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-boosted high efficiency photo-
induced charge transfer for remarkable SERS
activity of ZnO nanosheets†

Jie Lin,‡a Jian Yu,‡b Ozioma Udochukwu Akakuru, a Xiaotian Wang, *b Bo Yuan,a

Tianxiang Chen,*a Lin Guo*b and Aiguo Wu *a

Improving the photo-induced charge transfer (PICT) efficiency is the key factor for boosting the surface-

enhanced Raman scattering (SERS) performance of semiconductor nanomaterials. Introducing plentiful

surface defect states in porous ZnO nanosheets (d-ZnO NSs) effectively provides additional charge

transfer routes for highly efficient PICT within the substrate–molecule system. Significantly, an

interesting phenomenon of low temperature-boosted SERS activity of these d-ZnO NSs is consequently

observed. The enhanced SERS activity can be attributed to the efficient PICT processes due to the

significant reduction of non-radiative recombination of surface defects at a low temperature. This is

carefully investigated through combining in situ low-temperature SERS measurements with

temperature-dependent photoluminescence (PL) emission spectroscopy. Our results clearly

demonstrate that the weakened lattice thermal vibration at a low temperature effectively suppresses the

phonon-assisted relaxation and reduces carrier traps, resulting in the increase of PL intensity. The

decreased traps of photo-induced electrons at surface defect states effectively facilitate the PICT

efficiency within the substrate–molecule system. An ultrahigh enhancement factor of 7.7 � 105 and low

limit of detection (1 � 10�7 M) for a 4-mercaptopyridine molecule at a temperature of 77 K are

successfully obtained. More importantly, the low temperature-enhanced SERS effect is also obtainable in

other metal oxide semiconductors, such as d-TiO2 and d-Cu2O nanoparticles. To the best of our

knowledge, this is the first time the low temperature-boosted SERS activity of semiconductors has been

observed. This study not only provides a deep insight into the chemical SERS mechanism, but also

develops a novel strategy for improving semiconductor SERS sensitivity. The strong SERS activity at a low

temperature reported here may open new avenues for developing non-metal SERS substrates with new

functionalities, especially for the research on cryogenic sensing and hypothermal medicine.
Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy has
attracted extensive attention in numerous research elds due to
its fascinating advantages, including extremely high sensitivity,
a non-destructive label-free detection mode, and molecular
ngerprint features.1–6 The SERS enhancement mechanism of
noble metals (for example, Au, Ag, and Cu) primarily relies on
the oscillations of free electrons in metals that could couple
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20
with the illuminated electromagnetic eld, also called the
surface plasmon resonance (SPR) mechanism.7,8 The huge
electromagnetic enhancement excited by the SPR mechanism
could produce tremendous SERS enhancement factors (EFs)
and greatly increase the SERS sensitivity, even fullling the
requirement of single molecule detection.9,10 For semi-
conductor materials, the charge transfer resonance efficiency is
largely dependent on energy level overlap between the SERS
substrate conduction/valence band and adsorbate HOMO/
LUMO under incident light,11 which plays a major role in
SERS-active semiconductor substrates. Energy level overlap and
vibrational coupling resonance in semiconductor–molecule
SERS systems can effectively increase molecular polarizability
and amplify Raman scattering cross-section of probe mole-
cules.12 The excitation wavelength of choice for semiconductor–
molecule SERS systems is greatly dependent on the vibrational
coupling modes of the photo-induced charge transfer process.
For semiconductor-based substrates, the features of selective
SERS enhancement,13 high spectra reproducibility,14 good
This journal is © The Royal Society of Chemistry 2020
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biocompatibility,15 and controllable surface modiability,16,17

endow semiconductor materials with unique advantages for
a wide range of practical applications. However, relatively weak
EF is a major obstacle for semiconductor SERS substrates to
serve as ideal high-sensitivity chemical sensors. Many strategies
have been proposed to effectively improve the PICT process,
including three general chemical methods of element doping,18

element extraction19 and morphology design.20 In these cases,
the surface properties of the semiconductor materials are
modulated to promote the photo-induced electron transition
efficiency by increasing the electron concentration or providing
additional transition pathways to facilitate the electron transi-
tion possibility. Introducing plentiful surface defects in semi-
conductor materials is also an effectual strategy to boost the
SERS performance of semiconductor substrates.21,22 Recently,
amorphous semiconductor materials have been reported with
signicant PICT transitions in substrate–molecule systems
benetting from metastable electronic states.23–25

To improve the PICT efficiency within the substrate–mole-
cule system, researcherse mainly focus on increasing the charge
transfer pathways and vibronic coupling, while much less
attention is channeled toward the non-radiative recombination
of excitons, which will essentially deteriorate the PICT transi-
tions. Thus, developing a facile strategy to overcome this vital
issue is urgent. Low temperatures can effectively weaken the
lattice thermal vibration and suppress phonon-assisted relaxa-
tion, thereby reducing the phonon-assisted non-radiative
recombination.26 In this regard, temperature-dependent
phonon relaxation has been explored in previous studies. For
instance, Lounis et al. indicated that FAPbBr3 perovskite
nanocrystals display an intense exciton emission due to the
extremely reduced phonon-assisted radiation,27 which was
investigated via low-temperature photoluminescence (PL)
spectroscopy. Herz et al. reported that charge-carrier mobility of
FASnI3 lms is boosted about 7 times at an extremely low
temperature, which is assisted by the reduced interactions with
phonons.28 Mahamuni et al. observed that CsPbCl3 nanocrystals
possess obviously enhanced defect-related electron emission by
the low-temperature PL due to reduced carrier traps, resulting
in an excitonic super-radiance effect.29 These studies demon-
strated that surface defect-related electron transfer in semi-
conductors can be effectively promoted at low temperatures.
Therefore, using low temperature conditions may provide
a promising strategy to facilitate the PICT process efficiency,
and effectively improve the SERS activity of semiconductor
substrates.

Inspired by the above-mentioned valuable discoveries, we
successfully realized low temperature-boosted PICT transitions
by effectively suppressing non-radiative recombination, which
enabled an obviously enhanced SERS activity for semi-
conductors, such as ZnO, TiO2 and Cu2O nanomaterials. ZnO
nanoparticles (NPs) have been proven to be one of the prom-
ising candidates among semiconductor SERS substrates, and
here we take porous ZnO nanosheets (NSs) as an optimal plat-
form to illustrate the low temperature-enhanced Raman scat-
tering effect. Porous ZnO NSs enriched with abundant surface
defect states (d-ZnO NSs) are successfully synthesized by a self-
This journal is © The Royal Society of Chemistry 2020
assembly strategy and demonstrate a remarkable SERS activity
with an EF of 7.7 � 105 at a low temperature of 77 K. Surface
defect states are in favor of introducing additional charge
transfer routes to obtain highly efficient PICT resonances within
the d-ZnO NS–molecule complex. Moreover, the low-
temperature SERS condition provides an ideal environment to
weaken lattice thermal vibration and reduce phonon-assisted
relaxation, resulting in the increase of photo-induced elec-
trons for highly efficient PICT transitions within the d-ZnO NS–
molecule system. The increase of photo-induced electrons on
defect energy levels is clearly observed from the low-
temperature PL emission spectra. Furthermore, an obvious
low temperature-boosted SERS activity is conrmed via in situ
low temperature-SERS measurements of several probe mole-
cules by using d-ZnO NSs. Signicantly, this strategy of low-
temperature SERS is also applicable to other semiconductor
substrates, such as d-TiO2 and d-Cu2O NPs. To the best of our
knowledge, this is the rst evidence of using low-temperature
conditions to effectively facilitate the interfacial PICT effi-
ciency and obtain an ultrahigh SERS activity of semiconductors.
We believe that the study presented herein will open a new
frontier for optimizing and realizing high-sensitivity semi-
conductor substrates, which opens new avenues for the study of
cryogenic sensing and hypothermal medicine.

Results and discussion

Based on the Herzberg–Teller coupling rule,30,31 the effective
charge transfer process contributing to the SERS effect is mainly
dominated by the two electron transitionmodes: photo-induced
electron transfer from molecular ground states (|Ii) to the
semiconductor conduction band (CB) states (|Ci) via the tran-
sition moment mIC, and from the semiconductor valence band
(VB) states (|Vi) to molecular excited states (|Ki) via the transi-
tionmoment mVK. The feature of a large band gap severely limits
several vibronic coupling modes in ZnO–molecule systems
according to the thermodynamic rule in the PICT process.32,33

Introducing surface defect states (|Si) in ZnO NSs by a chemical
synthesis strategy can effectively improve the PICT transition
possibility via the additional transition moment, mVS, mSK, and
mIS under laser illumination as illustrated in Fig. S1.† The
numerous surface defect energy levels can serve as a spring-
board to assist the PICT transitions within the substrate–
molecule system.

Photo-induced electrons participating in the PICT process
are derived from the separation of excitons. However, exciton
separation is partly suppressed by the phonon-assisted non-
radiative recombination, which is caused by the lattice
thermal vibration. Photo-induced electrons located at the defect
states will easily undergo a phonon-assisted thermal recombi-
nation, which will deteriorate the PICT efficiency. A low-
temperature environment can effectively reduce the lattice
thermal vibration and decrease the phonon generation, thereby
reducing the non-radiative recombination of excitons and
increasing the number of photo-induced electrons to partici-
pate in the PICT transitions. Therefore, low-temperature SERS
conditions might provide a promising strategy to suppress
Chem. Sci., 2020, 11, 9414–9420 | 9415
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Fig. 2 (a and b) TEM images of porous d-ZnO NSs. (c) The HRTEM
image recorded on the framed area in (b). (d) The corresponding SAED
pattern. (e) HAADF-STEM image and (f and g) corresponding elemental
maps of O and Zn of the porous d-ZnO NSs.
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phonons and promote electron transfer from surface-defect
states to molecular excited states (transition moment: mSK)
under laser illumination, as shown in Fig. 1. The facilitated
photo-induced electron transfer pathways within the ZnO–
molecule complex could signicantly enhance the PICT transi-
tions and help realize a remarkable SERS activity of d-ZnO
nanostructures.

In order to conrm this hypothesis, we performed in situ low
temperature-dependent SERS measurements by using d-ZnO
nanomaterials as the platform, due to their strong SERS
activity. The synthesis of porous d-ZnO NSs based on liquid
phase synthesis routes follows our previous report with minor
modications,34 and details of the synthesis process are given in
the ESI.† Porous d-ZnO NSs exhibit a regular parallelogram
morphology with obvious edges and corners. Typically, the size
and thickness of porous d-ZnO NSs are �300 and 20 nm,
respectively, which are determined via the transmission elec-
tron microscopy (TEM) images shown in Fig. 2a and b. Porous
d-ZnO NSs are generated by numerous randomly arranged ZnO
NPs (�20 nm), which are employed as the building blocks in the
self-assembly synthetic approach (Fig. S2†). Owing to the lattice
fusion of neighboring ZnO NPs, abundant surface defect states
are formed in the d-ZnO NSs shown in Fig. S3.† It can be clearly
seen that the adjacent lattice fringes of d-ZnO NSs are 0.28 and
0.26 nm, which correspond to the lattice constants of the (100)
and (002) planes of wurtzite-type hexagonal ZnO, respectively
(Fig. 2c). In addition, the concentric rings assigned to the (100),
(002), (101), (110), and (103) lattice planes can be easily dis-
cerned in the selected area of the electron diffraction (SAED)
pattern (Fig. 2d), matching well with the X-ray diffraction (XRD)
pattern (Fig. S4†), which veries the wurtzite ZnO phase of these
NSs (JSPDS 79-2205). The high-angle annular dark-eld STEM
(HAADF-STEM) image (Fig. 2e) and elemental maps (Fig. 2f and
g) clearly demonstrate that the Zn and O atoms are distributed
homogenously on the NSs.

The morphological advantage of the porous structure of d-
ZnO NSs is benecial to light harvesting and molecule adsorp-
tion due to the large surface area (96.5 m2 g�1) shown in
Fig. S5a.† It is conceivable that the target molecules are adsor-
bed on the d-ZnO NS SERS substrate through chemical bonding
Fig. 1 The competitive relationship between the photo-induced
electrons on surface defect states for PICT transitions and phonon-
assisted non-radiative recombination in the semiconductor–molecule
system at low and high temperatures, respectively.

9416 | Chem. Sci., 2020, 11, 9414–9420
and the electrostatic adsorption effect.6,16,22 The pore size
distribution of d-ZnO NSs is relatively uniform, and the length
scale of the pores ranges from 2 to 8 nmwith an average value at
4 nm (Fig. S5b†), which is benecial for providing high and
uniform SERS activity. The SERS spectra of 4-mercaptopyridine
(4MPY) and 4-aminothiophenol (4ATP) molecules adsorbed on
d-ZnO NSs are obtained under different laser illuminations as
shown in Fig. S6.† The results demonstrate that the SERS
intensities of the 4MPY molecule (1119 cm�1: C–S stretching
modes, 1324 cm�1: C–H stretching vibration modes, 1595 cm�1:
C]C phenyl ring vibration modes)35 and 4ATP molecule
(1095 cm�1: C–S stretching vibration modes, 1149 cm�1: C–H
stretching vibration modes, 1392 and 1440 cm�1: d(C–H) + d(C–
C) stretching vibration modes, 1588 cm�1: C]C stretching
mode of the benzene ring)36 excited with a 532 nm laser are
clearly stronger than those at 633 and 785 nm. The appreciable
SERS vibration peak shis of probe molecules adsorbed on d-
ZnO NSs compared to the normal Raman peak are derived
from stronger semiconductor–molecule interactions.6,23 Charge
transfer resonance, chemical bonding, and the electron level
vibration coupling effect that occur in semiconductor–molecule
SERS systems can signicantly change the electromagnetic
environment of the probe molecule, which leads to an obvious
peak shi of the molecular Raman vibration modes. Motivated
by the PL emission spectrum (Fig. S7†), the result clearly shows
that the band gap emission of ZnO NSs is �375 nm (3.31 eV).
The obvious PL peak induced by surface defects is at �600 nm
(2.07 eV), thus the energy level position of surface defect states
is �2.07 eV higher than that of the VB edge. Therefore, it is
obvious that a more facile and efficient PICT process promoted
by surface defect states can be obtained in a d-ZnO NS–molecule
system illuminated by a 532 nm laser (2.33 eV), rather than
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) PL emission spectra of porous d-ZnO NSs acquired at
different temperatures. Laser wavelength: 325 nm; laser power: 1 mW;
lens: 40� near ultraviolet objective; acquisition time: 2 s. (b) Oxygen
vacancy defect-induced PL peak (�600 nm) emission intensity of
porous d-ZnONSs, and the SERS peak (613 cm�1) of the R6Gmolecule
on d-ZnO NSs at different temperatures. (c) SERS spectra of R6G,
4MPY, CV, andMBmolecules adsorbed on d-ZnONSs at temperatures
of 77 K and 293 K, respectively. Laser wavelength: 532 nm; laser power:
0.5 mW; lens: 50� objective; acquisition time: 2 s.
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633 nm (1.96 eV) and 785 nm (1.58 eV), resulting in the increase
of molecular polarizability.37 The SPR position of d-ZnO NSs is
not in the 400–800 nm light region, which is conrmed from the
UV-Vis absorption spectrum (Fig. S8†), ruling out the SPR effect
in the ZnO NS SERS substrate. Note that the effect of intrinsic
molecular resonance is ruled out, as 4MPY and 4ATP molecules
are non-resonant in the visible light region (Fig. S9†). New
Raman peaks of the 4MPY molecule appear at 1020, 1245, 1324,
and 1595 cm�1 and new vibration peaks of the 4ATPmolecule at
990, 1392, and 1440 cm�1 are categorized as non-totally
symmetric modes (b2 modes).23 According to the Herzberg–
Teller rule, the selectively enhanced b2 modes in d-ZnO NSs are
derived from the charge transfer mechanism,38,39 and the
feature of selective enhancement of d-ZnO NSs is a unique
advantage for identifying targeted molecules in a complex
system. The limit of detection values for 4MPY, Crystal Violet
(CV), and Rhodamine 6G (R6G) molecules adsorbed on d-ZnO
NSs are 1 � 10�6 M, 2 � 10�7 M, and 1 � 10�7 M, respec-
tively, indicating the good SERS activity of d-ZnO NSs at room
temperature (Fig. S10†).

As the number of photo-induced electrons participating in
the PICT process can be severely decreased by phonon-assisted
non-radiative recombination,27 weakening of lattice thermal
vibration under low-temperature conditions could effectively
reduce the phonon-assisted relaxation and provide efficient
PICT transitions within the substrate–molecule system. For
steady-state conditions, the number of electrons (N(T)) at defect
states is determined using eqn (1), as a function of temperature
T:40–42

NðTÞ ¼ N0

1þ ðs=s0Þe�Edefect=kT
(1)

In the expression, k is the Boltzmann constant, s is the exciton
lifetime exceeding 100 ps, and N0 is the number of electrons
when the temperature is 0 K. s0 is regarded as the effective
scattering time. Edefect represents the activation energy, which
describes the energy of defect states. For a semiconductor
substrate, SERS enhancement (IRaman) is determined by the
Raman scattering cross section (sRads) of the adsorbed molecule:
IRaman f sRads. According to eqn (1), the number of electrons on
surface defect states is determined by the surface defect energy
level (Edefect) and temperature (T). The number of photo-
induced electrons at defect states can be largely increased
with the decreased temperature due to the low temperature-
reduced phonon-assisted non-radiative recombination. This
effect will signicantly promote PICT transition possibility from
the semiconductor to probe molecule and increase the molec-
ular Raman scattering cross section (sRads),25,43 as exhibited in
eqn (2). Thus, low temperature will play a signicant role in
facilitating an efficient charge transfer process, magnifying the
Raman scattering cross-section (sRads), and enabling remarkable
SERS enhancement (IRaman), according to eqn (3).

sR
adsf

N0

1þ ðs=s0Þe�EA=kT
fN0e

EA=kT (2)

IRaman f 1/T (3)
This journal is © The Royal Society of Chemistry 2020
Accordingly, the favorable PICT efficiency of the d-ZnO NSs–
molecule surface complex can be boosted by the suppressed
phonon-assisted relaxation at a low temperature, which is
benecial to obtain a remarkable SERS EF. To verify this, we
carefully performed PL emission spectroscopy, which is a useful
tool for measuring the band gap, surface defect energy level,
photo-induced electron concentration, and impurity element of
semiconductor materials.44 The PL emission spectra of d-ZnO
NSs are obtained under different temperature conditions in
situ (Fig. 3a), and the oxygen vacancy defect-induced PL peak
(�600 nm)22 intensity is dramatically enhanced with the
decrease of temperature. The PL emission peak intensity of
oxygen vacancy defect states at a low temperature (77 K) is
obviously increased by �3 fold compared to the intensity at
room temperature (293 K). This clearly indicates that the
number of photo-induced electrons on the surface defect energy
level is greatly increased due to the effectively suppressed
phonon-assisted non-radiative recombination and the reduced
carrier traps at a low temperature. The decrease of trapped
photo-induced electrons at surface defect states will facilitate
the charge transfer process from d-ZnO NSs to molecules under
laser illumination, suggesting an effective strategy for
promoting PICT transitions and magnifying the molecular
Raman scattering cross-section.

To explore the mechanism of the low temperature-assisted
and highly efficient PICT process between the d-ZnO NSs and
probe molecule, the temperature-dependent SERS experiment
was carefully performed in situ. The results demonstrate that
the Raman vibration peak intensities of the R6G molecule
gradually increase with decreasing temperature from 293 K to
Chem. Sci., 2020, 11, 9414–9420 | 9417
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77 K, as shown in Fig. S11.† The C–H out-of-plane bending
vibration peak intensity (613 cm�1; b2 mode)45 of the R6G
molecule adsorbed on d-ZnO NSs at different temperatures is
shown in Fig. 3b. The Raman vibration mode intensity is
enhanced �4 times at a low temperature compared to that at
room temperature, which is consistent with the strongly
enhanced oxygen vacancy PL emission peak at a low tempera-
ture (Fig. 3b). SERS spectra comparison of the 4MPYmolecule (1
� 10�4 M) on d-ZnO NSs at room temperature (293 K) and a low
temperature (77 K) is shown in Fig. 3c, in which the Raman
vibration signal is obviously boosted. The b2 vibration modes
(1072 and 1123 cm�1) exhibit the largest EF in the d-ZnO NS–
4MPY system, illustrating that the PICT vibrational coupling
has been signicantly promoted at low temperature. For the
case of dye molecules adsorbed on d-ZnO NSs, CV and methy-
lene blue (MB) molecules also exhibit a higher SERS intensity at
a low temperature (77 K) than room temperature (Fig. 3c),
indicating that the low-temperature SERS strategy possesses
good universality for magnifying the Raman signal of various
target molecules. The Raman vibrationmodes of the CV andMB
molecules46,47 are discussed in the ESI.†

It is clear that d-ZnO NSs exhibit remarkable SERS sensitivity
with a 1 � 10�7 M limit of detection for the 4MPY molecule at
low temperature (77 K), as shown in Fig. 4a. The Raman
intensity of the probe molecules could be amplied by low
temperature without the ZnO substrate (Fig. S12†), and the
enhancement factor (EF) of 4MPY molecules is 1.47. The cor-
responding EF value for the 4MPY molecule absorbed on d-ZnO
Fig. 4 (a) SERS spectra of the 4MPYmolecule adsorbed on porous d-ZnO
PICT process between d-ZnO NSs and the 4MPY molecule is facilita
comparison of the R6G and CV molecules adsorbed on d-TiO2 (c) and d-
lens: 50� objective; acquisition time: 2 s.

9418 | Chem. Sci., 2020, 11, 9414–9420
NSs at low temperature is estimated to be 7.7� 105 according to
the SERS peak intensity at 1605 cm�1 (details of EF calculations
are discussed in the ESI, Fig. S13a†). The supersaturation
adsorption effect resulting in a falsely high EF has been ruled
out by choosing the 4MPY molecule solution concentration
below 1 � 10�3 M, and the relationship between the 4MPY
concentration and corresponding SERS peak intensity is shown
in Fig. S13b.† Fig. 4b illustrates the facilitated PICT transition
pathways from the d-ZnO NSs to 4MPYmolecules, which should
be attributed to the low temperature-increased photo-induced
electrons in d-ZnO NSs. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy level positions of the 4MPYmolecule are located
at 6.32 and 2.95 eV below the vacuum level, respectively.16 The
PICT transition efficiency from d-ZnO NSs (|Ci or |Si states) to
the LUMO of 4MPY (|Ki state) can be signicantly promoted by
the increased photo-induced electrons on the oxygen defect
energy level, owing to the suppressed phonon-assisted non-
radiative recombination at low temperature. Low temperature-
boosted PICT transitions within the substrate–molecule
system can effectively amplify molecular polarizability and
enhance the Raman intensity. During the measurements from
the normal temperature to low temperature, the crystal phase
change possibility of d-ZnO NSs is excluded by the Raman
spectrum, as shown in Fig. S14.† The Raman spectrum result
demonstrates d-ZnO NSs maintaining the wurtzite phase48 at
a low temperature (77 K), and the Raman vibration modes of d-
ZnO NSs do not have any peak shi compared to that at room
NSs with different concentrationsmeasured at temperature of 77 K. (b)
ted at a low temperature; 532 nm laser illumination. SERS intensity
Cu2O (d) NPs at temperature of 77 K and 293 K. Laser power: 0.5 mW;

This journal is © The Royal Society of Chemistry 2020
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temperature. In addition, Fig. S15† shows the excellent spectral
uniformity and repeatability of d-ZnO NSs.

Signicantly, we further demonstrate that this low
temperature-assisted high-efficiency PICT strategy can be
applicable to general semiconductor nanomaterials, such as d-
TiO2 and d-Cu2O nanomaterials. The characterization data
(TEM images and XRD patterns) of d-TiO2 and d-Cu2O NPs are
shown in Fig. S16,† which are synthesized by a chemical
precipitation method49 (the synthesis process is given in the
ESI†). Fig. S17† demonstrates that the surface defect-induced
PL emission peak (�680 nm) intensities of d-TiO2 and d-Cu2O
NPs are obviously enhanced as the temperature decreases,
indicating more photo-induced electrons on the defect energy
level due to the suppressed phonon-assisted relaxation at low
temperature. Control temperature-dependent SERS measure-
ments of four d-TiO2@R6G, d-TiO2@CV, d-Cu2O@R6G, and d-
Cu2O@CV surface complexes are performed at low and room
temperatures, respectively, as shown in Fig. 4a and b. The SERS
signals of the R6G and CV molecules on d-TiO2, and d-Cu2O
substrates are undoubtedly boosted at a low temperature (77 K),
which are ascribed to the increased number of photo-induced
electrons participating in the PICT process. These results
further conrm that the charge transfer efficiency from d-TiO2

(d-Cu2O) NPs to probe molecules is explicitly facilitated at low
temperature. Based on the obviously enhanced SERS activity of
d-ZnO, d-TiO2, and d-Cu2O NPs, the low temperature-SERS
strategy is established to be a facile approach to achieve
a high PICT efficiency in semiconductor–molecule systems. The
above analysis clearly demonstrates that the universality of the
proposed low-temperature SERS strategy can be applicable to
other types of semiconductors.

Conclusions

Porous d-ZnO NSs with abundant surface defects have been
successfully synthesized as an ideal sample to illustrate a highly
efficient PICT process from the substrate to molecule at a low
temperature. The facilitated PICT process is dominated by the
increased number of photo-induced electrons due to the
signicant reduction of phonon-assisted non-radiative recom-
bination at low temperature. The increased number of photo-
induced electrons on the surface defect states of d-ZnO NSs is
veried through low-temperature PL emission spectroscopy,
and the temperature-dependent SERS activity of d-ZnO NSs is
measured in situ. The PL intensity of the oxygen vacancy is
obviously enhanced due to the suppressed phonon-assisted
relaxation and carrier traps at a low temperature, and the
decrease of trapped photo-induced electrons at surface defect
states effectively facilitates PICT within the d-ZnO–molecule
system. Plentiful surface defect states and the low temperature
synergistically endow porous d-ZnO NSs with remarkable SERS
activity and an EF of 7.7 � 105. The results of this study estab-
lish that the new low temperature-based strategy could facilitate
the PICT transitions and boost semiconductor SERS activity.
Interestingly, the proposed strategy is also applicable to other
semiconductor nanomaterials, such as d-TiO2 and d-Cu2O NPs,
demonstrating the excellent expandability and universality of
This journal is © The Royal Society of Chemistry 2020
this facile approach. Finally, the low temperature-boosted high-
efficiency PICT strategy not only provides an important insight
into the chemical mechanism but also guides further develop-
ments for exploring high SERS-active semiconductor substrates.
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M. Pan, M. A. Pimenta and M. Terrones, Sci. Adv., 2016,
2(7), e1600322.

6 I. Alessandri and J. R. Lombardi, Chem. Rev., 2016, 116(24),
14921–14981.

7 D. L. Jeanmaire and R. P. Vanduyne, J. Electroanal. Chem.,
1977, 84, 1–20.

8 M. G. Albrecht and J. A. Creighton, J. Am. Chem. Soc., 1977,
99(15), 5215–5217.

9 S. Nie and S. R. Emory, Science, 1997, 275(5303), 1102–1106.
10 J. F. Li, Y. J. Zhang, S. Y. Ding, R. Panneerselvam and

Z. Q. Tian, Chem. Rev., 2017, 117(7), 5002–5069.
11 Z. Zheng, S. Cong, W. Gong, J. Xuan, G. Li, W. Lu, F. Geng

and Z. Zhao, Nat. Commun., 2017, 8, 1993.
12 X. T. Wang, W. S. Shi, G. W. She and L. X. Mu, J. Am. Chem.

Soc., 2011, 133(41), 16518–16523.
13 L. Yang, Y. Peng, Y. Yang, J. Liu, H. Huang, B. Yu, J. Zhao,

Y. Lu, Z. Huang, Z. Li and J. R. Lombardi, Adv. Sci., 2019,
6(12), 1900310.

14 Q. Zhang, X. Li, Q. Ma, Q. Zhang, H. Bai, W. Yi, J. Liu, J. Han
and G. Xi, Nat. Commun., 2017, 8, 14903.
Chem. Sci., 2020, 11, 9414–9420 | 9419

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc02712j


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 3

:2
5:

12
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
15 J. Lin, W. Ren, A. Li, C. Yao, T. Chen, X. Ma, X. Wang and
A. Wu, ACS Appl. Mater. Interfaces, 2020, 12(4), 4204–4211.

16 W. Ji, L. Li, W. Song, X. Wang, B. Zhao and Y. Ozaki, Angew.
Chem., Int. Ed., 2019, 58, 1–6.

17 J. Lin, W. Hao, Y. Shang, X. Wang, D. Qiu, G. Ma, C. Chen,
S. Li and L. Guo, Small, 2018, 14(8), 1703274.

18 X. X. Xue, W. D. Ruan, L. B. Yang, W. Ji, Y. F. Xie, L. Chen,
W. Song, B. Zhao and J. R. Lombardi, J. Raman Spectrosc.,
2012, 43(1), 61–64.

19 I. Alessandri, J. Am. Chem. Soc., 2013, 135(15), 5541–5544.
20 D. Y. Qi, L. Lu, L. Z. Wang and J. L. Zhang, J. Am. Chem. Soc.,

2014, 136(28), 9886–9889.
21 S. Cong, Y. Y. Yuan, Z. G. Chen, J. Y. Hou, M. Yang, Y. L. Su,

Y. Y. Zhang, L. Li, Q. W. Li, F. X. Geng and Z. G. Zhao, Nat.
Commun., 2015, 6, 7800.

22 J. Lin, Y. Shang, X. X. Li, J. Yu, X. T. Wang and L. Guo, Adv.
Mater., 2017, 29(5), 1604797.

23 X. T. Wang, W. X. Shi, Z. Jin, W. F. Huang, J. Lin, G. S. Ma,
S. Z. Li and L. Guo, Angew. Chem., Int. Ed., 2017, 129(33),
9983–9987.

24 A. Li, J. Lin, Z. Huang, X. Wang and L. Guo, iScience, 2018, 10,
1–10.

25 X. Wang, W. Shi, S. Wang, H. Zhao, J. Lin, Z. Yang, M. Chen
and L. Guo, J. Am. Chem. Soc., 2019, 141, 5856–5862.

26 Z. J. Yong, S. Q. Guo, J. P. Ma, J. Y. Zhang, Z. Y. Li, Y. M. Chen,
B. B. Zhang, Y. Zhou, J. Shu, J. L. Gu, L. R. Zheng, O. M. Bakr
and H. T. Sun, J. Am. Chem. Soc., 2018, 140(31), 9942–9951.

27 P. Tamarat, M. I. Bodnarchuk, J. Trebbia, R. Erni,
M. V. Kovalenko, J. Even and B. Lounis, Nat. Mater., 2019,
18(7), 717–724.

28 R. Milot, M. Klug, C. Davies, Z. Wang, H. Kraus, H. Snaith,
M. Johnston and L. Herz, Adv. Mater., 2018, 30, 1804506.

29 A. A. Lohar, A. Shinde, R. Gahlaut, A. Sagdeo and
S. Mahamuni, J. Phys. Chem. C, 2018, 122(43), 25014–25020.

30 J. R. Lombardi, R. L. Birke, T. H. Lu and J. Xu, J. Chem. Phys.,
1986, 84(8), 4174–4180.

31 M. Osawa, N. Matsuda, K. Yoshii and I. Uchida, J. Phys.
Chem., 1994, 98(48), 12702–12707.

32 Y. F. Wang, W. D. Ruan, J. H. Zhang, B. Yang, W. Q. Xu,
B. Zhao and J. R. Lombardi, J. Raman Spectrosc., 2009,
40(8), 1072–1077.
9420 | Chem. Sci., 2020, 11, 9414–9420
33 D. Glass, E. Cortés, S. Ben-Jaber, T. Brick, C. S. Blackman,
C. R. Howle, R. Quesada-Cabrera, I. P. Parkin and
S. A. Maier, Adv. Sci., 2019, 6(22), 1901841.

34 Q. Liu, L. Jiang and L. Guo, Small, 2014, 10(1), 48–51.
35 L. Jiang, T. T. You, P. G. Yin, Y. Shang, D. F. Zhang, L. Guo

and S. H. Yang, Nanoscale, 2013, 5(7), 2784–2789.
36 M. T. Sun and H. X. Xu, ChemPhysChem, 2009, 10(2), 392–

399.
37 Y. Yin, P. Miao, Y. M. Zhang, J. C. Han, X. H. Zhang, Y. Gong,

L. Gu, C. Y. Xu, T. Yao and P. Xu, Adv. Funct. Mater., 2017,
27(16), 1606694.

38 J. R. Lombardi and R. L. Birke, J. Phys. Chem. C, 2014,
118(20), 11120–11130.

39 N. Bontempi, l. Carletti, C. D. Angelis and I. Alessandri,
Nanoscale, 2016, 8(6), 3226–3231.

40 Z. T. Wu, Z. Z. Luo, Y. T. Shen, W. W. Zhao, W. H. Wang,
H. Y. Nan, X. T. Guo, L. T. Sun, X. R. Wang, Y. M. You and
Z. H. Ni, Nano Res., 2016, 9(12), 3622–3631.

41 G. Bacher, H. Schweizer, J. Kováč, A. Forchel, H. Nickel,
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