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Prominence of Cu in a plasmonic Cu—Ag alloy
decorated SiO,@S-doped Cz;N4 core-shell
nanostructured photocatalyst towards enhanced
visible light activityf
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A series of Cu—Ag bimetal alloys decorated on SiO, and the fabrication of few-layer S-doped graphitic
carbon nitride (SC) warped over it to form a core-shell nanostructured morphology have been
HRTEM data
confirmed the formation of a compact nanojunction between the SiO, and SC, where Cu-Ag is
embedded uniformly with an average particle size of 1.3 nm. The Ag: Cu (1: 3) between SiO, and SC
1 of H, under visible light illumination. Moreover, 6.2-fold current

demonstrated and well characterized through various physiochemical techniques.

produces 1730 pmol h™! g~
enhancement in the case of Ag: Cu (1:3) as compared to the Ag-loaded core-shell nanostructured
photocatalyst indicates higher electron—hole-pair separation. The excellent activity was due to the
Received 18th August 2021 istic alloying and plasmonic effect of Ag and Cu. DFT studi | that the Cu atom in the Cu-
Accepted 17th October 2021 synergistic alloying and plasmonic effect of Ag and Cu. studies reveal that the Cu atom in the Cu
Ag bimetal alloy plays a pivotal role in the generation of H,, and the reaction proceeds via a 4-

DOI: 10.1039/d1na00633a membered transition state. The mechanistic insight proceeds from the generation of hot electrons due
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1. Introduction

Photocatalysis with nanostructured semiconductors® has been
receiving worldwide attention for environmental remediation
and solar energy conversion, akin to photocatalytic H, genera-
tion,*> which is considered a clean and sustainable process to
solve the energy crisis. After the discovery of H, fuel generation
over TiO, in 1972,% this method provided a new direction in the
field of clean energy production. However, the UV activity* of
TiO,, due to its large band gap (3.2 €V) and its high recombi-
nation rate of photoinduced electron-hole pairs, severely
hinders its practical application. To address the above-
described properties of TiO,, a number of semiconductors,
such as BivO, (ref. 5) and Ag;PO,,* have occasionally been
demonstrated as visible light-active photocatalysts. In this
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to the LSPR effect and their transfer to the SC layer via a compact nanojunction.

context, graphitic carbon nitride” (g-C3N,) is gaining enormous
attention in the field of visible light H, generation. Metal-free
polymeric catalysts® have evoked interest due to their facile
fabrication using small organic molecules such as urea or
melamine, thermal stability, and solidity in diversified pH
media. The suitable conduction band position of the polymer is
responsible for the production of H, upon light irradiation. The
simultaneous fabrication of crystalline and N vacancy-rich g-
C;N, showed an increase in photocatalytic H, generation by the
metal free polymeric catalyst.” A two-dimensional PCN/2D Ti;C,
MXene interface heterojunction showed an improved hydrogen
evolution rate of approximately 2181 umol ™" ¢~ in comparison
to the 3D bulk.” The significantly boosted visible-light H,
generation over CN nanosheets has been observed through
loading with co-catalysts such as Ni;B/Ni(OH),, which enhances
the charge separation as well as the reduction overpotential.*
The effort to replace the state-of-the-art cocatalyst, i.e. Pt, with
cost-effective and abundant transition metal bimetallic alloys
such as Pt-M (M = Co, Ni, and Fe) showed enhanced photo-
catalytic H, generation by the polymer and by loading a co-
catalyst, such as Co,4Niy 6P, an H, generation value of up to
195 umol h™* ¢~ * has been achieved.*? Similarly, a Ni cocatalyst
with a shell-layer of 15 nm thickness in a Ni;C@Ni/g-C3N,
photocatalyst produced 16 times higher photocatalytic H,
generation compared to NizC/g-C3N,.** However, bulk g-C;N,
suffers* rapid charge recombination owing to the 7—7 stacking

© 2022 The Author(s). Published by the Royal Society of Chemistry
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present between the aromatic layers. Again, the stacking of tri-s-
triazine layers is accountable for the lower specific surface area
and consequently for the lower number of active sites for H,
production. Therefore, some attempts have been made by
scientists to fine tune the band gap and enhance the rate of
electron-hole pair separation so that the apparent quantum
efficiency of the photocatalyst can be enhanced.

Noble metal nanoparticles such as Au and Ag are extensively
studied owing to their characteristic localized surface plasmon
resonance phenomenon' (LSPR). By fine tuning the size and
shape of metal nanoparticles,'® the SPR wavelength can be
controlled from the visible to the near infrared region of the
solar spectrum. The nanoparticles can competently harvest
solar energy and widen the light absorption range so that
photoinduced electrons can transfer to the semiconductor
through so-called direct energy transfer'” or resonance energy
transfer."® The hot electrons™ generated due to LSPR excitation
can be transferred into the neighboring adsorbent or return to
the ground state after releasing excess energy to the surround-
ings. In the case of bimetal*® plasmonic alloy, an excited hot
electron (having an energy of 1-3 eV, which is not in thermal
equilibrium with the system) can migrate to the interface
depending upon the electronegativity of the metal counterpart.
Thus, the bimetal alloy is responsible for the storage of excited
electrons, resulting in an increase in electron density that is
subsequently useful for enhanced photocatalytic activity.
Moreover, synthesis of bimetal alloys can provide a profitable
path for the design of cost-effective photocatalysts, where the
content of high-cost noble metal nanoparticles can be reduced.
Due to the synergistic effect,” there is a great improvement in
their physical and chemical properties as compared to their
monometallic constituents. The formation mechanism?®** of
alloy nanoparticles is simply the homogeneous mixing of two
metals on the atomic scale and is differentiated by their metal to
metal bonds. Density functional theory predicts that the
synergistic effect> of nanoalloys is due to the surface electronic
state arising because of the effective atomic coordination
number on the surface.”” Moreover, the construction of the
core-shell nanostructure*® provides a unique platform for the
loading of bimetal alloy onto a semiconductor surface.”” By fine
tuning the core size and shell thickness,* a number of core-
shell nanoparticles can be explored with enhanced photo-
catalytic activity.”*** Core-shell nanostructured photocatalysts
are a unique class of nanomaterial possessing a core (inner
material) and a shell (outer material) with nanoscale dimen-
sions. The catalytic activity (both photocatalytic and electro-
catalytic) depends on the synergistic interaction between the
core and shell. Recently, various plasmonic nanoalloys have
been demonstrated for photocatalytic processes, such as Au-Ag,
Au-Cu, Au-Cu nanostars, and Pt-Au nano alloy. Nalluri et al.
demonstrated the solvent-free synthesis of an Fe,O;@Au-Ag**
alloy core-shell nanostructured photocatalyst that showed
excellent H, generation compared to its monometallic Au
counterparts. Wang et al. synthesized layered double hydroxide
supported Au-Cu alloy nanoparticles,* which show efficient
esterification of benzyl alcohol with methanol. Liu et al. fabri-
cated Au-Cu triangular nanostars on CdS*® by tuning the atomic
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ratio of Cu, which showed around threefold H, generation
compared to CdS. Au-Pt bimetal alloy®” was decorated on TiO,
nanorods via photo-deposition techniques, and its photo-
catalytic activity towards benzyl alcohol oxidation was explored.
In order to explore the effect of the plasmonic phenomenon on
the photocatalytic activity with varying amounts of nickel and
silver, Ni and Ag co-modified g-C;N, nanocomposites were
fabricated using a photoreduction approach in a mixture of
solvent media such as methanol and water, where the 3Ni-1Ag/
CN sample produced 2137.5 pumol g* h™" of H,.*® Spinel
ZnFe,0, microspheres coupled with plasmonic Ag/TiO, nano-
rods were demonstrated to fabricate a Z-scheme heterojunction
via a facile hydrothermal approach to explore the photocatalytic
reduction of CO, to CO.** Plasmonic Cu-NPs were loaded with
a 1D/2D composite of carbon nanotubes modified with
protonated carbon nitrides (CNTs/pCN) for photocatalytic
conversion of CO, to CO.* Similarly, plasmonic Au-NPs-
embedded Z-scheme WO3/TiO, hetero-junctions were fabri-
cated for photocatalytic H, evolution from a glycerol-water
mixture, and 0.5% Au-loaded WOj3/TiO, produced 4.46-fold
higher H, evolution compared to WO3/TiO,.** Further, various
photocatalytic systems containing Ag-Cu bimetal alloy as their
active plasmonic component are given in Table S1.}

This work demonstrates the fabrication of a series of
SiO,@S-doped graphitic carbon nitride core-shell nano-
structured photocatalysts in which Cu-Ag alloy was decorated
between the junctions (Scheme 1). The physicochemical prop-
erties of the as-synthesized photocatalysts were well character-
ized using PXRD, HRTEM, FESEM, UVDRS, PL and
photocurrent measurements. Further, DFT calculations were
performed in order to determine the mechanism behind the
water splitting reaction, and the role of Cu in Cu-Ag alloy
towards H, fuel generation has been explored. The as-
synthesized photocatalysts were tested for photocatalytic H,
fuel generation. The synthesis procedure, characterization,
photocatalytic activities and mechanistic insight are discussed
in detail.

2. Experimental section
2.1 Reagents

Tetraethyl orthosilicate (TEOS), (3-aminopropyl)triethoxysilane
(APTES), sodium borohydride (NaBH,), silver nitrate (AgNOj3),
copper nitrate hexahydrate (Cu(NO;),-6H,0), melamine, thio-
urea, triethanolamine (TEOA), and sodium sulphate (Na,SO,) of
analytical grade were obtained from Merck India and used as
received. Double distilled water was used throughout the
reaction.

2.2 Synthesis of SiO, nanoparticle

SiO, nanoparticles were prepared using a modified Stober's
method described elsewhere.® For amine functionalization, 2 g
of the as-prepared SiO, nanoparticles were dispersed in 100 mL
isopropanol, to which 2 mL APTES was added. The resulting
solution was refluxed for 2 h, centrifuged and dried at 80 °C
overnight.
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Scheme 1 Synthesis of Ag—Cu bimetal alloy on the SiO, surface and fabrication of few-layer SC wrapped over the bimetal alloy.

2.3 Synthesis of SiO,@AgCu nanoalloy

For the synthesis of SiO,@AgCu nanoalloy (Ag-Cu-1 : 3), 0.5 g of
as-synthesized APTES-functionalized SiO, were dispersed in
200 mL water. 20 mg of AgNO; and 144 mg of Cu(NOj3), were
added to the above solution, and it was stirred for 15 min to
achieve proper dispersion of metal ions. Thereafter, 5 mL of
0.1 M NaBH, solution was added, which made the colorless
solution acquire a light grayish color. The solution was aged for
2 h and then centrifuged to obtain the desired product. The
material was dried in an oven overnight. In a similar way, other
alloys, such as those with 1 : 1 and 3 : 1 ratios of Ag-Cu, as well
as neat Ag and Cu were also loaded on SiO,.

2.4 Synthesis of SiO,@AgCu@S-doped C3;N,

The as-obtained SiO,@AgCu (100 mg), 300 mg melamine and
300 mg thiourea were ground properly using a mortar and
pestle. The as-obtained solid powder was calcined for 2 h at
550 °C in nitrogen atmosphere using a tubular furnace. The as-
obtained material was labeled as SCSC-1 : 3. Other alloys con-
taining 1 : 1 and 3 : 1 Ag to Cu ratios were also synthesized by
following the same procedure and were labeled as SCSC-1: 1
and SCSC-3:1 for SiO,@AgCu(l:1)@S-doped C;N, and
SiO,@AgCu(3 : 1)@S-doped C;3N,, respectively. The synthesis
protocol is described in Scheme 1. The monometallic counter-
parts containing only Ag and Cu were synthesized following the
same procedure and are labeled SCS and SCC for SiO,@Ag@S-
doped C;3N, and SiO,@Cu@S-doped C;Ny,, respectively. Neat S-
doped g-C3N, was fabricated on SiO, without loading of the
metallic component and was designated as SC.

2.5 Procedure for the photocatalytic reaction

The water splitting reaction was accomplished by dispersing
20 mg of each catalyst in 20 mL water containing 10 vol%
triethanolamine (TEOA). The experiment was performed in
a homemade quartz batch reactor of 100 mL capacity using
a 150 W xenon lamp as the illumination source with a 420 nm
cutoff filter. The photoreactor was thoroughly purged with N,
gas for half an hour prior to irradiation and stirred using
a magnetic stirrer for the good dispersion of the catalyst. By
adopting the downward displacement of water, the gas evolved
from the reactor was collected and analyzed by a gas

152 | Nanoscale Adv., 2022, 4, 150-162

chromatograph using a thermal conductivity detector. The gas
was identified to be H,.

2.6 Characterization

PXRD of the synthesized materials was performed using
a Rigaku MiniFlex diffractometer fitted with Cu Ka radiation (I
= 1.45 A), scanned in the 26 range from 10 to 80° with a rate of
2° min~'. An HRTEM (JEOL-JEM 2010, Japan) equipped with an
energy dispersive X-ray spectrometer was used for the analysis
of the morphologies and elemental compositions of the
samples. A Krato Axis 165 instrument fitted with a Mg-Ka. source
was used for the measurement of the XPS spectra of the
samples. UVDRS spectra and photoluminescence (PL) spectra
were performed on a JASCO UV-Vis spectrophotometer and
JASCO-FP-8300 spectrofluorometer in that order. All the elec-
trochemical experiments were performed on an IVIUM-n-STAT
instrument, where the electrochemical setup consisted of Pt
and Ag/AgCl electrodes as the counter and reference electrode,
respectively. For the preparation of the working electrode, the
electrophoretic deposition technique was adopted, where 20 mg
of every catalyst and iodine were spread in 20 mL acetone and
sonicated for 15 min. Fluorine-doped tin oxide (FTO) was dip-
ped in the dispersed medium, and 60 V bias was applied for
6 min for the fabrication of the catalyst on the FTO surface.
Prior to conducting the electrochemical experiment, the FTOs
were calcined at 200 °C for 2 h in N, atmosphere. Linear sweep
voltammetry (LSV) was performed by applying potentials from
—0.6 to —1.5 V while adapting a scan rate of 25 mV s~ '. The
photocurrent measurements were performed using a 150 W
xenon lamp.

2.7 Computational details

DFT calculations were carried out using the Gaussian 09
program** with the B3LYP functional.*® The 6-31G* basis set*
was employed for all atoms except silver and copper, for which
the effective core potential LanL2DZ basis set*>*® was used.
Harmonic frequency calculations were performed for all
stationary points to confirm them as local minima or transition
states. Thermal correction and zero point vibration energies
were incorporated in the AG values. The solvent effect of water

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was also taken into consideration by using the polarizable
continuum model (PCM) for all the calculations.

3. Results and discussion

3.1 Crystal structure and morphology

Fig. 1(a) shows the typical PXRD pattern of the as-synthesized
samples, where SCS shows peaks at 37.8, 43.8, 64.1, and 77.2°
that were assigned to the (111), (200), (220), (311) planes of cubic
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silver (JCPDS-87-0717), respectively. In the case of SCC, peaks
were observed at 43.1, 50.3, and 73.9° and were attributed to the
(111), (200), and (220) planes of cubic copper (JCPDS-01-1241), in
that order. When Cu-Ag nanoalloy was decorated on the SiO,
substrate and SC was warped on the alloy, the diffraction peaks
shifted more towards the right upon silver incorporation, as
found in the case of SCSC-3 : 1, whereas copper incorporation in
the alloy shifted the 26 value slightly towards the right. The peaks
were shifted towards the right of the PXRD plot, suggesting the

(b)

(d)

Average size = 1.299 nm
Standard deviation = 1.002 nm

.

.
e

0 1 2 3 4
Particle size (nm)

Fig. 1

(a) PXRD of the as-synthesized core—shell nanostructured photocatalyst; (b and c) HRTEM images of SCSC-1 : 3, where SiO, as the core

and a few layers of SC act as the shell and Cu—Ag bimetal alloy is embedded between the SiO, core and SC shell. (d—f) Particle size distribution of
Ag-Cu alloy, lattice fringe width of SCSC-1: 3 matching the d values of the bimetal alloy, and SAED pattern of SCSC-1: 3.
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successful fabrication*” of Cu-Ag alloy on SiO,. The Ag (111) and
Ag (220) planes were for fcc (Ag) cubic phase, with a lattice
parameter a = 4.076 A; moreover, the peak intensity of Ag (111)
was found to be strongest, suggesting that the favorable facet for
the Cu-Ag nanoalloy is (111). The broad peak at 26 = 23.3°
corresponds to the amorphous structure of SiO,.*** The crystal-
lite sizes were calculated and found to be 47.7, 38.4, and 32.7 nm
in the cases of SCSC-3 : 1, SCSC-1 : 1, and SCSC-1 : 3, respectively.
In order to explore the morphology,® high resolution trans-
mission electron microscopy (HRTEM) was conducted. From
Fig. 1(b), it can be confirmed that SiO, nanoparticles around
120 nm in size were successfully synthesized, and few layers of SC
with a thickness of around 3-5 nm were warped over it, forming
a core-shell nanostructure. Fig. 1(c and d) shows the uniform
distribution of the Ag-Cu nanoalloy on the SiO, and SC nano-
junction, and the particle size of the alloy is 1.3 nm. The homo-
geneous distribution of Ag-Cu nanoalloy on the SiO, surface as
well as the close contact between Ag-Cu and SC plays an impor-
tant role in the enhancement of the photocatalytic activity of
SCSC-1 : 3. Fig. 1(e) demonstrates that there was close contact
between the SC and nanoalloy, favoring greater exciton separation
efficiency. Again, (111) of Ag was the predominant face of the Cu-
Ag alloy, and the lattice fringe was 0.23 nm, which is consistent
with the PXRD data. The SAED pattern of SCSC-1 : 3 indicates ED
spots of the (111) and (220) facets of Ag and (111) of Cu. The SAED
data led us to conclude that the alloy particles were not amor-
phous but polycrystalline in nature (Fig. 1(f)). The weight percent
of SCSC-1: 3 was 2.7 (Ag: Cu-0.5 : 2.2), as depicted in the EDX
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spectra (Fig. S1at). The eutectic temperature® of the Ag—Cu alloy
was 779.8 °C in N, atmosphere, which confirms the thermal
stability of the alloy in this work. The XRD and TEM results
suggest the successful formation of the core-shell nanostructure,
where Ag-Cu alloy was embedded inside the SiO, and SC.

3.2 Chemical state analysis

The XPS survey spectrum® shows diverse peaks of Si, O, C, N, S,
Ag and Cu related to the successful formation of the photo-
catalyst (Fig. S1bt). The peak at 284.5 eV was considered to be
the reference peak for carbon, and peaks were assigned
accordingly for the other elements. The XPS peaks of various
elements were further deconvoluted using CASA XPS. The core
level of C 1s consists of peaks at 284.5 and 287.4 eV, assigned as
the adventitious carbon species by the instrument itself and
carbon attached to the nitrogen center of carbon nitride, in that
order (Fig. 2(a)). Three peaks for N 1s at 397.1, 398.1 and
399.6 eV were attributed to nitride or cyanide, nitrogen attached
to the carbon center of carbon nitride, and nitrogen present in
the organic matrix, respectively (Fig. S1ct). The core Si 2p has
two peaks at 102.3, and 103.2 eV corresponds to the Si-O-Si
linkage and Si-O bonding in SiO,. Similarly, two peaks are
present at 531.1 and 532.6 eV for the O 1s core, related to the
oxides of Cu and SiO,, respectively (Fig. 2(b and c)). The S 2p
spectrum contains a single peak upon deconvolution at
162.6 eV, which corresponds to the C-S coordination present in
the carbon nitride framework (Fig. 2(d)). In the case of the core
level of Ag 3d, two peaks were present at 368.1 and 374.1 eV,

1 287.4 eV Si2p Ots 532.6 eV C
crs (a) 10326V (b) e (¢)
3 3 3
. 8 J
2 28450V | 2 102.3 eV 2
2 2 2
§ & / & . 531.1eV
= IS =

T T T T T r T T T T 1 r T T T T T 1

292 290 288 286 284 282 108 106 104 102 100 98 538 536 534 532 530 528 526
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Fig. 2 XPS spectra of SCSC-1: 3: (a) C 1s, (b) Si 2p, (c) O 1s, (d) S 2p, (e) Ag 3d, (f) Cu 2p.
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related to the 3ds/,, and 3d;/, spin states. The single peak at 3d5,
, corresponds to the Ag nanoparticles present in the alloy
(Fig. 2(e)). Similarly, the XPS core spectrum of Cu 2p shows two
peaks at 933.0 and 942.2 eV, which are ascribed to Cu 2p;,, and
Cu 2p4,,. The peak present at 942.2 eV is the satellite peak.*> Cu
2ps/» upon deconvolution gives two peaks at 933.0 and 935.3 eV,
related to the metallic and +2 oxidation states of Cu, respectively
(Fig. 2(f)). The atomic weight percent of Ag-Cu was 1.8%
(Ag: Cu-0.45:1.03). A greater amount of Cu reduction is
possible in the Ag-Cu bimetal alloy compared to the single
monometallic Cu nanoparticles due to the alloying effect, as
reported in other systems such as ZrO,.*

3.3 Photophysical properties

The optical response of the as-synthesized photocatalysts is
portrayed in Fig. 3(a and b). The absorption maxima for SCS and
SCC have shifted to the more visible region of the solar spec-
trum as compared to the bare SC, with a band gap of 2.64 eV.
The shifting in the UV-Vis peak is due to the surface plasmon
resonance phenomenon (SPR) of Ag and Cu.**** Similarly, in the
case of the alloy nanostructures SCSC-3:1, SCSC-1:1 and
SCSC-1: 3, the absorption peaks were shifted to the more
visible region of the solar spectrum, i.e. the absorption band
edges for SCS, SCC, SCSC-3 : 1 and SCSC-1 : 1 were 489.0, 567.2,
604.5, and 690.0 nm, respectively, and SCSC-1: 3 has more
visible light absorption, covering the absorption of all the
photocatalysts. This represents the full spectrum solar light
absorption from UV to Vis to NIR by SCSC-1 : 3, which relates to
its excellent catalytic activity. The broad peak in the case of the
STSCs is evidence for the formation of a bimetal alloy and not
a core-shell structure between Ag and Cu, as the SPR peaks did
not appear distinctly for Ag and Cu. The greater photocatalytic
activity by the SCSC-1 : 3 catalysts is due to their high visible
light absorption, simultaneous alloying effect and surface
plasmon resonance phenomenon. Photoluminescence spec-
troscopy is an important tool*>*® in order to probe the photo-
induced electron-hole-pair generation and separation at the
interface of a photocatalyst. Photoluminescence spectroscopy
was performed for all photocatalysts at an excitation wavelength
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of 330 nm and portrayed in Fig. 3(b). The spectra showed
a broad peak at 450 nm in the case of SC, which relates to the
band to band transitions. The PL intensity decreased in the
order of SC > SCS > SCC > SCSC-3 : 1>SCSC-1: 1>SCSC-1: 3, as
shown in Fig. S1d.T The trends in the PL intensity suggest that
the intensity decreases upon an increase in the amount of Cu.
The lesser the PL intensity, the greater the electron-hole pair
separation and the better the activity of the photocatalyst. The
photo-physical properties, including UVDRS and photo-
luminescence spectroscopy, suggest that SCSC-1 : 3 is the best
photocatalyst among all.

3.4 DFT calculations

To gain further insight into the mechanism towards photo-
catalytic H, generation, DFT calculations were carried out for
the best proposed photocatalyst using Ag;Cu; as a model. A
rhombic Ag;Cu; model is predicted, with a ground state spin
multiplicity of 1 (Table S2t). All attempts to optimize a tetrahe-
dral ground state of Ag;Cu; failed and converged to a rhombic
geometry. As the H, evolution catalytic process occurs in water
medium, the ability of the Ag;Cuj; catalyst to bind with H'/H as
well as water was evaluated alongside natural bond orbital
(NBO) analysis (Fig. S21). From Fig. S2,T it is clear that Cu2 and
Cu3 are structurally and electronically similar. Both are poten-
tially the best sites for water and H'/H binding. However, H'/H
binding is thermodynamically much more favorable compared
to water binding, according to the binding energy values. The
highest negative charge density on Cul atom, as per the NBO
analysis, may be the reason for its inability to bind with water
and H. Considering that the reaction is occurring in water
medium, the possibility of water splitting along with the H,
evolution mechanism has been investigated. The optimized
model of water bound to the Cu3 atom of Ag;Cu; is shown in
Fig. 4(a) (left). Here, the water molecule can go on to interact
with the neighbor atoms Ag4 as well as Cul via a 4-membered
transition state. Both of the possible transition states are shown
in Fig. 4(a) (right), and it was found that the kinetic barrier for
water to interact with the Cul atom is 2 kcal mol " lower than
that of Ag4 atom. Hence, the final product of water split into
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(a) Left: optimized model of water bound to Cu3 of Ag;Cus with the bond parameters. Right: free energy pathway showing water splitting

with relative AG values (in kcal mol™). (b) Right: optimized model of Int3 (H, bound to Cu2 of Ag;Cus) with the bond parameters, left: free energy

pathway showing H, evolution with relative AG values (in kcal mol™).

OH ™ and H" will proceed through the interaction with Cul atom
via a 4-membered transition state, yielding a tetrahedral
geometry where OH ™ is bound to Cu3 and H' is bound to Cul.
The H, evolution mechanism for the Pt-Sn system was re-
ported by Chaokong et al. We found similar pathways for the
Ag,Cu; system (Fig. 4(b)). Two H" are adsorbed on the Cu2 atom
of Ag;Cu; and reduced to form Intl (intermediate-1), which
then undergoes a 4-membered transition state with a barrier of
28.5 kecal mol™" to break the interaction between H-Cul and
result in the formation of Int3 (intermediate-3), as shown in
Fig. 4(b) (right). The release of loosely bound H, from Int3 is
found to be thermodynamically favorable by 3 kcal mol .

3.5 Photoelectrochemistry

Taking a classical three-electrode system with 0.1 M Na,SO,
solution as the electrolyte, photoelectron chemistry of all the

156 | Nanoscale Adv.,, 2022, 4, 150-162

synthesized materials was performed. The linear sweep vol-
tammetry (LSV) plot (Fig. 5(a)) suggests that SCSC-1 : 3 gener-
ated 12 mA em™? current in the cathodic direction. Similarly,
other photocatalysts, such as SC, SCS, SCC, SCSC-3 : 1, and
SCSC-1 : 1, show 0.04, 1.9, 2.4, 5.7, and 6.3 mA cm ™2 current in
the cathodic direction upon irradiation, respectively. Moreover,
the catalyst SCSC-1 : 3 showed current at an onset potential of
—1.00 V as compared to the other photocatalysts, which showed
current at potentials of —1.45, —1.43, —1.07 and —1.05 for SCS,
SCC, SCSC-3:1, and SCSC-1: 1, in that order. The excellent
photocurrent generation in the case of SCSC-1 : 3 is attributed
to the smaller particle size of bimetal alloy, on the order of
1.3 nm. Gratzel has shown that the particle size is the most
important parameter for the photo-electrochemical properties
of a semiconductor. A space charge region is not formed when
the particle size becomes very small, leading to no exciton

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for all the photocatalysts. (d) Stability test for photocatalytic H, evolution.

separation in the semiconductor. In this case, the photocurrent
generation is due to the mobility of positive and negative charge
carriers. Due to the small size of Ag-Cu, the applied potential
was reasonably low for the enhancement in the efficiency of the
charge carrier transfer process at the electrode/electrolyte
interface. Again, the coating of SC on SiO, can act as a chan-
nelizer for generation of hot electrons by Ag-Cu and subsequent
production of hot holes bellow the Fermi level of Ag—Cu. These
hot electrons and holes have sufficient energy to surpass the
Schottky barrier, as a result of which Cu-Ag/SC nanojunctions
can generate more photocurrent in the cathodic direction. The
excellent current generation at lower overpotential by SCSC-1 : 3
relates to its best photocatalytic activity towards H, fuel
generation.

Electrochemical impedance spectroscopy® is a very impor-
tant tool to explore the charge transfer resistance and ease of
electron flow in the semiconductor electrolyte interface as well
as the mechanism of the electrochemical reaction. 0.1 M
Na,SO, solution was used as an electrolyte and impedance
spectroscopy was performed at an applied potential of 0.0 V.
The Nyquist plot contains the imaginary part Z' and real part Z”
as the abscissa and ordinate,® which relate to the resistance and
reactance of the semiconductor,®® respectively. Fig. 5(b)
describes the Nyquist plots of all the photocatalysts, and their
values were found to be 131.9, 117.5, 85.0, 47.4, 44.2 and 35.5 Q
for SC, SCS, SCC, SCSC-3 : 1, SCSC-1 : 1 and SCSC-1 : 3, in that

© 2022 The Author(s). Published by the Royal Society of Chemistry

order. The larger arc in the case of SC relates to the high charge
transfer resistance, which leads to poor separation of photo-
generated electron-hole pairs. The smaller arc in the case of
SCSC-1 : 3 relates to the lower charge transfer resistance and
higher electrical conductivity. The higher electrical conductivity
of the photocatalyst can be corroborated from the LSV data. The
decrease in the charge transfer resistance and increase in the
electrical conductivity are attributed to the allocation of hot
electrons from the Ag-Cu bimetal alloy to SC, thereby inhibiting
charge carrier recombination; in all probability, this subsidizes
the excellent improvement in the activity. The CB potential of
SC*® has been calculated from the Mott-Schottky plot, and the
corresponding VB potential was calculated using the band gap
of SC.

3.6 Photocatalytic activity

The catalytic activities of the photocatalysts were explored for
the production of H, through the water splitting reaction and
are depicted in Fig. 5(c). The procedure follows the dispersion of
each catalyst in 20 mL of water containing TEOA in a sealed
quartz batch reactor. The photocatalysts SC, SCS, SCC, SCSC-
3:1, SCSC-1:1 and SCSC-1:3 were able to generate H,
amounts of 15.2, 620, 652, 1230, 1436, and 1730 umol h™* g™,
in that order. It can be deduced from the H, generation figures
that SCSC-1 : 3 can more effectively produce H, compared to the
other catalysts. Quenching experiments were explored in order

Nanoscale Adv., 2022, 4,150-162 | 157
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to identify the involvement of active species (Fig. S31). The
experiments were performed in the presence of AgNO;, iso-
propyl alcohol, TEOA and p-benzoquinone as scavengers for
electrons, hydroxyl radical, holes and superoxide radical,
respectively. The results suggest that electrons are the main
active species for the reduction of protons to H,, and the cata-
lyst was also stable up to 4 runs (Fig. 5(d)). The apparent
quantum yield was estimated to be 5.2% (band pass filter >
420 nm, 0.3 W irradiatometer). The formula for the apparent
quantum yield calculation is

2 x number of H, molecules

AQY (%) = x 100

number of photons adsorbed

The excellent photocatalytic activities of SCSC-1 : 3 were due
to the succeeding evidence. From the UV-Vis and PL spectra, it
is clear that the photocatalyst can absorb more visible light and
exhibit a lower electron-hole recombination rate, respectively.
The generation of the high photocurrent value is due to the
production of hot electrons through the LSPR process. The
interfacial charge transfer process is very high due to the close
contact between the Ag-Cu and SC in the case of SCSC-1: 3, as
portrayed from the Nyquist plot. Further, the reusability test of
the catalyst towards the water splitting reaction proves the

E,. SC _at Hot electron
T AgCu
________ E vac
Xsc=4.7 eV
CB
E, e

VB

View Article Online

Paper

stability of the material, as suggested by PXRD and HRTEM
(Fig. S4a-ct).

The size of the plasmonic nanoparticles plays a vital role in
the plasmonic performance, and this holds especially true for
low band gap semiconductors, where interband excitations
occur in wavelength regions which generally overlap with
plasmonic resonances. BiVO, films were decorated with AuNPs
of varying size from 10 to 80 nm to study the size dependence of
the plasmonic effect.®® For the excellent visible light photo-
catalytic activity of Au/TiO,, it was shown that the gold loading
and particle size of the gold nanoparticles play important roles
in the enhancement of the hydrogen evolution activity with
a catalyst containing 0.2 wt% gold with 1.87 nm average particle
size.*®® Generally, the plasmonic phenomenon and subsequent
ejection of hot electrons occur upon irradiation. In this case,
a single semiconductor (S-doped C;N,) is present; therefore,
a Schottky junction is established between the alloy and semi-
conductor. The CB/VB of the semiconductor remains same in
the dark as well as upon irradiation. The point is more signifi-
cant when two different semiconductors (the alloy is not
a semiconductor here) are present. Hence, we have shown the
pinning of hot electrons upon light irradiation for the nanoalloy
as well as silver and copper nanoparticles. We have focused only
on the proton reduction reaction, whose reduction potential

Hot electron
(b) H,

2H"

-1.10 eV

Ag-Cu

2.64 eV

h+

VB 1.54 eV

TEOA

TEOA* SC

Scheme 2 (a) Energy band diagram of SCSC-1: 3, where Ef, Eac, xsc. CB, VB, ¢sg, and ¢agey represent the Fermi energy level, vacuum energy
level, electronegativity of the conduction band of SC, conduction band and valence band of SC, Schottky barrier height, and work function of
Ag-Cu nanoalloy, respectively (b) hot electron generation and their participation in proton reduction to produce H, fuel.
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also remains intact before and after irradiation. On the basis of
the high photocatalytic activity of the catalyst, a plausible
mechanism can be expected and is described in Scheme 2. The
mechanism is explained for the individual cases of Ag and Cu
and related to the Ag-Cu alloy case. In the SCS system, the
Schottky barrier height is estimated to be 0.7 eV, calculated by
the difference between the work function of Ag®* (¢ = 4.0 eV)
and the electronegativity of the conduction band of SC (x = 4.7
eV), which is high and subsequently leads to lower photo-
catalytic activity of SCS (Scheme S1t). In the case of SCC, the
Schottky barrier® was found to be 0.2 eV (work function of Cu, ¢
= 4.5 eV), which demonstrates the higher photocatalytic activity
of the material by pinning hot electrons via LSPR. The excellent
photocatalytic activity of SCSC-1 : 3 is explained by the appro-
priate height of the Schottky barrier®® (Scheme 2). The work
function® of the bimetal alloy lies between the work functions
of Ag and Cu, which facilitates better electron-hole pair sepa-
ration by encouraging smooth transfer of hot electrons from the
alloy to SC. The VB and CB potentials for SC were calculated
according to the equation Eyg = X — E° + 0.5E,, Ecg = Evg — Eg,
where X is the geometric mean of the electronegativity of the
constituent atoms, E° is the energy of a free electron (4.5 eV),
and E, is the band gap energy. The Schottky barrier height was
estimated by the difference in the work function of plasmonic
metal and the electronegativity of the conduction band of SC,
and the mechanism for the photocatalytic activity followed
similarly, as described in the literature.”> Again, the electro-
negativity of Cu is greater than that of Ag, which leads to charge
separation in the alloy; subsequently, electron donation takes
place from Ag to Cu. Further, DFT studies revealed the role of
Cu in Ag;Cuy, which plays an important role in the generation
of H, fuel from water. The decrease in the photocatalytic
activities in the case of SCSC-3:1 is due to the presence of
a higher amount of Ag. As described in the mechanism, the
greater amount of Ag in the bimetal alloy is responsible for the
enhancement of the Schottky barrier height and subsequently
makes the electron shuttling process difficult. This is due to
incomplete mixing of the metal components, which leads to
improper band alignment. The photocatalytic activity data
suggested that an alloy containing proper amounts of Ag and Cu
that are mixed homogeneously can tune the H, evolution to
a peak as compared to the other synthesized alloys in this work.
The molecular mechanism is as follows.

4. Conclusion

In conclusion, a few layers of SC were warped on the surface of
SiO, to embed Ag-Cu bimetal alloys (with varying Ag to Cu
ratios) between them to form a core-shell nanostructure. Out of
the various synthesized photocatalysts, SCSC-1:3, showed
excellent photocatalytic activity towards H, fuel (1730 pmol h™"
g~") upon illumination. SCSC-1:3 showed excellent visible
light absorption due to the synergistic effect of the alloy and
plasmonic phenomena. The lowest intensity in the PL spectrum
and lowest arc in the Nyquist plot confirmed the better elec-
tron-hole pair charge separation and higher electrical conduc-
tivity for SCSC-1 : 3, respectively. LSV measurements suggest

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that SCSC-1 : 3 can produce 6.2 times more photocurrent in the
cathodic direction compared to SCS. Moreover, DFT studies
proposed that the Cu atom of Ag;Cu; plays the pivotal role in
the generation of H,, and the reaction proceeds via a 4-
membered transition state. The excellent activity was accredited
to the compact nanojunction between Ag-Cu and SC, where the
hot electrons could easily channelize to SC, lowering electron—
hole pair recombination. This work provides a suitable
demonstration of the design of cost-effective plasmonic bime-
tallic alloys and their activities towards energy generation.
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