenius plots, are 80.09, 56.48, and 83.34 kJ/mol for o- Cux0O, c- Cu,0,
and d- Cu.0, respectively (Fig. 3.13 C).* It is confirmed from the kinetics studies that the overall
order of the oxidation process is second-order (Fig. 3.13 B) and it is the first order to [DPM]. Hence,
DPM and TBHP both are required to proceed with the reaction. The calculated apparent activation
energies for c-CuxO NCs are much smaller than the reactions mediated by NCs of other
morphologies. These results suggest higher catalytic activities at the oxygen-ended c-Cu2O

surfaces.

Table 3.5. Hydrodyanamic size and Zeta potential measurements of aqueous solution of Cu20
NCs.

DLS Surface charge PDI  Hydrodyanamic
Diameter(nm)
{111} ——— Zeta Potential 0.186 421.8

Mobility0.41u/s/Viem
Zeta Potentia 5.31 mv

Charge 0.098 fC

Tt Polarity Positive

Size (ram)

—TemawA] Conductivity 11 uS/em

{100} ‘Size Distribution by Intensity Zeta POtentia| 0494 131.4
R, Y WO S —— P P———
Zeta Potentia -0.58 mv

Charge -0.00377 fC

s Polarity Negative

Conductivity 8 uS/cm

{110} Sttt pm—" Zeta Potential 0242 423.1
Mobility0.04u/s/V/icm

Zeta Potentia 0.58 mv
Charge’ 0.008 fC

Polarity Positive

Conductivity 8 uS/cm
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Table 3.6. [product] vs Time (days) plots based on the data from the UV-Vis spectroscopy.

C-CUzO d-Cuzo O-CUZO
tmmol 2 y = 0.3488x s 1.5 1 y=0.2699x
2 15 | R*-=0.9893 = 1 | R*=090
=) Z a8 9
01 2 3 4 5 012345
Time(Days,
Time(Days) (Days)
2mmol s i y =0.6197x
% E 3 | R?=0.9969
z 52
@ = (1’
0 1.2 3 4 5 . 2'I'im::.'(Daas) ’ 0123 43
Time(Days) \ Time(Days)
3mmol 6
s s y =1.1312x
€ € 4 { R*=0.98
= =2
5 &,
01 2 3 4 5
] 0123 4c5
Time(Days) Time(Days) Time(Days)
4mmol 15 y =2.1843x 10 . v=15916x 10 1y = 13143
R?=0.9959 % R? = 0.987 % R? = 0.9988
5
- =~ 5
g o 5
= 012345 0
01 2 3 45 Time(Days) 01 Tzime?,(DaZ;s)s
Time(Days)
35 105
74 (A) (B) (€
=30 (a) R?=0.9725
64 X -11.04
(a) R2=0.9722 / £ 55| (DIR"=0.8771
a =0 r]
54 = 2= 1.5
=" (b)R?=0.9893 % | (IR?=09708 115
Ed- a2 x
E‘ (C)R2 =0.9706 E 5_120.
a,] ‘€15 H
2 L T (c)R?=0.9998
24 10 4125
) =1 (b)R%2=0.9976
" =9 4301 (a) R?=0.9993
0 : , . y . 0 . . . - . Y
0 1 2 3 4 5 2 3 5 310 345 320 325 330
Time(days) Time(days) 103m(K1)

Fig. 3.13. (A) Product [BPh] vs time plots and (B) Rate constant (molppmL' day!) Vs time
plots for 1 mmol DPM (C) Arrhenius plots of octahedral (a), cubic (b), and dodecahedral (¢)

Cu20 NCs.
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Table 3.7 Calculations of rate constants of a model reaction for each facet.
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[DPM] c-Cu20* d-Cu0* 0-Cu20*
1mmol —~
>|< >|< 15 y = 2.4387x
R? = 0.9912
10
sl
5
2
S
s 0
[ 12 3 4 5
< 0 T T S
2Days 4 Days
2mmol = |=20
L y = 3.4557x R|R B y=2.80a5x
o | el18 R?=0.9938 L R? = 0.9969
2 alg 10
S — =
S |s
e 5
S
3
-1 0
5 1 2 3 4 s
Days
3mmol _
®
I
=
'
3
i
Days Days
4mmol —~| 40 ®|R 20 R®® 20 = 2.9811x
TT y = 6.2077x V[ s y =3.6153x T e
30 R? = 0.9938 ) R? = 0.9966 ale R?=0.9988
Q d * | N | N
Sl gl5 10 Sls 10
S | = 20 M
= 5 kS 5
=~ 10 ] s
0
- 0 T | -1
|l 0 2 2 3 a4 s < 12 3 4 5
) 90 1 2 3 4 s

To have a deeper idea about the electronic processes taking place on the various surfaces during the

model oxidation reaction, electrochemical analyses were carried out. The cyclic voltammograms

of Cu20 NCs of different morphologies coated on a glassy carbon electrode surface, measured at a

scan rate of 50 mVs!, are shown in Fig.3.14 The reversible CV response is obtained for NCs of all

the morphologies at a given scan rate proving the suitability of the material for catalytic activities

under the given reaction conditions (Fig. 3.14 A). Now, on introducing DPM in the system having

Cu20 NCs coated glassy carbon electrode dipped in acetonitrile, the current density for both the

scan rates equally increases (Fig. 3.14 B).
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Fig. 3.14 Cyclic voltammograms of (A) Blank Cu20 NCs coated on glassy carbon electrode
dipped in MeCN; inset shows enlarged image for the same (B) on the addition of DPM in
above system A (C) on the addition of TBHP in the system B (D) Nyquist plots obtained from
impedance measurements (inset; equivalent circuit). [(a) 0-Cu20 (b) c-Cu20 (c¢) d-Cu20 NCs].
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Fig. 3.15 (A) Mott-Schottky plots (B) Flat band potential and bandgap for different planes of
Cu20 NCs. Octahedral (a), cubic (b), and dodecahedral (c).

It is highest in the case of c-Cu20 NCs confirming the adsorption and electronic interaction of DPM

with the surface and the absence of any additional redox couples or peaks denying the possibility

of other electrochemical processes under prevailing conditions. Interestingly, an additional anodic

peak appears with the addition of TBHP in the above reaction mixture (Fig. 3.14 C). However, there

is no additional cathodic peak current in the reverse sweep except c-Cu,O NCs. It can be envisaged

that with the addition of TBHP, the surface adsorbed DPM irreversibly reacted forming the product,
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in turn, diffusing out from the electrode surface (EC mechanism),*® resulting in a decrease in the
magnitude of the peak current on the reverse sweep with catalyst annihilation. In the case of ¢-Cu20
NCs, the anodic current density is the highest substantiates prone oxidation processes (i.e. SET) on
the (100) surfaces compared to those of (111) and (110) surfaces with the regeneration of the
catalyst surface revealing reversible CV response. Band gaps were calculated (before and after the

addition of DPM) from the cyclic voltammetry studies (Table 3.8).

Table 3.8 Band gap calculated from cyclic voltammetry studies.

Exposed facets Eg only for catalyst(eV) Eg After introducing
of DPM(eV)

{111} 3.43 3.175

{100} 3.32 2.92

{110} 3.38 2.99

The highest decrease in the band-gap was observed on adsorption of DPM on the (100) surfaces.
The charge—transfer kinetics of all samples were studied by impedance measurements, the
corresponding Nyquist plots are shown in (Fig. 3.14 D). The charge transfers resistance (Rcr)
values from the semicircle region are 6.75, 10.4, and 15.2 Q for ¢-Cu;0, d-Cu20, and 0-Cu20,
respectively. Hence, it can be said that the charge transfer is easily taking place for cubic NCs
during the -electrochemical processes, under the given reaction conditions and solvent
system.>”3¥The carrier density and flat-band potential of as-synthesized Cu>O NCs were measured
within the potential range of 1.0-2.5 V (Fig.3.15 A). The negative slopes for all the morphologies
confirm the p-type semiconductor behavior. The acceptor density is calculated by using the
equation (Na = 2/ecep * (slope), where e, €, €0, and Na are the electron charge (1.602 x 107" C),
dielectric constant (7.60 for Cu,0), the permittivity of the vacuum (8.85 x 107'* F cm™!), and
acceptor density (hole density in p-type Cu20), respectively) was highest for Cc morphology (Table
S9). This requires more potential bias to achieve the Fermi level from the depletion region. The
electrochemically effective surface areas of the bare GCE and 0-CuxO/GCE, ¢-CuO/GCE, d-
Cu,O/GCE were investigated and compared by chronocoulometry using 0.1mM ferrocene (the
diffusion coefficient D is 2.60*10°, in MeCN system) as a standard and TBAPFs
(tetrabutylammoniumhexafluorophosphate, 0.1M) as supporting electrolyte. The plots of charge
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(Q) Vs time (t) and Q Vs t'2 are shown in (Fig.3.16 (A) and (B)). The surface areas of the working

electrode can be calculated based on the Anson equation:

Q=2nFAcD" "2t + Qai + Quas (1)

where Qu is the charge of double-layer (which could be eliminated by background subtraction),
Qads Faradic charge, D, a diffusion coefficient, c, the concentration of substrate and A represents

the effective surface area of the working electrode. Other symbols have their usual meanings.*

160
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Fig. 3.16 (A) Q Vs t plots of bare GCE (B) corresponding Q-t'2 curves at bare GCE for all
facets (C) plot of Q-t'? derived from chronocoulometric curves for (a) c-Cu20/GCE (b) d-
Cu20/GCE and (c¢) 0-Cu20/GCE (background subtracted).

Based on the slopes of the linear relationship between Q-t'2, the effective surface areas (A) of the
working electrode were calculated. The results showed (Table 3.9, entry1) that the effective surface
area of modified electrodes was increased and observed highest in the case of ¢-CuO. The
adsorption capacity s (Table 3.9, entry 7) of 0-Cu20/GCE, d-Cu2O/GCE, and ¢-Cu;O/GCE NCs
was also calculated according to the equation of Qa.qs= nFA T°s by chronocoulometry after point-

by-point background subtraction (Fig.8 C), showing highest value for c-Cu,0.*
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Table 3.9 Chronocoulometry parameters.
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Bare GCE  0-Cu20/GCE c-Cu20/GCE d-Cu20/GCE
1. Electrochemical surface area 0.0689 0.473 0.923 0.810
(cm?)
2. Slope ( C s7?) 38.23 262.34 511.49 449.11
3. R? 0.9983 0.9977 0.9984 0.9988
After background subtraction
4. Slopes (C s7'"2) - 147.08x10°° 395.1x10° 346.3x10°¢
5. Intercept (Quds) - 5.82x10° 25.25%10¢ 16.68x10¢
6. R? - 0.9977 0.9985 0.9995
7. Adsorption capacity - 4.10x107 6.62x107 4.99x107
(mol/cm?)

3.5DFT simulation. Geometric and electronic properties of (111), (110), and, (100) surfaces

of Cu20 NCs.

Firstly, the structural properties of Cu2O (111), (110), and (100) surfaces were investigated. The

surface structure of (110) and (100) can be altered by varying the surface termination. Herein, we

focus on the surfaces terminated by Cu and O atoms as they are thermodynamically more favorable

under realistic catalytic conditions*'*. The top and side views of optimized structures of Cu2O

(111), (110), and (100) surfaces of NCs are shown in Fig.3.17 along with the computed bond

parameters and angles.
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Fig. 3.17 Top and side views of the optimized periodic slab models of Cu20 (111) (upper
panel), Cu20 (110) (middle panel), and Cu20 (100) (bottom panel) surface with the structural
parameters. Color key: Cu (yellow) and O(red).

The detailed information on computational parameters adopted for the optimization of Cu2O (111)
surface and structural properties are discussed in our previous report. 2The density of states (DOS)
of (111), (100), and (110) surfaces of Cu,O NCs are shown in Fig. 3.18 (a-c) along with the frontier
orbital analysis of the Fermi states in Fig. 3.18(d-f). The band-gap is in the range of 1-1.8 eV, which
is required for photocatalytic activity under visible light. Our results on calculated DOS are in

3341 For the clear view, only the top-layer atoms were

agreement with the previous reports
illustrated. It can be seen that the surface oxygen (O) sites are the main contributors to the Fermi
state of these surfaces, implying that it is more likely to be the active sites for electron-donating

reactions.
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Figure 3.18. The density of states of (a) Cu20 (111) (b) Cu20 (100) and (c¢) Cu20 (110) surfaces.
The charge density plot of Fermi states of (d) Cu20 (111) (e) Cu20 (100), and (f) Cu20 (110)
surfaces. The iso-surface value set to +0.0008 e/A3. The blue and red colors represent the
depletion and accumulation of charge, respectively. Color key: Cu (white) and O(red).

3.5.1 Adsorption energetics. The oxygen molecule (O2) and t-butyl hydroperoxide (TBHP)
adsorbed on Cu2O (111),%® (110), and (100) surfaces are presented in Figure 3.19. For the
comparison, the calculated adsorption energy (using Eq. 3, in the experimental section) of O> and
TBHP over Cu,0 surfaces along with the structural parameters and angles are depicted in Table 3.9
Similar to the CuO (111) surface, O also gets adsorbed in superoxo state over the Cu atom of the

(110) surface with the -0.67 eV adsorption energy.
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Fig. 3.19 The optimized structure of Oz and t-butyl hydroperoxide (TBHP) adsorbed Cu20
(111) (upper panel), Cu20 (110) (middle panel) and Cu20 (100) (bottom panel) surfaces with
the computed structural parameters. Color key: Cu (yellow), O (red), C (black), and H (cyan).

Table 3.9 The calculated adsorption energy (E ,4) of the molecules species over Cu20 surfaces

along with the structural parameters (Ro-o and Rcu-0) and angle.

Species E 445 Ro-0y A Ricu-0) A ZCu-0-0
eV
Cu0(111)"!
o, -1.50 1.26 1.97 119°
TBHP -1.31 1.47 2.01 -
Cuz0(110)
o, -0.67 1.22 2.17 117°
TBHP -1.69 1.35 2.22,2.37 -
Cu:0(100)
0, -1.14 1.204 2.20 -
TBHP -2.78 1.33 2.10 -
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To investigate the interaction mechanism of the TBHP and DPM molecules with (110) surfaces,
different orientations of the molecules were considered. The most favorable configuration of TBHP
adsorbed over (110) surface with the computed bond parameters is presented in Figure 3.19. Similar
to our previously reported work on (111) surface, the interaction between TBHP and (110) surface
mainly arises from the interaction of O atoms of the TBHP molecule and Cu atom of the surface
with the adsorption energy of -1.69 eV.

For the (100) surface, different orientations of the adsorbate molecules were considered for the
adsorption. The optimized structure of the O and TBHP adsorbed (100) surface is presented in
Figure 3.19. In the case of (100) surface, O2 gets adsorbed in the superoxo state over the Cu atom
(second Cu atomic layer) with the -1.14 eV adsorption energy. Interestingly, we observed that the
hydrogen atom of the OH bond split from the TBHP molecule and attached it to the oxygen atom
of the (100) surface (Figure 3.19). While the rest of the molecule interacts with the surface via the
oxygen atom of the molecule with the -2.78 eV interaction energy. Same as (111) surface, DPM

molecule physisorbed over the (110) and (100) surfaces.

Fig. 3.20 The plots of charge density difference (CDD) of Oz and t-butyl hydroperoxide
(TBHP) adsorbed Cu20 (111) (upper panel), Cu20 (110) (middle panel), and Cu20 (100)
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(bottom panel) surfaces. Blue and light green regions in CDD represent charge depletion and
accumulation, respectively. The iso-surface value is set from + 0.025 to + 0.06 /A3 for CDD
depending on the system. Color key: Cu (yellow), O (red), C (black), and H (cyan).

The Lowdin charge analysis shows that a net charge is transferred from (111) surface to the Oz and
TBHP molecules. A detailed analysis of the Lowdin charge analysis indicates that (111) surface
loses electron density up to 0.3 e and 0.09 e in the case of O2 and TBHP molecules, respectively.
Contrary to this case, (110) surface gain electron density up to 0.03 e and 0.36 ¢ in the case of O»
and TBHP molecule, respectively. Similar to the case of (110) surface, (100) surface also gains
electron density up to 0.12 e and 0.38 e for the O> and TBHP molecules, respectively. To picture
the interaction among the different facets of Cu,0O with O> and TBHP molecules, the charge density
difference (CDDs) of the combined systems were examined using Eq. 4 (in the experimental
section) and presented in Fig. 3.20 These plots display the occurrence of the interaction at the
interface among the surfaces with adsorbed O2 and TBHP molecules. In the case of adsorption of
only the O2 molecule, the pronounced interaction observed over the (111) surface as compared to
other facets of the CuxO is in line with the examined adsorption energy tabulated in Table 3.9 In
the case of adsorption of the TBHP molecule, the oxygen atoms of the molecular framework of
TBHP cause a pronounced interaction between the substrate and molecule for all the facets. It can
be seen from Fig. 3.20 that the splitting of the H atom causes a strong interaction between the
residual peroxide and surfaces resulting in higher adsorption energy for (100) surfaces. These

findings are in agreement with the trend obtained for calculated adsorption energy.

Now, there is a question about how ¢-Cu,0 is much more active than the other shapes under the
prevailing conditions. We observed that the mechanism through which the reaction proceeds
matters. Also, the reaction parameters like polarity of the solvent system adopted, presence /absence
of light, as well as the energetics of the reaction, play a very important role. It can be observed that
the given chemical reaction proceeds through free radicals-based pathways where a cascade of the
chemical events with electron transfer is very important. The solvent system which can stabilize
the surface generated free radicals and drive them to take part in the subsequent chemical event
should be the best. These directly affect the band-gap of the material. The Eg derived from the UV-
Vis spectroscopy in MeCN (Fig. 3.12B), and in turn, Tauc plots of the solutions of all the NCs (Fig.
3.12 C) reveals that 0-Cu,0 NCs have the minimum band-gap while the highest for d-Cu,O and

intermediate for c-Cu,0. From the experimental results (Table 3.4), it can be observed that c-CuxO
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is more catalytically active and completes the reaction in 3 days without catalyst annihilation while
those of d-Cuz0 and 0-Cu0 are less active. Looking at the computational results of the optimized
(100), (110), and (111) surfaces, it can be observed that the O-Cu bond length at the top layer is
1.80, 1.83, and 1.86 A for c-Cu20, d-Cu20, and 0-CuzO, respectively. In the case of c-Cuz0, surface
Cu atoms are more tightly bound with the surrounding O atoms compared to other surfaces. Hence,
the weakly bonded Cu, in the case of (111) surfaces, easily leaches out from the surface to the
solution in the form of Cu?* ions. Also, (111) surfaces undergo reconstruction on binding with ROS
species generated during the chemical reaction. This leaching/surface reconstruction deactivates the
catalyst surface resulting in the saturation equilibrium state for a given chemical reaction. With
(111) surfaces, the saturation equilibrium for the benzylic sp> C-H bond oxidation reached around
90% yield with the complete obliteration of the catalyst on the sixth day. However, in the case of
(100) surfaces, the Cu atoms in a second layer bind tightly with the surrounding surface O atoms
could not be in direct contact with any adsorbate, in turn, remain intact. The chemical kinetics and
electrochemical analysis suggest Mars van- Krevalen type mechanism for the semiconductor metal

oxides in the case of c-Cu20 NCs (Scheme 3.4)%43,
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Scheme 3.4 Proposed reaction mechanism of benzylic sp3> C—H bond oxidation of DPM with
TBHP in the presence of c-Cu20 NCs in the aerial atmosphere.

It can be observed from Scheme 1 that DPM (1) gets adsorbed through H-bonding with oxygen of

Cu20 (100) surface, in turn, TBHP is also chemisorbed in the vicinity on the surface, resulting in
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the cascade of the chemical events. Firstly, (100) surface lattice O-atoms (O") abstract H-atoms
from the DPM and TBHP resulting in peroxo intermediate 3 which takes part in the second catalytic
cycle leading to the product. These initial events generate two-electron reduced centers consisting
of vicinal hydroxyl groups (H/OH"), which in turn, generates oxygen vacancies (*) on the surface
by ejecting the water molecule. Now, the reoxidation process of this oxygen vacancy is fast and an
issue of debate. The reoxidation by O, molecule involves the following events: (1) activation of O2
molecule by (*) resulting superoxo species (2) breaking of O-O bond resulting (100) surface lattice
(O*) and one O atom (3) hopping of the O atom via lattice diffusion to refill another reduced center
or oxidize the other species in the vicinity. The detailed study is out of the scope of this work. But,
we can propose that the O atom may oxidize the water molecule into H>O; again decompose into
two water molecules in the catalytic loop and complete the cycle (Scheme 3.3)*. We recycled the

c-Cuz0 for three consecutive cycles without affecting the % yield of the reaction (Fig. 3.21).

Fig. 3.21 FESEM images of recovered c-Cu20 NCs at the end of third model reaction cycle.

On seeing the reaction mechanism, it is established that Cu,O NCs can activate aerial oxygen
molecule to the superoxo radical in turn, convert into hydroperoxo radical. This radical can be
inserted into the 3° C-H bond of cumene resulting in industrially important CHP as a product. To
demonstrate the applicability of the developed protocol, oxidation of cumene to CHP was carried
out at RT by maintaining all the optimized reaction parameters (Scheme 3.5). We obtained a 95%
yield with 70% selectivity for CHP as per confirmation from NMR spectroscopy and LC-MS

analysis.
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Scheme 3.5 Oxidation of Cumene to CHP with the developed protocol.

From the literature survey, it is observed that most of the facets of Cu,O NCs are explored for the
photocatalytic degradation of surface adsorbed dye molecules. For this purpose, it was proposed
that the surface free electrons of various facets transfer from a surface to a pre-adsorbed substrate.
Now, the facets with less band-bending can easily transfer the electrons/holes resulting in the
degradation of the dye molecules due to a cascade of events beginning from the oxidation or
reduction or both redox events***% However, in free radical-mediated organic transformations “the
cascade” of chemical transformations is initiated due to ROSs responsible for end products.
Recently, Wang et al demonstrated a new strategy to overcome the overoxidation in heterogeneous
Ti0; photocatalysis leading to photosynthesis. They showed that TiO> photocatalysis can integrate
C—C and C=O0 formation in a tandem manner to achieve efficient oxidative cyclization for the
syntheses of aryltetralones. They demonstrated that in contrast to conventional overoxidation, the
radical cations possess sufficient reactivity toward nucleophilic addition, and single-electron
transfer processes in TiO2 photocatalysis can be developed into a powerful tool to construct C—C
bonds and even strained carbon rings*’. Now, in the case of copper-ended (111) surfaces, aerial
oxygen molecule gets activated through SET from the surface copper ion forming end-on, n'-
superoxo radical, in turn, abstract eH radical from the peroxide intermediate (3) resulting in the
product. This process left n!-hydroperoxo species on the surface to convert to strongly oxidizing
n%-peroxo species responsible for lattice restructuring to CuO.?*> While in the case of oxygen-ended
(100) surfaces, Mars van-Krevalen mechanism is dominated as discussed above. Here, the O»
molecule is activated by vacancies created on the surface and not by SET processes. Hence, band-
bending and charge-transfer concepts are not applicable here. Surface vacancies are refilled, here,
by proton-coupled two electrons transfer process, regenerating the (100) surface ready for the next
cycle. Hence, we recommend through this study that photochemical processes taking on the surface
of semiconducting material should be differentiated into two categories: first band-gap dominant

processes involving charge transfer through less band-bending of thin surface molecular layer
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leading to degradation or surface reconstruction mechanism and second, surface vacancies
dominant processes involving charge transfer (mostly electrons) through the reduced center (*)
leading to surface regeneration and stable chemical product.**° Now addressing the question
raised at the beginning of this study. It can be claimed that oxygen-ended c-Cu>O (100) surfaces
are inactive for photophysical and photochemical processes like dye degradation. But these {100}
surface planes are highly active for metal oxide semiconductor-based oxidation processes (thorough
Mars van-Krevelan catalytic cycles). These observations will be highly useful for the development

of cheap and sustainable industrial oxidation processes.

3.6 Conclusions

(100), (111), and (110) faceted Cu20O NCs having Cc, Oh, and Dh morphologies, respectively have
been synthesized and characterized. The exposed facets of CuxO NCs were explored as catalytic
sites for the benzylic sp>C-H bond oxidation process under the optimized reaction conditions from
the previous work. Based on experimental observations, chemical kinetics, electrochemical
analyses and DFT studies, following conclusion can be drawn for the oxidation of benzylic C-H
bond of DPM as a model reaction: (1) oxygen ended (100) facets of cubic Cu>O NCs can do the
oxidation process faster than any other facets within three days at RT with almost 100% yield and
selectivity for the carbonyl product (2) Mars van-Krevalen mechanism is seem to be applicable for
the oxidation processes on the (100) facets (3) the surface end oxygen atoms first abstract the -H
from the DPM and TBHP, forming the hydroperoxide take part in the second catalytic cycle for the
product generation, leaving the oxygen vacancies/reduced center on the metal oxide surface (4) the
resulting reduced center activate the aerial oxygen molecule to refill the vacancies and regenerate
the catalytic surface (5) in case of Cu'* ended (111) facets of 0-Cu,0O NCs are capable to activate

oxygen molecules to undergo reduction by SET mechanism in presence of light, and the in situ
generated superoxo species immediately abstract the H radical from the nearby substrate and

initiate the cascade of chemical reactions and electronic processes resulting into stable oxidation
product and complete restructuring of the crystal lattice of the catalyst, respectively (6) (100)
surfaces of c-Cu20 NCs seems to be activated for the processes where surface generated excitons
transfer through band-gap are not required resulting into the desired oxidation product instead of
complete degradation of the substrate and these processes become predominant when TBHP like

mild oxidant (which can produce -O-Bu' like stable free radicals) present in the vicinity. Exciting
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results were obtained for the oxidation of compounds with multiple benzylic sp*> C-H bonds on the

(100)/(111) facets of the as-synthesized Cu>O NCs which will be reported in a separate study.

Oxidation of Diphenylmethane. Diphenylmethane (0.166 mL, 1.0 mmol) was dissolved in 6.0 mL
of acetonitrile in a 10 mL round-bottom flask and stirred for 5 min. o- Cu2O NCs (3.5 mol%) were
subsequently added, and the mixture was stirred for 10 min. Finally, 0.52 mL of t-butyl
hydroperoxide (TBHP, 4.0 mmol) was added and the reaction mixture was stirred for 3 to 6 days at
RT. The reaction progress was monitored on the TLC plate. After completing the reaction, the
reaction mixture was centrifuged to recover the catalyst; the excess TBHP was destroyed by adding
excess sodium metabisulfite into the reaction mixture. The excess reagents were distilled out. The
product was extracted with ethyl acetate and dried over sodium sulfate. The crude product was
purified by column chromatography using petroleum ether (60—80 °C) as an eluent. The product
obtained was analyzed by 'H NMR (Fig. 3.22 and 3.23).

Diphenylmethanone. White crystal; mp 47-49 °C. '"H NMR (CDCls, 400 MHz): § 7.84-7.81 (m,
4H), 7.61-7.59 (m, 2H), 7.52-7.28 (m, 4H). *C NMR (CDCl3, 100 MHz) & (ppm): 194.8, 137.5,
132.4, 130.1, 128.3. Purified by column chromatography on silica gel-10% EtOAc in petroleum

ether as a mobile phase.

Oxidation of Cumene. 2.0 mmol of cumene and 3.5% c-Cu2O NCs were mixed in a 10 mL round
bottom flask without any solvent. The mixture was stirred at room temperature for three days under
normal laboratory conditions. The reaction progress was monitored on the TLC plate. At the end of
the third day the reaction mixture was analyzed directly without any purification by 'H-NMR (Fig.
3.24), GC-MS (Fig.3.25 and Fig.3.26), and FTIR (Fig. 3.27 and Fig. 3.28) spectroscopies.

(2-hydroperoxypropan-2-yl) benzene (Cumene hydroperoxide). 'H NMR (CDCl;, 400 MHz):
6 7.53-7.51 (dd, 2H), 6 7.38-7.30 (t, 1H), & 7.28-7.21 (t, 1H), & 1.59 (s, 6H).

2-phenylpropan-2-ol (Cumyl alcohol). 'H NMR (CDCls, 400 MHz): § 7.53—7.40 (dd, 2H), 5 7.38-
7.30(t, 1H), 6 7.28-7.21 (t, 1H), & 1.61 (s, 6H).

Kinetic study of oxidation reactions
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The reaction kinetics were studied by UV-Visible spectroscopy. To gain a deeper understanding of
which facet is more efficient among all for a given desired product, a detailed kinetic experiment
was carried out keeping in mind the effect of each facet on the rate of reaction. Eq. 2 shows a
relation between the concentration of reactant and time.>*

1 a(b—x)

ket = b—a nb(a—x)

)

where ‘a’ is the initial concentration of 1, ‘b’ is the concentration of TBHP and ‘X’ is the

a(b—x)
b(a—x)

indicating that the reaction is first order with respect to DPM. The concentration of DPM was varied

concentration at time t. A plot of ﬁln versus time shows a straight line (figure S6)

in the ratio of 24, 48, 72, 96, 120 with respect to catalyst amount (in mM), while the concentration

of TBHP was kept constant.

Initial rates were determined for each mol of a substrate after the completion of the reaction (after
5 days) by monitoring the concentration of the product (benzophenone) by the UV spectral analysis.
The kinetic experiment reveals that initial rates exhibited a linear dependence on [DPM] and first

order with respect to the [DPM].

The Arrhenius equation (E. = -slope*R, Where R is the universal gas constant i.e 8.314 J/mol and
the temperature of the model reaction was set to 30°, 40°, 50°) was used to calculate the activation

energy for all the morphologies of the catalyst at reaction temperature (Fig. 6C).

DFT Simulation. All DFT + U calculations were performed with the Quantum ESPRESSO
codes.’!?The Perdew—Burke—Ernzerhof PBE functional was used with Grimme’s D3(BJ)
dispersion.**Based on our previous work >* a U-j value of 6 eV was chosen for the Hubbard (+U)
Cu d-state corrections. Standard PBE PAW (projector augmented wave) potentials were employed
to represent the cores, whereas the valence electrons (Cu: 3d'%s!, O: 2s*2p*, C: 2s?2p?, and H: 1s')
were treated by a plane-wave basis set with a 60 Ry kinetic energy cut-off.>’ The 4 x 2 and 3 x 2
supercells of 110 (Cu- and O-terminated) and 100 (O-terminated) facets of Cu,O were modeled as
periodic slabs which comprised seven atomic layers with a vacuum distance of 15 A in the z-
direction to avoid the interaction between the periodic images. The top four atomic layers were
allowed to relax in all directions while others were kept fixed. A5 x4 x 1 and 5 x 8 x 1 Monkhorst—

Pack k-point sampling grid were used for the Brillouin zone integration along with Marzari—
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Vanderbilt cold smearing of 0.01 Ry and 0.03 Ry for Cu,O (110) and CuxO (100) surfaces
respectively throughout the calculations.>*>* The geometry optimization was carried out until the
residual force on each atom was smaller than 107 Ry/Bohr. To measure the strength of the
interaction between the adsorbent and the substrate, the adsorption energy (E,45) calculated using

the following formula,

Eads = E(substrate+adsorbent) - E(substrate) - E(adsorbent) (3)

Where, Esubstrate+adsorbent) 18 the total energy of the adsorbed system. E(sypstratey and
E(aasorbent) are the total energies of the clean surface and molecule in the gas phase, respectively.
The charge density difference of systems was plotted as,

Ap(r) = .0(7")(substrate+adsorbent) - P(T)(substrate) - P(T)(adsorbent) 4)

Where, p(r)(substrate+adsorbent)a p(r)(substrate)l and p(r)(adsorbent) are the charge densities
distribution on the substrate + adsorbent, pristine substrate, and isolated adsorbent systems,

respectively.
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Fig. 3.24 'TH NMR of the reaction mixture of oxidation of cumene in presence of ¢c-Cu20 NCs
at the end of 3" day showing the presence of cumene hydroperoxide as a major and cumyl

alcohol as a minor product.
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Fig. 3.25 GC-MS of the reaction mixture of oxidation of cumene in presence of c-Cu20 NCs
at the end of 37 day showing the cumyl alcohol as a minor product.
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Fig. 3.26 GC-MS of the reaction mixture of oxidation of cumene in presence of c-Cu20 NCs
at the end of 37 day showing the presence of cumyl alcohol as a minor product.
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