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ABSTRACT: Herein, the photocatalytic roles of silver (Ag) and gold 0. CB
(Au) nanoparticles (NPs) on graphitic carbon nitride (CN) nanosheets A
are thoroughly investigated under UV (250—380 nm), UV—vis (256—600 O} 3
nm), and green laser (532 nm). Under UV light, Ag and Au NPs capture 2
photogenerated electrons from CN and function as cocatalysts. The dual 3
roles of Ag and Au, as cocatalyst as well as a plasmonic photocatalyst, lead  on:_
to reduced RhB degradation under UV—vis light. Band-gap excitation 7
occurs in unison with surface plasmon resonance (SPR) under UV—vis oH

A D 4, D2 100 o EEEUV Laser
e . ecy,, < | B uV-vis
e e .got
3 V.5 0
——V - S6o;
8 r &
l S40t
‘E,-_) |
°s Au @20+
<
’ ki o v,
3 0
. VB (35 CN  AgCN  AuCN
CN <

Catalyst

light. The synchronicity leads to forward and back electron transfer at the

metal—semiconductor junction, thus increasing interfacial carrier recombination. The plasmonic systems show the best result
under visible light (532 nm). Plasmonic hot-electron injection from metal to CN triggers the SPR-driven photocatalysis. The
photoconductivity current—voltage (I—V) measurement indicates enhanced free-carrier generation under white light (400—730
nm) as well as under selective excitations at 405, 470, and 530 nm. These freely available carriers actively participate in

photocatalysis.
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B INTRODUCTION

In 1972, Fujishima and Honda presented their seminal work
on photoelectrochemical water splitting under UV light
irradiation using a TiO, electrode." Although TiO, works
remarkably well under UV light, it fails measurably under
visible illumination. The underlying reason is the inability of
the wide band-gap (~3.2 eV) TiO, to absorb visible light.
Henceforth, different strategies have been adopted to improve
the visible-light absorption in TiO,. Some of the methods are
doping with metals and nonmetals, composites with various
semiconductors, and defect engineering by vacuum calcination
and hydrogenation.”™ Very recently, plasmonic photocatalysis
has emerged as a new branch of heterogeneous photocatalysis.
In plasmonic photocatalysis, the surface plasmon resonance
(SPR) properties of noble metal nanoparticles (NPs) are
exploited to drive photochemical reactions in the UV—vis to
near-infrared (NIR) region.” SPR of noble metal NPs is a
unique example of light—matter interactions at the nanoscale
confinement.”” SPR absorption can be suitably tailored from
UV-—vis to NIR by varying the size, shape, and alternation of
the dielectric function around the metal NPs.” Au and Ag NPs
decorated semiconductor is a promising photocatalyst for SPR
activated water splitting, water purification, and CO,
reduction.* ™" Plasmonic metals show dual photocatalytic
performance by a change in the excitation wavelength.'' Under
UV light excitation, the metal nanoparticles capture the
photogenerated electrons from the semiconductor and thus
behave as a cocatalyst. When the light wavelength switches
from UV to visible, SPR of metal nanoparticles is activated.
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Thus, the SPR decay and semiconductor excitation decide the
efficacy of the photocatalytic process under visible light.'® The
SPR-mediated photocatalysis is activated via either (1)
plasmonic excitation and hot-electron injections from metal
to semiconductor or (2) plasmon-induced resonance energy
transfer (PIRET) from metal to semiconductor. The primary
criterion for PIRET is matching of plasmon resonance energy
with the band gap of the semiconductor.'”"?

In this study, we have demonstrated the photocatalytic
performance of Au and Ag NPs supported CN nanosheets.
The layered CN nanosheets are evolving as a wonder
photocatalyst under visible light.'* The stacked layers provide
random charge migration and accelerate carrier recombination,
leading to a diminution in the photocatalytic efficiency of the
system.”” The improvement in directional charge movement
and charge separation is achieved through thermal exfoliation,
interlayer ion-intercalation, and cofunctionalization with
doping of cations/anions.">™"” Plasmonic decoration renders
CN nanosheets an extended absorption from the visible to
NIR region. Hence, we have demonstrated the photocatalytic
activity of the plasmonic systems under UV, UV—vis, and a
green laser. UV excitation promotes electron transfer from the
conduction band (CB) of CN to Ag and Au NPs, wherein the
captured electrons participate in photocatalysis. A combination
of UV and visible light improves the photocatalytic activity of
CN but lowers the efliciency of the plasmonic catalysts. A
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unison of band gap and surface plasmon activation facilitates
enhanced interfacial carrier recombination in the plasmonic
systems. SPR-mediated photocatalytic enhancement under
visible light (532 nm) shows the active roles of plasmonic
hot electrons. The free-carrier generation under band-gap and
plasmonic excitation is verified by photoconductivity measure-
ment. Strong photocurrent response is measured under white
light (400—730 nm) and selective excitations at 405, 470, and
530 nm.

B EXPERIMENTAL SECTION

Synthesis Details. CN nanosheets were prepared at 520 °C from
urea. The detailed synthesis procedure has been described in our
earlier report.'® The deposition of Ag and Au over the as-synthesized
CN was conducted through an in situ method.'® For this, 0.5 mM
gold chloride solution was prepared in 100 mL of water with gold(III)
chloride trihydrate (HAuCl,-3H,0O, Sigma-Aldrich) as the precursor.
To the boiling solution, 30 mM trisodium citrate (Merck, India)
solution was added dropwise. It was followed by the addition of 200
mg of CN while stirring. The reaction was stopped after an hour. The
final product was washed and collected by centrifugation, followed by
drying in an oven at 60 °C. For the synthesis of Ag NPs, we took
silver nitrate precursor. The Au NPs and Ag NPs decorated CN
prepared from 0.5 mM gold and silver salts were labeled as AuCN and
AgCN, respectively.

Characterization Details. The characterization details are
included in Section S1 (Supporting Information).

Photocatalytic Details. The photocatalytic activity of the
catalysts (CN, AuCN, AgCN) was examined by monitoring the
degradation of RhB dye. The details of the photocatalytic experiment
under UV, UV—vis, and green laser are included in Section S2
(Supporting Information). The photocatalytic arrangement under
green laser is shown in Figure SI (Supporting Information). The
details of the radical scavenging test are mentioned in Section S3.

Photoconductivity Measurement. Photoconductivity measure-
ment was conducted under white light and selective excitations at 405,
470, and 530 nm. A detailed procedure is elaborated in Section S4
(Supporting Information).

B RESULTS AND DISCUSSION

We have measured the flake size and the thickness of the
synthesized CN nanosheets with atomic force microscopy
(AFM). The average flake size is 224 nm (Figure S2a). Surface
roughness analysis of two different flakes gives average
thicknesses of 8.2 and 12.3 nm (Figure S2b,c). A high-
resolution transmission electron microscopy (TEM) image
also shows stacking of 18 layers in corrugated nanosheets of
CN (Figure S3). The diffraction patterns of CN, AgCN, and
AuCN are shown in Figure S4a. The primary and minor
diffraction peaks in CN at 26 = 27.7 and 13° correspond to the
(002) and (100) lattice planes. These indexes give a measure
of the interlayer seg)aration and the on-plane distance between
s-heptazine units.'” The diffraction peaks of Au and A% NPs
are the characteristic of their crystalline cubic phases."” The
Fourier transform infrared (FTIR) spectra of the samples are
shown in Figure S4b. The individual spectrum contains two
characteristic spectral ranges: 2500—4000 and 400—2000
cm™'. The absorption bands between 2500 and 4000 cm™
comprise surface adsorbed —OH/H,0O and secondary —NH/
NH, vibrations. The bands appearing between 400 and 2500
cm™ are the characteristics s-heptazine ring vibrations. Five to
six peaks are marked in the fingerprint region between 1150
and 1700 cm™'. These bands correspond to symmetric and
asymmetric stretching vibrations of C—N—C and C—NH-C
bonds in the aromatic ring.'”'*™*° The sharp band at 812

cm™! is the breathing vibration mode of the aromatic ring.18

There is no such change in the FTIR spectra of CN after Au
and Ag NPs decoration. The morphological features of AuCN
and AgCN are revealed from their TEM images, as shown in
Figure la—d. The low-resolution TEM image of AuCN is
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Figure 1. (a) Low- and (b) high-resolution TEM images of AuCN.
(c) Low- and (d) high-resolution TEM images of AgCN. The inset of
(d) shows the enlarged view of an Ag NP.

shown in Figure la. The measured average size of the Au NPs
is 24 + 0.71 nm. The high-resolution TEM image of AuCN
shows a spherical Au NP over the CN nanosheets (Figure 1b).
The single Au NP has a size of 23 nm. Unlike AuCN, the
synthesized Ag NPs over the CN nanosheet acquire size 10.8
+ 0.17 nm (Figure 1c). The high-resolution TEM image of
AgCN in Figure 1d shows the presence of nearly spherical Ag
NPs over CN nanosheets. The field emission scanning electron
microscope (FESEM) images of AuCN and AgCN are shown
in Figure SSa,b. It clearly shows the distribution of Au and Ag
NPs over the buckled CN nanosheets. We have measured the
Brunauer—Emmett—Teller (BET) surface area of the photo-
catalysts from the N, adsorption—desorption isotherm (Figure
S6). The inset of Figure S6 shows the BJH (Barrett—Joy-
ner—Halenda) pore size distribution. The surface area and
pore size of the samples are listed in Table S1. The recorded
data in Table S1 shows an increase in the surface area from
64.9 in CN to 73.1 m* g”" in AuCN and 81.8 m* g~" in AgCN.
The surface decoration of Au and Ag over CN nanosheets
might have prevented nanosheet aggregation, resulting in an
increased surface area. Our results are in agreement with earlier
published results.”"**

The normalized Kubelka—Munk (FR) absorption plot of the
samples in the spectral range of 200—700 nm is shown in
Figure S7 (Supporting Information). A minor hump at 280 nm
and a strong absorption at 370 nm complete the absorption
spectra of CN. These absorptions are assigned to 7 — 7* and
n — 7% electronic transitions, respectively.'®*’ Colloidal Ag
and Au NPs show an active plasmon absorption band at 425
and 526 nm, respectively (inset of Figure S7).'”*’ The
combination of the semiconductor absorptions and the surface
plasmon band broadened the spectral window from UV—vis to
NIR. The SPR bands of Ag and Au NPs show a red shift to 476
and 536 nm in AgCN and AuCN, respectively. The SPR band
shift of Au and Ag NPs in a dielectric medium is described by
the Maxwell-Garnet—Mie (MGM) theory.”* The MGM
theory determines the effective dielectric function of a
composite medium consisting of a host matrix with NPs
having different size distributions. Therefore, a change in the
dielectric medium from water to CN will lead to an effective
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change in the composite dielectric function. Hence, a dielectric
change will lead to spectral shift of the SPR peak.'”*¥**

The core-level X-ray photoelectron spectra (XPS) of the
samples are shown in Figure 2. Each spectrum is deconvoluted,
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Figure 2. Core-level (a) Au 4f and (b) Ag 3d X-ray photoelectron
spectra (XPS) of AuCN and AgCN, respectively.

and the data collected after deconvolution are shown in Table
S2 (Supporting Information). Deconvolution of the C 1s peak
of AgCN and AuCN gives three main peaks centering at 284.7,
288.1, and 289 eV (Figure S8a,b). The first peak corresponds
to the adventitious carbon or reference carbon, the second
peak to sp> C—N=C bonding in the s-heptazine ring, and the
third peak is due to C=0 bonding.'”'®** The N 1s spectrum
in AuCN also contains three peaks at 398.7, 400.4, and 404.2
eV, which are assigned to the two-coordinated N atom (N,()
in sp® hybridized C=N—C aromatic bonding, the three-
coordinated N atom (Nj() in the tertiary N—(C); group, and
the charged nitrogen, respectively (Figure S8c,d).'”"® We have
calculated the N,./Nj( ratio from the peak areas of the N 1s
peak. Table S2 shows the results of N,¢/N;c in pure CN from
our earlier report,18 AgCN, and AuCN. While in CN, this ratio
is 0.83, in AgCN and AuCN, the values are 1.93 and 1.46,
respectively. A reduction in the N,c/Nj¢ ratio indicates a high
amount of nitrogen-vacancy defects in the sp* hybridized C=
N— aromatic ring.26 In AgCN and AuCN, these defects are
compensated by the attached Au and Ag NPs. Earlier studies
have shown that defects in a semiconductor provide strong
metal—support interaction.””** Ag and Au NPs form electro-
static binding with the nitrogen defect sites on CN. The N,/
Njc ratio is higher in AgCN than in AuCN. It infers that Ag
NPs occupy most of the nitrogenated defect sites in AgCN
than those of Au NPs in AuCN. The O 1s peak at 532.1 eV
(532.6 eV) in AgCN (AuCN) can be attributed to surface
adsorbed water (Figure S8e, f). The deconvoluted spectrum of
Au 4f contains four peaks, as shown in Figure 2a. The major
doublets at 83.9 and 87.6 eV are due to Au 4f,,, and Au 4f; ),
respectively. The separation value of 3.7 eV is in agreement
with the metallic state of gold.”” There are two other peaks at
the higher binding energy sides of the metallic gold peak.
These shoulder peaks can be assigned to oxidized Au®* species.
According to the published reports, a binding energy difference
of 1.8—2.3 eV between Au®* and Au(” indicates the presence
of Au,0; (Au*") over metallic gold. However, this difference is
between 0.7 and 1.5 eV if the oxidized species is Au,0.”" " In
Figure 2a, we have shown that this difference is only 1.1 eV,
indicating that the oxidized species are possibly Au,0 (Au*). A
recent report reveals that Au’ may bind with the interfacial
—OH groups and form Au,0.% Since we have detected surface
adsorbed —OH groups, these functional groups may bind with
Au* and form Au,O. The core-level Ag 3d spectra of AgCN
show two peaks at 368.3 and 374.3 eV with a separation of 6
eV (Figure 2b). These peaks can be readily assigned to Ag

3ds), and Ag 3d;,, photoemission and characterize the metallic
state of silver.

Photoconductivity Measurement. SPR decay leads to
the generation of plasmonic hot electrons with energies well
above the Fermi level, leaving holes in the sp band.”**° To
understand the carrier generation by SPR decay, we conducted
photoconductivity measurement for all of the samples. The
photoconductivity experiment gives a measure of the
plasmonic hot-electron generation from their enhanced current
response. However, it does not provide a direct correlation
with the improved photocatalytic activity. The reason is the
differences in the experimental setup in the two tests.
Photocatalysis is performed in the dye solution, whereas
photoresponse is measured in solid samples with an Ohmic
contact.

Figure 3 shows the results of photoconductivity of the
samples under white light as well as under selective excitations
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Figure 3. I-V curve of (a) CN, (b) AuCN, and (c) AgCN. Inset of
(b) and (c) shows the expanded I-V to measure the magnitude of
enhancement in photocurrent response under illumination. (d) ON—
OFF study of AuCN and AgCN under 530 nm photoexcitation.

of 405, 470, and 530 nm under a bias voltage of 1 V. The
schematic for the photoconductivity measurement is shown in
the inset of Figure 3a. The actual photocurrent is the difference
between the total current under photoexcitation minus the
dark current under an applied voltage between the Au contacts.
Figure 3a shows the I-V curve of CN. Photocurrent enhances
under white light excitation. However, under selective
excitation, there is a decrease in the current. The negative
photoconductivity indicates enhanced recombination of photo-
generated electrons and holes. AuCN shows a slight increase in
the photocurrent under white light. However, the current
response enhances under excitation of selective wavelength
(Figure 3b). Similarly, AgCN also displays strong photo-
response under white light and selective photoexcitation
(Figure 3c). The maximum photocurrent under white light
infers the synchronous band-gap excitation in CN and SPR
activation in Au and Ag NPs. We have also conducted an ON—
OFF response for AuCN and AgCN under 530 nm excitation
for three cycles (Figure 3d). The current response is nearly
threefold stronger in AuCN than in AgCN. The stable
photocurrent in AuCN is because of the SPR activation in
Au under 530 nm illumination. The results of photo-
conductivity reveal that white light and selective photo-
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excitation generate sufficient numbers of photocarriers for
participation in photocatalysis.

Photocatalysis. The experiments on photocatalysis have
been performed under three different excitations: UV, UV—vis,
and a green laser. We will discuss the results and mechanism of
photocatalysis under each spectral excitation.

UV Photocatalysis. The changes in the absorption
intensity of RhB as a function of irradiation time are shown
in Figure S9. There is a monotonous decrease in the
absorption intensity with irradiation time. We have measured
the degradation of RhB under dark and light. The degradation
of RhB under dark (Figure S10) is higher in AgCN (5.0 %)
and AuCN (3.9 %) than that in CN (0.4 %). The adsorption-
induced degradation of RhB in AuCN and AgCN is 9 times
and 11 times stronger than that of CN. The high surface area
of the composite could provide more available sites for the
adsorption of RhB, leading to increased degradation. The
degradation of RhB as a function of time under the UV
irradiation is shown in Figure 4a. A maximum degradation of
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Figure 4. (2) Photodegradation of RhB under UV light. (b) In(C,/C,)
vs t plot for various samples. (c) Steady-state PL spectra under a
photoexcitation of 290 nm. (d) TRPL spectra of CN, AgCN, and
AuCN under an excitation of 290 nm.

37.5% of RhB is recorded in the presence of AgCN.
Degradation drops to 17.7 and 14.2% in AuCN and CN,
respectively. Figure 4b shows the plot of In(C,/C,) vs time (t)
to measure the rate kinetics of RhB degradation. The measured
rate constant for AgCN is 1.9 X 107 min~". The value is
nearly two times higher than AuCN (1.1 X 1073 min™!) and
more than five times higher than CN (3.3 X 10™* min™"). We
have proposed a schematic to describe the charge excitation
and transfer under UV illumination. We have shown the
process for AuCN in Figure S11. UV illumination triggers
band-gap excitation and charge accumulation on CB of CN.
Once photoexcited, the electrons migrate from CB to Au and
Ag NPs. The metal NPs become electron-rich centers, leaving
holes in the valence band (VB) of CN. The captured
photoelectrons in Au and Ag are transferred to the adsorbed
O, molecule. The process ends up generating superoxide
radical ions (O,*”). Experimentally, we can verify the charge
separation process with the steady-state and time-resolved PL
measurement. The results of the steady-state PL under UV
excitation at 290 nm are shown in Figure 4c. Pristine CN
shows a strong excitonic blue emission at 460 nm."® The peak

quenches in intensity and is red-shifted by 20 nm after Au and
Ag NPs decoration. The quenching in the peak intensity gives
a measure of the formation of long-lived carriers after Au and
Ag NPs decoration. TRPL measurement of the samples is
performed at an excitation of 290 nm (Figure 4d). The results
of the biexponential fitting are shown in Table S3 (Supporting
Information). The average lifetime of the photoexcited carriers
increases from 1.41 ns in CN to 2.47 and 3.06 ns in AuCN and
AgCN, respectively. The long lifetime of carriers in AuCN and
AgCN is likely due to the electron transfer from CN to Ag and
Au. The electrons remain captured in the metal nanoparticles
while holes remain on the valence band of CN. A recent time-
resolved infrared study also reveals the production of long-
lived electrons in Au—TiO, under UV excitation.”’ The
comparatively short carrier lifetime in AuCN than in AgCN is
because of the interfacial Au* trap states at the metallic Au—
CN junction. At the interface, Au* takes up electrons from CN,
leading to Au* — Au’ conversion on the Au’ metal surface
(Figure S11). Thus, fewer numbers of carriers remain on the
surface of gold nanoparticles. Apart from the creation of long-
lived carriers in the plasmonic hybrid, the UV excitation also
triggers an interband electronic transition in Ag and Au.
Because of this transition, energetic electrons rise to the upper
lying states above the Fermi level. These electrons finally react
with the adsorbed O, molecule and generate photoactive redox
species.”* ™ The interband electronic transition is discussed in
detail in UV—vis photocatalysis.

UV-Vis Photocatalysis. The absorption spectrum of RhB
before and after UV—vis light exposure is shown in Figure S12.
The arrangement and parameters for photocatalysis under UV
and UV—vis are the same. The only difference is the change of
the light source from UV to UV—vis. Hence, RhB degradation
under dark is the same as in Figure S10. The absorption
spectrum reveals a clear blue shift with irradiation time. The
RhB dye undergoes photoexcitation by absorbing visible light.
This self-sensitization process leads to electron injection from
the excited dye species to the conduction band of CN. The
electrons react with surface adsorbed O, and —OH molecules,
forming reactive radical species. These reactive species attack
the N-ethyl group of RhB, causing de-ethylation and spectral
shift to the lower wavelength. The self-sensitized degradation
of RhB is not prominent in the absence of a catalyst."" Figure
Sa shows the degradation of RhB under UV—vis light. In the
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Figure S. (a) Degradation curves of RhB by various catalysts under
UV—vis illumination. (b) Determination of the first-order rate
constant from the plot of In(C,/C,) vs time.

presence of CN, RhB undergoes a rapid decrease in
concentration, and nearly 98.9% degradation occurs at 120
min. The process is relatively slow in AgCN and AuCN, and it
takes nearly 200 min for the complete removal of RhB. The
rate of RhB degradation is 3 times faster in CN (2.7 X 107
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min~") than that in AuCN (8.2 X 107® min™") and AgCN (8.9
x 107 min~") (Figure Sb).

Our earlier report on positron annihilation spectroscopy
shows the presence of nitrogenated defect states in CN
synthesized at 520 °C (Figure S13).'"® These defects are
excellent trap centers of carriers. Thus, the strong catalytic
activity in CN under UV—vis light (256—600 nm) is an
outcome of the band-gap and sub-band-gap photoexcitation of
carriers. However, photoexcitation of AgCN and AuCN under
256—600 nm triggers band-gap, sub-band-gap, as well as
plasmonic excitation. Under UV—vis light (250—600 nm), the
forward electron transfer from CN to the metals and plasmonic
hot-electron transfer from metal to the CB of CN occur in
unison (Figure 6a,b). In the 250—600 nm wavelength range,

OH. Nitrogenated
Defect States
Oxidized Au’ over

Metallic Au’

?hVB Nitrogenated

Defect States

S« J', UV-vis_,
=, o,
w

Vv
CN
Figure 6. Schematic showing synchronicity of band-gap excitation
and plasmonic activation under UV—vis light. The various steps
involved in the photocatalysis of (a) AgCN are (1) band-gap
excitation and electron transfer from CN to Ag and (2) plasmonic
hot-electron generation and their subsequent transfer to CN. The
photocatalytic steps involved in (b) AuCN are (1) electron transfer
from CN to Au and back-transfer of hot electrons from (2) Au to CN.
(3) The electrons trapped in the intermediate nitrogenated defect
states in CN transfer electrons to interfacial Au" species and convert
to Au’.

band-gap excitation prevails below 420 nm. Photogenerated
electrons in the CB of CN are transferred to Ag and Au NPs.
However, in the 400—600 range, plasmonic excitation in Ag
and Au is activated because of the SPR absorption of Ag (476
nm) and Au (536 nm). Surface plasmon decay leads to the
generation of plasmonic hot electrons with energies well above
the Fermi level, leaving holes in the sp band. These hot
electrons surmount the Schottky barrier between Ag/Au and
CN and flow to the conduction band of CN. At the same time,
the electrons moving from CN to Ag and Au recombine with
the available sp band holes. This process leads to a reduction in
the number of carriers for photocatalysis. The available hot
electrons on the CB participate in photocatalysis. In Figure S7,
it is noticed that the SPR peak of Ag NPs overlaps the band-
gap absorption in CN. The spectral overlap between SPR and
the semiconductor band-gap absorption results in electric field
enhancement and stimulates plasmon coupled resonance
energy transfer.*” The dipolar coupling of plasmon-exciton
results in band-gap excitation in CN. The conduction band
electrons again transfer to metal nanoparticles. Therefore, the
forward—back transfer of electrons continues under UV—vis
light, and they contribute to the overall photocatalysis.

UV—vis _ + i i
M — CN —— e g + h'y; (band gap excitation) (1)

UV —vis % . .
M — CN —— M" — CN (plasmon activation) (2)
_ charge (-)
¢ cp— M’ (forward electron transfer) 3)
transter

hot electron

M* — CN CNCB(_) (back electron transfer)

transfer (4)
Here M = Ag, Au. Steps 3 and 4 occur simultaneously.

Since there is no forward—backward movement of electrons
in CN, we see a faster degradation and reaction kinetics in CN
than that in AuCN and AgCN. However, as light exposure is
extended to 195 min, sufficient numbers of hot electrons are
formed near and above the Fermi levels in the plasmonic
hybrids. The electrons in the CB and those available on the
metal NPs interact with the O, molecule and form superoxide
radicals. The holes in VB form hydroxyl radicals.”” These
superoxide and hydroxyl radicals perform RhB degradation.
The reaction steps are as follows

M7 + 0, - 0,°” (5)
CN(_)CB +0, > 0,"" (6)
2¢” +2H' + 05" — "OH + OH~ (7)
Lty + OH™ — *OH (3)
O3~ + RhB — degradation 9)
*OH + RhB — degradation (10)

Ag and Au NPs might also participate in the direct plasmonic
photocatalysis by reacting with the adsorbed O, molecule. It so
happens because of the interband electronic transition from
the d to sp band under UV illumination.”® ** The associated
steps of the process are shown below.

Ag(or Au) + UV 222 Ac(or Au)™) + 0,

& 4d— Ssp & 2 (11)
SPR excitation is an intraband transition of electrons in which
the electrons and holes are created in the same sp band. It
thus, maximizes the recombination probability of the generated
electrons and holes. In the case of interband transition, the
electrons are transferred to the Ssp band, whereas holes remain
in the 4d band. The hot electrons, thus formed, can directly
interact with O, or cross the Schottky barrier at the metal—
semiconductor interface. The process of photocatalysis is
relatively slow in AuCN than in AgCN. It is because of the
presence of oxidized Au’ species over the surface of Au’
(Figure 6b).

Photocatalysis under Green Laser. We have tracked the
photocatalytic activity of supported plasmonic gold and silver
photocatalysts under green laser at 532 nm. The absorption of
RhB before and after the exposure of green laser in presence of
AuCN is shown in Figure S14. The degradation of RhB under
dark is 22% for CN, 25.7% for AgCN, and 33.3% for AuCN.
This specific green laser irradiation does not trigger any band-
gap excitation in the samples. Therefore, the overall photo-
catalytic results are a sum up of surface plasmon resonance
(SPR) activation and sub-band-gap excitation. AuCN, being
the active photocatalyst under the green laser, degrades 64.7%
RhB. AgCN and CN degrade 61.5 and 53.8% of RhB (Figure
7a). AuCN shows a fast rate of photodegradation of RhB, as
shown in Figure 7b. CN also shows excellent photocatalytic
activity. The possible reason could be photoexcitation of
electrons from VB to the nitrogenated trap states under 532
nm. The trapped carriers migrate to the surface and participate
in photocatalysis. The SPR band of Ag NPs in AgCN appears
at 476 nm. There is, therefore, less possibility for eflicient
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Figure 7. (a) Influence of green laser illumination on the
photodegradation of RhB for various irradiation times. (b) In(C,/
C,) vs time plot to measure the first-order rate constant.

overlap of SPR of Ag with the 532 nm green laser. The
plasmon activation might occur because of the presence of
aggregation and varied sizes of Ag NPs. A small fraction of
large NPs, which have a red-shift absorption, can match with
the 532 nm photon energy. The energy absorbed is shared
with the nearest Ag NPs. The enhancement of the localized
field can trigger electron—hole generation in CN, which finally
participates in photocatalysis. In the case of AuCN, the green
laser wavelength overlaps the SPR wavelength of gold
nanoparticles (536 nm). SPR activation generates energetic
electrons and holes. The energetic hot electrons surpass the
Schottky barrier and move to the conduction band of CN.**
Moreover, sub-band-gap photon energy matches the SPR
energy of metal nanoparticles. It will lead to a dipolar coupling
between the plasmon and semiconductor, resulting in
plasmonic energy transfer from metal to the semiconductor.
The process generates sufficient numbers of electron—hole
pairs in CN, which significantly enhances the photocatalytic
activity.Ars

We have discussed the photocatalysis of AuCN and AgCN
with 0.5 mM concentration of Au and Ag precursors. We have
also tested the photocatalytic activity of AuCN and AgCN
synthesized with 0.1 and 0.9 mM gold and silver salt
concentrations. The low-resolution TEM images of Auy,CN,
AuyyCN, Ag, ,CN, and AgyyCN are shown in Figure S15. The
average sizes of Ag NPs in Ag, CN and Agy,o,CN are 8.7 and
134 nm, respectively (Figure S15a,b). Similarly, the average
size of Au NPs in Auy;CN is 10.5 nm (Figure S15c), which is
smaller than that of AuysCN (Figure 1a). Au NPs in AuyoCN
have a size of 30.6 nm (Figure S15d), which is larger than that
of AuysCN (Figure la). Therefore, an increase in the
concentration of the metal precursor results in particle
aggregation. We also measured the absorption spectra of the
samples, and the results are shown in Figure S16a,b. In AgCN,
the SPR of Ag is not prominent at 0.1 mM (Figure S16a).
However, the peak intensity of SPR increases if Ag NPs are
prepared with an increased Ag salt concentration. We observe
only a minute change in the spectral position between 0.1 and
0.5 mM in AuCN (Figure S16b). The spectral shift is
prominent for Au NP prepared from 0.9 mM of the Au
precursor concentration. Degradation of RhB under dark with
varying concentrations of Ag and Au is shown in Figure S17a,b.
Photocatalytic activity of the samples under the green laser is
shown in Figure S17¢,d. We have seen that 0.5 mM gives the
best photocatalytic result. The weak photocatalytic activity at
0.9 mM might result from the larger size of the nanoparticles,
which is led by the particle aggregation at a large salt
concentration.

In our discussion, we have supposed that the photocatalysis
is regulated by hydroxyl and superoxide radical species.

However, to know the dominant species, we performed radical
scavenging tests for AuCN (or Au,sCN). Di-potassium oxalate
monohydrate (PO, K,C,0,-H,0), tert-butanol ((CH,);0H),
p-benzoquinone (PBQ, C¢H,0,), and carbon tetrachloride
(CCl,) are used as hole (h*), hydroxyl radical (OH®),
superoxide radical (O,7), and electron (e”) trapping agents,
respectively.””*® The details of the radical trapping experiment
have been discussed in Section S3 (Supporting Information).
Figure S18 shows the degradation plot of RhB in the presence
of the scavengers. In Figure 7a, we have shown that in the
absence of any scavenger, AuCN degrades 64.7% RhB. The
degradation reduces to 53% in the presence of tert-butanol,
52% in the presence of CCl,, and 44.4% in the presence of PO.
Surprisingly, degradation reduces to 8% when PBQ is present
in solution. PBQ_traps the superoxide radical and reduces the
photodegradation of RhB. Thus, superoxide radicals are the
dominating species in photocatalysis.

Finally, a comparison of the photocatalytic efficiency of
different catalysts under UV, UV—vis, and green laser is
depicted in Figure S19 (Supporting Information). In contrast
to CN, the performances of AuCN and AgCN are weak under
UV-—vis. However, under UV and green laser, AgCN and
AuCN display better performance than CN. Under UV light,
Ag and Au function as cocatalysts, whereas under green laser
they behave as plasmonic photocatalysts via the SPR
activation.

B CONCLUSIONS

In summary, photocatalytic activities of AGCN and AuCN are
investigated under UV, UV—vis, and a green laser. Illumination
under UV light triggers band-gap excitation in CN. The
attached metal NPs (Ag and Au) act as an electron acceptor
and capture the photogenerated electrons to perform the
photocatalytic reactions. Under UV—vis light, there is a
synergistic promotion of band gap and surface plasmon
electronic transition. The synchronous process leads to
reduced photocatalytic activity in the plasmonic systems. We
can see the differences in the excitonic and SPR-mediated
photocatalysis under the visible (532 nm) light excitation. The
strong photocatalysis in AuCN under the green laser is
supported by the strong photocurrent in the ON-—OFF
photoresponse measurement. Under the green laser, the hot
electrons injected to CN drives the photocatalytic reactions.
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