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ABSTRACT: We present a novel porous Au—Ag alloy
particles inlaid AgCl membrane as plasmonic catalytic
interfaces with real-time, in situ surface-enhanced Raman
spectroscopy (SERS) monitoring. The Au—Ag alloy particles
inlaid AgCl membranes were obtained via a facile two-step, air-
exposed, and room-temperature immersion reaction with
appropriate annealing process. Owing to the designed
integration of semiconductor component AgCl and noble
metal Au—Ag particles, both the catalytic reduction and visible-
light-driven photocatalytic activities toward organic contami-
nants were attained. Specifically, the efliciencies of about 94%
of 4-nitrophenol (4-NP, 5 X 107> M) reduction after 8 min of
reaction, and degradation of rhodamine 6G (R6G, 107° M)
after 12 min of visible light irradiation were demonstrated. Moreover, efficiencies of above 85% of conversion of 4-NP to 4-
aminophenol (4-AP) and 90% of R6G degradation were achieved as well after 6 cycles of reactions, by which robust recyclability
was confirmed. Further, with distinct SERS signals generated simultaneously from the surfaces of Au—Ag particles under laser
excitation, in situ SERS monitoring of the process of catalytic reactions with superior sensitivity and linearity has been realized.
Overall, the capability of the Au—Ag particles inlaid AgCl membranes to provide SERS monitored catalytic and visible-light-
driven photocatalytic conversion of organic pollutants, along with their mild and cost-effective fabrication method, would make
sense for in-depth understanding of the mechanisms of (photo)catalytic reactions, and also future development of potable,
multifunctional and integrated catalytic and sensing devices.

laser

in-situ SERS signals

molecular

light-off fragments

N

KEYWORDS: Au—Ag alloy, SERS monitoring, catalysis, photocatalysis, persistent organic pollutants

B INTRODUCTION

Since the first Ag@AgCl plasmonic photocatalyst was
proposed,’ plasmonic catalytic materials have given rise to
considerable interest.” > Unlike conventional photocatalysts,
plasmonic photocatalytic systems were generally obtained via
designed integration of plasmonic noble metal components and
semiconductors into a same system at micro- or nanoscale to
achieve improved photophysical and photochemical properties.

broader band of solar spectrum, and thereby achieve a higher
utilization rate of solar energy. Second, the energy-level
alignment in noble metal—semiconductor hybrids is favorable
to electron injection from Fermi level of noble metals to the
top of valence band of semiconducting components, bringing
about more photogenerated electron/hole pairs as reducing/
oxidizing agents for photocatalytic reactions. Besides, the
introduction of noble metal units may also enhance photo-

On one hand, regarding the semiconductor components, noble
metal decorations may have the potentiality to enhance their
photocatalytic efficiency and light-harvesting capability via
several mechanisms. First, the surface plasmon resonance
(SPR) effect of noble metal nanoparticles can help to capture a
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catalytic efficiency by promoting the charge separation process
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at metal—semiconductor interfaces. Metallic components,
attributed to their better electron affinity, can serve as the
electron sink to reserve photogenerated electrons from
semiconductors, and therefore delay the charge recombination
process at the surfaces of catalysts.”” ">

On the other hand, another powerful spectroscopic
technique based mainly on rough surfaces of noble metal
nanostructures, the surface-enhanced Raman scattering (SERS)
spectroscopy, has also been introduced into plasmonic
photocatalytic systems recently, and so far triggered several
promising applications like the photocatalytic degradation
induced self-cleaning and recyclable SERS platforms,*~'® or
inversely, the in situ SERS monitoring of plasmon-enhanced
catalytic reactions.'”~>° SERS spectroscopy, as a quite helpful
tool for trace detection of organic contaminants with high
sensitivity and rapid response,” ~** exhibits great superiority
over traditionally utilized nonsurface-selective UV—visible
(UV—vis) absorption spectroscopy for monitoring catalytic
reactions.”””> Since SERS spectra can provide real-time
molecular-level vibrational information on specific functional
groups, it is possible to acquire unique fingerprints of
investigated molecules on the surfaces of catalysts up to
single-molecule sensitivity and thus reveal the real mechanisms
of catalytic reactions.”® Therefore, the composites consisting of
semiconductor photocatalysts and noble metal SERS platforms
hold great potential to offer real-time and in situ SERS
monitored catalytic reactions of organic pollutants, and hence
are highly demanded for both mechanism investigations of
catalytic reactions and environmental/health monitoring and
management applications nowadays.

Here, in this work, we present a novel plasmonic catalytic
Au—Ag alloy particles inlaid AgCl membrane prepared via a
facile two-step wet immersion reaction accompanied by
appropriate annealing process. The preparation method
shows great advantages as the wet immersion reactions were
directly conducted in air under room temperature and the
annealing process was also a relatively low-temperature and
rapid one (300 °C, 2 h). In addition, since silver has played a
major role in noble metal elements of the Au—Ag alloy particles
inlaid AgCl membranes, it is reasonable that they are more
cost-effective than other traditional sin§le— or multicomponent
Au/Pt/Pd based catalytic systems.”” > Meanwhile, the semi-
conductor component AgCl also demonstrates superiority
compared to the conventionally utilized oxides (e.g, TiO,"
and ZnO"®) and sulfides (e.g., ZnS*’ and CdS’") photocatalysts
which usually suffer a lot from intrinsic drawbacks of inferior
chemical stability under acidic conditions and light irradiation
(i.e, the photocorrosion problem).

Typically, it is owing to the successful integration of
plasmonic noble metals gold and silver as well as semi-
conducting AgCl that complementary behaviors of real-time
and in situ SERS monitoring of catalytic reduction and visible-
light-driven photocatalytic degradation of model molecules 4-
nitrophenol (4-NP) and rhodamine 6G (R6G) have been
realized in this work. For one thing, as catalytic and
photocatalytic platforms, the Au—Ag alloy particles inlaid
AgCl membranes achieved not only superior efficiency but also
appreciable recyclability, and it is also mentionable that thanks
to the SPR of noble metals Au and Ag, the highly demanded
photocatalytic activity driven by visible light has been achieved
in the Au—Ag particles inlaid AgCl system. For another, it is
ascribed to the intensively existing rough surfaces of porous
Au—Ag alloy particles supported on AgCl membranes that

simultaneous in situ SERS signals could generate and hence be
recorded to monitor the process of catalytic reactions.
Amazingly in this work, besides the high efficiency as well as
stability of catalytic and photocatalytic reactions, also quite
good linearity and sensitivity of in situ SERS monitoring have
been achieved using the Au—Ag particles inlaid AgCl
membranes, suggesting that monitoring catalytic processes
with SERS technique is reliable indeed. Hence, it is believable
that the Au—Ag alloy particles inlaid AgCl membranes
demonstrated in this work, with their facile preparation and
attractive catalytic, photocatalytic and SERS applications, may
bring inspirations for future development of integrated
multifunctional catalytic and detection devices.

B RESULTS AND DISCUSSION

The Au—Ag particles inlaid AgCl membrane was prepared via
an air-exposed, two-step wet immersion reaction at room
temperature along with appropriate annealing process. First,
Ag;PO, membrane was first obtained on Ag foils according to a
previous report.”” Figure S1 displays representative XRD
pattern, EDS spectrum, as well as SEM images of the on-chip
membrane. With both the XRD and EDS results demonstrating
the pure Ag;PO, phase, it is obvious that the first-step
immersion into the NaH,PO, and H,0, based mixture solution
has achieved successful surface coating of Ag;PO, onto pristine
silver foils, and after the second-step immersion in the HAuCl,
solution under specific pH condition, the PO,*” ions were
displaced by ClI” ions, and meanwhile the Au—Ag nanoparticles
appeared as well. Afterward, particle aggregation occurred
accompanied by the Ostwald ripening process during
annealing,™ finally generating Au—Ag alloy particles with
their average size at micrometer scale.

Figures 1-2 demonstrate the phase components and
morphologies of the eventually obtained Au—Ag particles
inlaid AgCl membranes. The XRD pattern in Figure la reveals
the coexistence of cubic phase AgCl (PDF#31-1238), Ag
(PDF#04-0783), and Au (PDF#04-0784) with all characteristic
diffraction peaks well identified and indexed. From the sharp
shapes of characteristic peaks, it can be known that high
crystallinity was achieved after the annealing process. In
addition, it can be observed from the magnified XRD patterns
of the (111), (200), and (220) crystal planes (Figure 1b) that
the peak positions of the sample distinctively lie between the
positions of pure Ag and pure Au phase, further revealing that
Ag atoms and Au atoms have entered into each other’s crystal
lattices and thereby formed alloyed phase.34 Besides, as shown
in Figure S2, a distinct characteristic band corresponding to
Ag—Cl stretching mode at 241 cm™' in room-temperature
Raman spectrum of the sample gives the spectroscopic evidence
of the formation of AgCl phase as well.”>

Figure 2 displays the representative SEM images and EDS
profiles of the obtained composite membranes. It is obvious
that discrete particles with porous nature and uniform size of
about 15 um can be observed all over the supporting
membrane. The elemental analysis results of a single particle
(Figure 2c and d), as well as the membrane only (Figure 2e and
f) together indicate that the compositions of the particles and
membrane were in fact Au—Ag alloys and pure AgCl
respectively, which is also witnessed by EDS elemental mapping
profiles exhibited in Figure S3. The approximate atom
concentration ratio of Au and Ag in these alloy particles was
2:5 according to EDS results in Figure 2d. Nevertheless,
although the EDS spectrum of Figure 2f tells that the
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Figure 1. (a) Representative XRD pattern of the obtained Au—Ag
alloy particles inlaid AgCl membrane. (b) Magnified images of the
characteristic diffraction peaks ascribed to (111), (200), and (220)
crystal planes of the Au—Ag alloy.

supporting membrane contained nothing but AgCl, it can be
seen in SEM images of Figure 2b—c that there were in fact very
small Au—Ag nanoparticles (i.e.,, the small white dots), which
formed after immersion into HAuCl, aqueous solution but
before annealing, distributing on the AgCl membrane, and it
might be ascribed to their ultrasmall sizes compared to Au—Ag
alloy microparticles and the consequent low content that no
gold element has been detected in the EDS spectrum of Figure
2f. Besides, the large amount of carbon shown in EDS spectra
of Figure 2d and f and oxygen in Figure 2d could be ascribed to
the existence of polyvinylpyrrolidone (PVP) molecules and
other organics used in previous immersion reactions since PVP
is essentially stable at the temperature of 300 °C during
annealing process.”® It is notable as well that the macroporous
nature of these Au—Ag alloy particles could also be clearly
discerned from SEM images of Figure 2b and c and Figure S3a,
reflecting the rationality for these Au—Ag alloy particles to have
large and rough surfaces, and further have the chance to
provide appreciable SERS signals and catalytic performance for
reduction of 4-NP.

Figure 3 exhibits the TEM characterization results of the
Au—Ag alloy particles. SAED pattern in Figure 3c, in which the
distinct (111), (200), and (220) crystal planes could be
observed, shows similar results with previous XRD analysis,
confirming the formation of Au—Ag alloys inside each
microparticle. It is clear from TEM and HRTEM images of
Figure 3a and b that besides the above-mentioned macroporous
structures, these Au—Ag alloy particles showed interconnected
network-like morphology with intensively existing inside
mesopores at nanometer scale, and the size of primary particles

varied from several nanometers to several tens of nanometers.
The average grain size of these primary Au—Ag particles
calculated using the diffraction peak of (111) crystal plane in
the XRD pattern of Figure 1 according to Debye—Scherrer
Formula®’ was about 49.2 nm, by which the average size of
inside primary Au—Ag nanoparticles can also be perceived.

Figure 4 displays the UV—vis—NIR DRS spectra of the on-
chip membranes obtained before (ie, Ag;PO,) and after
HAuCl, immersion and annealing process (i.e, the Au—Ag
alloy particles inlaid AgCl membrane). As can be seen, the Au—
Ag particles inlaid AgCl membrane shows greatly enhanced
light absorption properties in visible and NIR band compared
to the Ag;PO, membrane which is consistent with related
literature reports,"”*® demonstrating the strong potential for
Au—Ag alloy particles inlaid AgCl membranes to serve as visible
light or sunlight driven photocatalysts. On the basis of the
above discussion of the size of primary Au—Ag nanoparticles
and previous literature reports,””*" it can be inferred that the
characteristic band at about 485 nm in DRS spectrum of the
Au—Ag alloy particles inlaid AgCl membrane (Figure 4, gray
curve) was originated from the SPR of primary Au—Ag
nanoparticles because the characteristic SPR bands of pure Au
and Ag nanoparticles generally appear at about 520 nm®’ and
390 nm,* respectively.

Figure S gives an schematic illustration of the dual-mode in
situ SERS monitoring process when using the Au—Ag particles
inlaid on-chip AgCl membranes for catalytic conversion of 4-
NP to 4-aminophenol (4-AP), and for visible-light-driven
photocatalytic degradation reaction of R6G. Typically in the
catalysis mode (i.e., “light-off’ mode), the Au—Ag alloy particles
supported on the surfaces of AgCl can absorb and consequently
reduce the investigated molecules 4-NP, while in the
photocatalysis mode (ie., “light-on” mode), the intrinsically
wide-band gap semiconductor AgCl mediated by SPR of Au—
Ag alloy particles can provide visible-light-driven photocatalytic
activity toward degradation of organic pollutant R6G. In
addition, with simultaneous laser excitation, sensitive in situ
SERS signals can be recorded, as well for real-time monitoring
of the process of (photo)catalytic reactions.

Figure 6 displays the results of the catalytic reduction
reaction of 4-NP to 4-AP. The catalytic reduction of 4-NP to 4-
AP in the presence of an excess amount of NaBH, has often
been used as a model reaction to evaluate the -catalytic
performance of noble metal nanoparticles. The metal particles
start the catalytic reduction by relaying electrons from the
donor BH4™ to the acceptor 4-NP on the adsorption of both
reactants on the particles, leading to the production of amido
derivatives 4-AP."' ™" As shown in Figure 6a and Figure S4, the
absorption band of pure 4-NP aqueous solution located at
about 317 nm of wavelength, and after the addition of NaBH,,
it shifted to 400 nm of wavelength, and remained at the same
place after the Au—Ag alloy particles inlaid AgCl membranes
were further introduced into the reaction solution as catalysts,
which is consistent with previous studies.”** The green curve
in Figure S4 clearly proves that the presence of NaBH, but
absence of Au—Ag alloy particles inlaid AgCl membranes could
not lead to the reduction of 4-NP. And with the catalysis of
Au—Ag alloy particles inlaid AgCl membranes, it is obvious in
Figure 6a that the intensities of absorption at 400 nm
corresponding to 4-NP decreased significantly as the reaction
proceeded, revealing that 4-NP had been gradually reduced to
4-AP. As shown in Figure 6b, the calculated first-run conversion
efficiency after 8 min of the reaction was about 93.5%, and also
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Element Atom. C [at.%]
Carbon 23.14+ 1.4
Oxygen 797+ 1.1
Aluminium 1.88 £ 0.1
Silver 47.52+4.6
Gold 19.49 £ 0.7
Total: 100.00

l
Element Atom. C [at.%]
Carbon 20.06 1.6
Aluminium 2.37+0.2
Chlorine 3735+ 1.4
Silver 40.22 + 4.1
Total: 100.00

Figure 2. Representative (a and b) SEM images obtained at different magnifications of the obtained Au—Ag alloy particles inlaid AgCl membrane. (c
and f) The SEM/EDS analysis of (c and d) a single Au—Ag alloy particle and (e and f) the AgCl membrane. The EDS spectra in panels d and f were

collected from the selected areas labeled in panels ¢ and e, respectively.

Figure 3. Representative (a) TEM image, (b) HRTEM image, as well as the (c) SAED pattern of the Au—Ag alloy particles. The inserted intensity
line profile in panel (c) was recorded along the red arrowhead labeled in (c). The samples for TEM characterization were prepared by
ultramicrotomy of the fragments of Au—Ag alloy particles obtained by continuous sonification.

a conversion efficiency of above 85% was still maintained after
six cycles of the reactions, by which high efliciencies as well as
superior durability and recyclability of the Au—Ag particles
inlaid AgCl membranes as catalysts were confirmed. Overall,
the high catalytic efficiency and recyclability can be attributed
synergistically to the large effective surface areas of these Au—
Ag alloy particles resulted from their unique hierarchical macro-
and mesoporous structures as well as superior stability of the
formed Au—Ag microparticles after aggregation and ripening
process during calcining.

18494

Figure 6¢ exhibits the in situ recorded SERS spectra from the
porous surfaces of Au—Ag particles, revealing the dependence
of the intensities of characteristic Raman scattering bands on
reaction time. As can be seen, the spectrum recorded at t = 0
displays neglectable SERS signals due to the relatively weak
interaction of 4-NP with the Au—Ag substrates. Nevertheless,
when 4-NP was gradually transformed into 4-AP during the
catalytic reaction, it was owing to the strong electrostatic
bonding between amido groups of 4-AP and Au—Ag surfaces,
and the derived strong electromagnetic interactions under laser
excitation that the in situ SERS signals got increased obviously
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Figure 4. UV—vis—NIR diffusion reflectance spectra (DRS) of the on-
chip membranes before (ie, the Ag;PO, membrane) and after
immersion into HAuCl, aqueous solution and annealing (i.e., the Au—
Ag alloy particles inlaid AgCl membrane). The inserted optical
photograph shows the appearances of the two on-chip membranes,
along with a piece of pristine silver foil.
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Figure S. Schematic illustration of the dual-mode in situ SERS
monitoring process for both the catalytic reduction reaction of 4-NP to
4-AP (ie., “light-off” catalysis mode) and photocatalytic degradation
reaction of R6G (ie, “light-on” photocatalysis mode) using the
plasmonic catalytic Au—Ag alloy particles inlaid AgCl membranes.

and thus can be easily detected. Notably, since the Au—Ag alloy
particles supported on AgCl membranes acted as both catalytic
active sites and SERS substrates, the reaction process could be
monitored by observing the intensity variations of characteristic
SERS bands during the catalytic reaction."”

As exhibited in Figure 6d, pseudo-first-order kinetic rate plots
of the catalytic reactions were calculated, by which the rate
constants and kinetics equations were also obtained, as
summarized in Table 1. Unlike the case of UV—vis
spectroscopic monitoring in which the gradually decreasing
absorption intensities of 4-NP were used, the slopes of kinetics
equations derived from SERS spectra are negative because the
Raman bands of 4-AP gained higher intensities as the reaction

proceeded. Considering that the reaction solution initially
contained no 4-AP, here the band intensities recorded at t = 2
min were applied as initial references when calculating kinetic
rate plots and kinetics equations via the time-dependent
variation of in situ SERS signals. Particularly, the intensity
variation of four specific characteristic SERS bands located at
492, 580, 1160, and 1424 cm™" of Raman shift, which could be
assigned to the stretching mode of C—C bond, in-plane
bending mode of C—H bond, in-plane bending mode of C—O
bond, and the mixed mode of both out-of-plane deformation
and in-plane bending of C—C—C ring respectively,%_48 were
selected as models and identified carefully to investigate the
process of catalytic reduction of 4-NP. As can be seen in Table
1, the slopes of kinetics equations (ie., rate constants)
calculated from SERS bands are essentially similar to each
other within the range between —0.378 and —0.422. Moreover,
the calculated Adj.-R2 values of the curves, specifically, 0.9990
for the case of SERS characteristic band at 492 cm™!, 0.9681 for
580 cm™}, 0.9976 for 1160 cm™!, and 0.9733 for 1424 cm™}, all
turns out to be much better than 0.9563 which was calculated
via UV—vis absorbance spectra, demonstrating the superior
linearity and stability when utilizing in situ SERS signals for
monitoring the process of catalytic reduction of 4-NP to 4-AP.

Meanwhile, thanks to the plasmon-enhanced photocatalytic
activity of semiconducting AgCl under visible light irradiation,
the Au—Ag particles inlaid AgCl membranes could also be used
for visible-light-driven photocatalytic degradation of organic
contaminants. Here, we chose R6G as the model molecule.
Similar to the catalytic reaction of 4-NP, the irradiation time-
dependent UV—vis absorbance spectra and the results of
recyclability test were displayed in Figure 7a and b. It is evident
that nearly complete degradation of R6G molecules in 107> M
aqueous solution was achieved. The degradation efficiency after
12 min of visible light irradiation during the first and sixth cycle
of photocatalytic reaction was calculated to be 93.4% and
90.7%, respectively, revealing the relatively high, stable, and
long-lived visible-light-driven photocatalytic activity of the Au—
Ag alloy particles inlaid AgCl membranes toward R6G
degradation. As has been discussed in Introduction section,
the considerable visible-light-driven photocatalytic efficiency
might be derived from not only the charge transfer process
induced by band alignment effects as well as efficient exciton—
plasmon interactions, but also the charge separation process
between photogenerated electron/hole pairs because of the
better electron affinity of Au—Ag alloy particles than semi-
conducting AgCL*™'%* As a typical wide-band gap semi-
conductor, AgCl has a direct band gap of 5.6 eV. However,
grains of AgCl are photosensitive due to their point ionic
defects and electron traps. It is meaningful to consider how the
Au—Ag alloy particles inlaid AgCl membrane became an
efficient photocatalyst under visible light irradiation. The
surface of AgCl is most likely to be terminated by CI~, and is
therefore negatively charged. The primary Au—Ag nano-
particles on the surface of AgCl could separate its electron/
hole distribution. Figure 4 has clearly demonstrated that the
SPR band of these primary Au—Ag alloy nanoparticles could
help the composite membranes absorb visible light, and in
consideration of the dipolar character of the SPR of Au—Ag
nanoparticles, the absorbed photons would be separated into
electrons and holes efficiently and afterward distributed near
the surfaces of Au—Ag nanoparticles and AgCl membranes,
respectively. Finally, the holes on AgCl surfaces led to the
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Figure 6. In-situ monitoring of catalytic reduction of 4-NP (5 X 10~° M aqueous solution) to 4-AP: (a) time-dependent UV—vis absorbance spectra
and (b) results of recyclability test. (c) In-situ SERS spectra recorded at different time points of the catalytic reaction along with (d) the pseudo-first-
order kinetic rate plots and correspondingly fitted kinetics equations of the catalytic reaction in the presence of the Au—Ag alloy particles inlaid AgCl
membranes. Iy, I, and I, in panel d represent the initial peak intensity at 400 nm of UV—vis spectra, the intensities of characteristic UV—vis
absorbance or SERS bands at the time point of ¢, and the characteristic band intensities in the in situ SERS spectra after 2 min of the catalytic
reduction reaction.

Table 1. Summary for the Fitted Pseudo-First-Order Kinetic laser excitation,™ and thereby generated in situ SERS signals
Rate Constants (k), Kinetics Equations, and the for monitoring the reactions. As shown in the in situ SERS
Corresponding Adjusted Regression Coefficients (Adj.-R?) spectra obtained at different time points of the photocatalytic
for Catalytic Reduction Reaction of 4-NP to 4-AP Calculated degradation reaction (Figure 7c), as well as correspondingly
Using the UV—vis Absorbance Band at 400 nm and Different calculated pseudo-first-order kinetic rate plots and kinetics
Characteristic Bands Observed in In Situ SERS Spectra equations of the reactions (Figure 7d), characteristic SERS
- bands of R6G deteriorated gradually as the reaction proceeded,

characteristic k . . . e
method  band position ~ (min™')  Adj-R? kinetics equation and T‘fter rfjclzlor;l f(:jlrl 12d mmﬁr Elhe previously }(lhslimd ISC]IEI;S
_ _ _ signals could be hardly identified any more, which could be
UXS 400 nm 0315 095630 y=0315 - 0141 regarded as the evidence of the degradation of R6G into small

SERS 492 em™ —0412 099904  y = —0.412x + 0.826 molecular fragments as well.

580 cm™! —0404 096810  y = —0.404x + 0.666 Typically, six characteristic Raman bands in SERS spectra
1160 cm™ —0422 099761  y=—0422x + 0.878 corresponding respectively to the in-plane bending mode of
1424 cm™ —0.378 097328  y=—0.378x + 0.828 C—C—C ring (611 cm™), out-of-plane bending motion of the
hydrogen atoms of the xanthene skeleton (772 cm™),
oxidation of CI™ to Cl atoms, by which R6G molecules could be stretching vibration mode of the C—C bond (1184 cm™),
easily oxidized."” and the aromatic C—C stretching vibration mode of R6G
On the other hand, the SPR effect, especially the plasmon molecules (1360, 1508, and 1650 cm™"),*® were studied and
resonance confined in local areas of rough and porous surfaces exploited for monitoring the photocatalytic degradation
(i.e., localized surface plasmon resonance, LSPR) of the Au—Ag process. As labeled in Figure 7d and summarized in Table 2,
alloy particles had not only brought about enhanced photo- it is clear that all kinetics equations possess similar rate
catalytic reactivity for AgCl under visible light irradiation, but constants of about 0.200 + 0.017. Furthermore, it can be
also offered large amount of electromagnetic “hot spots” under known that the curve fitted via the kinetic rate plots obtained
18496 DOI: 10.1021/acsami.5b04769
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Figure 7. In situ monitoring of photocatalytic degradation reaction of R6G molecules in 107> M aqueous solution: (a) time-dependent UV—vis

absorbance spectra and (b) results of the recyclability test. (c) In

situ SERS spectra recorded at different time points of the photocatalytic

degradation reaction and (d) the pseudo-first-order kinetic rate plots and correspondingly fitted kinetics equations of the reaction in the presence of
Au—Ag alloy particles inlaid AgCl membranes. I, and I, in panel (d) represent the peak intensities of the UV—vis absorbance spectra at 526 nm, or
intensities of different characteristic bands in in situ SERS spectra, at the time point of t = 0 or ¢ during the visible-light-driven photocatalytic R6G

degradation reaction.

Table 2. Summary for the Fitted Pseudo-First-Order Kinetic
Rate Constants (k), Kinetics Equations, as Well as the
Corresponding Adjusted Regression Coeflicients (Adj.-R?)
for the Photocatalytic Degradation Reaction of R6G
Aqueous Solution Calculated via the UV—vis Absorbance
Band at 526 nm and Different Characteristic Bands
Observed in the in Situ SERS Spectra

characteristic band k
method position (min™')  Adj-iR? kinetics equation
Uv- 526 nm 0.207 0.89304 y =0207x — 0.242
vis

SERS 611 cm™ 0.190 0.86387 y = 0.190x — 0.083
773 cm™! 0.183 0.89119 y =0.183x — 0.170
1184 cm™! 0.206 0.8573 y = 0.206x — 0.254
1360 cm™! 0.216 0.93329 y =0216x — 0227
1508 cm™! 0.217 0.94791 y =0217x — 0.194
1650 cm™! 0.182 0.96155 y = 0.182x — 0.090

from UV—vis absorbance spectra turns out to have a relatively
low Adj.-R* value of 0.8930, while most of the other Adj.-R?
values calculated from characteristic SERS bands are much

higher, for example, 0.9616 calculated from the Raman band at
1650 cm™, and 0.9479 calculated from the Raman band at
1508 cm™!. Therefore, it is believable that the stable rate
constants, high Adj.—R2 values, as well as good linearity of the in
situ SERS monitoring technique could help to promote the
accuracy and reliability for monitoring a variety of different
catalytic and photocatalytic reactions.

To further investigate the sensitivity of the Au—Ag alloy
particles inlaid AgCl membranes as SERS substrates for trace
detection of organic contaminants, the limit of detection
(LOD) toward the widely used SERS model molecules, that is,
4-aminothiophenol (4-ABT) molecules has also been studied,
as demonstrated in Figure SS. Obviously, the distinct
characteristic SERS bands at about 1078, 1142, 1184, 1389,
1432, and 1588 cm™" of 4-ABT could be identified and agree
well with literature values.”" Particularly, it can be observed that
although the concentration of the dilute solution of 4-ABT
reached as low as 1072 M, still several characteristic SERS
bands could be discerned in the green curve (curve v),
indicating that the AgCl supported Au—Ag substrate has
achieved a quite appreciable LOD (107'> M) for 4-ABT, which
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might be enabled by the readily formed chemical bonding
between thiolate molecules and Au—Ag substrates, as well as
moderate sizes of primary Au—Ag nanoparticles.’> Further-
more, as described in the Supporting Information, the Raman
enhancement factor (EF) of the composite substrate calculated
using the 107" M 4-ABT case turns out to be 1.74 X 10°, which
also demonstrates the high sensitivity for SERS detection
achieved by the Au—Ag alloy particles inlaid AgCl membranes.
On the other hand, SEM images of the Au—Ag particles inlaid
AgCl membranes were recorded after experiencing the SERS
monitored (photo)catalytic reactions (Figure S6), confirming
that no significant morphological changes occurred, and hence
the composite membranes were essentially stable in spite of the
continuous light irradiation and heating effect of Raman laser
during the SERS monitoring process. The reliable chemical
stability of the composite membrane might be originated from
their micrometer sizes as well as hierarchically porous
structures, and consequently contributed to the appreciable
retention of catalytic efficiencies during the above-mentioned
recyclability tests. All of these together prove that the Au—Ag
alloy particles inlaid AgCl membranes presented in this work
are indeed capable candidates for stable (photo)catalytic
platforms allowing sensitive in situ SERS monitoring.

B CONCLUSIONS

In summary, the novel porous Au—Ag alloy particles inlaid
AgCl on-chip membranes prepared via a facile immersion
reaction and annealing process were demonstrated for the first
time as versatile plasmonic catalytic interfaces allowing
simultaneous, in situ SERS monitoring. Thanks to the
successful integration of noble metal Au—Ag particles and
semiconductor AgCl, high efficiencies and robust recyclability
of catalytic reduction of 4-NP to 4-AP and plasmon-enhanced
visible-light-driven photocatalytic degradation of R6G were
achieved. Meanwhile, the porous surfaces of Au—Ag alloy
particles also generated sensitive in situ SERS signals
simultaneously under laser excitation, using which the real-
time monitoring of (photo)catalytic reactions could also be
realized. To conclude, it is quite believable that the integration
of catalytic and visible-light-driven photocatalytic activities with
real-time and in situ SERS monitoring on the novel Au—Ag
alloy particles inlaid AgCl membranes, along with their facile,
mild and cost-effective preparation method, would not only
help to understand the mechanisms of different catalytic
reactions, but also bring inspirations for future development of
novel potable, integrated and multifunctional catalytic and
sensing devices.
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