ROYAL SOCIETY

OF CHEMISTRY

PCCP

PAPER

Quantum dots in photocatalytic applications:
efficiently enhancing visible light photocatalytic
activity by integrating CdO quantum dots as
sensitizersy

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2017, 19, 24915

A. H. Reshak

The amalgamation of a wide optical band gap photocatalyst with visible-light-active CdO quantum dots
(QDs) as sensitizers is one of the most efficient ways to improve photocatalytic performance under
visible light irradiation. The photocatalytic performance of cadmium benzoate ((Cd(C;H50,),)35(CH3CN),)
is comprehensively investigated. The estimated optical band gap of cadmium benzoate is 2.64 eV and
the EPc and EPv are about —0.09 V (vs. NHE) and +2.55 V (vs. NHE), respectively, which implies that
cadmium benzoate possesses a high negative reduction potential of excited electrons due to its higher
conduction band position, and hence, the locations of the conduction band minimum and the valence
band maximum meet the redox capacity. Thus, this composite photocatalyst exhibits superior activity in
visible-light-driven photocatalytic H, evolution. We found that introducing the QDs enhance the
photocatalytic performance towards the visible light region. The electronic band structure shows high
k-dispersion bands around the Fermi level, which implies low effective masses, and hence, the high
mobility carriers favor the enhancement of the charge transfer process. The mobility of the photogenerated
carriers significantly influences the photocatalytic efficiency and the higher photogenerated carriers’
mobility enhances the photocatalytic performance. Moreover, the result shows a great effective mass
difference between electrons (e7) and holes (h*), which can facilitate the e~ and h* migration and
separation, and finally improve the photocatalytic performance. The large mobility difference is useful for
the separation of e~ and h*, the reduction of the e~ and h* recombination rate, and the improvement

Received 5th August 2017, of the photocatalytic activity. Thus, cadmium benzoate exhibits rapid generation of e”—h* pairs with

Accepted 25th August 2017 photoexcitation and a high negative reduction potential of excited electrons due to its higher CB

DOI: 10.1039/c7cp05312f position. Based on these results one can conclude that cadmium benzoate satisfied all requirements to be
an efficient photocatalyst. This will greatly improve the search efficiency and greatly help experimentalists in

rsc.li/pccp saving resources in the exploration of new photocatalysts with good photocatalytic performance.

1. Introduction

Since semiconductor-based water splitting was discovered, the
application of wide band gap semiconductors in photocatalysis
continues to face major obstacles, namely (i) poor response to
visible light, owing to their wide energy band gaps, and (ii) low
utilization of light absorbed, due to the high recombination of
photogenerated carriers." Regardless of efforts made towards
improving the photocatalytic properties of wide band gap
semiconductors, the existing modification strategies, including
morphology optimization, foreign element doping, dye sensitization,
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and metal deposition, among others, still fall short of achieving
these improved properties.”” One of the promising modification
strategies is the amalgamation of wide energy band gap semi-
conductors with visible-light-active quantum dots (QDs). This
promise has been claimed due to its advantages in strengthening
charge transport and reducing recombination of photogenerated
carriers, while simultaneously extending the light absorption
range.*® It is interesting to mention that the investigation of
incorporating Au and/or CdS NPs as co-catalysts or sensitizers has
shown the technique to be highly effective in improving the
photocatalytic activity of wide band gap semiconductor photo-
catalysts like TiO,, especially in the visible light region.®™ It is
important to highlight that, for the resulting composite photo-
catalysts, the electron transfer trajectory under visible irradiation
is often different from that under UV irradiation. For instance, in
the photocatalytic process in Au/TiO, under UV irradiation, the
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photogenerated electrons transfer from TiO, to Au and the
reduction reaction occurs around the surface of the Au NPs
deposited on TiO,."*"® In contrast, the electron transfer trajectory
would be reversed under visible light irradiation, i.e., from Au
to TiO,.*°

Nanoscale semiconductors have received great attention due
to their unique structural, optical and electronic properties.
These unique properties are due to their large surface area-to-
volume ratios and quantum confinement effects. The increase
of the surface area-to-volume ratio changes the mechanical,
optical, chemical, thermal and catalytic properties of the materials
significantly. One of the interesting nanoscale semiconductors is
quantum dots (QDs), which are zero-dimensional (0-D) semi-
conductor nanomaterials. QDs are confined to a size of 2-8 nm
in 3-D, and are defined as particles with physical dimensions
smaller than the exciton Bohr radius.’® In recent years, the
synthesis of various sizes and shapes of nanoparticle semi-
conductors doped with different dopants to be used as efficient
nanophotocatalysts has become an attractive research field.”!
Photocatalysis is a green technique that has been widely applied
in the fields of environmental remediation and solar water
splitting.>>>* Recently, there have been numerous studies on
photocatalytic H, production and a series of semiconductor
photocatalysts that include metal oxides, nitrides, titanates, and
niobates,”° where high photocatalytic activities for H, production
have been reported. In recent years, much attention has been given
to the research field of nano-crystalline oxide materials due to
their potential importance and the wide range of technological
applications.*'® It has been reported that CdO is a degenerate
n-type semiconductor used in optoelectronic applications, for
instance, in photovoltaic cells,?” solar cells,® phototransistors,*
infra-red reflectors,’® transparent electrodes” and gas sensors.*>*>**
These applications are based on its unusual optical and electrical
properties.** CdO crystallizes in a non-centro-symmetric structure;
thus, it is very interesting to highlight that the non-centro-symmetric
structure induces a spontaneous polarization due to the dis-
placement of the centers of the positive and negative charges in
a unit cell.”” Because their positive and negative charges have
different centers of symmetry, non-centro-symmetric materials
belong to ferroelectric materials that have a macroscopic
polarization which induces the accumulation of charges at the
surfaces.'® Thus, a spontaneous polarization can be screened
by free electrons (e”) in the CB and free holes (h') in the VB,
and/or by ions adsorbed on the surface from the solution
forming a Stern layer."® A positive charge in positive fields is
screened by external and internal mechanisms.*” The internal
mechanism forms a negatively charged region below the surface,
and the external mechanism consists of the adsorption of foreign
negatively charged ions at the surface. On the other hand, the
opposite reactions take place in negative fields, and the adsorbed
foreign ions are positively charged. This charge reallocation
generates an electric field around the charged region.*® A
polarization field is compensated at equilibrium by the screen-
ing mechanisms. Thus, the photogenerated electrons can easily
migrate to the surface and give rise to oxidation and reduction
products at different locations.’” This in turn enhances the
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photocatalytic activity. We should emphasize that the unique
photochemistry of non-centrosymmetric materials may be utilized
to launch some new photoreaction pathways. Moreover, the Cd-O
units possess strong electron cloud overlap and prefer to attract h*
and repel e, thus facilitating the separation of the photogenerated
e -h" pairs. This in turn enhances the photocatalytic activity.
It is interesting to highlight that the polarizability lowers
the potential energy of charged particles and transition states
regardless of whether these particles are negatively or positively
charged.'®

The problems of energy shortages and environmental crises
motivated several researchers to find alternative energy resources.
Photocatalysts are one of the promising alternatives for clean and
environment-friendly energy production.**™" Utilizing solar light
irradiation, photocatalysts can be used to decompose organic
contaminants for environmental purification and split water into
hydrogen and oxygen. Great efforts have been made towards
growing high quality crystals to enhance the photocatalytic
performance, and towards discovering novel crystals with
excellent photocatalytic properties, which can be generally
classified as oxides,® sulfides,*® oxysalts,* polymers®> and
quantum dots.>*™® Quantum dots show high photostability
and a tunable absorption spectrum; thus, semiconductor quantum
dots have the potential for use as photosensitizers in photocatalysis.
A quantum dot can be used to transfer a hole upon photoexcitation
to a water oxidation catalyst, so that the catalyst can drive the water
splitting reaction. Similarly, quantum dots could be used to transfer
electrons to a proton reduction catalyst to make molecular hydrogen
as a solar fuel. The ultimate goal is to have multiple charges
transferred from one quantum dot to one electron or hole acceptor.
However, it is still desirable to find materials with promising
photocatalytic properties; the search for a better candidate has not
ceased. Therefore, we provide a detailed depiction of the electronic
structure and transport, photocatalytic and optical properties
of cadmium benzoate ((Cd(C;H50,),)3(CH3;CN),) using the full-
potential method, which is timely and would bring us important
insights into understanding the origin of the band structure,
density of states, and photocatalytic and photophysical properties.
Hence, it is very important to use a full-potential method based on
density functional theory (DFT). The full-potential method™ within
the general gradient approximation (PBE-GGA)*® and the modified
Becke-Johnson potential (mBJ)®" are used to ascertain the influence
of the XC on the resulting band gap, and hence on the ground-state
properties of cadmium benzoate ((Cd(C,;Hs0,),)s(CH;CN),). The
unique properties of QDs make them efficient semiconductor
nanophotocatalysts, especially for environmental applications.

In this work, ab initio calculations from first- to second-
principles methods are performed to investigate the suitability
of cadmium benzoate ((Cd(C,Hs0,),)3(CH;CN),) for use as
active photocatalysts in the visible light region. It is well known
that the DFT approaches have the ability to accurately predict
the ground state properties of the materials, and the developed
analysis tools are vital to investigating their intrinsic mechanism.
This microscopic understanding has further guided molecular
engineering design for new materials with novel structures
and properties. It is anticipated that first-principles material
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approaches will greatly improve the search efficiency and greatly
help experimentalists in saving resources in the exploration of
new crystals with good performance.®”®® For instance, several
researchers have used first-principles calculations to explore new
photocatalysts and found good agreement with the experimental
results.®”® We would like to mention that, in our previous
works,**”7> we have calculated the energy band gaps and the
photocatalytic properties using the full potential method for
several systems whose energy band gaps and photocatalytic
properties are known experimentally and a very good agreement
with the experimental data was obtained. Thus, we believe that
our calculations reported in this paper would produce very
accurate and reliable results which greatly will help experimentalists
in saving resources in the exploration of new photocatalysts
with good photocatalytic performance. The aim of this work is
to focus on the photocatalytic activity of QDs as new, green and
efficient nanophotocatalysts.

2. Methodology

Cadmium benzoate ((Cd(C,;H50,),);(CH3;CN),) crystallizes in
monoclinic symmetry with ‘P121/c1’ (no. 14). The experimental
lattice parameters are a = 17.0374 (12) A, b = 9.1839 (6) A,
¢ =26.2103 (18) A and Z = 4.°° As the first step a geometrical
relaxation was performed for the experimental X-ray diffraction
of cadmium benzoate ((Cd(C,H50,),);(CH;CN);)*® using the
Perdew-Burke-Ernzerhof generalized gradient approximation
(PBE-GGA).®° The relaxed geometry of ((Cd(C,H;50,),)s(CH;CN),)
in comparison with the experimental data®® is provided in the
ESIL.T A good agreement was found between the relaxed geometry
and the experimental data. The relaxed geometry is shown in
Fig. 1. Using the obtained relaxed geometry, the electronic band
structure, density of states, electron charge density distribution,
and transport and photocatalytic properties are calculated using
the all-electron full-potential linear augmented plane wave
(FPLAPW + lo) method as embodied in the Wien2k code,*®
utilizing the modified Becke-Johnson potential (mB]J) to treat
the exchange correlation.®* The mB]J is a local approximation of
an atomic ‘“‘exact-exchange” potential and a screening term
which allows the calculation of band gaps with accuracy similar
to the very expensive GW calculations.®® We would like to
mention that in our previous works we calculated the energy
band gap using the FPLAPW method within mBJ on several
systems whose energy band gaps are known experimentally; in
those previous calculations we found very good agreement with
the experimental data. Thus, we believe that our calculations
reported in this paper would produce very accurate and reliable
results. The muffin-tin radii (Ryr) of Cd, N, O, C and H atoms
were chosen in such a way that the spheres did not overlap. The
Ryr value is taken to be 2.07 a.u. (Cd), 1.04 a.u. (N), 1.17 a.u. (O),
0.99 a.u. (C) and 0.59 a.u. (H). To achieve the total energy
convergence, the basis functions in the interstitial region were
expanded up to Ryt X Kmax = 7.0. The maximum value of / was
taken as /;ax = 10, while the charge density is Fourier expanded
up to Gmax = 12 (a.u)”’. Self-consistency is obtained using

This journal is © the Owner Societies 2017

Paper

1000 k points in the irreducible Brillouin zone (IBZ). The self-
consistent calculations are converged when the total energy of
the system is stable within 0.00001 Ry. The calculations of the
electronic band structure, density of states and electronic
charge density distribution are performed with 3500 k points
in the IBZ. In this study we provide the details of the investigation
concerning the suitability of cadmium benzoate for use as an
efficient photocatalyst under visible irradiation utilizing the first-
principles material approaches, which greatly improve the search
efficiency and greatly help experimentalists in saving resources in
the exploration of new photocatalysts with good photocatalytic
performance.

3. Results and discussion

3.1. Structure-property relationship

Since the photocatalytic activities are directly related to the
material’s electronic structure,”* the electronic band structure
of cadmium benzoate ((Cd(C,Hs50,),)3(CH3;CN),) along the high
symmetry directions of the first BZ is calculated to explore the
bands’ dispersion and the nature of the fundamental energy
band gap, as shown in Fig. 2a. We set the zero-point of energy
(Fermi level, Eg) at the valence band maximum (VBM). It has
been found that the conduction band minimum (CBM) is
situated between the Z and I" points of the BZ, whereas the
VBM is located between the Z and Y points, resulting in an
indirect energy band gap of about 3.4 eV. Therefore, the
electrons (e”) cannot recombine directly with holes (h"); this
needs instead the assistance of phonons in order to maintain
momentum conservation.”*””® This implies that the investigated
material may have a long lifetime of photoexcited e~ and h',
which can increase the probabilities for photogenerated e~ and
h" to participate in photocatalytic reactions. Moreover, the QDs
possess a higher surface area-to-volume ratio than their bulk
counterparts, and thus allow for greater photon absorption on
the photocatalyst surface, and the recombination of the e~ and
h" pairs drastically decreases as the size of the QDs decreases.
Therefore, QD semiconductors are expected to show higher
photocatalytic activity than their bulk.”” To explore the types
of orbitals which form the CBM and the VBM, the total and
partial densities of states are investigated as shown in Fig. 2b-f.
These figures reveal that the VBM is mainly formed by O-2p
states, whereas the CBM is formed by the Cd-4d and Cd-5s
states. Therefore, introducing the QDs causes a significant band
gap reduction which enhances the photocatalytic performance
towards the visible light region. We would like to highlight that
the CdO-cadmium benzoate ratio showed excellent efficiency®®
and the energy levels of CdO and CdB are sufficient to initiate
the oxidiation or reduction reaction, and the formation of a
heterojunction favors the enhancement of charge separation.”® %*
The relationship between the electrode potential for the CBM,
VBM (EPc, EPv) and E, can be expressed by the following
equations:®

EPc (V vs. NHE) = 1.23 — E, (eV)/2 1)
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(@ and b) Crystal structures of cadmium benzoate ((Cd(C;H50,),)3(CH3CN);) with monoclinic symmetry with ‘P121/cl’ (no. 14). The experimental

Fig. 1

lattice parameters are @ = 17.0374 (12) A, b = 9.1839 (6) A, ¢ =

©

26.2103 (18) A and Z = 4. The crystal structure of cadmium benzoate

((Cd(C7H50,)2)3(CH3CN),) forms through a combination of CdO quantum dots. These figures show only one unit cell which contains four formula

units per unit cell, and (c) one formula unit.

EPv (V vs. NHE) = 1.23 + E, (eV)/2 (2)

The estimated optical band gap of cadmium benzoate
((€d(C;H50,),)3(CH3CN),) is 2.64 eV; thus the EPc and EPv
are about —0.09 V (vs. NHE) and +2.55 V (vs. NHE), respectively.

To realise the solar degradation of pollutants, the reduction
capacity of e~ must be able to produce superoxide acid (-HO,)
and superoxide anion radicals (-O”~), while the oxidation of the
photogenerated holes (h") must be able to oxidize OH™ to
produce reactive hydroxyl radicals (~-OH).*® The CBM for the
photocatalyst material should increase to the vacuum level (EPc will
be lower than H, + H/-HO, (vs. NHE) = —0.13 V). Simultaneously,
the VBM should increase to a narrow energy band gap and maintain
the oxidation capacity for h* (EPv lower than O,/H,O (vs. NHE =
+1.23 V)). It is well known that -OH and -O®~ are free radicals
with high oxidation capacity; thus, -OH and -O°~ can oxidize
various organic and inorganic carbon compounds to produce
dioxide, water and other non-toxic small organic molecules.
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Hence, the energy band gap of the photocatalyst determines the
range of the solar spectrum absorbed. The narrower the energy
band gap, the wider the spectral range response to solar radiation
and the more efficiently it can make use of visible light. The
locations of the CBM and VBM should meet the redox capacity.

Furthermore, in QDs, the transport length of e ~h* from the
crystal interface to the surface is short, which helps in accelerating
the migration rate of e”-h" to the QDs’ surface in order to
participate in the reaction process.®” The short transport length
and the increased accessible surface of photocatalysts as nano-
particles lead to increased photocatalytic activity of the QDs.
The combination of QDs and wide band gap semiconductors
facilitates the transport of charges photogenerated under visible
light irradiation; the resulting composite photocatalyst exhibits
superior activity in visible-light-driven photocatalytic H, evolution.
Introducing QDs into wide energy band gap materials enhances
the energy band gap; the width of the optical band gap is a very
important factor for the photocatalyst, in other words, the range of
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Fig. 2 (a) The calculated electronic band structure of cadmium benzoate ((Cd(C;HsO,),)3(CH3CN),) which clearly shows the conduction band
minimum, the valence band maximum and the energy band gap. (b) The calculated electronic band structure along with the total density of states.
(c—f) Calculated partial densities of states of cadmium benzoate ((Cd(C;Hs0,),)3(CH3CN)4) which show the orbitals that form the VBM and the CBM. They
also show the hybridizations between the orbitals.
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semiconductor
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Fig. 3 (a) Schematic diagrams of charge transfer and the photocatalytic mechanism in cadmium benzoate ((Cd(C;Hs05),)35(CH3CN)). When the

photocatalyst absorbs radiation from sunlight, it produces electron and hole pairs. The electron of the valence band becomes excited when illuminated
by light. The excess energy of this excited electron promoted the electron to the conduction band, thus creating a negative electron (e~) and positive
hole (h*) pair. This stage is referred to as the semiconductor’s ‘photo-excitation’ state. (b) Schematic illustration of the photocatalytic H, evolution
mechanism for a wide energy gap semiconductor incorporated with QDs under visible light irradiation. It illustrates the mediating role of the QDs in
storing and shuttling photogenerated electrons from the QDs to the wide energy gap semiconductor support in a photocatalytic process under visible
light. The QDs absorb visible light and e—h pairs are formed in the CBs/VBs. The photogenerated electrons are transferred from the QDs to the wide
energy gap semiconductor, where they react directly with H,O to produce H,. Through this mechanism, the QDs act as visible light sensitizers, to transfer

photogenerated electrons from the QDs to the wide energy gap semiconductor.

light absorbed (see Fig. 3a and b); the optical absorption induces
the transfer of e from the VB — CB, generating e -h" pairs which
can then migrate to the surface to participate in oxidation and
reduction reactions, respectively.”*®® Usually the locations of
the VBM and the CBM determine the oxidation and reduction
capabilities of photogenerated holes and electrons, respectively,”®
the reduction potential level of the electron-acceptors should be
energetically below the CBM, whereas the oxidization potential
level of the electron-donors should be above the VBM.*

The optical band gap value of the semiconductor materials
can be estimated from the absorption spectrum, as shown in
Fig. 4a. From the absorption spectrum, the optical band gap
value of the semiconductor can be solved as follows: the square
of the absorption coefficient I(w) is linear with energy (E)
for direct optical transitions in the absorption edge region,

24920 | Phys. Chem. Chem. Phys., 2017, 19, 24915-24927

whereas the square root of I(w) is linear with E for indirect
optical transitions.®® The data plots of [I(w)]"? versus E and
[I(w)]? versus energy in the absorption edge region are shown in
the inset of Fig. 4b and c. It is clearly shown that [I()]* vs. E is
linear in the absorption edge region, while [[()]'* vs. E deviates
from the fitted straight line. These plots suggest that the absorption
edge of the investigated material is caused by direct transitions.
From Fig. 4b, we can conclude that the absorption edge of the
investigated material occurs at A = 469.6 nm, and the optical band
gaps are estimated (1g = 1239.8/Eg(optical) ) to be 2.64 eV for
cadmium benzoate ((Cd(C;Hs0,),);(CH;CN),). Therefore, it can
be deduced that the enhanced visible-light-driven photocatalytic
activity of cadmium benzoate ((Cd(C,Hs0,),)s(CH3CN), ) is associated
with the plasmon photosensitization of QDs. The incorporation
of QDs significantly extended the light absorption range to the

This journal is © the Owner Societies 2017
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Fig. 4 (a) Calculated absorption coefficient of cadmium benzoate ((Cd(C;H50,),)3(CH3CN),) — it is clear that direct band gap semiconductors have large
absorption coefficients (10°~10° cm™2). (b and c) The optical band gap's value of the semiconductor materials could be solved as follows; the square of
the absorption coefficient /(w) is linear with energy (E) for direct optical transitions in the absorption edge region, whereas the square root of /(w) is linear
with E for indirect optical transitions. The data plots of the square root of /(w) versus E and the square root of /(w) versus energy in the absorption edge
region. It is clearly shown that the [/(w)]? vs. E is linear in the absorption edge region, while [[(w)]2 vs. E deviates from the fitted straight line. These plots
suggest that the absorption edge of the investigated materials is caused by direct transitions. The absorption edge of the investigated material occurs at
A = 469.6 nm, and the optical band gaps are estimated to be 2.64 eV for cadmium benzoate ((Cd(C;Hs0,)2)3(CH3CN)y).

visible region, which would activate their photocatalytic perfor- photocatalytic mechanism, a material with high mobility carriers
mance under visible light irradiation. When the QDs are directly is required. To achieve this, a material with small effective masses
deposited on a wide band gap semiconductor, they act as is needed. It has been noticed from the electronic band structure
plasmonic photosensitizers to enhance the response to visible (Fig. 2a) that the high k-dispersion bands around the Fermi level
light, and can also facilitate the electron transfer from the QDs (Ey) possess low effective masses and, hence, the high mobility
to the wide band gap semiconductor caused by the lower CBM  carriers (see Table 1), which enhances the charge transfer process;
level of the semiconductor. The combination of CdO QDs and the effective mass provides essential information about the photo-
a wide band gap semiconductor facilitates the transport of catalytic mechanism. The mobility of the photogenerated carriers
charges photogenerated under visible light irradiation; the significantly influences the photocatalytic efficiency®®* and the
resulting composite photocatalyst exhibits superior activity in  higher photogenerated carriers’ mobility enhances the photo-
visible-light-driven photocatalytic H, evolution. Therefore, we catalytic performance.’*°® Moreover, the great effective mass
should emphasize that the amount of CdO QDs is not enough  difference (see Table 1) between electrons (e”) and holes (h)
to dominate the absorption and, hence, the absorption of can facilitate the e and h' migration and separation, and finally

CdO-cadmium benzoate is still important. improve the photocatalytic performance.’>°® The effective mass
of h" is bigger than that of ™. Therefore, the mobility of e~ is
3.2. Photoelectrochemical properties much higher than that of h*, which consequently results in a

It has been reported that the mobility of the electrons generated striking difference in the mobility between the photoexcited e

in the photocatalyst can be directly monitored by the generated
photocurrent, and the generation rate should directly correlate
with the photosensitivity of the material which can be used as a
photocatalyst.”* The generated large photocurrent usually signifies "/ my*/mo D = me*/mn* D = my*/me*
a high separation efficiency of e~ and h* pairs.®® For an efficient  0.0299 0.0036 8.3055 0.1204

Table 1 Calculated effective masses
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and h". This character is beneficial in suppressing the recombination
of the e -h" pairs and improving the photocatalytic efficiency.” %
The mobility of photoexcited carriers can be indirectly assessed by
their effective masses (17, = eto/m.* and 1y, = ety,/my,*); here we call the
mobility as n in order to distinguish between the mobility and
chemical potential (¢). The large mobility difference is useful for
the separation of e~ and h', the reduction of the e~ and h*
recombination rate, and the improvement of the photocatalytic
activity.”>°® It is clear that the effective mass of the e is much

PCCP

smaller than that of h*, and thus, one can deduce that the
photogenerated carriers can fast transfer along different directions.
Fig. 5a shows the carriers’ mobility as a function of carrier
concentration (n), which clearly shows a significant reduction in
the carriers’ mobility with an increase in the carrier concentration
due to the increase in the scattering. To support this statement, we
investigated the carriers’ mobility as a function of temperature, as
shown in Fig. 5b. It clearly shows a significant reduction in the
carriers’ mobility with an increase in the temperature, which is
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(a) The mobility of cadmium benzoate ((Cd(C;Hs0O,),)3(CH3CN)y) as a function of carrier concentration; (b) the mobility of cadmium benzoate

((Cd(C7H50,),)3(CH3CN)y) as a function of temperature; (c) the carrier concentration of cadmium benzoate ((Cd(C;Hs0,),)3(CH3CN),) as a function of
temperature; (d) the carrier concentration of cadmium benzoate ((Cd(C;Hs50,),)35(CH3CN);) as a function of chemical potential © — Ef at room
temperature and two other randomly selected temperatures; and (e) the photoconductivity of cadmium benzoate as a function of photon energy.
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Fig. 6 (a) The charge density distribution of (Cd(C;Hs05),)s(CH3sCN)4 in (1 0 0); (b) the charge density distribution of (Cd(C;Hs05),)35(CH3CN)y in (1 0 1);
(c—j) charge density distributions in different directions which show that an efficient charge transfer occurs towards O and N atoms, as the N and O atoms
are surrounded by uniform spheres of charge density and the maximum charge accumulates around the O and N atoms as indicated by the blue color;
and (k) thermoscale shows that the blue color indicates the maximum charge intensity (1.0000).
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attributed to the fact that increasing the temperature causes the
vibration to increase, and hence the mobility, resulting in an
increase in the scattering which leads to the suppression of the
mobility.

The other crucial issue in understanding the photocatalytic
mechanism in cadmium benzoate ((Cd(C,;H50,),)s(CH3CN),) is
the carriers’ concentration (n) and their mobility. Therefore, we
investigated the influence of the temperature (7) on the carriers’
concentration (1) of cadmium benzoate ((Cd(C;HsO,),);(CH;CN),)
at a certain value of the chemical potential (u = Ey). It is clear that
the carriers’ concentration (Fig. 5¢) shows a slight deviation from
the linear temperature dependence. To support this statement, we
investigated the n as a function of the chemical potential in the
vicinity of Er at three T values, as shown in Fig. 5d. It has been
noticed that the difference between the chemical potential and the
Fermi energy (1 — Eg) is positive for VBs and negative for CBs, and
cadmium benzoate ((Cd(C;H50,),)3(CH3CN),) exhibits a maximal
n in the vicinity of Er. Furthermore, the photoconductivity as a
function of photon energy is investigated, as shown in Fig. 5e. It is
clear that cadmium benzoate shows the highest photoconductivity
when the photons possess an energy of about 2.64-6.5 eV and
11.0-13.5 eV. Thus, it covers the visible region. Apparently, the
photocurrent was generated immediately at the absorption edge,
ie 2.64 eV, which implies that cadmium benzoate exhibits a
photocurrent response in the visible light region; this indicates
that the investigated material may exhibit good photocatalytic
activity and agrees well with the foregoing photocatalytic activity
measurement.

3.3. Electronic charge density

In order to reveal the chemical bonding properties of cadmium
benzoate ((Cd(C,;H;50,),)s(CH3CN),), the electronic charge density
is calculated in two crystallographic planes, (1 0 0) and (1 0 1), as
shown in Fig. 6(a—j). The charge localizes mainly between Cd and
the neighboring O, also between C and O atoms, indicating
partial ionic and strong covalent bonding. The strength of the
interactions between the atoms is due to the degree of the
hybridization and the electronegativity differences. According to
the Pauling scale, the electronegativities of C, H, N, Cd and O
are 2.55, 2.20, 3.04, 1.69 and 3.44, respectively. To describe the
character of the chemical bonding in cadmium benzoate
((Cd(C,H50,),)3(CH5CN),), the difference of the electronegativity
(Xa—Xg) is crucial,”” where X, and X5 denote the electronegativities
of the A and B atoms in general. With an increase in the (X,—Xg)
difference, the ionic character (P) of the bonding increases. The
percentage of P for the chemical bonding can be obtained using
the expression:*

P (%) = 16(Xs—Xg) + 3.5(Xx—Xp)” (3)

The calculated values of P are given in Table 2. It is clear that
the Cd-O, C-O, Cd-N and C-N bonds are mostly covalent and
partially ionic, see Table 2. The covalent bonding is more favorable
for the transport of the carriers than ionic bonding.'*® Also, due to
the electronegativity differences between the atoms, some valence
electrons are transferred to the O atoms, as it is clear that these
atoms are surrounded by uniform blue spheres, which indicate the
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Table 2 The calculated values of the ionic character of cadmium benzoate
((Cd(C7H502)2)5(CHZCN)y)

Bonds P (%)
Cd-O 38.71
C-0 17.01
C-N 8.68
Cd-N 27.97

maximum charge accumulation according to the thermoscale
(Fig. 6k). The Cd-O, C-O, Cd-N and C-N bonds possess strong
electron cloud overlap and prefer to attract holes and repel
electrons, thus facilitating the separation of the photogenerated
e-h" pairs. This in turn enhances the photocatalytic activity.'*!

4. Conclusion

The remarkably enhanced photocatalytic performance of cadmium
benzoate can be attributed to the incorporation of CdO QDs.
The introduction of CdO QDs improves the absorption level to
the visible region and significantly strengthens the separation
between photogenerated carriers. The estimated optical band
gap of cadmium benzoate is 2.64 eV, and the EPc and EPv are
about —0.09 V (vs. NHE) and +2.55 V (vs. NHE), respectively.
Thus, cadmium benzoate possesses a high negative reduction
potential of excited electrons due to its higher CB position, and
hence, the locations of the CBM and VBM accommodate the
redox capacity. Thus, the composite photocatalyst exhibits
superior activity in visible-light-driven photocatalytic H, evolution
under visible light irradiation. The electronic band structure of
cadmium benzoate shows high k-dispersion bands around Er,
which implies low effective masses and, hence, the high mobility
carriers enhance the charge transfer process. It was found that
cadmium benzoate possesses a great effective mass difference
between e~ and h', which can facilitate the e~ and h" migration
and separation, and finally improve the photocatalytic performance.
The large mobility difference is useful for the separation of e~
and h', reduction of the e~ and h' recombination rate, and
improvement of the photocatalytic activity. Thus, cadmium
benzoate is proved to be a good photocatalyst due to the rapid
generation of e -h" pairs with photoexcitation, and a high
negative reduction potential of excited electrons due to its
higher CB position. Based on these results one can conclude
that cadmium benzoate satisfied all requirements to be an
efficient photocatalyst.
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