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A simple and efficient self-approach strategy was used to applied ultrasensitive and self-revive ZnO-Ag 
hybrids surface-enhanced Raman scattering (SERS) sensors for the highly sensitive and selective 
detection of explosive TNT in both solution and vapour conditions. The performance of ultrasensitive 
sensing was from abundant Raman hot spots, which were spontaneously formed in a reversible way by 
the self-approaching of flexible ZnO-Ag hybrid nanorods driven through the capillary force of solvent 10 

evaporation. And the enhancement effect was repeatedly renewable by the reconstruction of molecular 
bridges and could selectively detect TNT with a lower limit of 4 × 10-14 M. Meanwhile, the TNT vapor 
was also collected under this sensor, once the ZnO-Ag NRs hybrids substrate was dipped of TNT, as been 
marked, this substrate could inform the existence of TNT even in 5 detection cycle through capillarity-
constructed reversible hot spots approach. Compared with other pure Ag-based SERS sensor, this ZnO-15 

Ag hybrids SERS sensor could rapidly self-revive SERS-activity by simple UV light irradiation and keep 
stable SERS sensitivity within one month when used for TNT detection. The stable and ultrasensitivity 
SERS substrate demonstrates a new route to eliminate the oxidized inactive problem of traditional Ag-
based SERS substrates and suggests promising applications of such hybrids as real-time online sensors 
for explosives detection. 20 

 

Introduction 

Since the discovery that Raman signals could be enhanced at a 
rough silver electrode, surface-enhanced Raman scattering (SERS) 
has been a subject of interest in research for both the 25 

understanding of the enhancement mechanism and the 
chemosensing purpose.1 Many studies have demonstrated that 
nanogaps between metal nanostructures are required to generate 
the “hot spots” typically associated with high SERS activity.2 But 
the nanoscaled control on the interspace between two nano-30 

building-blocks of the SERS-substrate has to face the problems 
with a structural reproducibility, complex processes and high 
cost.3 A recent review by Liz-Marz´an and Polavarapu provided a 
detailed overview on a kind of flexible substrates for 
nanoplasmonic sensing which may provide a new prospect to 35 

overcome these problems.4 These substrates often construct “hot 
spots” by self-conglutination of nanorods to trap molecules 
among nanorods by utilizing electronic,5 ferroelectric,6 thermal7 
or mechanical strain8 effects. But in most effects the constructed 
“hot spots” in SERS-active nanostructures is not reversible, 40 

making the sensor usable only once. Moreover, it is still an 
intriguing challenge to create reversible hot spots and to trap 
target molecules for practical plasmonic sensing purposes.  

Recently, a few brilliant reports indicate that the silver (Ag) 

nanotube or nanorod arrays could construct reversible Raman hot 45 

spots through the capillary force of solvent evaporation strategy 
with outstanding enhancement ability.9 Unfortunately, Ag 
nanostructures are oxidized easily in air, resulting in a loss of the 
hot spots and inactivation of the SERS substrates. In addition to 
the reversible ultrahigh activity of SERS substrates, the stability 50 

of SERS substrates has been a major concern from the viewpoint 
of practical applications.10 Nowadays, the hybrid nanostructures, 
such as ZnO/Ag, TiO2/Ag, have attracted considerable attention 
because of their unique shape-, composition-dependent properties 
and multiple functionalities which are rarely achievable in single-55 

component nanostructures. 3d, 11 It was very hopeful to solve the 
stability problem of Ag-based SERS substrate by the 
development of functional Ag-hybrid composite nanostructures 
as SERS substrates.12 And the design of the stable Ag-hybrid 
substrate which could create reversible hot spots by capillary 60 

force effect would be promoted to apply SERS practical detection. 
Refer to the real SERS application, as Raman spectrum rooting 

from vibrations in the chemical bonds of the analyte, any 
chemical species can in theory be analyzed. For this reason SERS 
has shown great potential of becoming a versatile analytical tool 65 

for both chemical and biochemical sensors in liquid and gas 
phases.13 As such, SERS has been named as a very promising 
method for explosives sensing with fast analysis speed and high 
sensitivity being the main advantages.14 Among all explosives,  
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Scheme 1 schematic image of self-approaching of the NRs driven by the capillary force of solvent evaporation. 

 

detection of illegally transported explosive materials such as 2,4, 
6-trinitrotoluene (TNT) is very important for various disciplines, 5 

including humanitarian demining, remediation of explosives 
waste sites, homeland security, and forensic applications.15, 16 

Many reports have demonstrated that SERS substrates based on 
the hybrid nanostructures can be repeatedly used to detect TNT.17, 

18 However, such impressive SERS face the  problems with 10 

stability and reproducibility of Raman signal. 
Driven by the need, in this paper, we reported for the first time 

the development of large-scale nanorod-shaped ZnO-Ag hybrids 
SERS substrates for the highly sensitive, selective, and stable 
detection of explosive TNT with a lower limit of 4×10-14 M. As 15 

shown in scheme 1, through the directional growth method 
designing, we could obtain vertical ZnO nanorods (NRs) with 
[0001] growth direction. These long ZnO NRs showed excellent 
flexible and could be much easier to self-approach by external 
effect, e.g. capillarity. Next, Ag nanoparticles (NPs) were 20 

decorated onto the surface of the ZnO NRs to fabricate ZnO-Ag 
hybirds as SERS substrate. Thus, high density hot spots could be 
formed in a reversible way via the self-approaching of ZnO-Ag 
NRs driven through the capillary force of solvent evaporation. 
Once the TNT molecules were captured via the formation of 25 

charge-transfer p, p’-dimercaptoazobenzene (DMAB)-TNT-
DMAB bridge on the flexible ZnO-Ag NR array hybrids and 
trapped in hot spots, high enhancement Raman intensity could be 
achieved. Vapor of TNT was also collected under this 4-ATP-
modified SERS substrate, then repeating the addition of ethanol 30 

four times and detection for five cycles with the parallel Raman 

intensity of 4-ATP. Cycle experiments showed that, as being 
marked, TNT could be persistently detected using the hot spots 
created through the way of solvent evaporation inspired. What’s 
important, compared with other single-component Ag-based 35 

SERS sensor, this ZnO-Ag hybrids SERS sensor could rapidly 
revive the hot spots of the SERS-inactive by simple UV light 
irradiation and keep stable SERS-active ability within one month. 
The application of this stable and ultrasensitive SERS substrate 
would be essential for practical explosives identification and 40 

monitoring.  

 

Figure 1 (a) SEM image of ZnO NRs; (b) the enlarged FE-SEM 
image of ZnO NRs; (c) the side view FE-SEM image of ZnO 
NRs; (d) TEM image of as-presented ZnO-Ag samples; (e) 45 

HRTEM images of as-presented ZnO-Ag samples of (d). 
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Figure 2 (a) The time-resolved Raman spectra of 4-ATP at the 
interval of time after dropping 5 μL ethanol, The insets in parts (a) 
was the photographs of ethanol droplets on the substrate; (b) 
1×10-13 M TNT alcoholic solution on the 4-ATP modified ZnO-5 

Ag hybrid NR arrays; (c) Line (1): The temporal evolution of 
corresponding Raman intensity at 1430 cm-1 of (a); Line (2): The 
temporal evolution of corresponding Raman intensity at 1430 cm-

1 of (b). 
 10 

Results and discussion 

The as-prepared ZnO NRs on the substrate with different 
length via the simple hydrothermal method19 was shown in 
supporting information (Figure 1 and S1) and characterized by 
field-emission scanning electron microscopy (FE-SEM). Side-15 

view SEM images revealed that the average length of ZnO NRs 
was ~550nm, 960nm and 1.5m with the reaction time 3h, 8h and 
12h, respectively (1.5 m length ZnO NRs see Figure 1(a), (b), (c) 
and other length ZnO NRs see Figures S1 in the Supporting 
Information). Moreover, the transmission electron microscopy 20 

(TEM) images further confirmed that the hybrid ZnO NRs was 
~35 nm in diameter (Figure 1d). Ion sputtering was then 
performed to assemble Ag NPs onto the ZnO NRs with different 
deposition time (4 min, 10 min, 16 min, and 26 min Figure S2). 

High-resolution TEM (HR-TEM) images (Figure 1e) displayed 25 

clear lattice fringes of ZnO and Ag and revealed the single-
crystalline nature of ZnO. Among them, the measured lattice 
spacing was about 0.26 nm, which corresponded to the (0002) 
lattice plane of wurtzite ZnO, 20 and the lattice spacing of 0.24 nm 
matched with the fcc Ag (111) plane, which well agreed with the 30 

XRD results (Figure S3-S4). 
For evaluating the SERS effect of ZnO-Ag hybrids, the ZnO 

NRs with different length sputtered Ag nanoparticles with 
different durations were performed. Raman measurements 
demonstrated that 1.5 m length ZnO nanorod arrays with 16 min 35 

Ag-sputtering showed the highest SERS activity (Figure S5), 
When 1×10-14 M R6G ethanol was directly added onto the hybrid 
arrays with the length of 1.5 m, the Raman signals of R6G could 
clearly be detected after ~65 s (Figure S6-S8). The SERS 
enhancement factors (EF) for R6G on the ZnO-Ag NRs could be 40 

calculated according to the equation EF=(ISERS/Ibulk)(Nbulk/Nsurface), 
where ISERS and Ibulk were the peak intensities of 10-11 M R6G on 
the ZnO-Ag NRs substrate and 1×10-3 M R6G on a silicon 
substrate at 611cm-1, respectively. NSERS and Nbulk were the 
number of R6G molecules excited by the laser beam on the ZnO-45 

Ag NRs hybrids substrate and Si substrate, respectively. And the 
SERS enhancement factors (EF) for R6G on the ZnO-Ag NRs 
could be calculated about 4.3×108 after ~65s (see Supporting 
information Figure S6-S8).21 This huge enhancement was due to 
the formation of Raman hot spot through the self-approaching of 50 

flexible ZnO-Ag NRs resulting from capillary force of solvent 
evaporation (scheme 1). Correspondingly, other hybrids arrays 
with length 960 nm and 550 nm exhibited much lower even no 
enhancement under the same condition (Figure S9-S10). It was 
clearly indicated that the longer ZnO NRs benefited the self-55 

approaching and then the formation of much more Raman hot 
spots with the help of the capillary force of solvent evaporation 
due to the better flexibility.  

Subsequently, different solvents were used for observation of 
the capillary force of solvent evaporation. Ethanol, water, acetone, 60 

methyl alcohol, isopropanol and ethyl acetate were chosen as the 
solvents. First, the ZnO-Ag NRs hybrids were further modified 
with 4-ATP through the formation of Ag-S bonds by immersing 
the hybrids in very dilute 4-ATP alcoholic solution (1×10-9 M). 
The Raman signal of 4-ATP molecules was very faint due to an 65 

extremely low number of molecules at these dry arrays. If a 
droplet of 5 μL ethanol was added onto the identical NR arrays, 
ethanol could completely permeate into the interspaces of the top-
closed NRs (inset of Figure 2a) and the Raman spectra were 
recorded as shown in Figure 2a. Interestingly, with the 70 

evaporation of ethanol, the enhanced Raman signals of 4-ATP 
gradually appeared after ∼25 s and achieved the strongest value 
at ∼65 s (Figure 2a). Following, the enhanced signals kept the 
equivalent intensity for definite time from ∼85 s to 125s, and 
finally disappeared after the evaporation finished. These 75 

temporally spectral evolutions confirmed that the capillary force 
from the ethanol evaporation induced the self-approaching of 
ZnO-Ag NRs hybrids to form the hot spots, making the Raman 
signals of 4-ATP well detected. Besides, a same volume droplet 
of other solvents such as acetone, methyl alcohol, isopropanol, 80 

ethyl acetate and ultrapure water were also added onto the dry 
ZnO-Ag NR hybrids, respectively (Figure S11-S15). The solvent 
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volatilization speed of acetone and methyl alcohol was much 
higher than that of ethanol. Therefore, the best scan-time was 
hard to be confirmed before the solvent volatilization process 
finished (Figure S11-12). There were much lower Raman signal 
of 4-ATP observed with the increase of observed time using 5 

isopropanol, ethyl acetate, and water as solvents due to the slow  
 

 

Figure 3 a) Raman responses of 4-ATP-functionalized ZnO-Ag 
hybrids with the presence of TNT at different concentrations: 10 

1×10-7 to 1×10-13 M; b) The corresponding calibration curve for 
SERS intensity versus –log [TNT], in which the SERS intensities 
were recorded at 1430cm-1. 
 
volatilization rate (Figure S13-S15). In addition, the measurement 15 

of contact angle revealed a highly hydrophobic feature of the NR 
arrays for water (inset microscopic image of Figure S15). In 
contrast, other solvents could completely permeate into the 
interspaces of the ZnO-Ag NRs hybrids (inset of Figure S11-S14). 
Considering the factors of solvent evaporation rate and surface 20 

tension of different solvent, the collection time and the 
enhancement intensity of Raman peaks, ethanol was the most 
suitable solvents for formation capillarity-constructed reversible 
SERS hot spots during molecule detection.  

Additionally, the stability of the ZnO-Ag NRs hybrid SERS 25 

substrates was evaluated. The lengths of 1.5 m ZnO-Ag hybrids 
combining with ethanol as solvent were chosen. All R6G Raman 
spectra were obtained from 15 random points on the same piece 
of SERS substrate. The similar Raman spectra demonstrate the 
good signal reproducibility of this composite structure, and the 30 

relative standard deviation (RSD) of major R6G characteristic 
SERS peaks were calculated to evaluate the reproducibility of 
SERS signals. As shown in Figure S16, S17, it was revealing 
almost the same intensity for each characteristic band of R6G. 

The maximal RSD value of signal intensities of major SERS 35 

peaks was observed to be below 0.25, indicating that ZnO-Ag 
NRs hybrid SERS substrates had a good reproducibility across 
the entire area. The experimental results indicated that the 
flexible ZnO-Ag NRs could be used as highly sensitive, 
reproducible and reliable substrates for Raman practical 40 

applications. 
Inspired by the huge SERS performance induced by the 

capillary force of solvent evaporation, the next goal was to 
explore the applications in practical molecule detection. When 
1×10-13M TNT alcoholic solution was added onto the 1.5 m 45 

ZnO-Ag hybrids, it was surprising that the Raman signals of 4-
ATP were violently enhanced (Figure 2b). The strongest signal 
intensity at 1430 cm-1 after ∼45 s was∼3.55 times stronger than 
that obtained by the addition of pure ethanol (Figure 2c). It was 
because that the - conjugated structures between TNT and 4-50 

ATP could effectively promote the electronic transfer, leading to 
the enhanced Raman signals by chemical mechanism (CM) 
enhancement (Figure S18-19).18, 21 Similarly, the Raman signals 
of 4-ATP gradually disappeared with the evaporation of solvent 
finished. Based on the above results, the best measuring 55 

conditions for the detection of TNT were thus set at the volume 
of a 5 μL analyte droplet, data recorded at ∼65 s after the 
addition of the liquid droplet, and the use of a 5 mW and 2 μm 
laser beam. Raman spectra of 4-ATP-functionalized ZnO-Ag 
hybrids with the presence of TNT at different concentrations 60 

were recorded (Figure 3a). The error bar line was shown in 
Figure 3b, the Raman intensity of PABT obviously increased 
with TNT concentrations from 100 fM to 0.1 μM and exhibited a 
correlation coefficient R = 0.9913 at the range of 100 fM to 10 
pM. Even in the case of 40 fM TNT, the Raman signal of PABT 65 

was 1.26-fold stronger than that by the addition of blank ethanol, 
and thus a detection limit of 4 ×10-14 M TNT was reached (Figure 
S20-21).  

Then, Raman spectra were obtained from TNT in the gas phase 
in the following manner.22  The identical ZnO-Ag hybrid NR 70 

array SERS substrate was placed at the outlet of the pipe for 3 
min where after a Raman spectrum was recorded. Then, a 5μL 
droplet of ethanol was added onto this hybrids SERS substrate, 
the clear enhancement of Raman spectra from a gradual increase 
to a gradual decrease were again observed, and the strongest 75 

signal intensity at 1430 cm-1 after ∼45 s was ∼7-times stronger 
than that from the pure 4-ATP Raman intensity in the same 
condition. The enhancement of 4-ATP Raman spectra was 
completely attributed to the contribution of ultratrace TNT, in 
solution or gas phase. After the substrate drying, we repeated 80 

adding ethanol for 4 times and recorded the Raman spectrum for 
5 cycles. As shown in Figure 4, it was clear indicated that the 
ZnO-Ag NRs driven through the capillary force of solvent 
evaporation and formation highly SERS activity. Once the ZnO–
Ag NRs hybrids substrate was enriched of TNT, just as been 85 

marked, this substrate could inform the existence of TNT even in 
5 detection cycles through capillarity-constructed reversible hot 
spots approach. These measurements strongly demonstrated that 
4-ATP-modified ZnO–Ag NRs hybrids could be used as a 
promising SERS platform for sensitive TNT detection.  90 

On the platform of 4-ATP-modified ZnO-Ag NRs hybrids, the 
mechanism for TNT-induced resonance Raman enhancement of  
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Figure 4 (a) Cyclic detection of 4-ATP Raman intensity at 1430 
cm-1 after collection TNT vapor for 3 min, a 5μL droplet of pure 
ethanol was added onto this ZnO-Ag NRs hybrids SERS 
substrate before a Raman spectrum was recorded. Following the 5 

dryness of TNT ethanol, 5μL droplet of pure ethanol was added 
on the substrate and detected. (b) The temporal evolution of 
corresponding Raman intensity at 1430 cm-1 of (a). 
 
4-ATP was proposed. As shown in Scheme 1, once the NR 10 

hybrids were exposed to ethanol, the ZnO NRs lean to form hot 
spots with the analyte molecules trapped between the top-closed 
NRs as the solvent evaporates from the arrays. The number of 
formed hot spots made it very likely that the TNT molecules 
would be located in a large number of hot spots giving rise to a 15 

large average Raman signal. Meanwhile, the - conjugated 
structures between TNT and 4-ATP could enhanced Raman 
signals by chemical mechanism (CM) enhancement (Figure S18-
19).18, 21 Thus the enhancement of the 4-ATP Raman signals 
mainly originated from the resonances of the molecular bridge 20 

with both incident laser and surface plasma, with the aid of 
Raman hot spots formed by the self-approaching of the long 
flexile NRs hybrids. To further ascertain the recognition 
selectivity of the 4-ATP-modified ZnO–Ag platform, we 
prepared other structurally similar nitrated-explosive detection 25 

systems (10-9 M in ethanol) such as picric acid (PA), 2-
nitrotoluene (NT), and m-dinitrobenzene (DNB), and 2, 4- 
dinitrotoluene (DNT) (Figure 5 and Figure S22). It could be seen 
that compared with TNT, weaker Raman enhancements were 
observed for PA, DNT, DNB, and NT. In addition, the peak 30 

intensity at 1430 cm-1 was about 7.86 times stronger than that 
obtained without TNT (Figure 5a). However, other explosives 
were less than 2.5 times enhanced when acted with 4-ATP at the 
same condition. Moreover, the UV-vis spectrum did not show 

any visible absorption when DNB, DNT and PA was mixed with 35 

4-ATP in solution, suggesting that DNB, DNT and PA could not 
likely form the effective charge-transfer complexing 
chromophore with 4-ATP (Figure 5b). All these experiments 
indicated that the 4-ATP-functionalized ZnO–Ag NRs hybrids 
provided an effective SERS platform for TNT detection with 40 

good sensitivity, reproducibility, and selectivity. 
 

a

b

 

Figure 5. (a) Comparison of the SERS intensity (1430 cm-1) of 
different explosives with the same concentration of 10-9 M in 45 

ethanol, (I was SERS intensity of 4-ATP interacted with 
explosives, and I0 was SERS intensity of 4-ATP); (b) UV-vis 
absorption spectra of TNT, 4-ATP, TNT and 4-ATP complex, PA 
and 4-ATP complex, DNT and 4-ATP complex, DNB and 4-ATP 
complex, NT and 4-ATP complex. The UV-vis spectra in solution 50 

were obtained using ethanol with pH about 6.94 as the solvent at 
room temperature with a path-length of 1cm. 

As we all known, Ag was recognized as one of the best surface 
enhanced Raman active material. However, the Ag-based 
nanomaterials would be easily oxidized gradually in air, as 55 

oxygen molecules could be absorbed onto the substrate surface 
and capture electrons from Ag atoms, leading to the oxidation of 
the surface Ag atoms to Ag+ ions. This would result in a loss of 
the hot spots and inactivation of the SERS substrate as a layer of 
silver oxide formed on the surfaces of these Ag nanomaterials 60 

(Scheme S1). And it was the most important reason why the Ag 
materials were limited in practical applications.18 As a result, the 
reactivation of such an inactive substrate would be essential for 
practical SERS detection applications. Consequently, a hybrids 
substrate that was kept in dark air for a month was examined. It 65 

first yielded poor SERS signals (Figure 6a). However, when the 
substrate was irradiated with UV light, the ZnO NRs could  
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Figure 6 (a) SERS spectra of self-reviving substrates to detect 
TNT (1×10-12 M). The integration time is 5s; (b) curve (1) the as-
prepared ZnO-Ag NRs hybrids substrate 1 of SERS spectra of 
probe 4-ATP; curve (2) kept substrate 1 in dark air for a month; 5 

curve (3) after irradiating with UV light for 5min for the substrate 
1 in curve (2), then used this self-reviving substrate 1 to detect 
TNT (10-12 M) in ethanol. The integration time was 5s; (c) 
Comparison of the SERS intensity (1430 cm-1) of five self-revive 
substrate and new as-prepared substrate with the same TNT 10 

detection condition of 10-12 M in ethanol. (I was SERS intensity 
of 4-ATP interacted with TNT, and I0 was SERS intensity of 4-
ATP). 
 
absorb light in a particular region, and the excited electrons were 15 

eventually absorbed by the surface Ag+ ions, reducing the Ag+ 
ions to Ag atoms and reactivating the SERS inactive Ag-
decorated ZnO substrate. It was clearly demonstrated that UV 
light irradiation could effectively and rapidly revive the hot spots 
of the SERS-inactive Ag-decorated ZnO substrate.18 To evaluate 20 

the reproducibility of the self-reviving substrates, five substrates 

made from different batch were kept in dark air for a month, then 
revived under UV light and used as substrates to examine TNT 
(10-12 M) for comparison (Figure 6, Figure S23). The average 
deviation of peak height of the self-reviving substrates at 1430 25 

cm-1 was 6.27%. In addition to the good self-revive 
reproducibility, five substrates displayed stable and high SERS 
enhancements in TNT detection. As shown in Figure S24, the 
distinct bands could be still easily identified in the Raman spectra 
even at the low concentration of 10-12 M by five self-revive 30 

substrates after 1 month. Moreover, the different self-reviving 
substrates were used for R6G, 4-ATP and TNT detection (Figure 
S23-S29). It should be noted that neither a shift in the major 
Raman peaks nor a significant change in Raman intensity 
occurred in SERS spectra from the substrate putted in dark 35 

cabinet for 30 days, revealing that the as-prepared substrate was 
stable for at least a 30-day period. This long-term stability in dark 
is of great importance for handling and storing the SERS-active 
substrates in practical applications.  

Conclusion 40 

In this paper, we reported for the first time the application of 
self-reviving SERS-active NR-shaped ZnO-Ag hybrids SERS 
substrates for the highly sensitive and selective detection of 
explosive TNT by the simple and efficient self-approaching 
strategy. During the detection, the self-approaching of the ZnO-45 

Ag hybrids driven by the capillary force of solvent evaporation 
could efficiently and spontaneously induce the formation of 
reversible Raman hot spots. Different with other Ag-based SERS 
sensor, this SERS sensor could rapidly revive the hot spots of the 
SERS-inactive by simple UV light irradiation and keep stable 50 

SERS-active ability within 1 month. Furthermore, the SERS 
substrate could be employed for both liquid and gas phase TNT 
detection. The stable and ultrasensitivity SERS substrate 
demonstrates a new route to eliminate the oxidized inactive 
problem of traditional Ag-based SERS substrates and suggests 55 

promising applications of such hybrids as real-time online sensors 
for explosives detection. Further studies on the exploitation of 
other substrates for SERS applications are underway. 
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