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Introduction

Compositionally engineered Cd—Mo-Se alloyed
QDs toward photocatalytic H,O, production and
Cr(vi) reduction with a detailed mechanism and
influencing parametersf

Jyotirmayee Sahu, Sriram Mansingh, Bhagyashree Priyadarshini Mishra,
Deeptimayee Prusty and Kulamani Parida "= *

With the exceptional advantages of safety, greenness, and low cost, photocatalytic H,O, generation has
kindled a wonderful spark, although being severely hampered by the terrible photoinduced exciton
recombination, migration, and surface decomposition. Here, employing reflux method, the Cd-Mo-Se
quantum dots of varying molar ratios of Cd and Mo were synthesized using thioglycolic acid as the
capping ligand to regulate their growth. This type of metal alloying promotes rapid charge migration,
improves light harvesting, and reduces the rate of charge recombination. The improved optoelectronic
properties and boosted activity of Cd-rich ternary CMSe-1 QDs led to the observed exceptional photo-
catalytic H,O, yield of 1403.5 pmol g~ h™* (solar to chemical conversion efficiency, 0.27%) under visible
light, outperforming the other ternary and Se-based QD photocatalysts. Additionally, CMSe-1 shows
93.6% (2 h) hazardous Cr(vi) photoreduction. The enhanced catalytic performance of CMSe-1 corres-
ponds to effective charge carrier separation and transfer efficiency, well supported by PL, TRPL, and
electrochemical measurements. Photocatalytic H,O, production was also studied under varying experi-
mental conditions and the scavenger test suggests a superoxide radical intermediate 2-step single elec-
tron reduction pathway. The catalyst-assisted Cr(vi) reduction is substantiated by the zero-order kinetics
as well as the determination of the pHpzc value. The catalyst can be employed for a maximum of four
times while retaining its activity, according to the photostability and reusability test outcomes. This
research presents interesting approaches for producing ternary QDs and modified systems for efficient
photocatalytic H,O, production and Cr(vi) reduction.

products, toxic solvent use, and extensive energy
consumption.*” Additionally, the direct catalytic combination

H,0, has gained considerable attention for its use as a safe
and green oxidant in chemical synthesis, papermaking, disin-
fection, and wastewater treatment."” These days, H,O, is also
utilized as a fuel in cutting-edge one-compartment fuel cells,
having output potentials on par with those of traditional
hydrogen fuel cells.® At present, anthraquinone oxidation (AQ)
is the conventional technique for the commercial synthesis of
H,0,; however, this approach leads to substantial noxious by-
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of H, and O, (such as Pd or Au/Pd) has explosion hazards,
whereas the electrochemical method has selectivity issues and
hence has not yet been used in industrial production.®
Considerable effort has been put into investigating the most
efficient and environmentally viable technique to substitute
the AQ method and meet the diversified demand.”?®
Photocatalytic H,O, generation is currently viewed as a revolu-
tionary option as far as the environment and sustainability are
concerned.’ However, H,0, is thermodynamically unstable
and tends to dismutate backward into H,O and O, which
reduces the overall yield which is another challenge.
Photocatalytic generation of H,0, is frequently observed when
oxygen is permitted to engage with the photocatalyst in the
presence of hole-quenching elements (e.g., oxalic acids, alco-
hols, etc.). Typically, the holes (h") in the valence band (VB)
oxidize H,O/sacrificial agents to H' and O,/oxidized product,
while the electrons (e7) in the conduction band (CB) with the
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required potential take part in the O, reduction reaction
(ORR). The O, reduction reaction proceeds via a single-step
two-electron (O, + 2H" + 2~ — H,0,, 0.68 V vs. NHE) or step-
wise single-electron (O, + e~ - "O,~, —0.33 V vs. NHE and ‘O,~
+ e +2H' —» H,0,, 1.44 V vs. NHE) pathway, producing H,0,.
Hence, it is crucial to pick a photocatalyst with the right band
edge potentials, along with improved carrier separation and
transfer efficiency to achieve an enhanced activity."”'! In this
regard, a wide range of photocatalysts including TiO,, g-C3Ny,
QDs, RGO-based systems, and metal-organic frameworks
(MOFs) have been investigated but to touch the target value for
the large-scale industrial production of H,0, remains
challenging.'*>'

In addition to this, the release of toxic heavy metal ions,
specifically Cr(vi), from industrial wastewater into surface
water and groundwater presents a significant risk to both
human health and aquatic ecosystem equilibrium.>* This is
primarily due to the considerable solubility of Cr(vi) in water,
as well as its substantial carcinogenic and acute toxic pro-
perties.”® However, Cr(m) has been proven to be less hazardous
as compared to Cr(vi) due to its limited oxidation character-
istics and bioavailability.>* Significant research interest has
been directed towards the development of highly efficient
photocatalysts for the reduction of Cr(vi) due to the eco-
friendly, renewable, and sustainable nature of the photo-
catalytic process.”>® Out of the many recently reported
materials, QD-based photocatalytic systems are promising can-
didates. They show the maximum absorption range in the
visible region because of their multiple electron production
with a single photon and band gap tunability concerning par-
ticle size.>*!

Quantum dots (QDs) are a kind of zero-dimensional photo-
catalyst with a quantum confinement effect, a greater surface
binding potential, tunable optoelectronic properties, and
chemical stability that have been extensively explored over the
past few years for various photocatalytic applications.**™° In
this context, the author group has made tremendous advance-
ments and developed potent QDs toward water splitting, N, fix-
ation, and environmental pollutant remediation-related
applications.>*° According to several studies, visible light
activates QDs in an aerobic environment and releases super-
oxide radicals ("O,7), which are regarded as one of the crucial
intermediates for the production of H,0,. Therefore, photo-
catalytic generation of H,O, employing QDs as a photocatalyst
under visible light conditions may be feasible.*® Moreover, the
formation of superoxide radicals by QDs has been reported to
give them exceptional selectivity for H,0,. However, the
efficiency is still below the benchmark for standard appli-
cations. As a result, a variety of modification techniques,
including doping, heterojunction formation, and defect engin-
eering are frequently followed to increase the activity of photo-
catalytic H,0, generation on QDs.*’™** As seminal studies, Xu
et al. investigated the H,0, production capacity of CdSe QDs
that goes via the two-electron and one-electron molecular
oxygen reduction process. The group then prepared K, P, N, co-
doped hollow carbon polyhedron (KPN-HCP) modified CdSe
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QDs and reported a four-fold increase in H,O, generation due
to improved O,/H,O surface adsorption, effective electron-hole
separation and proton release.”® In a recent study, Ji et al
investigated H,O, production over CdSe-based core/shell QDs
and improved their activity (126 mmol L™'/2 h) via wavefunc-
tion engineering, tunable band alignment, and surface-shell
structure design.”” Alloyed QDs can be synthesized by making
composites between binary QDs and other semiconducting
materials. By choosing the appropriate alloy composition, the
band gap alignment of alloyed QDs can be widely tuned and
optimized, which is attributed to the optical bowing effect and
their absorption can be extended into the visible region.*’
Alloying Cd and Mo to form ternary Cd-Mo-Se QDs is an
efficient way to enhance the photocatalytic efficiency as com-
pared to binary CdSe and MoSe, QDs by suppressing the
exciton recombination rate. The band structure of Cd,Mo,_,Se
QDs can be tuned according to the composition of Cd and Mo,
which exhibits better performance in photocatalytic H,O, pro-
duction than CdSe.

In this study, alloyed Cd,Mo,;_,Se (CMSe) QDs with a
varying content of Cd and Mo along with binary CdSe and
MoSe, QDs were fabricated by the one-step reflux method
using an appropriate amount of thioglycolic acid to prevent
agglomeration of small sized QDs. The Cd-rich alloyed QDs
(CMSe-1, where x = 0.7) show superior performance to the Mo-
rich alloyed QDs (CMSe-2, where x = 0.3) with excellent re-
usability. The higher the Cd proportion, the wider the band
gap in the alloyed QDs, which leads to a lower charge recombi-
nation rate and higher band potential, which is in good
accordance with the data of PL, M-S plot, and EIS measure-
ments. The prepared QDs were examined towards photo-
catalytic H,O, production under different reaction conditions
and it was found that the activity of CMSe-1 alloyed QDs
(1403.5 pmol g~' h™") outperforms both the binary QDs.
Furthermore, CMSe-1 QDs show noticeable efficiency (93.6%
in 2 h) in photocatalytic Cr(vi) reduction at low pH. The mecha-
nisms of both H,0, production and Cr(vi) reduction have been
studied in detail along with the involvement of active species,
which is supported by scavenger tests. The presence of defects
plays an important role in increased peroxide formation and
Cr(vi) reduction. This investigation paves a new avenue in
designing compositionally engineered alloyed QDs for achiev-
ing improved catalytic efficiency for various photocatalytic
energy and environmental-related applications.

Experimental section

Materials

Cd(NO3),-4H,0, Na,M00,-2H,0, thioglycolic acid (TGA),
NaBH,, KI, and ammonium molybdate were purchased from
Merck, India. Selenium powder was purchased from Himedia.
All chemicals were of analytical reagent grade, so used as such
without any further purification. Throughout the reaction, dis-
tilled water was used as a solvent.

This journal is © The Royal Society of Chemistry 2023
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Synthesis of Cd-Mo-Se QDs

Binary and alloyed QDs were fabricated by a one pot method
by following previously reported literature with slight modifi-
cation.*® Briefly, NaHSe solutions as Se precursor were syn-
thesized by dissolving Se powder with NaBH, in chilled water.
159 mg (4 mmol) of NaBH, was dissolved in 2 mL of chilled
distilled water in a flask, followed by the addition of 158 mg
(2 mmol) of Se powder. Immediately the flask was placed into
an ice bath and H, gas was bubbled for approximately 60 to
90 min. Finally, the black Se was reduced to transparent
NaHSe, and white Na,B,0, precipitated.*”*®

4NaBH, + 2Se + 7H,O < 2NaHSe + Na,B40; + 14H, T (1)

For the typical synthesis of CMSe-1 QDs with 0.7 : 0.3 molar
ratio of Cd:Mo, Cd(NOs),-4H,0 (436 mg), Na,MoO,-2H,0
(147 mg) and TGA (0.5 mL) were dissolved in 200 mL de-
ionized water in a three-neck round bottomed flask with con-
tinuous stirring. The pH was adjusted around 11 by 0.1 M
NaOH under an N, atmosphere to prevent oxidation of the
material. The freshly synthesized NaHSe was quickly added
into the solution and kept refluxing at 100 °C for 3 h.
Furthermore, to synthesize QDs with different molar ratios of
Cd:Mo (1:0, 0.7:0.3, 0.3:0.7, and 0:1), the compositions of
the Cd and Mo precursors were accordingly changed.
Scheme 1 depicts the stabilized CMSe alloyed QD in the pres-
ence of TGA under reflux conditions.

Photocatalytic H,O, production

The photocatalytic oxygen reduction reactions were performed
under 250 W visible light. 20 mg of catalyst was suspended in
20 mL of distilled water containing 5% (v/v) as a sacrificial
electron donor. The mixture solution was sonicated for
15 min. Then the suspension was transferred into the reactor
and was stirred in the dark with continuous bubbling of O, to
attain the adsorption-desorption equilibrium. After 30 min,
the light was focused on the suspension solutions for 2 h to
produce H,0,. Then to separate the photocatalyst, the suspen-
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sion was centrifuged followed by filtration. Further to deter-
mine the amount of H,0, produced, the iodometry method
was adopted, where 2 mL of 0.1 M KI and 0.05 mL of 0.01 M
ammonium molybdate were mixed with 1 mL of filtrate solu-
tion. In such a procedure, I” forms I*~ after reacting with H,0,
molecules, and the concentration of I*~ is measured using a
spectrophotometer to determine how much H,0, was pro-
duced. Additionally, a blank experiment carried out without
the use of a photocatalyst or light and confirming that no
H,0, was formed at any concentration confirms the effective-
ness of the photocatalyst in the O, reduction reaction. UV-vis
DRS (4 = 350 nm) was applied to detect the concentration of
H,O0, produced.

Additionally, the process of decomposing H,0, was con-
ducted in a 30 mL reactor made of quartz, while being exposed
to light. In a standard experimental procedure, a reactor was
filled with 15 mL of hydrogen peroxide solution (16 mM) and
subsequently subjected to cooling through an ice bath. 20 mg
of catalyst was introduced into the reactor and subjected to
light exposure under continuous agitation. Following the reac-
tion, the solution was centrifuged and subsequent analysis of
H,0, was conducted.

Photocatalytic Cr(vi) reduction

CMSe-1 QDs were also used to minimize hazardous Cr(vi) to
hypoxic Cr(m) owing to their wide-range light absorption capa-
bility and photostability causing serious ecological pollution.
From the results of photocatalytic H,O, generation, the
highest activity is recorded for CMSe-1 QDs. Therefore, the
photocatalytic Cr(vi) reduction was studied using a CMSe-1
catalyst. In the performed experiment, 20 mg of CMSe-1 QDs
and 20 mL of 10 ppm Cr(vi) solution were mixed in a beaker.
This solution was continuously stirred in the dark for 30 min
to attain equilibrium between adsorption and desorption.
Subsequently, a 20 W LED was used to illuminate the mixture
solution. The photocatalytic reduction of Cr(vi) over CMSe-1
QDs was observed for different times such as 30 min, 60 min,

COOH
HOOC
\ / jOOH
( c_cD 3 h, pH=11
it ~~~cooH
w +
“@ N, atmosphere
Reflux
‘ \-——COOH
£

HOO

Scheme 1 Schematically illustrating the synthesis procedure of CMSe alloyed QDs.

This journal is © The Royal Society of Chemistry 2023
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90 min, and 120 min. The photocatalytic reduction activity of
CMSe-1 was also investigated at different pH (3, 6, 9, 12) where
the pH was maintained using 1 M HCl and 1 M NaOH. After
the reaction, the solution was centrifuged and the supernatant
was collected. To prove the photoreduction of Cr(vi) to Cr(ur)
and quantify the amount of (VI), the colorimetric test was per-
formed, where 2 mL of sulphuric acid (H,SO4, 3 M) and 1 mL
of freshly prepared 1,5-diphenylcarbonohydrazide (DPC) were
added to 2 mL of the supernatant. After allowing it to stand in
the dark for 15 min, the absorbance of the solution was
measured at 540 nm using a UV-vis spectrophotometer.

Reusability test of CMSe QDs

After photocatalytic reduction, CMSe-1 QDs were recovered by
centrifugation and washed several times with ethanol-water
solution, and dried under vacuum. Then the QD was directly
applied to the next cycles of H,O, generation and Cr(vi)
photoreduction.

Results and discussion
Structure and morphology

The powder X-ray diffractometry (XRD) pattern of the syn-
thesized samples (CSe, MSe, CMSe-1, and CMSe-2 QDs with
molar ratios 1:0, 0:1, 0.7:0.3, and 0.3:0.7 of Cd:Mo>°®
respectively) is depicted in Fig. 1a. The diffraction peaks
obtained from XRD of CMSe-1 and CMSe-2 QDs show peaks of
both CdSe and MoSe, QDs, supporting the formation of an
alloyed structure.*® However, the intensity of the peak depends
upon the ratio of Cd:Mo. The peaks of CMSe-1 and CMSe-2
appeared at around 20 = 25° (111), 42° (220), and 49° (311)
with slight shifting (enlarged view depicted in ESI (S1)t) and

(a)
\N MU, CMSe-2
@»
=
2 CMSe-1
. _ CSe]
—— l Morn MSe
10 20 30 60 70 80

40 50
20 (Degree)

Fig. 1
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can be indexed to the characteristic peaks of CdSe with zinc
blende structure, which are well matched with previous data
(JCPDS Card No. 19-0191). Similarly, the signature peak at 32°
corresponds to the characteristic (100) plane of MoSe, having
a rhombohedral structure (JCPDS Card No. 20-0757). It can be
seen that evenly dispersed CMSe-1 are tiny dot-like nano-
particles, visualized from TEM images presented in Fig. 1b
and c. An average particle size of 24 nm was determined from
the particle size distribution plot (inset ESI (S2)1). Due to the
tendency of QDs to aggregate, the diameter of the CMSe-1
expands. In parallel, Fig. 1d is the high-resolution TEM
(HRTEM) image of CMSe-1 that displays a clear crystalline
lattice spacing i.e., d = 0.352 nm, which is assigned to the
(111) crystal plane and is in good accordance with XRD of
CMSe-1. Also, the disordered and unclear areas confined by
the yellow circle indicate the presence of defects. Here, in com-
parison to the lattice fringes of neat CdSe (dspacing = 0-337 nm
for the (111) plane), the alloyed CMSe-1 shows a high d
spacing value of 0.352 nm for the (111) plane, which indicates
lattice expansion and formation of defect or disorder within
the system.>® The polycrystalline structure of CMSe-1 QD can
be witnessed from the continuous Deby-Scherrer rings in the
selected area electron diffraction (SAED) pattern in Fig. 1le.
Furthermore, XPS analysis was carried out to illustrate the
surface chemical state and interfacial electronic states of
CMSe-1 QD. Fig. 2a displays Cd 3d spectra, which are deconvo-
luted into two peaks positioned at binding energies (BEs) of
404.8 and 411.6 eV and are attributed to the Cd 3ds/, and Cd
3d,), spin state of Cd(u) respectively.’®>" The high-resolution
deconvoluted Mo 3d spectrum also exhibits two peaks at BEs
of 228.6 and 231.6 eV, which are assigned to Mo 3ds,, and Mo
3d;,, energy levels respectively as shown in Fig. 2b, indicating
the +4 oxidation state of Mo.>* Besides, the peaks at BE of 53.6

(a) Powder XRD pattern of CSe, MSe, CMSe-1, and CMSe-2, (b and c) HRTEM images (d) HRTEM fringe pattern (e) SAED pattern of CMSe-1 QD.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 XPS spectra of (a) Cd, (b) Mo, (c) Se elements, and (d) EDX analysis demonstrating elemental components in CMSe-1.

(Se 3ds/,) and 54.6 eV (Se 3dj.,) in Fig. 2c present the (II) oxi-
dation state of Se in the alloyed QD.>* Moreover, ESI (S3)1 pre-
sents the survey analysis spectra of CMSe-1 QDs, from which it
can be noticed that Cd, Mo, and Se elements are detected,
revealing the coexistence of these three elements without any
impurity species. In parallel, all the compositional constitu-
ents present in CMSe-1 QDs were evaluated from the energy-
dispersive X-ray (EDX) (Fig. 2d) study, which is in good accord-
ance with XPS analysis spectra. The color mapping image of
CMSe-1 QDs is also included in ESI (S4)1 which supports the
above observation of elemental content. Additionally, the
plotted EPR result in ESI (S5)} shows that the sample CMSe-1
contains a defect with an anisotropic feature brought by super
hyperfine splitting.”* The existence of defects in CMSe-1
systems is also well supported by the HRTEM image (Fig. 1d),
crucial for the activation and adsorption of molecular oxygen,
which increases the formation of H,0,.

Optical and electrochemical properties

The optical absorption properties of CSe, Mse, CMSe-1, and
CMSe-2 QDs are also investigated by UV-vis spectroscopy. As
depicted in Fig. 3a, the CMSe-1 and CMSe-2 alloyed QDs
exhibit good light absorption with their absorption edges in
between that of the binary QDs suggesting alloy formation.>®
Moreover, the activity of photocatalysts largely depends on the
separation efficiency of electron-hole pairs, which can be esti-
mated by photoluminescence (PL) spectra. Fig. 3b shows the
PL spectra of Cse, Mse, CMSe-1, and CMSe-2 QDs photo-
excitation at 380 nm, where Mse QDs exhibit the strongest PL
intensity due to the highest extent of photogenerated charge
carrier recombination. However, the PL intensities of the
CMSe-1 and CMSe-2 QDs are notably reduced, indicating that
alloying of metals hinders the recombination of charge car-

This journal is © The Royal Society of Chemistry 2023

riers, and the lowest intensity is seen in CMSe-1 QDs, which is
due to the efficient quenching of electron holes. The asym-
metric peaks on the PL graph could be caused by band gap
transitions and the existence of defects, implying that CMSe-1
QDs like other QDs should have a wide particle size distri-
bution.*® Additionally, the separation efficiency of electron-
hole pairs is also supported by electrochemical impedance
spectroscopy (EIS) as illustrated in Fig. 3c. Compared to Cse
and Mse QDs, the semi-circular diameter of CMSe-1 and
CMSe-2 QDs indicates better charge flow although the smallest
arc radius is observed for CMSe-1 QD implying the lowest
migration resistance for photo-excited charge -carriers.
Moreover, Fig. 3d represents the transient photocurrent plot of
CSe, MSe, CMSe-1, and CMSe-2 QDs under the light on/off
conditions. This implies that the highest transfer efficiency of
photogenerated charge carriers is for CMSe-1 QDs, which
leads to enhanced photocatalytic activity. Adding more, the
small spikes in the photocurrent plot of binary QDs upon
interrupted light irradiation indicate the faster recombination
of holes and electrons. Additionally, Fig. 3e represents the
linear sweep voltammetry (LSV) analysis of the synthesized
binary and alloyed QDs with the potential bias range from
—0.8 to 0.0 V. All of them exhibit cathodic photocurrent den-
sities and the highest negative photocurrent density
(-0.868 mA cm™?) is determined from CMSe-1 QDs, resulting
in the most accelerated photogenerated charge carrier separ-
ation and hence better activity.

Based on the Bode phase plot of CSe, MSe, CMSe-1, and
CMSe-2 QDs, displayed in Fig. 4a, it can be stated that the fre-
quency regions can be used to quickly identify the lifespan of
the injected electron. Applying eqn (1), the lifespan of the
injected electrons was calculated.

The life span of electrons (z) = 1/2I1fmax

(1)

Dalton Trans., 2023, 52,16525-16537 | 16529
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where 7 and fi,ax correspond to the lifetime of photoinjected
electrons and the minimum reverse frequency of the photo-
catalyst. The lifetime of these electrons was somehow corre-
lated with the shift in the peak position along the frequency
region ie., drift to the lower or higher position. In Fig. 4a,
CMSe-1 QDs have the lowest frequency value (fnax) and longest
duration (zr = 53.6 ps) of electron lifespan, resulting in
enhanced photocatalytic activity. The photoinjected electron
lifespan calculated for CMSe-2, CSe, and MSe are 41.5, 37.5,
and 37.4 ps respectively. The substantially longer injected
exciton lifespan of CMSe-1 QDs indicates their fast interfacial
charge carrier transfer dynamics. Similarly, the time-resolved
photoluminescence spectroscopy (TRPL) of the as-prepared

16530 | Dalton Trans., 2023, 52, 16525-16537

(a) Bode phase plot of CSe, MSe, CMSe-1, and CMSe-2 (b) TRPL plot of CMSe-1 and CMSe-2.

CMSe-1 and CMSe-2 QDs was conducted to evaluate the life-
span of photogenerated charge carriers, which is shown in
Fig. 4b. A bi-exponential model as specified in eqn (2) was
used to fit the acquired decay curves.

Fit=A +aq exp(ftl/‘rl) + ay eXp(ftz/Tz) (2)

where 4 is a constant and relative contributions are symbolised
by a; and a,. The time after a pulsed laser excitation is rep-
resented by t. In this context, 7; and 7, denote the decay life-
times, respectively, which elucidate the processes of radiative
recombination and nonradiative relaxation of photo-excitons.

This journal is © The Royal Society of Chemistry 2023
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Using eqn (3) and the parameters listed in Table S1 (ESI), the
average lifetime (z,¢) was calculated.

(111'12 + agfzz

(3)

favg = o071 + Qa7

The CMSe-1 exhibits an average lifetime of 1.53 nano-
seconds, surpassing the average lifetime of CMSe-2 (1.51 nano-
seconds). This discrepancy suggests that the increased concen-
tration of Cd in CMSe-1 contributes to enhanced exciton dis-
sociation and slow decay of charge carriers on the surface,
thereby favourably impacting the photocatalytic activity.

Adding more to the investigation, the Kubelka-Munk func-
tion was used to estimate the band gap energy (£;) of CMSe-1
and CMSe-2 QDs and was found to be 1.76 and 1.70 eV
respectively, as illustrated in Fig. 5a. Additionally, the resulting
Urbach energies of CMSe-1 and CMSe-2 are determined to be
0.26 eV and 0.19 eV as given in ESI (S6).T Increased disorder or
defects in the system are indicated by the high Urbach value of
the alloyed CMSe-1 QD. The system becomes more disorde-
redly, which may be attributed to lattice expansion and, conse-
quently, an increase in Cd concentration may affect the band
edge potentials by causing a variation in the band gap energy.
Lattice expansion or absence of continuous lattice fringes is
related to defect presence. Also, this defect formation is well
supported by HRTEM and EPR analysis.*®>®

Determining the valence band (VB) and conduction band
(CB) positions of CMSe-1 and CMSe-2 QDs helps to better
explain the mechanism of photocatalytic H,O, production.
The flat band potential of CMSe-1 and CMSe-2 QDs were
obtained from the Mott-Schottky plots and estimated as
—0.60, and —0.53 V (vs. Ag/AgCl at pH 7) respectively as shown
in Fig. 5b. The positive slopes of the M-S plot evidence CMSe-
1 QDs as an n-type semiconductor. The CB minima of CMSe-1
and CMSe-2 are then recalculated by using eqn (4) to be —0.41
and —0.34 eV (vs. NHE at pH 7), respectively and their respect-
ive VB band positions are 1.35 and 1.37 eV based on eqn (5).
Because the CB maximum of CMSe-1 QDs (—0.41 eV, vs. NHE)
is higher than that of 0,/°0,7(—0.046 V vs. NHE), a substantial
amount of "O,~ is generated on the CMSe-1 surface which then
reacts with H" generated by the oxidation process (used sacrifi-
cial agent) resulting in more H,0, generation.

View Article Online
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Ecp = Eng/agal — 0.059(7 — pH of the electrolyte) + Eyg jnee (4)

EVB - ECB + Eg

(5)

where Eagagc1 represents the flat band potential of materials,
and the pH of the electrolyte was found to be 6.8, and the
reference electrode constant EZg/AgCl (= 0.198). Likewise, the
VB potential of CMSe-1 (1.35 eV) can be evaluated by XPS VB
spectroscopy as displayed in Fig. 5c. The primary shoulder
pattern of the first peak at the ends with the least binding
energy correlates to the VB potential of CMSe-1 in the XPS VB

spectra.

Applications
Photocatalytic H,0, generation

The photocatalytic performances of the synthesized QDs were
examined towards H,O, generation under visible light
irradiation. The concentration of H,O, produced by bare CdSe
and MoSe, QDs are 408.15 pmol g~* h™" and 212.76 pmol g™*
h™' respectively. It is notable from Fig. 6a, that CMSe-1 QD
reveals the highest H,0, production of 1403.5 pmol g~ h™"
which is 3.4 and 6.6 times higher than those of binary CdSe
and MoSe, respectively due to the suppressed exciton recombi-
nation rate. CMSe-1 QDs with a Cd/Mo ratio of 0.7/0.3 outper-
forms CMSe-2 QDs (963 pmol g* h™") including binary QD
(CdSe and MoSe,). The Cd-rich catalyst (CMSe-1) displays
better photocatalytic efficiency than the Mo-rich alloyed QDs
(CMSe-2) because the higher proportion of Cd widens the
bandgap of CMSe-1 QDs as compared to that of the CMSe-2
QDs. Hence, the electron-hole recombination rate decreases
and leads to better activity. Besides, the solar to chemical con-
version efficiency (SSC) using CMSe-1 was determined to be
0.27% at Amax > 420 nm using eqn (S1) (detailed formulation
in the ESIf). Simultaneously, the decomposition of H,O,
becomes a critical issue as it reduces the overall H,0, yield
including material loss. Furthermore, from Fig. 6b it can be
visualized that by using CMSe-1 as a photocatalyst, the rate of
H,0, generation in an O,-saturated solution is dramatically
high, whereas in an N, or Ar environment, very negligible
H,0, was discovered revealing that O, plays a major role in

(a) CMSe-1 (b)gx10"{ ° CMSe-1 () CMSe-1
| — CMSe-2 o CMSe-2
< 5x10"1 =
DX E 10 M ]
g q{; 4x10 Qqe" %
= 7 3x10" £
@ £
1.76ev | / 10] =
e 2x10 0.53
171 eV / 1x10"- -0.60 (9 1.35
1.4 1.6 2.0 22 0.9 -0.6 0.3 0.0 0.3 0 8 6 4 2 0 =2

1.8
Eg (eV)

Fig. 5
plot of CMSe-1.
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(a) Tauc plot for the determination of band gap, (b) M-S plot to obtain conduction band potential of CMSe-1 and CMSe-2 QD, (c) XPS VB
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Fig. 6 (a) Yield of photocatalytic H,O, generation using different photocatalysts under 250 W visible light irradiation for 2 h, (b) H,O, production

rate under different saturated atmospheres (c) Influence on H,O, generation rate in the presence of different scavengers, (d) The pH effect on the
photocatalytic H,O,, and (e) reusability plot of CMSe-1, (f) k¢ and k4 for H,O, generation rate of photocatalysts (CSe, MSe, CMSe-1, and CMSe-2).

photocatalytic H,O, generation and also confirms the photore-
duction of the supplied O, to H,O,. Additionally, the active
species trapping experiments were performed to figure out the
reaction pathways of photocatalytic H,O, production using
EDTA, dimethyl sulphoxide (DMSO), isopropanol (IPA), and
p-benzoquinone (BQ) as the scavengers of holes (h'), electrons
(€7), hydroxyl radical (OH"), and superoxide radical ("O,7)
respectively. In the absence of a certain sacrificial agent,
CMSe-1 demonstrated the best photocatalytic H,O, perform-
ance e.g., when EDTA is utilized as the sacrificial agent, the
yield of H,O, increases dramatically because it captures holes,
allowing more electrons for O, reduction. In contrast, employ-
ing DMSO, H,0, production reduces significantly, implying
the important role of electrons in the O, reduction reaction.
‘OH and "O," are trapped by adding IPA and p-BQ, respectively.
H,0, yield is reduced in the presence of p-BQ, but greatly
boosted upon the addition of IPA as it is a sacrificial agent.
This shows that "O,” rather than "OH is the active species
during H,0, production. Notably, when p-BQ or DMSO is
added to the solution, there is essentially no H,0, generation
indicating that the oxygen reduction reaction is the primary
source of H,O, production, which can be confirmed from
Fig. 6¢c. Based on the above observation, it can be projected
that O, reduction goes predominantly by the superoxide
radical mediated single electron two-step route. Further, the
superoxide radical generation ability of CMSe-1 QDs is con-
firmed through the NBT test following our previously reported
literature. In this reduction process, alcohol as a sacrificial
agent not only oxidizes the holes but also releases H" which
further interacts with the superoxide intermediate producing
H,0,. Besides, defect presence in CMSe-1 not only retards the
recombination process but encourages O, adsorption and acti-
vation by lowering the Gibbs free energy of O, adsorption
(rate-determining stage) promoting hydroperoxy intermediate
(*OOH) generation which then transfers to H,O,. A similar

16532 | Dalton Trans., 2023, 52, 16525-16537

type of observation was also made by Zou et al and Li
et al.**®® Furthermore, the photoproduction of H,0O, under
different pH conditions is evaluated and displayed in Fig. 6d.
It is observed that at pH 6, the synthesized photocatalyst exhi-
bits the highest catalytic activity. At a lower pH of 3, the cata-
Iytic efficiency slightly decreases which might be due to the
occurrence of the competitive H, evolution reaction.
Thereafter, an alkaline medium also hinders the formation of
H,0,. The reusability of catalyst is an important parameter in
deciding its efficacy and practicability. In the present case,
four successive cycles of testing were performed on the photo-
catalytic stability of CMSe-1 QDs. Upon exposure to light for
the first three cycles, the ability to generate H,O, is remarkably
stable; however, by the fourth cycle, the H,O, concentration
had slightly dropped as illustrated in Fig. 6e. The loss of cata-
lyst quantity during recovery and catalyst aggregation due to
continued usage is blamed for the reported modest drop in
activity during reusability. The remarkable stability is closely
related to the supplied XRD of CMSe-1 QD which is nearly
identical before and after usage, as shown in ESI (S7).1

Meanwhile, the decomposition of H,0O, occurs simul-
taneously, and this is a competitive reaction involving elec-
trons and holes. The decomposition rate of H,O, with an
initial concentration of 1000 pM under light illumination was
studied and is shown in ESI (S8).1 To analyze the kinetics, the
applied eqn (6) and (7) are given below:

1:0:] = ()1 - ek (6)

kq = —dC;/dt (7)

where k¢ and kq represent the formation and decomposition
rate constant of H,0,, respectively, which combinedly estimate
the final H,0, yield. Zeroth and first-order kinetics are applied
to determine the value of k¢ and k4 respectively. From Fig. 6f, it

This journal is © The Royal Society of Chemistry 2023
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is concluded that CMSe-1 having the highest ks and lowest kq
displays the highest production of H,O, among other samples.
The aforementioned observation suggests that enhanced light-
harvesting capacity and facilitated charge mobility of CMSe-1
are advantageous for both the photocatalytic formation as well
as degradation of H,0,. Conversely, the rate of formation of
CMSe-1 increases more than the rate of decomposition does,
resulting in the overall remarkable rate of H,O, production.

Photocatalytic Cr(vi) reduction

Cr(vi) is grouped under the toxic heavy metal category having
carcinogenic effects on bio-diversity; therefore, its elimination
or transfer to less toxic Cr(m) form is the most encouraging
approach. In this regard, the efficiency of CMSe-1 QDs towards
photocatalytic Cr(vi) reduction was carefully examined.
However, Cr(vi) does not undergo self-degradation in the pres-
ence of light or catalyst only. As depicted in Fig. 7a, 93.6% of
Cr(vi) was reduced by CMSe-1 QD within 2 h because of the
fastest transfer and separation of charge carriers. Furthermore,
a pseudo-first-order kinetic model of CMSe-1 QDs was compre-
hensively analysed for 2 h showing the rate constant (k) value
of 0.0498 for CMSe-1 as shown in Fig. 7b. Moreover, pH is a
key factor in Cr(vi) reduction because protons are more readily
available at lower pH levels, and the surface of the photo-
catalyst becomes positively charged and attracts Cr,0,>~
anions, which speeds up the adsorption process. The redox
reaction took place in the solution at higher pH levels, prevent-
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Fig. 7
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ing Cr(vi) reduction. In this regard, Fig. 7c illustrates the
reduction percentage of Cr(vi) by CMSe-1 at different pH
values. The optimum catalytic activity in the photoreduction of
Cr(vi) to Cr(m) is observed in acidic pH values (pH = 3) due to
the active interaction of Cr anions with cations on the surface
of the photocatalysts. Furthermore, the point of zero charges
(PZCs) of the CMSe-1 sample was calculated following the drift
method as previously reported by our group.”® The pHpyc
value of CMSe-1 QDs is found to be 6.5 from the plot shown in
ESI (S9).T Generally, the catalyst surface remains positively
charged when the pH of the solution is lower than pHpyc,
whereas negatively charged when the pH is higher than
pHpzc.”® Due to acidic pH, Cr anions exist in the Cr,0,>~ form
and as a catalyst with positive charge which favors effective
interaction and successful reduction to hypoxic Cr(i).
Moreover, a reusability plot of CMSe-1 QDs towards photo-
catalytic reduction of Cr(vi) is depicted in Fig. 7d which
suggests that the catalyst preserved its activity even up to four
continuous cycles without any marginal change in perform-
ance. Additionally, a comparison table for H,0, production
and Cr(vi) reduction of several photocatalysts is presented in
Table S2,7 which shows the superior activity of CMSe-1 QDs as
a single photocatalyst.

Mechanistic approach

The preceding experimental work points to the plausible
mechanism depicted in Scheme 2 to have a thorough grasp of

(b) o0.004 = k = 0.0498
$-0.05-
9’ L]
=
-0.10- .
-0.151— . , r ,
0.0 0.5 1.0 1.5 2.0
Time (h)

(d) [

(a) Photocatalytic Cr(vi) reduction by CMSe-1 under visible light irradiation at various intervals of time, (b) kinetics of first-order mechanism

of CMSe-1, (c) comparison of photocatalytic Cr(vi) reduction by CMSe-1 at different pH, (d) reusability test of CMSe-1.
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Scheme 2 Plausible mechanism showing separation and migration of
photogenerated charge carriers over CMSe-1 QDs for photocatalytic
H,O, production and Cr(vi) reduction.

photocatalytic H,O, production and Cr(vi) reduction over the
CMSe-1 photocatalyst. In this paper, the band structures of
CMSe-1 and CMSe-2 are determined from UV-vis DRS and
Mott-Schottky (MS) analysis, and VB-XPS. As the catalyst is
exposed to visible light, electrons and holes are produced in
the CB and VB respectively. The photogenerated holes in the
VB of the CMSe-1 cannot oxidize water because the VB poten-
tial of CMSe-1 QD (+1.35 eV) is substantially lower than the
necessary potential for oxidation (2.68 eV).°"
Additionally, H,O, is generated in trials run neither in the
dark nor without photocatalysts; hence the O, reduction to
H,0, by CMSe-1 is likely fuelled by the photocatalytic pathway
as represented in the eqn (8)-(12). The dissolved O, can be
reduced directly by a couple of electrons to generate H,0, (eqn
(10)) or by an indirect stepwise route via ‘O,” intermediate,
which subsequently reacts with protons and electrons to
produce H,0, (eqn (11) & (12)). As the necessary condition, the
CB of CMSe-1 (—0.41 eV) has enough potential of forming
superoxide radicals (—0.046 V vs. NHE), further confirmed by
NBT analysis (ESI (S10)7). Similarly, the holes in VB of CMSe-1
(+1.35 eV), oxidise the alcohol producing H'. Previously, from
radical scavenger experiments, we confirmed that "O,” and e~
play an integral part in the formation of H,O, via direct and
indirect oxygen reduction channels. Additionally, confirmation
regarding the formation of "O,~ radicals was further obtained
by EPR analysis, using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the spin-trapping reagent. ESI (S11)} shows the
peaks of DMPO-'0O,~ under light irradiation. Below mentioned
equations reflect the overall steps of H,0, generation.

water

CMSe-1 4+ v — CMSe-1(e” +h) (8)
CH;CH,OH + 2h* — CH3CHO + 2H™ (9)
0, +2e~ +2H" — H,0, (10)
0y+e — 0y~ (11)

16534 | Dalton Trans., 2023, 52, 16525-16537
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0, +e +2H" — H,0, (12)

Additionally, during the photoreduction process of Cr(vi),
e and h" are generated the same way as discussed above. The
photogenerated electrons are utilized for the reduction of Cr
(vi) and some electrons are engaged in the production of
superoxide radicals, which indirectly reduce Cr(vi) to Cr(m).>
Eqn (13) represents the photoreduction of Cr(vi) to Cr(u):

Cr,0,2~ + 14H' + 6e~ — 2Cr*" 4+ 7H,0 (13)

Conclusion

In summary, it is simple to develop Cd-Mo-Se QDs using the
bottom-up reflux approach from their respective precursors at
a basic pH under an inert atmosphere with varying Cd and Mo
concentrations. TGA is employed as a capping ligand which
prevents agglomeration and promotes stabilizing growth. Cd-
Mo-Se QDs by significant alloying of Cd and Mo along with
defect presence are responsible for this enhancement in their
activity. With improved absorption capacity and a lower charge
recombination rate, Cd-rich CMSe-1 QDs produce H,O,
(1403.5 umol g~* h™") at a rate that is significantly higher than
that of Mo-rich CMSe-2 QD and binary QDs (CdSe and MoSe,),
which is well correlated with optical and electrochemical ana-
lysis. The CMSe QDs respond to the production of H,O, in the
visible light range where the solar-to-chemical conversion
efficiency over CMSe-1 was determined to be 0.27% at 4 >
420 nm. The scavenger test clarifies the superoxide-mediated
O, reduction route and the efficiency of Cr(vi) reduction over
CMSe-1 is reported to be 93.6% in 2 h. Both the reduction of
oxygen and the reduction of Cr(vi) follow zero-order kinetics.
However, it is discovered that electrons are the primary perti-
nent active species for H,O, generation and Cr(vi) reduction.
CMSe-1 shows noticeable photocatalytic efficiency; however, to
further strengthen the performance of the designed material,
some modifications can be considered such as cation or anion
alloying to prepare quaternary and quinary QDs. Moreover, the
recombination rate of excitons can be further lowered by
doping and forming heterojunctions of CMSe-1 with other
suitable catalysts. These discoveries are crucial for the develop-
ment of QD photocatalysts in the context of energy conversion
and environmental remediation.
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