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ABSTRACT: We report a facile single-step one-pot solvothermal process for tailoring the Au−
Ag−S microstructures as bifunctional substrates for both surface-enhanced Raman scattering
(SERS) detection and photocatalytic degradation of plasticizers diethylhexyl phthalate (DEHP)
and diethylhexyl adipate (DEHA). Typically, two different microstructures, the Ag2S particles
inlaid Au microflowers (Ag2S−Au MFs) and Au particles decorated AgAuS microsheets (Au−
AgAuS MSs) were obtained. The Ag2S−Au MF substrates finally turned out to provide 0.9 ×
10−9 and 0.9 × 10−7 M of the limits of detection (LODs) for DEHP and DEHA in orange juice.
And on the other hand, the Au−AgAuS MSs achieved complete degradation of DEHP and
DEHA (1 × 10−5 M) after 20 and 25 min of UV light irradiation, respectively. It is believed that
the facile preparation and appreciable SERS and catalytic activities of these Au−Ag−S
microstructures would make much sense to develop novel multifunctional sensing and
monitoring devices.
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■ INTRODUCTION
The many occurrences of plasticizers related food safety
incidents have captivated much of people’s attention on
plasticizer contamination which usually derives from food
packages or containers and was reported potential adverse
effects on the reproductive systems and sexual differentiation of
mankind.1,2 Till now, various analytical techniques, for instance,
the high-performance liquid chromatography,3 tandem mass
spectroscopy,4 and colorimetric analysis,5 have been developed
for detecting these food contaminants. However, most of the
current techniques are under restrictions of inadequate limits of
detection (LODs) and complicated sample pretreatment steps
such as extraction and preconcentration.6 Moreover, consider-
ing the possibility to achieve in situ degradation of organic
contaminants just on the detection substrates, to make a
combination between the detection techniques and photo-
catalysis technology is of particular significance.
Surface-enhanced Raman spectroscopy (SERS), as an

extremely sensitive and selective technique, can not only
overcome those restrictions mentioned above, but also provide
trace detection of various explosives,7 narcotics,8 pesticides9

and biomolecules10,11 down to single-molecule level.12,13 Very
recently, preliminary works on developing novel noble metal−
semiconductor heterostructures based substrates, for example,
the Au−Si,14 Au−TiO2,

15,16,23,26 Ag−TiO2,
17,18,24 Ag−BN,19

and ZnO−RGO−Au25 systems, have achieved integration of
SERS and photocatalytic process, and thus obtained photo-
catalytic degradation-induced self-cleaning SERS platforms14−20

or inversely, the on-chip microreactors21,22 for in situ SERS

monitoring of plasmon-enhanced catalytic reactions.21−26 It is
well-known that semiconductors, due to their unique band
structures, are quite appropriate photocatalyst materials, while
as SERS substrates, the enhancement they provide is usually
much lower than those observed on metallic substrates. It is
because that in semiconductor nanoparticles, the surface
plasmon resonance (SPR) from the conduction band lies
typically in the infrared band, thus the enhancement of Raman
signals is totally contributed by charge transfer resonance
(CTR).27 In contrast, it is not only the CTR induced by
noncovalent tight interactions between specific functional
groups of analytes and the metallic surfaces, but also the
localized surface plasmon resonance (LSPR) derived from the
metal conduction band have made contributions to the huge
enhancement of Raman signals in metal-analyte systems.28

Hence in this regard, these noble metal−semiconductor
composites hold great promise to offer both sensitive SERS
detection and rapid photocatalytic degradation of organic
pollutants, and thus are highly demanded for environmental
applications nowadays.
Nevertheless, although many pioneer works have been done

on this topic, these works, until now, mainly focused on the
combination of noble metal nanoparticles with semiconductor
materials which have been intensively investigated (e.g.,
TiO2

15−18 and ZnO25), while the heterostructures based on
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semiconducting noble metal sulfides were rarely studied. What’s
more, most of those intensively investigated semiconductors
mentioned above possess wide band-gaps and thus have optical
absorbance and emission in ultraviolet or visible band, whereas
most of noble metal sulfides instinctively possess narrow band-
gaps29 and thus absorb in visible or near-infrared band. Because
of this point, it is quite possible for them to capture a broader
band of solar spectrum in practical applications. Besides,
previous works have demonstrated the biocompatibility as well
as low toxicity of these noble metal sulfides,30,31 which is also a
significant advantage for environmental and biomedical
applications.

Here in this work, two different Au−Ag−S composite
microstructures, specifically, the Ag2S particle inlaid Au
microflowers (Ag2S−Au MFs) and Au particle decorated
AgAuS microsheets (Au−AgAuS MSs) were obtained via a
single-step one-pot solvothermal process. These Au−Ag−S
microstructures were consequently applied as SERS and
photocatalytic substrates for detection and degradation of the
selected model molecules, the diethylhexyl phthalate (DEHP)
and diethylhexyl adipate (DEHA) plasticizer. As a result, the
Ag2S−Au MF substrates demonstrated 0.9 × 10−9 and 0.9 ×
10−7 M LODs for DEHP and DEHA, respectively, in orange
juice. On the other hand, the Au−AgAuS MSs achieved
complete degradation of DEHP and DEHA (1 × 10−5 M) after

Figure 1. (a−c) SEM images obtained at different magnifications and (d) representative XRD pattern of the Ag2S−Au MFs. (e−h) EDS element
mapping of (f) Au, (g) Ag, and (h) S of the single MF shown in (e).

Figure 2. (a−c) SEM images obtained at different magnifications and (d) representative XRD pattern of the Au−AgAuS MSs. (e−h) EDS element
mapping of (f) Au, (g) Ag, and (h) S of the two MSs shown in (e).
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20 and 25 min of UV light irradiation. It is to the best of our
knowledge that although the micro/nanocomposites consisted
of gold particles and narrow-band gap noble metal sulfides
(typically, Ag2S, Ag3AuS2, AgAuS, AuAgS, and Au2S) have been
synthesized and used for sensing applications,32−34 the
morphologies as well as application trails for SERS and
photocatalytic bifunctional substrates described in this work are
reported for the first time. In addition, the model molecules
DEHP and DEHA were both very important and commonly
used plasticizers nowadays. They have been involved in several
serious food-safety scandals during the past few years.
Nonetheless, works focused on their trace detection and
rapid degradation are still lacking. Thus, in this regard, we
consider this work to be more meaningful.

■ RESULTS AND DISCUSSION
Figures 1 and 2 display the morphologies and phase
constitutions of as-obtained Ag2S−Au MFs and Au−AgAuS
MSs. In the case of the MFs, SEM images in Figure 1a−c, e
demonstrate the distinct flowerlike morphology. It seems that
these flowerlike microstructures, with the sizes of dozens of
micrometers, were derived from assemblies of pristine micro-
plates and were additionally inlaid by another kind of small
particles. The XRD pattern, as shown in Figure 1d, indicates
that two components, the monoclinic Ag2S (PDF#14−0072)
and cubic Au (PDF#04−0784) were coexisted in these small
particles inlaid MFs. EDS element mapping characterization
was conducted to further identify the exact components of the
particles and plates. As shown in Figure 1e−h, it can be inferred
that the particles marked by red arrows should be Ag2S since
these areas possess relatively concentrated distributions of
element Ag and S (Figure 1g, h), whereas in other areas
occupied by assembled MFs, Au (Figure 1f) seems the
dominant element. Hence, it can be roughly believed that
these particle-inlaid MFs were actually Ag2S particles inlaid Au
MFs. On the other hand, in the case of the MSs, SEM images of

Figure 2a−c, e have revealed that these MSs were about several
dozens of micrometers broad, whereas they were quite thin
with the thicknesses much less than 1 μm. Besides, it is
observable that these MSs were decorated by another kind of
small particles and chippings. Similarly through the correlated
study with XRD and EDS mapping (Figure 2d−h), it can be
deduced that the main phase of the obtained MSs was the
ternary sulfide, cubic AgAuS (PDF#26−0728), whereas those
scattered small particles, as are pointed out by red arrows in
Figure 2e, were Au particles (PDF#04−0784). Thus, these MSs
can be described as Au particles decorated AgAuS MSs. The
EDS spectra of Ag2S−Au MFs and Au−AgAuS MSs are shown
in Figure S1 in the Supporting Information. Also, the Raman
spectra of the MFs as well as MSs are given in Figure S2 in the
Supporting Information as a supplement to the XRD results.
Raman spectroscopy can provide valuable structural informa-
tion on semiconductor materials. It is distinguishable in Figure
S2 in the Supporting Information that resonance bands of the
MSs locate near the wavenumbers of 242, 286, and 530 cm−1,
whereas the bands of the MFs turn up at 286 and 530 cm−1

only. It is according to previous reports that the resonant
Raman scattering bands near 286 and 530 cm−1 can be
attributed respectively to the first- and second-order longi-
tudinal optical phonon modes of the Ag−S bond in the lattice
of Ag2S,

35,36 yet the band located at 242 cm−1 should be
assigned to the stretching mode of Au−S bond.37 Therefore, it
is rational that the MFs and MSs contain Ag2S and AgAuS
respectively since the Raman singals of Au−S bond were
detcted only in the MSs, whereas the Ag−S bond were detected
in both samples. It is mentionable in addition that the
observation of multiple Raman scattering bands indicates that
the obtained Ag2S−Au MFs and Au−AgAuS MSs possessed
favorable optical qualities,35 which should have positive effects
on the photocatalytic degradation process.
To study the influence of the added amount of chloroauric

acid on the eventual morphologies of the Au−Ag−S complexes,

Figure 3. SERS spectra of the (a, b) DEHA and (c, d) DEHP ethanol solutions at different concentrations obtained on (a, c) Ag2S−Au MF and (b,
d) Au−AgAuS MS substrates, respectively.
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0.4 or 1 mmol of chloroauric acid was added into methanol
system and 20 mmol was added into the ethanol system
instead, whereas the additions of Ag foil (1 piece) and sulfur
powder (0.01 g) remained the same. As can be seen in Figure
S3 in the Supporting Information, as the added amount of
chloroauric acid was gradually increased in methanol, the Ag2S
maintained the shape of small particles with average sizes of 5−
10 μm, yet the Au product experienced distinct morphology
transformation meanwhile from scattering clusters of Au
particles with sizes smaller than 1 μm (the 0.4 mmol case) to
the larger-area distributed irregularly aggregated clusters of Au
particles (the 1 mmol case), and finally to the orderly
assembled flowerlike structures in which the basic units were
elongated microplates with the average sizes in radial and
longitudinal dimensions of about 5 and 25 μm, respectively
(the 2 mmol case, that is the MFs). On the other hand, when
choosing ethanol as the solvent of the solvothermal reaction, it
can be inferred from Figure S4 in the Supporting Information
that as the addition of AuCl3 was further increased to 20 mmol,
the amount of as-generated gold particles exploded significantly
that the AgAuS MSs were almost buried in them. It can be
perceived from these changes that the added amount of AuCl3
did have a prominent impact on the final morphology of the
Au−Ag−S composites. However, in consideration that the well-
defined and uniform morphologies of these Au−Ag−S
microstructures were fundamental to understanding the
variation of SERS and photocatalytic performances on different
substrates, only the Ag2S−Au MF as well as Au−AgAuS MS
substrates were discussed in this work.
The SERS performance of the obtained Ag2S−Au MF and

Au−AgAuS MS substrates toward the dilute solutions of DEHP
and DEHA is shown in Figure 3. And the chemical structures
and correspondingly recorded Raman spectra of as-purchased
DEHP and DEHA liquids are exhibited in Figure S5−S6 in the
Supporting Information. As can be observed clearly, the Ag2S−
Au MFs achieved 1 × 10−9 and 1 × 10−7 M of the LODs for
DEHP and DEHA, whereas the Au−AgAuS MSs achieved 1 ×
10−7 and 1 × 10−6 M at the same time. In the case of the DEHP
molecules (Figure 3c, d), the characteristic Raman bands
located at 1168, 1275, 1430, and 1618 cm−1 could be assigned
to the C-ethyl asymmetric stretching mode, the C−C−C
bending vibration and C−H in-plane bending vibration of the
alkyl group, and the ring−ring stretching vibration of the ortho-
phenyl group, respectively.6,38,39 Meanwhile, for DEHA
molecules (Figure 3a, b), the characteristic bands near 1344,
1450, and 1510 cm−1 could be ascribed to the C−H in-plane
bending vibration mode of the alkyl group and the bands at
1270 and 1302 cm−1 could be attributed to the C−C−C
bending vibration of the alkyl group while the bands near 1145
and 1394 cm−1 should be assigned to the C-ethyl asymmetric
stretching mode and the mixed mode of C−H in-plane bending
vibration and C−C stretching mode of the alkyl group.6,38,39

The differences between Raman spectra of Figure S6 in the
Supporting Information and SERS spectra of Figure 3 could be
due to many reasons. As discussed in the Introduction, it is
attributed to both the chemical (i.e., CTR) and electomagnetic
(i.e., LSPR) interactions between substrate surfaces and
investigated compounds, which do not exist in pristine
Raman spectra that SERS signals were obtained. Therefore,
often the SERS spectra recorded on substrates show significant
differences from Raman spectra, regarded as a known
phenomenon. And herein, the SERS spectra of DEHP in
Figure 3c, d basically matched well with previous literature

reports.6,40 On the other hand, it is obvious that the Ag2S−Au
MFs achieved larger enhancement and hence lower LODs than
Au−AgAuS MSs. Because metallic structures (i.e., Au), as
mentioned previously, usually play a dominant role in metal−
semiconductor composites for enhancing Raman signals, it is
rational that the SERS performance on substrates was closely
related to the Au contents and morphologies of the composites.
Therefore, the huge enhancement derived from the Ag2S−Au
MF substrates might be a result of mainly two aspects. First,
SEM images have revealed the relatively higher Au content of
the Ag2S−Au MFs than Au−AgAuS MSs which subsequently
brought about better SERS performance. Second, the ternary
AgAuS sheets, because of their ultrathin appearances, might
have larger surface areas than Ag2S particles, which would
promote the SERS performance. Nevertheless, considering that
the Ag2S−Au MFs finally demonstrated better SERS perform-
ance than Au−AgAuS MSs, the hierarchically assembled Au
flowers in Ag2S−Au MFs which have provided large numbers of
closely spaced junctions of metallic surfaces, dubbed as the “hot
spots” in the SERS process,41,42 should have a greater impact.
Furthermore, the ethanol solutions of DEHP and DEHA

were mixed with as-purchased orange juice in order to simulate
the practical scenario of daily life and the recorded SERS
spectra were displayed in Figure 4. The SERS spectrum of pure

orange juice shows fingerprint features of vitamin C and β-
carotene and the specific band assignments are shown in Table
S1 in the Supporting Information. It is discernible that the
characteristic Raman bands at about 1040, 1450, 1529, and
1727 cm−1 for DEHP, and 1306, 1392, as well as 1453 cm−1 for
DEHA, survived from interference of the bands of orange juice.
The slight deviations of the Raman bands of DEHP and DEHA
from those shown in Figure 3 might be caused by the variation
of pH value after adding the acidic orange juice. Therefore, it
can be concluded that the Ag2S−Au MF substrates finally
demonstrated the LODs of 0.9 × 10−9 M for DEHP and 0.9 ×
10−7 M for DEHA in the mixtures while the Au−AgAuS MS
substrates achieved LODs of 0.9 × 10−7 M for DEHP and 0.9 ×
10−6 M for DEHA as well. However, it is difficult for us to

Figure 4. SERS spectra of as-purchased pure orange juice (OJ) as well
as the mixtures of DEHA/ethanol solutions and OJ (A-OJ, 0.9 × 10−7

M for Ag2S−Au MFs and 0.9 × 10−6 M for Au−AgAuS MSs), DEHP/
ethanol solutions and OJ (P-OJ, 0.9 × 10−9 M for Ag2S−Au MFs and
0.9 × 10−7 M for Au−AgAuS MSs).
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achieve the simultaneous detection of both DEHA and DEHP.
Figure S5 in the Supporting Information has demonstrated that
DEHA and DEHP possess similar chemical structures except
the ortho-phenyl group of DEHP. Therefore, it is reasonable for
DEHP and DEHA to show similar SERS spectra except those
characteristic bands of ortho-phenyl-related modes, and in this
case we can only know the existence or not of DEHP via the
identification of ortho-phenyl-related bands, whereas we can not
achieve simultaneous detection of DEHA and DEHP. But
despite this fact, it should be possible for us to detect the
plasticizer DEHA or DEHP along with another type of dye
molecules such as rhodamine 6G and crystal violet, and thus
achieve dual analyte detection on our substrates.
Figure 5 shows the photocatalytic performance of Ag2S−Au

MFs as well as Au−AgAuS MSs for degrading DEHA and
DEHP under UV light irradiation, and the irradiation time-
dependent UV−vis absorbance spectra of DEHA and DEHP
ethanol solutions in the presence of Au−AgAuS MS substrate
are also given in Figure S7 in the Supporting Information. As
can be seen in panels a and b in Figure 5, it took the Au−
AgAuS MSs 20 and 25 min to achieve complete degradation of
DEHP and DEHA, whereas in the case of Ag2S−Au MF
substrate, it spent 25 and 30 min, respectively. The UV−vis−
NIR diffuse reflectance spectra and correspondingly calculated
band gap data of the substrates are shown in Figure S8 in the
Supporting Information. As a result, the Au−AgAuS MSs
possessed the band gap of 0.854 eV, which was a little larger
than 0.832 eV of the Ag2S−Au MFs. The previous XRD
characterization has revealed that the AgAuS in Au−AgAuS
MSs showed cubic Pm3 ̅m structure (PDF#26−0728) with
lattice constants of a = b = c = 5.010 Å, whereas the Ag2S in
Ag2S−Au MFs showed monoclinic P21/c structure with lattice
constants of a = 4.229 Å, b = 6.931 Å, and c = 7.862 Å. It is easy

to know that AgAuS possessed smaller lattice constants than
Ag2S. Hence in this regard, it is rational for AgAuS to have a
larger band gap.43 Figure 5c summarizes the kinetics equations
(ln(C0/Ct) = kt + A) of different substrates for degradation of
DEHP/DEHA. The rate constants (k) of Au−AgAuS MSs for
degrading DEHP and DEHA were 0.1238 and 0.1252 min−1

respectively while those of Ag2S−Au MFs were 0.1067 and
0.0946 min−1. Compared with those single-component Ag2S
catalysts,20,44 it can be inferred that the combination of Ag2S/
AgAuS with Au has led to enhanced photocatalytic activities
according to following mechanisms. Take the Au−Ag2S system
as an example. First, as shown in Figure S9 in the Supporting
Information, the energy level alignment in Au−Ag2S
composites would be favorable for electron transfer from Au
to the valence band of Ag2S. Because the electrons donated by
Au instinctively had higher energies, it should be easier for
them to be excited to the conduction band of Ag2S as
photoelectrons and then served as reducing agents for
degrading organic molecules. Besides, the metallic units (i.e.,
Au) may also enhance the photocatalytic efficiency by
promoting charge separation at the metal−semiconductor
(i.e., Au−Ag2S) interfaces. The Au particles, because of their
better electron affinity than Ag2S, could serve as an electron
sink to reserve the photogenerated electrons from Ag2S, and
hence inhibited the charge recombination, and finally promoted
the photocatalytic efficiency.45,46 On the other hand, the
superior photocatalytic reactivity of the MSs than MFs here
might be attributed to three factors. First, it can be observed
from the previous SEM images that the AgAuS was the major
component in Au−AgAuS MSs, whereas the Ag2S was the
minor component in Ag2S−Au MFs. Considering the ability of
semiconducting AgAuS/Ag2S to generate photoelectrons and
photoholes, the Au−AgAuS MSs should have the potential to

Figure 5. Time-dependent degradation efficiency of (a) DEHA and (b) DEHP (1 × 10−5 M) under different conditions; (c) pseudo-first-order
kinetic rate plots and correspondingly fitted kinetics equations of DEHA and DEHP degradation in the presence of different substrates; (d) recycling
performance of different substrates presented in this work. (a−c) C0 and Ct represent the concentration of DEHA/DEHP at the time of 0 and t and
were calculated, respectively, using the absorbance values at 213 nm for DEHA and 276 nm for DEHP, which were marked by (*) in Figure S7 in the
Supporting Information.
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provide more photoelectrons/photoholes. Second, because
Ag2S−Au MFs possessed a smaller band gap than Au−AgAuS
MSs, it was easier for electron/hole recombination to occur on
these occasions and thereby had adverse effects on their
photocatalytic performance. Third, the ultrathin sheetlike
shapes of AgAuS might have the potentiality to help the
delocalization of the charge carriers along the normal and
horizontal directions, thus delaying the electron/hole recombi-
nation process and promoting the degradation efficiency.47

Figure 5d, in which the Au−AgAuS MSs maintained about 88.5
and 93.1% of the efficiency for degrading DEHA and DEHP
after experiencing five cycles of degradation reaction and the
Ag2S−Au MFs maintained about 86.4 and 91.8% of
degradation efficiency as well, finally revealed the recyclability
of the Au−Ag−S composite microstructures for photocatalytic
plasticizer degradation, and thus further demonstrated the
practical possibility they hold for novel efficient photocatalysts.
Finally, from a combinatorial point of view on the balance of

SERS and photocatalytic activities and well-defined morphol-
ogies, it can be supposed that these Au−Ag−S composites have
experienced two main periods in regard to the SERS and
photocatalytic performance as the content of Au gradually
increased. At first, as Au entered into the composite systems
from nonexistence, the SERS and photocatalytic performance
of the composites got enhanced simultaneously. On the one
hand, analytes were bound to the generated Au surfaces,
interacted with the LSPR of Au under laser excitation, and
output stronger SERS signals than the case of pristine Ag2S/
AgAuS. On the other hand, the generated Au−Ag2S/AgAuS
interfaces could also promote the photocatalytic efficiencies via
both the charge transfer and charge separation mechanism.
Therefore, it can be deduced that the SERS performance and
photocatalytic activities got enhanced synergistically in this
period. Afterward, if the Au content continued to increase,
SERS performance may get further improved as more surfaces
and junctions of Au were generated in spite of the loss of well-
defined morphologies, nevertheless the photocatalytic activities
may get depressed meanwhile as the surfaces which Ag2S/
AgAuS could provide to interact with plasticizer molecules were
significantly reduced, as shown in Figure S4 in the Supporting
Information. Therefore, it was regarded as an optimized ratio of
the content of Au and Ag2S/AgAuS for the MFs and MSs
described in this work.

■ CONCLUSIONS
In conclusion, for the first time, we have developed a facile
single-step, one-pot solvothermal process for tailoring the Au−
Ag−S composite microstructures for both SERS detection and
photocatalytic degradation of the plasticizers DEHA and
DEHP. Typically, well-defined Ag2S particles inlaid Au
microflowers (Ag2S−Au MFs) as well as Au particles decorated
AgAuS microsheets (Au−AgAuS MSs) were successfully
obtained. Amazingly, the Ag2S−Au MF substrates demon-
strated the LODs of as low as 0.9 × 10−9 and 0.9 × 10−7 M for
DEHP and DEHA solutions in orange juice when exploited in
SERS detection. Also, the Au−AgAuS MS substrates achieved
the LODs of 0.9 × 10−7 and 0.9 × 10−6 M for DEHP and
DEHA in orange juice as well. Meanwhile, the Au−AgAuS MSs
demonstrated the ability to fully degrade the DEHP and DEHA
molecules (1 × 10−5 M) in ethanol solutions after 20 and 25
min of UV light irradiation which was rather efficient and
recyclable. Also, in the case of the Ag2S−Au MFs, it took 25
and 30 min for them to reach this goal. Considering not only

the facile preparation and intriguing morphologies but also
their inspiring SERS and photocatalytic activities toward
common plasticizers, it is believable that these dual-active
Au−Ag−S composite microstructures hold great potential for
various environment-related applications like novel multifunc-
tional sensing and monitoring chips or devices.
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