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1. Introduction

Unraveling the impact of the Pd
nanoparticle@BiVO,4/S-CN heterostructure on the
photo-physical & opto-electronic properties for
enhanced catalytic activity in water splitting and
one-pot three-step tandem reactionf
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Herein, a Pd nanoparticle-embedded SBVCN-37 heterostructure photocatalyst was synthesized and
employed in the water-splitting reaction and for the synthesis of imines via a one-pot tandem reaction
involving the photocatalytic reduction of nitrobenzene and oxidation of benzyl alcohol, followed by their
condensation reaction. The embedded Pd nanoparticles (mean diameter ~ 5-7 nm) act as an electron
mediator and enhance the catalytic activity of SBVCN-37 during the oxidation and reduction reactions.
The experimental results confirm that the light-induced holes owing to the favourable redox potential of
the catalyst oxidize N,H4 to N, and liberate H* ions, which subsequently react with photogenerated
electrons to facilitate the reduction of nitrobenzene. The obtained quantum yields for benzyl alcohol
oxidation and nitrobenzene reduction were calculated to be 2.08% and 6.53% at 1 = 420 nm light
illumination, respectively. Furthermore, the obtained apparent quantum yields for the OER and HER were
calculated to be 10.22% and 12.72% at 420 nm, respectively, indicating the excellent potential of the
investigated photocatalyst for solar fuel production. Photoelectrochemical (PEC) and time-resolved and
steady-state photoluminescence measurements reveal that the optimum amount of Pd nanoparticles
over SBVCN-37 is the crucial factor for achieving the highest photocurrent response, lowest charge
transfer resistance, and efficient carrier mobility, leading to prominent catalytic activity. Furthermore, the
Mott—Schottky (M-S) analysis confirmed that the deposition of Pd nanoparticles effectively reduced the
over-potential and fine-tuned the band edge potential required for the HER and OER reactions,
respectively.

tandem reactions® for fine chemical synthesis, energy produc-
tion, etc.® In general, conventional thermal catalytic pathways

The strategic design and development of multi-functional
heterogeneous catalysts are of significant importance to carry
out one-pot multi-component reactions' and one-pot multi-step
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are adopted to carry out tandem reactions. However, very
recently, visible light has been utilized to trigger these catalytic
reactions as an strong alternative to the conventional thermal-
induced reactions owing to its several environmental advan-
tages.® Besides solar fuel production, the applications of pho-
tocatalysis also include the activation and utilization of
renewable reactants such as O,, H,O, and CO,.* Moreover,
heterogeneous photocatalysis has become a hot topic for
carrying out several important reactions, such as water splitting
for the production of H,/O, gas and CO, reduction for the
production of methanol/methane/CO.>® Similarly, the photo-
catalytic activation of O, produces various reactive oxygen
species (ROS) such as O, " and HO" (through electrons and
holes), which oxidize aromatic and aliphatic compounds,
leading to the production of various commercially important
fine chemicals.” For this purpose, a wide range of semi-
conductor photocatalysts have been synthesized and further
modified via composition tuning, band gap engineering,
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morphology modifications, alteration of textural properties,
noble metal deposition, etc. to achieve the desired activity.>**
Recently, metal-free and inexpensive graphitic C;N,-based
materials have been developed for visible light-assisted catalytic
reactions.” The objective of this study is to develop a multi-
functional catalyst based on g-C;N, for the synthesis of
imines via the tandem reaction of nitroaromatics and benzyl
alcohols and water splitting reactions via suspension photo-
catalysis for the production of H, and O, gases.

Several sustainable routes are known for the synthesis of
aromatic imines.'® Researchers have developed noble metal-
based catalysts for the dehydrogenation of secondary amines
in the presence of molecular O,."” Aromatic imines can also be
synthesized via the condensation of aromatic aldehydes and
anilines.' However, it should be noted that these reactants are
susceptible to oxidation by O,. Therefore, it is important to
design synthetic strategies using less reactive substrates such as
nitroaromatics and benzyl alcohols.**>* The synthesis of
aromatic imines from nitroaromatics and benzyl alcohols can be
realized via one-pot tandem synthesis protocols involving three
consecutive steps: (1) selective oxidation of benzyl alcohols to
benzaldehydes, (2) selective reduction of nitroaromatics to
anilines, and (3) successive condensation reaction between
aldehydes and anilines. Noble metal- and non-noble metal-
mediated and C;N,-based photocatalysts have been developed
for the selective oxidation of benzyl alcohol to benzaldehyde.*>*”
Further, catalytic hydrogenation of nitroaromatics using Pt-, Au-,
Pd-, and Ir-based systems has been developed using H, as
a reducing agent.”®?° It is also possible to use the catalytic
transfer hydrogenation strategy to reduce nitroaromatics in the
presence of hydrogen donors, such as hydrazine, formic acid,
and NaBH,.*" This strategy avoids the utilization of high pres-
sure reaction conditions, which are generally required when H,
is used as a reducing agent. These hydrogen donors make the
reaction set-up simpler, especially when the aim is to reduce
nitroaromatics under photocatalytic conditions.

Photoelectrochemical (PEC) water splitting emerges as the
most efficient process in terms of solar to fuel conversion effi-
ciency.**>** However, the controlled synthetic strategy for the
fabrication of photoanodes/photocathodes, complicated reac-
tion setup, and requirement of external applied potential bias
restrict its wider application.® Therefore, liquid-phase suspen-
sion photocatalysis has become a strong alternative owing to its
simple operational procedure for solar to fuel production.
Photocatalytic H, production using g-C;N, under visible light
illumination is one of the initial pioneering contributions of
Wang et al.>* However, bare g-C;N, exhibits low activity for this
reaction due to its small surface area (<10 m> g~ '), low
absorption of visible light, and fast recombination of charge
carriers compared to metals and metal oxides reported for this
reaction.*® Thus, the photocatalytic research community has
devoted tremendous efforts towards improving the H, evolution
efficiency of g-C3;N, by adopting several promising strategies
such as increasing its surface area,* doping with heteroatoms
(such as S, N, O, P, and C),* and introduction of mesoporosity
(for higher surface area).*® It is worth mentioning that all the
aforementioned modifications require Pt as a co-catalyst to
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catalyze the H,-evolution reaction.*® Therefore, it is of utmost
importance to fabricate g-C;N,-based nanocomposite photo-
catalysts that do not require the additional photo-deposition of
Pt as a co-catalyst during the H,-evolution reaction. Among the
O, evolution photocatalysts reported to date, BiVO, emerges as
one of the most promising materials for this application owing
to its suitable band edge potential required for the OER with the
maximum efficiency of 90% of its theoretical value under 1.5
AM solar simulated light.*” However, its sluggish reaction
kinetics, low surface area, and fast charge carrier recombination
limit the application of this photocatalyst.>**® Thus, to over-
come these limitations and improve its quantum efficiency for
OER application, various concepts have implemented.**
Among them, the formation of heterostructures seems to be one
of the most promising strategies. Using this strategy, the sepa-
ration of charge carriers is maximized at the interface of two
materials through carrier mobility alteration.** Therefore, the
development of highly efficient BiVO,-based heterostructure
photocatalysts for the OER is another important milestone to
achieve.

Herein, a Pd nanoparticle-decorated BiVO,/S-CN (hereafter
represented as SBVCN, where S-CN is the sulphur-doped carbon
nitride) heterostructure photocatalyst is developed for the first
time to overcome the above mentioned problems associated
with the HER, OER, and imine synthesis. This catalyst exhibits
excellent activity in the HER, OER and one-pot tandem reaction
of nitroaromatics and benzyl alcohols for the synthesis of
imines under visible light illumination under mild conditions.
The detailed experimental investigation with the help of
analytical and spectroscopic measurements reveals that the
embedded Pd nanoparticles (hereafter represented as Pd NPs)
in the SBVCN-37 photocatalyst (having optimum amounts of
BivO, and S-doped g-C3N,) play a crucial role in obtaining high
yield and selectivity of imines. Additionally, they are important
for achieving excellent activity for water splitting in the HER and
OER reactions in the absence of a Pt co-catalyst (for HER reac-
tion) with an apparent quantum yield (AQY) of 12.72% and
10.22%, respectively. Thus, this meaningful approach demon-
strates a promising pathway for the development of g-C;N,-
based Pt co-catalyst-free multi-functional photocatalysts.

2. Experimental
2.1 Materials, methods and photocatalyst characterization

Details of the materials, catalyst synthesis, catalyst character-
ization, procedures for the photocatalytic HER/OER, details for
the catalytic reactions for benzyl alcohol oxidation/
nitrobenzene reduction, tandem reaction, apparent quantum
yield (%) calculation, photoelectrochemical measurements
(PEC), and photographs of the photochemical reaction set-up
(Fig. S17) are given in the ESL}

3. Result and discussion
3.1 Physico-chemical properties

The phase purity, crystalline nature, and composition of the
prepared materials were analyzed via powder XRD (Fig. 1a and

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Powder XRD patterns of all the materials synthesized in this
study, (b) N, adsorption—desorption isotherms of S-CN, SBVCN-37,
and (Pd3%)/SBVCN-37, (inset shows BJH pore size distribution) and
FESEM images of (c) BiVOy, (d) S-CN, (e) SBVCN-37, and (f) (Pd3%)/
SBVCN-37 photocatalyst.

Fig. S2, ESIt). The XRD pattern of graphitic C3N, exhibits
reflections at 26 = 13.1° and 27.4°, which correspond to the 100
and 002 planes, respectively, and are attributed to the in-plane
structural packing of the aromatic units (Fig. S2, ESI{).***” The
002 plane in S-CN appears at a slightly higher 26 value than
27.4°, which may be due to the H,SO, treatment of the parent g-
C3N, (Fig. 1a and Fig. S2, ESIt).*”*® The d-spacings of the
sulphated g-C;N,(S-CN) are found to be 0.675 nm and 0.319 nm,
which are similar to that of the standard g-C;N,.*® S-CN also
exhibits some very low intense unknown reflections, which can
be ascribed to the presence of different oligomeric units of g-
C;N, generated after the H,SO, treatment.***® The XRD pattern
of BiVO, exhibits reflections at 26 values of 14.79°, 19.01°,
27.31°, 28.97°, 30.75°, 34.62°, 35.40°, 39.95°, 42.56°, 46.04°,
46.97°, 47.59°, 50.25°, 53.46°, 58.44°, and 59.78°, which corre-
spond to the 020, 110, 121, 121, 040, 200, 002, 211, 112, 150, 240,
042, 202, 202, 161, and 161 planes, respectively, for monoclinic
BivO, (JCPDS No. 014-0688) (Fig. 1a). The XRD pattern of the
composite photocatalyst SBVCN-37 exhibits reflections corre-
sponding to both S-CN and BiVO,, with very high intensity
reflections from the BivVO, phase (Fig. 1a). Further, the incor-
poration of Pd NPs in SBVCN-37 is confirmed by the appearance
of two new less prominent reflections at 40.1° and 47.2°, cor-
responding to the 111 and 200 planes of Pd NPs, respectively

This journal is © The Royal Society of Chemistry 2019
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(Fig. 1a).® The textural properties of all the samples were
determined by N,-sorption experiments. Fig. 1b shows the
isotherms of S-CN, SBVCN-37, and (Pd3%)/SBVCN-37. The
detailed explanation and determined values are provided in the
ESL

The microstructures of BiVO, exhibit a dendrite-like struc-
ture (Fig. 1c); whereas, S-CN exhibits a spherical morphology
(Fig. 1d) in the FESEM images. In the synthesis of BiVO,,
sodium dodecyl sulphate (SDS) was used as a surfactant, which
is responsible for this dendrite-like morphology.*® The nano-
composite (Pd3%)/SBVCN-37 exhibits a somewhat distorted
morphology (Fig. 1e and f) compared to that of pristine BivO,
and S-CN, which may be due to the ultrasonication, annealing,
and reducing environment during its synthesis. Furthermore,
this also indicates that aggregated BiVO, crystals are supported
over the S-CN microstructures (Fig. 1e and f). The Pd NPs are not
visible in the FESEM image of (Pd3%)/SBVCN-37; however, their
presence was confirmed from the elemental mapping (Fig. 2).
Further, the elemental mapping and EDAX spectrum confirm
the presence of all the elements in the (Pd3%)/SBVCN-37 het-
erostructure (Fig. 2).

The TEM images indicate that BiVO, exhibits large particle
sizes in the range of 300-500 nm (Fig. S3a and b, ESIT). The
bright rectangular spots in its SAED pattern indicates that
BiVO, is highly crystalline in nature and the obtained pattern
well matches with the standard 110, 200, and 220 planes of
BiVO, (Fig. S3c, ESIT).*® High-angle annular dark-field (HAADF),
STEM and EDAX confirmed the presence of individual elements
in BivO, (Fig. S3d-g, ESI{). The TEM image of the SBVCN-37
nanocomposite shows that it contains a nanomesh
morphology corresponding to S-CN and large crystal-like
morphology corresponding to BiVO, (Fig. 3a). In the nano-
composite (Pd3%)/SBVCN-37, BiVO,, S-CN, and Pd NPs are
clearly visible (Fig. 3b and c). Moreover, in the case of (Pd3%)/
SBVCN-37, Pd NPs with an average particle size of 5-7 nm were
found to be embedded successfully over the surface of the
SVBCN-37 heterostructure (inset in Fig. 3c, and Fig. 3d). The
TEM images also confirmed the uniform dispersion of Pd NPs
on the surface of the SBVCN-37 heterostructure, which is one of
the desired targets for the fabrication of highly active hetero-
geneous photocatalysts (Fig. 3b and c). An overview of the drift-
corrected TEM, HAADF, and EDAX results is presented in Fig. 4.
STEM and EDAX confirmed the presence of all the elements in
the (Pd3%)/SBVCN-37 photocatalyst (Fig. 4).

Our previous study showed that acidity plays an important
role in the final condensation step of tandem reactiond.***"*
Therefore, the acidity of the materials was analyzed via NH;-
TPD (Fig. S4, ESIT). The detailed explanation and determined
values are provided in the ESIL.{ The presence of various func-
tional groups in the material was confirmed by FT-IR spec-
troscopy (Fig. 5a) and a detailed explanation is provided in the
ESL+

The light absorption and related optoelectronic properties of
the photocatalysts were investigated via diffuse reflectance
ultraviolet-visible spectroscopy (DRUV-vis) (Fig. 5b). The
absorbance band edge positions for S-CN and pristine BiVO, are
460 nm and 530 nm, respectively (Fig. 5b). The absorption

Nanoscale Adv., 2019, 1, 1395-1412 | 1397
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Fig. 2
(d) C. (e) N, (f) O, (g) S, (h) Bi, (i) Pd, (j) V. and (k) EDAX spectrum.

spectra indicate that both materials are visible light-active
materials. SBVCN-37 exhibits an absorption spectrum similar
to BiVO, and it has the highest absorbance co-efficient among
all the investigated photocatalysts. The Pd-incorporated SBVCN-
37 samples exhibited similar visible light spectra to that of the
parent SBVCN-37 with some additional features (Fig. 5b).
Interestingly, the peak in the visible region at 455 nm for
SBVCN-37 was red-shifted to 460 nm when different contents of
Pd nanoparticles were embedded in it (inset, Fig. 5b). This peak
arises due to the surface plasmon resonance (SPR) phenom-
enon of Pd NPs.® Generally, Pd NPs exhibit SPR in the UV
region’ however, in this case the ‘d’ electrons of Bi and V are
disrupted by the valance electrons of the Pd NPs, leading to the
red shift of this peak, which is consistent with a recent literature
report.>® The average diameter of the Pd NPs is in the range of
5-7 nm; therefore, the synthesized catalyst exhibited the SPR
phenomenon.”** This observation further confirms the
successful incorporation of Pd NPs in the SBVCN-37 hetero-
structure (Fig. 5b). The calculated band gap energies for S-CN,
BiVO,, SBVCN-37, (Pd1%)/SBVCN-37, (Pd3%)/SBVCN-37, and
(Pd5%)/SBVCN-37 are 2.77 €V, 2.45 eV, 2.48 €V, 2.42 eV, 2.25 eV,
and 2.40 eV, respectively (Fig. S5, ESIt). The conduction band

1398 | Nanoscale Adv., 2019, 1, 1395-1412

(a) FESEM image of (Pd3%)/SBVCN-37, (b) covered area for elemental mapping and EDAX, (c) overall mapping, single element mapping of

and valance band edge potentials were found to be 0.35 and
2.80 eV for BiVO, (xsivo, = 6.04 €V) and —1.20 eV and 1.57 eV for
S-CN, respectively (xc,n, = 4.66 €V) using the Mulliken electro-
negativity theory (Fig. S5, ESIT).***

The steady-state photoluminescence spectroscopic analysis
revealed that among the photocatalysts, S-CN exhibits the
highest intensity PL spectrum, which indicates its inferior
charge carrier separation efficiency (Fig. 5¢).****” However, the
spectrum of BiVO, indicates that it has better charge separation
ability than S-CN (Fig. 5c). Interestingly, SBVCN-37 exhibited
a relatively lower intensity peak in its steady-state PL spectrum
(Fig. 5¢) than S-CN, which signifies that the formation of the
heterostructure is beneficial for efficient charge carrier separa-
tion. Further, the Pd-incorporated SBVCN-37 materials exhibi-
ted further quenching in their PL spectrum in comparison to
SBVCN-37. This investigation confirmed that the Pd NPs
further assisted in the charge carrier migration and separation
in the SBVCN-37 photocatalyst through carrier mobility modu-
lation. Notably, (Pd3%)/SBVCN-37 exhibited the lowest intensity
PL spectrum among the Pd NP-decorated SBVCN-37 photo-
catalysts. A higher loading of Pd NPs covered the active surface
and caused interference for light absorption and migration and

—~

This journal is © The Royal Society of Chemistry 2019
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Fig.3 TEM images of (a) SBVCN-37 and (b and c) (Pd3%)/SBVCN-37, with the inset of “c” showing the average particle size distribution of the Pd

NPs. (d) HRTEM image of the Pd NPs present in (Pd3%)/SBVCN-37.

separation of charge carriers, which is responsible for the
higher intensity PL spectrum of (Pd5%)/SBVCN-37 than (Pd3%)/
SBVCN-37. The combination of DRUV-visible and steady-state
PL investigations demonstrated that among the synthesized
photocatalysts, (Pd3%)/SBVCN-37 exhibited the best photo-
physical and optoelectronic properties, which may be benefi-
cial for obtaining high photocatalytic activity. Further, the time-
resolved PL spectroscopic analysis revealed detailed informa-
tion related to the dynamics of the charge transfer together with
the carrier decay time and lifetime of the charge carriers in the
excited state (Fig. 5d). The average emission lifetimes and their
associated amplitudes for all the catalysts are provided in Table
S2 (ESIY). The average emission lifetime for (Pd3%)/SBVCN-37
and SBVCN-37 were 5.18 ns and 6.01 ns, respectively (details
about the charge carrier lifetime and kinetics calculation from
TRPL are provided in the ESIt). Therefore, it can be concluded
that the incorporation of Pd NPs on the surface of SBVCN-37
lowered the average lifetime, which is mainly associated with
promoted charge carrier separation with immediate migration
over the interface of the heterostructure photocatalyst. The
kinetics of the charge carriers was found to be the highest for

This journal is © The Royal Society of Chemistry 2019

(Pd3%)/SBVCN-37 (0.19 (ns ")), which corroborates that an
optimum Pd NP loading is crucial for achieving high photo-
catalytic activity. Based on this study, the obtained decay time
and lifetime of all the charge carriers of the photocatalysts are
presented in Table S2 (ESIT). The combination of steady-state
and time-resolved photoluminescence demonstrated that the
separation, migration, and transportation of electrons/holes to
their respective band positions were the most effective for
(Pd3%)/SBVCN-37 and facilitated only when an optimum
amount of Pd NPs (3 wt%) is present at the interface. Hence, the
Pd NPs act as mediators in the charge carrier separation at the
heterostructure interface, and (Pd3%)/SBVCN-37 is proven to be
the best heterostructure photocatalyst among the materials
prepared in this study.

Fig. 6a presents the surface survey XPS spectrum of (Pd3%)/
SBVCN-37, which confirms the presence of all the elements in
the photocatalyst. Fig. 6b-h present the individual high reso-
lution XPS spectra of Pd 3d, S 2p, Bi 4f, V 2p, C 1s, N 1s, and O 1s
of (Pd3%)/SBVCN-37. The two peaks at the binding energies of
340.2 eV and 335.1 eV correspond to 3ds, and 3ds,, respec-
tively, which confirm the incorporation of Pd° NPs (Fig. 6b).>

Nanoscale Adv., 2019, 1, 1395-1412 | 1399
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The two peaks at the binding energies of 164.1 eV and 165.2 eV
can be assigned to the S 2p;,, and S 2p,,, states, respectively.*®
The appearance of an intense peak at 169.3 eV is due to the
presence of sulphur in the form of ~-SO;H/HSO, "~ groups in the
2-C3N, framework (Fig. 6¢).* This confirms the existence of ‘S’
in the +6 oxidation state in the resulting (Pd3%)/SBVCN-37
photocatalyst (Fig. 6c). The high-resolution spectrum of Bi 4f
exhibits two sharp peaks at 164.1 eV and 159.2 eV, which can be
assigned to Bi 4f;,, and Bi 4f;),, respectively, and confirm the
existence of Bi in the +4 oxidation state (Fig. 6d).**** The V 2p
spectrum also exhibits two peaks at binding energies of 515 eV
and 524.2 eV, corresponding to V 2p;/, and V 2p;,, respectively
(Fig. 6€).”* Further, the high-resolution XPS spectrum of C 1s
displays two peaks at the binding energies of 284.6 eV and

1400 | Nanoscale Adv., 2019, 1, 1395-1412

(a) HAADF and (b) STEM-HAADF images of individual elements, and (c) EDAX spectrum of (Pd3%)/SBVCN-37.

288.5 eV, which can be assigned to the sp>hybridized carbon
atom of the melam framework and tri-coordinated carbon atom
attached to the nitrogen atom of S-CN (Fig. 6f).**® Three,
different types of N atoms can be seen from the N 1s high-
resolution XPS spectrum. The sharp peak at 397.4 eV is due to
the two carbon atoms coordinated to nitrogen, while the broad
peak at 399.1 eV can be assigned to the tertiary nitrogen atom
(-C-N3-) (Fig. 6g)."** The satellite peak at 400.2 eV corresponds
to the hydrogen atom attached to the nitrogen atom in SBVCN-
37. Further, three peaks at the binding energies of 528 eV,
530.2 eV, and 532.4 eV are observed in the O 1s high-resolution
XPS spectrum, which indicate the existence of three different
oxygen species in the (Pd3%)/SBVCN-37 nanocomposite
(Fig. 6h).**

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) FTIR spectra, (b) DRUV-visible spectra, (c) Steady-state photoluminescence spectra, and (d) time-resolved spectra of the materials

investigated in this study (inset shows a photograph of the synthesized powder photocatalysts).

The photocatalysts exhibited an impressive photocurrent
response upon the illumination of light on the surface of all the
photocatalyst-coated FTO, as evident from their LSV curves
(Fig. 7a and b and Fig. S6, ESIt). The Pd NP-decorated nano-
composite (Pd3%)/SBVCN-37 produced a photocurrent three
times higher than that SVBCN-37, which clearly reflects that the
incorporation of an optimum amount of Pd NPs accelerates the
electronic relay over the photocatalyst surface, resulting in
a higher photocurrent response (Fig. 7a and b). Among the
investigated photocatalysts, (Pd3%)/SBVCN-37 displayed the
highest current (~0.45 mA cm™~?) response (Fig. 7b and Fig. S6,
ESIT). The transient photocurrent analysis confirmed the high
photo-reversibility of the photocatalyst in the presence and
absence of light irradiation (Fig. 7c and d).*®***' This observa-
tion clearly proves that light illumination produces excessive
electrons at the electrode—electrolyte junction, which are
responsible for the generation of a photocurrent. The obtained
current density of SBVCN-37 was found to be two times and
three times higher than that of BiVO, and S-CN, respectively
(Fig. 7c). The magnitude of the photocurrent response was
almost 23 times and 36 times higher for (Pd1%)/SBVCN-37
(~0.07 mA cm ?) and (Pd3%)/SBVCN-37 (~0.11 mA cm ?),
respectively, than that of SBVCN-37 (~0.003 mA cm™?), indi-
cating that the incorporation of Pd NPs is highly beneficial for
the enhancement of electron density (Fig. 7c and d). However,
beyond 3 wt% Pd, the photocurrent density decreased for
(Pd5%)/SBVCN-37 (~0.08 mA cm™?) (Fig. 7d). This observation
suggests that an excessive Pd content blocks the active surface
of SBVCN-37 for light absorption, resulting in a lower photo-
current response. Moreover, EIS was also employed to gain

This journal is © The Royal Society of Chemistry 2019

insight into the charge carrier transfer in the vicinity of elec-
trode-electrolyte with the help of the Nyquist plot, which
consists of a semicircle at the low frequency followed by straight
line at the high frequency region (Fig. 7e). Further, the results
are better represented in the form of an equivalent circuit, which
is composed of solution resistance (Ry), charge transfer resis-
tance (R..), and constant phase elements (CPE) (inset, Fig. 7e). A
smaller R, value reflects the efficient charge transfer capability
of the corresponding photocatalyst and vice versa. Here, the
trend of R, follows the order of S-CN > BiVO, > SBVCN-37 >
(Pd1%)/SBVCN-37 > (Pd5%)/SBVCN-37 > (Pd3%)/SBVCN-37
(Table S3, ESI}). Therefore the incorporation of an optimum
content (3 wt%) of Pd NPs over the surface of SBVCN-37 fine-
tuned the charge transfer properties, leading to the lowest R
value. This can be attributed to the efficient generation and
separation of charge carriers (e -h") at the electrode electrolyte
interface under light illumination, resulting in enhanced photo-
electrochemical activity. Due to the smallest R.. value of the
(Pd3%)/SBVCN-37 photocatalyst, its transient and LSV responses
under light illumination were also the highest (Fig. 7b-d).
Additionally, the charge carrier density and the flat-band
potentials (Eg) of BiVO,, S-CN, and (Pd3%)/SBVCN-37 were
calculated using Mott-Schottky analysis (Fig. 7f) at the constant
frequency of 1 kHz and applied potential of 1 V according to the
equation 1/C* = (2/eee,A’Ng) x [E—Ep—kpT/e],™ where, C is the
capacitance of the space charge layers, ¢ is the dielectric constant
of the photocatalyst, e is the electronic charge (1.602 x 10 *° C),
&, is the permittivity of the vacuum (8.854 x 10~ ** Fem ™), k is
the Boltzmann constant, A refers to the geometric surface area of
the electrodes, T is the temperature, E is the applied potential,

Nanoscale Adv., 2019, 1, 1395-1412 | 1401
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Fig. 6 (a) Full survey XPS spectrum of (Pd3%)/SBVCN-37. High-resolution XPS spectra of (b) Pd 3d, (c) S 2p, (d) Bi 4f, (e) V 2p, (f) C 1s, (g) N 1s, and

(h) O 1s.

Ey, is the flat-band potential, and Ny is the donor charge carrier
density. The x-intercept of 1/C* vs. applied potential corresponds
to the flat-band potential (Eg,) of the photocatalyst. A shift in the

negative side of the applied
charge carrier separation and
surface.”® All the photocatalys

potential refers to the efficient
migration at the photocatalyst
ts exhibited a positive slope in

their M-S plot, indicating that they are all are n-type semi-

conductors (Fig. 7f).>*

1402 | Nanoscale Adv., 2019, 1, 1395

Further, the obtained flat-band potentials (Eg,) were used to

calculate the conduction band edge potential (Ecg) of the tested
photocatalysts. For an n-type semiconductor, its flat band
potential (Eg,) should be lowered by 0.1 V.*® The calculated flat-
band potentials are presented in Table S3.f The flat-band
potential (Eg,) of (Pd3%)/SBVCN-37 was found to be —1.67 eV
vs. Ag/AgCl, which is —1.09 vs. NHE using the equation Exyg =

Eag/agc1 +0.059 pH + EAg/AgC1°.51 Therefore, its conduction band

—1412

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8na00372f

Open Access Article. Published on 08 January 2019. Downloaded on 1/25/2026 5:03:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale Advances
0.018-SBVCN-37 ° z
oo1c. (a)/ AO.OS |(Pd3%)/SBVCN-37 (b)
g 0.014+ Light Current ] NE 0.04
<£0.012 AR
E0.010- b f E 0.03 .
+0.008- ark Current / = Light Current
§ 0.006 =0.02-
;‘ 0.004 - E Dark Current
0 0.002 = 0.014
0.000- S _—

00 02 04 06 08 10
Potential [V vs (Ag/AgCl)]

00 02 04 06 08 1.0
Potential [V vs (Ag/AgCl)]

«~0.14{—S-CN — SBVCN-37 —BiVO, ~€0.147— (Pd5%)/SBVCN-37 ((p
<iﬂa0.12-—(1><13°A,)/SBVCN-37 Light ‘1"(9) S0.121— (Pa3%)/SBVCN-37 n
] — el N < i — - e p -
2010 I zo.
20.08- =008
&
*20.06- -20-0&
0.04
Z0.04- 3
£0.02- J Eo.ozf
t(].m]_ FI.‘FI.F-F“'EF‘:T)NE; - T'\.!!u!‘i_ 50'00’_(1‘),;11%)/53\‘/(:1\1_37 ‘\Liglhtoff
6 0 100 200. 300 400 500 O 0 80 160 24‘0 320 400 480 560
Time (s) 3.0 Time (s)
e S-CN o BiVO
,516000 ‘Elzo o (e) 4 (t)
£ J / r
12000
" g “ ;
28000 =
o0
£ o x~
" 4000 _x
) *_*/* -%- SBVCN-37
> 4 -@- (Pd3%)/SBVCN-37
04 ~9-5CN -*-fzivq) / o (Pd3%)/SBVCN-37
0 2000 . 4000 6000 8000 10 05 00 05 10
Ohm) Potential [V vs (Ag/AgCl)]

Real

Fig.7 LSV curves of (a) SBVCN-37 and (b) (Pd3%)/SBVCN-37 in the dark and under light illumination. (c and d) Transient photocurrent (i—t) of all

the photocatalysts, (e) EIS profiles (inset shows enlarged profiles at the

low frequency region and simulated equivalent circuit), and (f) Mott—

Schottky plots of BiVO,, S-CN, and (Pd3%)/SBVCN-37 at the constant frequency of 1000 Hz.

edge potential was calculated to be —0.99 eV vs. NHE by
considering the reduction in its magnitude by 0.1 V as an n-type
semiconductor. The band gap (E,) energy of (Pd3%)/SBVCN-37
was found to be 2.25 eV, as evident from its DRUV-visible
spectrum. Hence, its valance band edge potential was calcu-
lated to be +1.26 eV vs. NHE. Therefore, both the valance band
and conduction band edge potentials of (Pd3%)/SBVCN-37 fulfil
the thermodynamic requirements for hydrogen and oxygen gas
production from the water splitting reaction. The detailed
photoelectrochemical measurements confirmed that Pd (3 wt%)
NPs incorporated in SBVCN-37 modulate the charge carriers
separation process, minimize the charge carrier recombination
probability, and fulfil the thermodynamic potential require-
ments for H,/O, production during the water splitting reaction.

3.2 Catalytic activity evaluation

3.2.1 Visible light-assisted one-pot tandem reaction of
nitroaromatics and benzyl alcohols. Imines were synthesized
via a one-pot tandem reaction between nitroaromatics and
benzyl alcohols under visible light. Before performing the

This journal is © The Royal Society of Chemistry 2019

tandem reaction, the reaction conditions for the first and
second steps were optimized and the results are summarized
and discussed in Table S3 and Table S4, ESI.§ The optimization
showed that (Pd3%)/SBVCN-37 exhibited the best activity for the
oxidation of benzyl alcohols and reduction of nitrobenzene
under the optimized conditions shown in the footnote of Table
S3.f The quantum yields for benzyl alcohol oxidation and
nitrobenzene reduction over the (Pd3%)/SBVCN-37 photo-
catalyst were 2.08% and 6.53%, respectively, at a wavelength of
420 nm (Fig. 8a).

After the optimization of the two independent steps (oxida-
tion and reduction), the one-pot tandem reaction was per-
formed (Table 1). In this reaction, initially nitrobenzene was
reacted with hydrazine hydrate for 8 h. Subsequently, benzyl
alcohol was added and the reaction mixture was flushed with O,
and the reaction was performed in an O, atmosphere (balloon)
for 8 h. In the one-pot tandem reaction, after 16 h in the absence
of catalyst, no product was formed. In contrast, in the one-pot
tandem reaction after 16 h of reaction using SBVCN-37, the
product distribution showed the formation of (43.7%) N-

Nanoscale Adv., 2019, 1, 1395-1412 | 1403


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8na00372f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 08 January 2019. Downloaded on 1/25/2026 5:03:38 PM.

(cc)

Nanoscale Advances

View Article Online

Paper

~
©7 (Pd3%)/SBVCN-37 Benzyl Alwa;’;
N’
6- -
: - h
= 5. S 5
() ~ g
3 (@) | =60- s
= 4 =) %
34 =40- b
g > ]
g :
20
811 ©
=
o Nitrobenzene Benzyl Alcohol 0"
zy & @ O @ ©
100 {Nitrobenzene NoScavenger| | ] @ SO pmroo,”
S0 © 12] Light (5 mins)
B i
S & o8
g 3
Se0{ & 3 S04
S S @ & Light (2 mins)
z : c B "W,
] =
2 40 ‘g §_0.4 |
-
5 £ =08
Q20 g Ta 2-—v—f-\-—\.“/i‘ﬂ/-/"‘/\
0. 16 : : : :
o < 3400 3420 3440 3460 3480 3500
+ S < Magnetic Field (G)
4/ -
(e) DMP0—02
?3 1 Light (5 mins)
&
o
o= Light (2 mins)
g, W
=
[
14 Dark
5 |(Pd3%)/SBVCN-37 pCl
3400 3420 3440 3460 3480 3500 08 06 04 02 00 02 04
Magnetic Field (G)

Fig. 8

(o

(a) Calculated quantum efficiency of nitrobenzene reduction and benzyl alcohol oxidation at 420 nm for 8 h with (Pd3%)/SBVCN-37

photocatalyst. Influence of scavengers in the (b) benzyl alcohol oxidation and (c) nitrobenzene reduction reactions (Nal = sodium iodide, AO =
ammonium oxalate, TBA = tertiarybutyl alcohol, and BQ = benzoquinone). EPR spectra recorded using (d) SBVCN-37 and (e) (Pd3%)/SBVCN-37
for DMPO-O, " in the presence of benzyl alcohol and (f) Hammett plot for benzyl alcohol oxidation.

benzylideneaniline. However, when the same reaction was
performed using (Pd1%)/SBVCN-37 and (Pd3%)/SBVCN-37, the
yields of N-benzylideneaniline of 69.3% and 92.1%, respec-
tively, were obtained. Furthermore, in these one-pot tandem
reactions, in addition to the desired product N-benzylidenea-
niline, no side-product was observed. Then, the same reaction
was performed in the presence of the (Pd3%)/SBVCN-37 cata-
lyst, but by reversing the sequence of the reaction, i.e. first
benzyl alcohol was reacted under an O, atmosphere followed by
the addition of nitrobenzene, and the reaction was performed
using hydrazine hydrate. After completion of the reaction, the
product distribution showed a somewhat lower yield of N-ben-
zylideneaniline (81.1%) compared to the reaction performed
using the same catalyst but in the opposite sequential addition
of reactants, as stated earlier. However, in this case, in addition
to N-benzylideneaniline, a small amount of phenylhydroxyl-
amine was also observed in the product distribution together
with the reactants. It was surprising to note that when the same

1404 | Nanoscale Adv., 2019, 1, 1395-1412

reaction was performed by reacting nitrobenzene, benzyl
alcohol, hydrazine hydrate together in one-pot in the presence
of O,, a very low amount of imine was formed. This reaction was
not favoured and a large amount of reactants remained after the
course of the reaction. Based on these reactions, it can be
concluded that the correct sequence of independent steps is
required to achieve a high yield of N-benzylideneaniline in the
one-pot tandem reaction, mediated by photocatalyst. Further-
more, to investigate the origin of phenylhydroxylamine, benzyl
alcohol was reacted with aniline under an O, atmosphere and
the reaction was monitored at regular intervals up to 8 h (Table
S5, ESIt). In this case, N-benzylideneaniline was obtained as the
selective product (Table S51). Further, when nitrobenzene was
reacted with benzaldehyde in the presence of hydrazine
hydrate, imine and phenylhydroxylamine were obtained (Table
S6, ESIt). With the progress of the reaction, the phenyl-
hydroxylamine selectivity diminished and the imine selectivity
increased. Based on these controlled reactions, it can be

This journal is © The Royal Society of Chemistry 2019
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Table 1 Photocatalytic tandem reaction of an equivalent amount of nitrobenzene and benzyl alcohol over the various photocatalysts investi-

gated in this study”

NO, NH,

hv=420 nm, N,H,

HO.

P

>

Catalyst
(U]

hv=420 nm, O, ©/

Sequence of

Entry Catalyst substrate addition Time Product distribution
1 — LI 8+8  —
SBVCN-37 I, 1 8+8 N-benzylideneaniline (43.7%), benzyl alcohol (20.3%),

nitrobenzene (16.5%), benzyl benzoate (10.1%), and aniline (9.4%)

3 (Pd1%)/SBVCN-37 I, 11 8+8 N-benzylideneaniline (69.3%), benzyl alcohol (12.8%),
nitrobenzene (11.5%), aniline (3.4%), benzyl benzoate (3.0%)

4 (Pd3%)/SBVCN-37 I, 1 8+8 N-benzylideneaniline (92.1%), benzyl alcohol (3.1%),
nitro benzene (2.9%), and aniline (1.9%)

5 (Pd3%)/SBVCN-37 I, I 8+8 N-benzylideneaniline (81.1%), benzyl alcohol (8.3%),
nitrobenzene (4.2%), aniline (1.7%), and phenylhydroxylamine (4.7%)

6 (Pd3%)/SBVCN-37 All together I + I + NH,NH, 8+8 N-benzylideneaniline (30.7%), benzyl benzoate (6.5%),

benzyl alcohol (32.2%), and nitrobenzene (30.6%)

“ Reaction conditions: substrate 1 (nitrobenzene, 50 uM) + substrate 2 (benzyl alcohol, 50 uM), N,H, (0.1 mL 0.48 mmol "), catalyst (25 mg),

acetonitrile (12 mL), O, in balloon (for 2™

concluded that the reduction of nitrobenzene proceeded
through the direct phenylhydroxylamine pathway. No azo
compound was detected during the reaction, which confirms
that the indirect pathway via azo-hydrazo intermediates can be
ruled out in this photocatalytic experiment. After 16 h of reac-
tion, the catalyst was separated, washed with acetonitrile and
dried in an oven and then reused in the next cycle. No appre-
ciable change in the photocatalytic activity was observed after
five cycles, which confirms that (Pd3%)/SBVCN-37 is highly
stable for the photocatalytic tandem reaction (Fig. S9a, ESIt).
3.2.2 Mechanism of the photocatalytic one-pot tandem
reaction for the synthesis of imine. Very recently, our group
reported a detailed mechanistic investigation for the oxidation
of benzyl alcohol under visible light.*® The influence of various
in situ-generated radical species (electrons, holes, superoxide,
and OH") during the oxidation of benzyl alcohol was investi-
gated in the present study via radical scavenging experiments
(Fig. 8b). These scavenging experiments revealed that all the
reactive oxygen species mentioned above influenced the benz-
aldehyde yield. Based on the scavenging experiments, it can be
concluded that the electron-mediated pathway is the most
dominant route for this oxidation reaction. However, other
pathways also occur simultaneously in the oxidation reaction.
Moreover, to probe the influence of the active radical species on
the photocatalytic oxidation of benzyl alcohol oxidation, elec-
tron paramagnetic resonance (EPR) analysis was carried out.
For this, DMPO was used as the spin trapping agent. The benzyl
alcohol reaction mixture (0.5 mL) was mixed with DMPO (0.02
pL) and its EPR spectrum was measured at ambient tempera-
ture. It exhibited six characteristics peaks, which can be
assigned to the DMPO-O, ° adduct in the (Pd3%)/SBVCN-37

This journal is © The Royal Society of Chemistry 2019

step), and Visible light A > 420 nm.

and SBVCN-37 photocatalyst in acetonitrile solution in the
presence of light (Fig. 8d and e).”> However, no peak was
observed when it was measured in the dark under the same
reaction conditions (Fig. 8d and e). Thus, these peaks arise due
to the trapping of the superoxide radicals by DMPO, which are
generated by the reduction of light-induced electrons to
superoxide radicals. The intensities of the DMPO-O, " adduct
peaks were higher for (Pd3%)/SBVCN-37 than SBVCN-37. This
result further indicates that the number of light-induced elec-
trons is higher for (Pd3%)/SBVCN-37 than SBVCN-37. The
photocatalytic activity discussed above well matches the EPR
results. Thus, the EPR experiments confirm the active involve-
ment of superoxide radicals, which are generated by the light-
induced electrons in the oxidation reaction as reactive oxygen
species and matches well with the scavenging experiments
discussed above.

To understand the mechanism of the reduction, control
experiments were performed as follows. First, the reaction was
carried out in the presence of H, gas (H, filled balloon) without
hydrazine hydrate. In this case, a somewhat low yield of aniline
(46.2%) was obtained. In another set of experiments, the reac-
tion medium was flushed with Ar gas and the reaction was
performed under an Ar atmosphere using hydrazine hydrate as
a reducing agent. In this case, a very low yield of aniline (6.9%)
was obtained. These control reactions confirm that during the
reduction reaction, hydrazine hydrate produces H, and N, in
the reaction medium via diimide in the presence of dissolved
oxygen. The liberated dissolved H, is easily accessible to nitro-
benzene to form the reduced product aniline. To further
confirm the liberation of H, via diimide, one more control
experiment was performed. The reaction was performed in the

Nanoscale Adv., 2019, 1, 1395-1412 | 1405
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absence of nitrobenzene using excess hydrazine hydrate (0.1 M,
2 mL). After 8 h reaction, 1 mL gas mixture was withdrawn using
a Gas Tight Syringe and analyzed using GC coupled with a TCD.
H, gas (7.4 uM) was measured during the photochemical
treatment, confirming the liberation of H, in the presence of
catalyst under visible light irradiation. Additionally, the influ-
ence of various radicals (electrons and holes) during the nitro-
benzene reduction was investigated (Fig. 8c). Both scavengers
influenced the aniline yield. The scavenging study suggests that
electrons dominate the reduction reaction. However, holes are
also involved in the reduction reaction via the decomposition of
hydrazine hydrate and production of N, and H' ions. The
liberated H" ions are reduced by the electrons and produce Hy,
which is responsible for the reduction of nitrobenzene.

Based on the independent steps, control reactions, and
scavenging studies the following reaction mechanism is
proposed. The overall reaction proceeds through the reduction
of nitrobenzene, oxidation of benzyl alcohol, followed by the
condensation between benzaldehyde and aniline, leading to the
formation of N-benzylideneaniline as the desired product.
Considering the band alignment of the photocatalyst, the
conduction band edge potential (Ecg = —0.99 eV vs. NHE) is
more negative than the standard reduction potential of 0,/0, "
(—0.33 eV vs. NHE) (Scheme 1), which results in the sponta-
neous formation of O, '.*%* Moreover, h* and HO" are also
responsible for the oxidation of benzyl alcohol. The generated
OH™ can be transformed to HO' through H,O, assisted by h*
(H,0,+e~ — HO'+OH ;h'+OH™ — HO"). Again, the (Pd3%)/
SBVCN-37 photocatalyst facilitates the selective production of
benzaldehyde. The incorporated Pd helps in the electron
transfer process and maximizes the charge carrier separation,
and thereby helps in the benzyl alcohol oxidation reaction. The
reasonable linear relationship between the log(k,/ky) values and
the Brown-Okamoto constant (¢) parameters for the oxidation
of benzyl alcohol is consistent with the suggested mechanism
(Fig. 8f).*> Similarly, the reduction of nitrobenzene also takes
place in the presence of photogenerated electrons and holes.
The reduction potential of nitrobenzene to nitroso benzene and
aniline is lower than —0.75 V, which confirms the thermody-
namic feasibility of this reduction process.®® The reduction of
nitrobenzene involves six electrons and six protons.®* Also, the
reduction of nitrobenzene is mediated by the oxidation of
hydrazine, which involves the release of four electrons and four
protons. This is the reason why excess hydrazine was used in the
reaction since it can provide more electrons and protons
required for the reduction of nitrobenzene. The light-induced
holes on the valance band have a potential of +1.26 eV vs.
NHE, which is higher than the standard oxidation potential of
hydrazine (Ex u/n," = 1.16 €V) (Scheme 1).% Thus, the holes
easily oxidize the hydrazine to di-nitrogen together with the
liberation of H' ions. These H' ions are reduced to H, by the
light-induced electrons on the surface of (Pd3%)/SBVCN-37
(Scheme 1). The in situ-generated H, assists in the reduction
of nitrobenzene to aniline. Further, the incorporated Pd nano-
particles facilitate the reduction process. At the Pd sites,
protons are reduced by the generated electrons and chem-
isorbed H-Pd sites are generated, which selectively reduce
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nitrobenzene to aniline. The reduction of nitrobenzene to
aniline in the presence of molecular hydrogen, as discussed
above, further confirms this phenomenon. Finally, the acidic
sites present in the catalyst facilitate the condensation reaction
between benzaldehyde and aniline to form the desired N-
benzylideneaniline.

3.3.3 Photocatalytic water splitting. In the absence of light
or without any photocatalyst, no H, or O, gas was detected in
the GC, confirming that the photocatalyst is only effective under
visible light illumination. Among the studied photocatalysts,
(Pd3%)/SBVCN-37 was found to be the best material for both H,
(180 umol h™*) and O, gas (112 umol h™ ") evolution (Fig. 9a and
b). When the same experiment was performed with S-CN, it
exhibits negligible activity for the H, gas (0.2 umol h™") evolu-
tion reaction. Moreover no HER activity was observed with
undoped CN. Here, it is important to mention that for the
photocatalytic HER over g-C3N,, Pt is essential as a co-cata-
lyst.®>¢¢ This is the reason for the inferior HER activity over the
bare S-CN catalyst. Pristine BiVO, was also found to exhibit low
activity for the photocatalytic O, gas (2.9 umol h™") evolution
reaction. However, the heterostructure photocatalyst SBVCN-37
liberated (1.6 pmol h™") H, and (7.6 umol h™') O,, indicating
that the formation of a heterostructure between the two
different photocatalysts, S-CN and BiVO,, is beneficial for
achieving higher HER and OER activity (Fig. 9a and b, respec-
tively). The photocatalytic study revealed that the optimum
amount of 3 wt% of Pd NPs in SBVCN-37 resulted in the best
photocatalyst for the independent H, and O, gas production of
180 pmol h™" and 112 pmol h™", respectively (Fig. 9a and b,
respectively). (Pd5%)/SBVCN-37 exhibited lower activity for the
HER (145 pmol h™") and OER (94 pmol h™") reactions compared
to (Pd3%)/SBVCN-37 (Fig. 9a and b, respectively). The low
photocatalytic activity of (Pd5%)/SBVCN-37 can be ascribed to
its lower dispersion of Pd NPs and inferior visible light
absorption capacity on the surface of SBVCN-37, which reduces
its overall activity. The HER activity trend for all the synthesized
materials in this study was found to be: CN < S-CN < SBVCN-37 <
(Pd1%)/SBVCN-37 < (Pd5%)/SBVCN-37 < (Pd3%)/SBVCN-37 and
for the OER BiVO, < (Pd1%)/SBVCN-37 < (Pd5%)/SBVCN-37 <
(Pd3%)/SBVCN-37 (Fig. 9a and b, respectively). For further
confirmation that the HER and OER are indeed accelerated by
the visible light absorption, wavelength-dependent HER and
OER experiments were also carried out using different cut-off
filter light sources (Fig. S8, ESIf). The obtained apparent
quantum yields (AQY) for the HER and OER are consistent with
the DRS spectrum (Fig. 9¢ and d, respectively). Therefore, these
studies clearly confirm that the HER and OER are fully
controlled by the light-induced electrons and holes, respec-
tively, over the catalyst surface. The determined AQY for the
(Pd3%)/SBVCN-37 catalyst is 12.72% and 10.22% for the HER
and OER at 420 nm when 10 volume % TEAO and 0.1 M AgNO;
solution were used as sacrificial reagents (Fig. 9c¢ and d),
respectively. Furthermore, it is important to note that the ob-
tained AQY for the HER and OER in this water splitting reaction
are better than that of similar/related type of photocatalysts
(Table 2).°®~7® The incorporation of Pd NPs is a key factor for
the enhancement in the total HER and OER catalytic activity.

This journal is © The Royal Society of Chemistry 2019
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The SPR of the Pd NPs results in the absorption of more
photons which, accelerate the reaction kinetics, resulting in
a higher H, and O, gas production performance. Moreover, the
Pd NPs lowered the overpotential required for the individual
HER and OER. The influence of the amount of catalyst for the
photocatalytic HER and OER activity was investigated and the
results indicated that an optimum amount of 60 mg catalyst is
required for achieving the highest activity for the HER and OER
reactions (Fig. 9f). With a gradual increase in the catalyst
amount, the photocatalytic HER and OER activities increased,
and reached a maximum value using 60 mg of catalyst and then
became saturated with a further increase in the catalyst amount
(Fig. 9f). This phenomenon can be attributed to the shielding
effect of excess photocatalyst for the incident light irradiation
and only the catalysts in close proximity to the solution surface
exhibit functionality for the OER and HER.”” Furthermore,
a steady and linear enhancement in the HER and OER activity
was obtained with prolonged reaction time when (Pd3%)/
SBVCN-37 was employed as the photocatalyst with the genera-
tion of 460 umol of O, and 732 pmol of H, gas in 4 h (Fig. 9e).
Further, the HER and OER experiments were continued for 24 h

1408 | Nanoscale Adv., 2019, 1, 1395-1412

under visible light illumination. After 24 h of reaction, catalyst
was separated, washed with acetonitrile, dried in an oven and
then used in the second cycle. No appreciable change in pho-
tocatalytic activity was observed after two consecutive cycles
(each 24 h), which confirms that (Pd3%)/SBVCN-37 is highly
stable in the photocatalytic HER and OER reactions (Fig. S7b,
ESIf). The XRD, FESEM, and EIS analysis of the recovered
catalyst after 24 h (2 cycles) of HER reaction (Fig. S9-11, ESI{)
confirmed the stability of the catalyst. The EIS data showed
a change of 0.6 Q increments in its charge transfer resistance
(Rcr), which may be due to the long-term operation (24 h, 2
cycles) and slight surface passivation of the catalyst in AgNO3/
TEOA solution (Fig. S11, ESIt). Thus, results suggest the high
stability and recyclability of (Pd3%)/SBVCN-37 for photo-
catalytic HER/OER reactions.

3.6 Origin and mechanism of enhanced HER and OER
activity

When a heterostructure is formed between BiVO, and S-CN in
the weight ratio of 3 : 7, the excited electrons are accumulated

This journal is © The Royal Society of Chemistry 2019
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Table 2 Comparison data for water oxidation/reduction reaction for similar/related photocatalysts reported in the literature

S no. Catalyst Co-catalyst ~ Light source Reactant sol. Efficiency Ref.
1 g-C3N,/Ag/BiVO, — 300 W Xe lamp 20 V% methanol solution A.Q.Y for HER = 1.23% at 420 nm 67
2-C3N,@Ag/BiVO,(040) — 350 W Xe lamp 0.2 M NalO; aqueous solution  A.Q.Y: not provided for OER; 68
(O, evolution rate = 14.68 pmol h™")
3 5 mol% 5 wt% CoO, 300 W Xe lamp H,0 A.Q.Y for OER = 2.63% at 420 nm 69
Cu doped-BivO4 (>420 nm) (0.02 M Na,S,04 + 0.1 M NaOH)
4 SiC/QD-BivO, — 300 W Xe lamp 0.04 mol 1™ FeCl; solution A.Q.Y for OER = 11.4% at 420 nm 70
(>420 nm)
5 BivO, — 300 W Xe lamp 0.05 mol L' AgNO, A.Q.Y for OER = 0.5% at 450 nm 71
(>420 nm) aqueous solution
6 Ce-doped BiVO, 300 W Xe lamp 0.015 M AgNO; A.Q.Y: not provided for OER; 72
(>420 nm) aqueous solution (O, evolution rate = 90 pmol h™")
7 Cr-doped BivO, 300 W Xe lamp 0.02 mol 1"" AgNO; A.Q.Y: for OER not provided; 73
(>400 nm) with 0.1 g of La,03 (O, evolution rate = 3.5 pmol h™?)
8 2-C3N, 2 wt% Pt 500 W Hg lamp 10 V% triethanol A.Q.Y for HER = 4.19% at 420 nm 74
(>400 nm) amine solutions
9 ZNS/g-C3N, — 300 W Xe lamp N,S0O3/Na,S A.Q.Y: for HER not provided; 75
(>420 nm) (H, evolution rate =
713.6 umol g ' h ™)
10 g-C3N, 1-3 wt% Pt 300 W Xe lamp 10 V% methanol solution A.Q.Y for HER = 6.8% at 420 nm 76
(>420 nm)
11 Phosphorene/g-C3N, 1-3 wt% Pt 420 nm, 3 W LED 88 V% lactic acid A.Q.Y for HER = 1.2% at 420 nm 66
12 Co(OH),/g-C3N, — 300 W Xe lamp 0.01 mol 1" AgNO, A.Q.Y for OER not provided; 77
(>420 nm) with 0.1 g of La,05 (O, evolution rate 27.4 pmol h™")
13 S-C3N,/BiVO, — 300 W Xe lamp 0.05 M AgNO; solution A.Q.Y for OER not provided; 78
(>420 nm) (O, evolution rate =
328 pmol g~ h ).
14 (Pd3%)/SBVCN-37 — 300 W Xe lamp 10 V% triethanol amine A.Q.Y for OER (10.22%) & This
Sol./0.1 M AgNO; HER (12.72%) at 420 nm work

on the conduction band of S-CN, leaving behind bare holes at
the valance band of the photocatalyst, resulting in efficient
charge carrier separation. Further, the conduction band
potential of S-CN (—1.20 eV vs. NHE) is more negative than the
conduction band potentials of BiVO, (—0.33 eV vs. NHE).*'-*34®
Similarly, the valance band potential of BiVO, (+2.85 eV vs.
NHE) is more positive than the valance band potential of S-CN
(+1.52 eV vs. NHE).***#7® Therefore, according to the principle of
electronic charge carrier transportation, the conduction band
electrons will flow toward the CB of BiVO, and in the case of
holes, the reverse sequence occurs.

The Ecg and Eyg potentials of SBVCN-37 are high enough to
exhibit HER and OER reactions, respectively. Therefore, due to
the proper band alignments, the synthesized heterostructure
SBVCN-37 exhibited high photocatalytic activity for the HER
and OER, separately. When visible light falls on the surface of
the semiconductor, the conduction band electrons and valance
band holes are immediately separated, resulting in the forma-
tion of a Mott-Schottky junction at the interface between the Pd
NPs and SBVCN-37. The Fermi level of the Pd NPs prevails
between the CB,i, and VB, of S-BVCN-37, resulting in the
formation of an efficient photocatalytic system. Furthermore,
the Mott-Schottky analysis from the PEC measurements
revealed that the conduction band edge potential of (Pd3%)/
SBVCN-37 is —0.99 eV vs. NHE, while its valance band edge
potential is +1.26 eV vs. NHE (Scheme 1). In the next step, the
conduction band electrons of SBVCN-37 shift to the Fermi level
of the Pd NPs, lying just —0.1 eV lower than that of the

This journal is © The Royal Society of Chemistry 2019

conduction band of the (Pd3%)/SBVCN-37 photocatalyst
(Scheme 1), leading to an increment in the electron density.*®
This type of electronic relay efficiently separates the holes from
the electrons, and therefore noticeable H, gas production
activity was observed with the (Pd3%)/SBVCN-37 photocatalyst.
The accumulated electrons on the active sites of (Pd3%)/SBVCN-
37 assisted in the reduction of the adsorbed H' ions to produce
H, gas. However, when the amount of Pd NPs increased to
5 wt%, a decrease in the H, gas production activity was
observed. The large content of Pd NPs reduced the visible light
absorption and SPR phenomenon, which are dependent on the
inter-particle interaction and local environment.**** Therefore,
the excessive amount of Pd NPs interfered in the electronic relay
to the Fermi level of the Pd NPs, resulting in a decrease in HER
activity. In the case of O, production, the Pd NPs have no direct
influence, but they help to harvest a larger number of photons
and also lower the band gap. Further, upon Pd NP loading, the
valance band edge becomes closer to the standard potential (Eyg
= 1.26 eV vs. NHE) for the water oxidation reaction (Ey,o/o0, =
1.23 eV vs. NHE) (Scheme 1).** Therefore, the kinetics of the
water oxidation is smoother over the (Pd3%)/SBVCN-37 photo-
catalyst. Since, the electrons are gathered at the Fermi level of
the Pd NPs, the prominent separation of holes from the elec-
trons takes place on the valance band maximum of the (Pd3%)/
SBVCN-37 photocatalyst. This phenomenon is also consistent
with the TRPL measurements. Thus, the Pd NPs indirectly
modulate the separation of holes on the catalyst junction,
leading to higher water oxidation to produce O, gas. In the

Nanoscale Adv., 2019, 1, 1395-1412 | 1409
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absence of Pd NPs, this charge separation is less prominent,
which is responsible for the inferior OER activity by the SVBCN-
37 photocatalyst. Again, the photoelectrochemical (PEC)
measurements reveal that among the investigated photo-
catalysts, (Pd3%)/SBVCN-37 produces the highest transient
photocurrent (0.12 mA cm™?), the lowest charge transfer resis-
tance (27.4 Q) from the EIS measurements, and the highest
photo-reversibility, as evident from the transient photocurrent
measurements. Further, steady state PL spectroscopy results
indicates that it has the most efficient charge carrier separation
and migration among the investigated photocatalysts. More-
over, the TRPL spectrum furnishes evidence that it has the
highest charge carrier dynamics (k = 0.19 (ns)~') and the lowest
charge carrier average lifetime (r = 5.18 ns). Thus, the TRPL
analysis further confirms that effective separation and promo-
tion of electrons-holes take place at the plasmonic (Pd3%)/
SBVCN-37 reactive surface. Notably, the Pd NPs deposited over
the surface of the SBVCN-37 photocatalyst act as a mediator
through their SPR effect, which promptly helps in the charge
carrier separation and results in excellent water splitting
activity. Thus, considering all these photo-physical parameters,
it can be concluded that the optimum content of Pd in SBVCN-
37, lowering of the band gap, and the highest charge carrier
separation are some of the prime reasons for the impressive
HER and OER activity exhibited by the (Pd3%)/SBVCN-37 het-
erostructure photocatalyst.

4. Conclusions

In summary, a Pd nanoparticle-decorated SBVCN-37 hetero-
structure photocatalyst was synthesized. Pristine g-C;N, was
doped with -SOz;H groups through H,SO, treatment and
coupled with BiVO, in a 7:3 weight ratio, resulting in the
formation of the SBVCN-37 heterostructure photocatalyst. The
developed photocatalyst was used for a one-pot, three-step
tandem reaction for the synthesis of N-benzylideneaniline.
The photocatalytic reaction revealed that the one-pot, three-step
tandem reaction involving nitrobenzene reduction, benzyl
alcohol oxidation, followed by condensation sequence steps was
suitable to obtain the maximum yield of the desired N-benzy-
lideneaniline. The EPR and scavenging experiments revealed
that the light-induced electrons from the conduction band (Ecg
= —0.99 eV vs. NHE) easily reduced O, to O, (—0.33 eV vs.
NHE) due to its favourable redox potential, which was found to
be the main influencing reactive oxygen species (ROS) in this
photocatalytic tandem reaction. Inevitably, due to the proper
band potential alignment on (Pd3%)/SBVCN-37, the separated
holes on its valance band oxidized N,H, and produced H" ions,
which served as the reducing agent for the reduction of nitro-
benzene to aniline. Moreover, the developed photocatalyst with
an optimum content of Pd nanoparticles, (Pd3%)/SBVCN-37,
exhibited excellent activity in the independent HER and OER
reactions. In this photocatalytic system, the Pd nanoparticles
served three important purposes. First, they avoided the
requirement of an additional Pt co-catalyst, which is necessary
for H, evolution reaction over g-C;N,. Second, they lowered the
valance band edge potential (Eyg = 1.26 eV vs. NHE) close to the
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standard water oxidation potential (EHZO/OZO = 1.23 eV vs. NHE),
and thereby the sluggish water oxidation kinetics of pristine
BiVO, was overcome by this (Pd3%)/SBVCN-37 photocatalyst, as
evident from the Mott-Schottky analysis. Third, the photo-
catalytic activity for independent HER and OER was enhanced
through efficient charge carrier separation due to the SPR effect
of the Pd nanoparticles on the surface of SBVCN-37. The obtained
catalytic activity was consistent with the photoelectrochemical
measurements and time-resolved photoluminescence studies,
which confirmed that the efficient charge carrier separation with
low average lifetime in the excited state, suitable alignment of the
band edge potential, and the lowest charge transfer resistance
were the prime reasons behind the excellent photocatalytic
activity of (Pd3%)/SBVCN-37. This constructive and conceptual
investigation will surely promote some new directions in the
development of multifunctional photocatalysts.
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