Science Bulletin 64 (2019) 315-320

journal homepage: www.elsevier.com/locate/scib

Contents lists available at ScienceDirect

Science Bulletin

Science
[Bulletin|

www.scibull.com

Article

The contribution of photoinduced charge-transfer enhancement to the SERS

of uranyl(VI) in a uranyl-Ag,0 complex

Shaofei Wang“, Shanli Yang®, Haoxi Wu*, Jiaolai Jiang, Lang Shao“, Yiming Ren*, Yingru Li?,

Chuanhui Liang? Mingfu Chu?, Xiaolin Wang >*

4 Institute of Materials, China Academy of Engineering Physics, Jiangyou 621907, China
b China Academy of Engineering Physics, Mianyang 621900, China

ARTICLE INFO ABSTRACT

Article history:

Charge-transfer (CT) is an important enhancement mechanism in the field of surface-enhanced Raman
scattering (SERS) that typically increases the Raman intensity of molecules by as much as 10-100 times.
Herein, a low-cost Ag,0 aggregates substrate was prepared via a facile chemical precipitation method,
and the calculated CT-based enhancement factor of the uranyl ions adsorbed on it reached as high as
10°, a metal-comparable value. The efficient photoinduced CT process from the valence band of Ag,0
to the LUMO of uranyl ions under appropriate excitation sources resulted in the repulsion of the axial
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{’(l?(; ‘;\;(;;f;ce d charee-transfer oxygen atoms of the O=U=0 bond, which enhanced its polarizability, creating a more intense Raman
Uranyl 8 mode. To the best of our knowledge, this study firstly reports such a strong photoinduced CT enhance-

SERS ment of uranyl ions, with concentrations of 1078 mol L' or lower being detected using this Ag,O
substrate. Most importantly, this research has shown that the photoinduced CT enhancement also
contributes to the SERS of uranyl ions on pure Ag substrates which have often been ascribed to the elec-
tromagnetic enhancement in previous studies. In addition, Ag,0 can be used to selectively detect uranyl
ions without interference from many other molecules or ions because of the energy matching rule of the
photoinduced CT process, which was readily available for uranyl detection in the environmental aqueous

Ag,0 aggregates
Trace analysis

solution.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Uranyl (UO%*) is one of the most common radioactive pollutants
in the environment, and the concerns about its environmental
effects and threats to human health have steadily increased over
time [1-4]. Hence, there is an urgent need to precisely and rapidly
monitor the content of uranyl ions in environmental aqueous set-
tings, which has resulted in the rapid development of many differ-
ent uranyl detection methods, such as colorimetric methods [5-7],
fluorescence methods [8,9], mass spectrometry [10-12], and elec-
trochemistry [13,14]. Due to its fast response, high sensitivity, and
its successful application in the rapid trace analysis of biological
molecules [15-17], organic pollutants [18-22], and heavy metal
ions [23,24], SERS is expected to become an alternative technique
for the detection of uranyl. Currently, many studies have reported
the SERS of uranyl ions, and the employed SERS substrates are
mainly based on Ag nanostructures, such as Ag nanorods arrays
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[25,26], Ag nanoparticles [27-29], Ag-doped sol-gel film [30], etc.
These Ag nanostructures have been shown to produce significant
Raman enhancements from the uranyl ions located close to their
surfaces, which contributes to the trace analysis of uranyl ions.
To achieve a maximum improvement in the Raman intensity of
uranyl ions, it is necessary to understand the SERS mechanism of
uranyl ions on the Ag nanostructures. Although there is some
debate, most researchers currently agree that the Raman enhance-
ment is mainly attributed to two things: electromagnetic (EM)
enhancement derived from laser-inducing local surface plasma
resonance of noble metal nanostructures [31], and chemical
enhancement caused by a charge-transfer complex (between the
substrate and target molecule) resonating with the excitation
source [32]. Of the two, the former is generally regarded as the
dominant factor, and the resulting enhancement factor is usually
about 10° or higher [33]. Consequently, previous studies about
the SERS of uranyl ions have mainly focused on the preparation
of the Ag substrate with high-density “hotspots” to improve the
EM effect. “Hotspots” are the sites that possess large electromag-
netic field and usually exist in closely-packed nanostructures that
are separated by nanoscale dielectric gaps. However, few studies
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systematically investigated the charge-transfer (CT) enhancement
mechanism for the SERS of uranyl ions on Ag substrates. Hence,
it is very important to investigate the contribution of the CT mech-
anism to the Raman enhancement.

As the CT enhancement and EM enhancement jointly contribute
to the SERS of uranyl ions on Ag substrates, it is difficult to distin-
guish between the individual contribution of each one. Hence, a
substitute that only produces a CT enhancement is needed. Herein,
Ag,0 was used as the substitute for Ag substrates for the following
reasons: (1) the CT enhancement is independent of the geometric
configuration of the Ag substrate but is related to the chemical
reaction that it undergoes with uranyl; (2) the equatorial plane
of uranyl coordinates with Ag,O via an oxo-bridge geometry,
namely U-O-Ag, which was also observed for the uranyl ions
adsorbed on the Ag substrates [27,28]; (3) since it is a p-type semi-
conductor, the surface plasma resonance frequency of Ag,0 lies in
the infrared region, far from 532/638/785 nm excitation lines used
in this research, which should effectively exclude the EM enhance-
ment from the Ag,0 substrate. Therefore, to deeply understand the
CT enhancement on the Ag substrate, the photoinduced CT process
in a uranyl-Ag,0 complex was thoroughly discussed using experi-
mental and theoretical results to offer explanations.

In this study, a substrate based on Ag,0 aggregates was synthe-
sized via a facile chemical precipitation method and characterized
using X-ray diffraction (XRD) and scanning electron microscopy
(SEM) to determine its atomic structure and surface morphology.
The photoinduced CT mechanism of uranyl ions on the Ag,0, as
well as its contribution to Raman enhancement was studied in
detail. In addition, the SERS spectra of uranyl at different concen-
trations were also investigated, and it was found that as low as
108 mol L~! could be easily detected. These results indicate that
the SERS technique based on Ag,0 aggregates presented favorable
application prospects for rapidly monitoring trace uranyl ions in
the environment.

2. Experimental
2.1. Reagents

Silver nitrate, titanium dioxide, zinc oxide, rhodamine 6G, and
crystal violet were purchased from Aladdin Chemical Company.
Hydrochloric acid, sodium hydrate, H,0, (30%), and other reagents
were obtained from Chengdu Kelong Chemical Company of China.
All reagents were analytically pure and used as received without
any further purification. Deionized water (18.2 MQ) was used for
sample dilutions throughout the experiment.

2.2. Apparatus

Raman scattering spectra were obtained using a Horiba XploRA
Raman spectrometer with 532, 638, and 785 nm lasers attached to
an upright microscope. A 50 x objective was used to focus the laser
beam (~4 pm in diameter) on the Ag,0 substrate to collect Raman
signals. Before data acquisition, the instrument was calibrated with
standardized silicon according to a routine procedure, and the laser
powers incident on the sample surface were measured using the
instrument’s self-contained power meter (Table 1).

Table 1
The laser powers to the sample surface.
532 nm 638 nm 785 nm
10% laser Power 0.76 mW 0.78 mW 1.72 mW
100% laser Power 5.97 mW 6.37 mW 14.17 mW

XRD was conducted on a PANalytical Empyrean advance X-ray
diffractometer equipped with a PIXcel3P detector (Cu Ko radiation
at 40 mA and 40 kV, /4 = 1.5406 A), with a 20 scanning range of 30°-
90°. SEM characterization was conducted using a SIRION 200 scan-
ning electron microscope.

2.3. Synthesis of Ag>0 and uranyl chloride

Silver nitrate (0.05 g) was dissolved in 5 mL of deionized water,
and then 5 mL of sodium hydrate solution (0.1 mol L~') was slowly
added with rough agitation. A brown AgOH colloid was rapidly
generated, and aggregates were quickly formed due to the accumu-
lation of colloidal particles. The aggregates were then washed with
enough deionized water to remove the residual sodium, silver, and
nitrate ions. Subsequently, the AgOH was mixed with 2 mL deion-
ized water and exposed to air for 24 h to form brownish black Ag,0
aggregates. Finally, the as-prepared Ag,0 was preserved at room
temperature and away from light.

Hydrochloric acid solution (5mL, 5molL™!) was heated to
70 °C, and then 0.238 g of high-purity uranium-238 was added, fol-
lowed by the dropwise addition of 2 mL of H,0, (30%). Uranium
was completely dissolved after 5 min, which was continuously
heated until its volume was reduced to 3 mL. Subsequently, the
residual solution was diluted to 100 mL using deionized water.
Finally, 102 mol L~! uranyl chloride stock solution was obtained,
and dilute solutions (1078-10"3 mol L~!) were prepared by dilut-
ing the stock solution.

2.4. Raman measurements

The as-prepared Ag,0 aggregates were well dispersed in 2 mL
of deionized water through ultrasonic shaking, and then 2 pL of
the dispersion was dropped onto the silicon wafer and dried at
room temperature. Subsequently, 2 pL of the uranyl chloride solu-
tion was dropped onto the Ag,0, and the Raman signals were col-
lected after the evaporation of water at room temperature.

To detect low concentrations of uranyl chloride, 5 pL of the
Ag,0 aggregates suspension was added into 4 mL of the uranyl
chloride solution, and then the mixture was shaken for 1 h. The
Ag,0 was then taken out and dried at room temperature and
was analyzed by Raman spectroscopy. The Raman measurements
method for rhodamine 6G and crystal violet on the Ag,0 aggre-
gates was identical to uranyl chloride.

3. Results and discussion

XRD and SEM were used to characterize the atomic composi-
tion, structure, and morphology of the Ag,0 aggregates. As shown
in Fig. 1a, the XRD pattern of the as-prepared Ag,0 aggregates was
consistent with the standard XRD pattern of Ag,0O (JCPDS No. 41-
1104). The peaks at 32°, 38’, 55, and 66 were attributed to the
(111),(200),(211),and (22 2) planes of the cubic Ag,0 crystal
phase, respectively. The characteristic diffraction peaks of Ag
(200)and Ag (3 1 1) were not observed, which indicates that there
was no metallic silver doped in the as-prepared Ag,0 aggregates.
SEM image (Fig. 1b) indicated that the Ag,0 had a loose and porous
structure with large sizes that ranged from several hundred
nanometers to micron dimensions. The purpose of using large
Ag,0 aggregates as the substrate was to prevent the occurrence
of EM enhancement as much as possible, which can be easily pro-
duced when small Ag,0 nanoparticles are irradiated by laser.

It has been reported that the SERS activity of Ag,0 is essentially
contributed by the Ag particles generated from the photochemical
reduction during laser excitation [34]. In other words, EM enhance-
ment should be responsible for the SERS effect. In this study, the



S. Wang et al./Science Bulletin 64 (2019) 315-320 317

(a)

(111)
=
®
S (200)
< } @11 (90

A |I A 1 I 1 .I ' | A 1
30 20 50 60 70 80
26 (°)

Fig. 1. (Color online) (a) XRD pattern of the as-prepared Ag,0 aggregates (blue, upper) and the standard XRD pattern of Ag,0 (JCPDS No. 41-1104) (red, lower). (b) SEM image

of the as-prepared Ag,0 aggregates.

Raman spectra of uranyl chloride, rhodamine 6G, and crystal violet
adsorbed on the Ag,0 aggregates were compared with each other
to confirm the specific SERS mechanism. As shown in Fig. 2, no
characteristic Raman signals were observed for rhodamine 6G or
crystal violet as the laser irradiation time increased, while a strong
band located at 715 cm™! appeared for uranyl chloride. It is well-
known that rhodamine 6G and crystal violet are typically used as
Raman probing molecules to evaluate the EM enhancement of Ag
substrates, hence neither of their Raman signals could exclude
the EM enhancement derived from the laser-irradiated Ag,0 aggre-
gates. Thus, the Raman enhancement of uranyl ions adsorbed on
the Ag,0 aggregates probably resulted from the CT effect, which
led to the serious weakening of the 0=U=0 bond and thus its large
red-shift from 870 cm~' (the normal Raman band of O=U=0(v,)
for free uranyl chloride) to 715 cm™'. In addition, the Raman inten-
sity of uranyl showed a gradual increase as the laser irradiation
time increased, reaching a maximum at 9 min, which indicated
that the CT reaction in the uranyl-Ag,0 complex rapidly reached
equilibrium. Herein, the accuracy of previous reports concerning
the generation of Ag particles through the photochemical reduc-
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Fig. 2. (Color online) Laser irradiation time dependence of Raman spectra of Ag,0
aggregates after immersion in 4mL of 10 °molL~" uranyl chloride (a),
105 mol L~! rhodamine 6G (b), and 107> mol L™ crystal violet (c). Laser excitation:
532 nm; 100% laser power; accumulation time: 10s.

tion process is not questioned. However, this report notes that
the EM enhancement of the laser-irradiated Ag,0 aggregates could
be ignored due to the large-scale structures of Ag,0 and the low
laser power used in this study.

The occurrence of a photoinduced CT process mainly depends
on the exciting laser energy being no lower than the energy differ-
ence between Ag,0 and the uranyl ion. Herein, the valance band
(VB) and conduction band (CB) of Ag,0 are —5.89 and —4.69 eV
[35], respectively, and the HOMO and LUMO of the uranyl ion are
—10.39 and —4.06 eV, respectively [36]. In Scheme 1, an energy
level diagram is used to illustrate the CT mechanism in detail.
The possible CT process that occurred between Ag,0 and the ura-
nyl ion includes four modes: (1) electrons from the VB of Ag,0
are directly excited to the LUMO of the uranyl ion by the exciting
laser with an energy no less than 1.83 eV; (2) electrons from the
VB of Ag,0 are excited to the CB by an exciting laser with an energy
no less than 1.2 eV and are then injected into the LUMO of the ura-
nyl ion; (3) electrons from the HOMO of the uranyl ion are directly
excited to the CB of Ag,0 by the exciting laser with an energy no
less than 5.70 eV; (4) electrons from the HOMO of the uranyl ion
are excited to the LUMO by the exciting laser with an energy no
less than 6.33 eV and are then injected into the CB of Ag,O0. It’s
obvious that mode 3 and 4 cannot occur since the exciting lasers
of 532, 638, and 785 nm (ca. 2.33, 1.94, and 1.58 eV, respectively)
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Scheme 1. (Color online) Schematic diagram of the photoinduced CT process
between Ag,0 and uranyl ion.
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do not have sufficient energy to excite the electron transitions from
the HOMO of the uranyl ion to its own LUMO or to the CB of Ag,0.
However, 532 nm and 638 nm meet the requirements for modes 1
and 2, while 785 nm is only feasible for mode 2. Hence, the
photoinduced charge-transfer from Ag,O to the uranyl ion
occurred, leading to the reduction of uranyl(VI) to uranyl(V).

As shown in Fig. 3, large Raman enhancements of uranyl ions
adsorbed on Ag,0 occurred at excitation wavelengths of 532 and
638 nm, while a very weak Raman signal was observed for
785 nm. Hence, this result confirmed the major contribution of
mode 1 to the Raman enhancements. As shown in Scheme 1, elec-
tron is excited from the VB of Ag,0 to its CB and then to the LUMO
of the uranyl ion in mode 2, while electron is directly excited from
the VB of Ag,0 to the LUMO of the uranyl ion in mode 1. Hence,
mode 1 has a higher charge-transfer efficiency than mode 2, which
results in the large Raman enhancements of the uranyl ion at the
excitation wavelengths of 532 and 638 nm and the weak Raman
signal when using the 785 nm laser. In addition, the SERS signal
at the excitation wavelength of 532 nm is stronger than that at
638 nm because of the more efficient CT process at the higher laser
energy.

The specific contribution of the photoinduced CT effect to the
Raman enhancement of uranyl ions was evaluated using the appar-
ent enhancement factor (EF). As shown in Fig. 4, the EF value can be
calculated from the difference of the Raman intensity of the
0=U=0(v;) band between the SERS of uranyl chloride adsorbed
on the Ag,0 aggregates and the normal Raman of uranyl chloride.
Herein, the peak area of O=U=0(v,) was used as the criterion for
its Raman intensity. The original Raman spectra were processed
using a baseline calibration, and then the treated spectra were fit-
ted to obtain peak areas using the self-contained calculation pro-
gram of the Raman instrument. Finally, the EF value was
obtained by using the following formula:

EF = I5|Cr]Pxtr /Ir[Cs]Psts,

where I, C, P, and t represent the peak area of 0=U=0(v,), the con-
centration of uranyl chloride, laser power, and accumulation time,
respectively. Their subscripts, S and R, represent SERS and normal
Raman respectively. Surprisingly, the calculated value could reach
up to 10°, which is a metal-comparable EF value. It is generally
accepted that the conventional CT process results in a 10 to 100
times signal enhancement [37], which is much lower than the value
obtained in the current study. As mentioned above, the O=U=0(v;)
band was shifted from 870 to 715 cm~! when the uranyl ion was
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Fig. 3. (Color online) Raman spectra of 10~*molL~! uranyl chloride (2 pL)
adsorbed on the Ag,0 aggregates at the excitation wavelengths of 532, 638, and
785 nm, respectively. Laser power: 10% for 532 and 638 nm, 100% for 785 nm;
accumulation time: 10's.
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Fig. 4. (Color online) Normal Raman spectrum of 0.05 mol L~" uranyl chloride (2 pL,
red line) and SERS of 10> mol L~ uranyl chloride (2 pL, blue line) adsorbed on the
Ag,0 aggregates. Laser excitation: 532 nm; power: 100%; accumulation time: 10s.

adsorbed on the Ag,O aggregates. This large red-shift indicated
the considerable weakening of the O=U=0 bond derived from the
efficient photoinduced CT effect from the VB of Ag,0 to the LUMO
of the uranyl ion. Consequently, the polarizability of O=U=0
showed a significant increase, as did its Raman intensity.

The ground state CT effect that arises from the chemical bond-
ing between the uranyl ion and metallic oxides is well-known to
also promote the Raman intensity of O=U=0(v;). Hence, to further
confirm that the photoinduced CT effect, rather than the ground
state CT effect, was responsible for the Raman enhancement, two
metallic oxides with strong adsorption affinities for uranyl ions
were chosen as the substrates to investigate the Raman enhance-
ment of uranyl ions. The two oxides were TiO, (VB: —7.41¢eV;
CB: —4.21eV) and ZnO (VB: —7.39 eV; CB: —4.19 eV), which are
both commonly used as SERS substrates [38-40]. As shown in
Fig. 5, when compared to the Raman signals of the uranyl ions
adsorbed on Ag,0, only very weak Raman peaks between 800
and 855 cm™! were observed for even higher concentrations of
uranyl ions adsorbed on TiO, and ZnO. The strong Raman bands
centered at 394, 515, and 637 cm™! belong to the characteristic
vibrations of TiO,. This phenomenon is likely due to the energy
of the 532 nm laser (2.33 eV) being unable to excite the charge-
transfer from the VB of TiO, and ZnO to their own CB or to the
LUMO of the uranyl ion since the energy gaps are greater than
2.33 eV. Consequently, the requirement for the generation of the
photoinduced CT process was not met, and much poorer Raman
enhancements of the uranyl ion on TiO, and ZnO were completely
a result of the ground state CT effect. Hence, this result further con-
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Fig. 5. (Color online) Raman spectra of uranyl chloride (2 pL) adsorbed on TiO; and
ZnO in comparison with that adsorbed on the Ag,0 aggregates. Laser excitation:
532 nm; 10% laser power; accumulation time: 10 s.
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Fig. 6. (Color online) (a) Raman spectra of uranyl chloride (2 pL; 10~7, 107, and 10> mol L™!) adsorbed on the Ag,0 aggregates. (b) Raman spectra of Ag,0 aggregates after
immersion in 4 mL of uranyl chloride (1078, 107, and 10~% mol L™1). Laser excitation: 532 nm; 100% laser power; accumulation time: 10s.

firmed that the photoinduced CT effect was responsible for the
Raman enhancement of the uranyl ions adsorbed on the Ag,O
aggregates. Additionally, Raman enhancement from the ground
state CT effect occurred independently from the excitation lasers,
hence why weaker Raman signals were produced from the uranyl
ions adsorbed on the Ag,O aggregates at the 785 nm laser com-
pared to 532 and 638 nm. This also suggested the rather small con-
tribution of the ground state CT effect to the Raman enhancement.

Previous studies have also observed an intense Raman enhance-
ment of uranyl ions adsorbed on Ag substrates with a 0=U=0(v)
band located at ~710 cm™!, and ascribed this enhancement to an
efficient EM effect [25,27,30]. However, this study firstly demon-
strates that the photoinduced CT effect can also tremendously
contribute to the Raman enhancement. It is known that the
oxidation of Ag atoms can significantly decrease the surface
plasma resonance intensity of Ag substrates, which reduces the
EM enhancement effect. Nevertheless, the generated Ag,O also
provides a huge CT enhancement, as well as an excellent adsorp-
tion affinity for the uranyl ions. Consequently, when the oxidation
of Ag atoms reaches a certain extent, the combination of CT and EM
mechanisms potentially produces a more intense Raman enhance-
ment on the Ag substrates.

The high EF value made the trace analysis of uranyl ions feasi-
ble. As shown in Fig. 6, the Raman spectra of different concentra-
tions of uranyl chloride on the Ag,0 aggregates were obtained in
this study, which indicated that a uranyl chloride concentration
of 1078 mol-L™! could be detected. It is likely that even lower con-
centrations of uranyl chloride can be detected through its sufficient
enrichment on Ag,0. Compared to previous studies that have
reported the SERS measurements of uranyl on Ag substrates, this
method demonstrated several advantages: (1) the extremely sim-
ple and facile preparation process of Ag,0 aggregates; (2) the
detectability of the uranyl ions on the Ag,0 aggregates substrate
was equal to or better than that on the Ag substrates, while hardly
any background or interfere signals were observed, which signifi-
cantly improved the detection accuracy; (3) the long-term stability
of the Ag,0O aggregates was much better than the reported Ag
substrates; (4) most importantly, the energy matching rule of a
photoinduced CT process made the selective detection of uranyl
ions possible, which was extremely favorable for the uranyl detec-
tion in the complex environmental aqueous solution.

4. Conclusion

The photoinduced CT process from the VB of Ag,0 to the LUMO
of the uranyl ions occurred when appropriate excitation sources
were used. This resulted in the repulsion of the axial oxygen atom

of the 0=U=0 bond, which increased its polarizability, allowing it
to produce a much more intense Raman mode. The calculated
photoinduced CT-based EF value of uranyl ions adsorbed on the
Ag,0 aggregates reached as high as ~10°, which is 3-4 orders of
magnitude greater than the established value obtained from con-
ventional CT enhancement. Previous studies have reported that
the intensive Raman enhancement of uranyl ions adsorbed on Ag
substrates was caused by the EM effect. However, this study firstly
demonstrates that the CT effect can also provide a tremendous
contribution, and hence to further increases the knowledge of
the SERS mechanism of uranyl ions. Due to the strong CT enhance-
ment, the aqueous solutions containing uranyl chloride with con-
centrations of 1078 mol L' or lower could be detected using
Ag,0 aggregates. Most importantly, the energy matching rule of
the CT process made it possible for selective detecting uranyl ions
in complex aqueous solutions, which suggests excellent applica-
tion prospects for the rapid monitoring of uranyl ions in the
environment.
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