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A three-dimensional (3D) graphene hydrogel covered by uniform silver nanoparticles as an effective substrate for surface-enhanced Raman
scattering application was fabricated by facile ethylenediamine-induced self-assembly method. The anchor of silver nanoparticles endows the
enhanced Raman spectroscopy with the sensitivity and multiplex requirements for the tellurium quick detection using the robust graphene-
based monoliths. The porous structure offers essential channels and space for Te(IV) access. After exposure to Te(IV), the distinguished
peak of Te-O at 584.9 cm™!, which was enhanced significantly and kept constant over a wide range of pH, was selected as the indicative
of Te(IV) level. At the optimal pH, the concentration dependent surface-enhanced Raman spectroscopy shows that the detection limit was

as low as 100 nM.

1. Introduction: 2'°Po, the most hazardous pollutants in terms
of its severe toxic and radioactive effects on both ecological envir-
onment and human health [1], is an important radionuclide pro-
duced by neutron capture on 2°’Bi in lead-bismuth cooled
reactors. It can enter into the water circulation system and threat
the ecological environment security seriously under nuclear accident
conditions. Therefore, it is highly valuable to develop a quick and
sensitively analytical method for the radioactive >'°Po. Recently,
due to the advantages of the ultra-high sensitivity, high resolution,
fluorescence-quenching characteristic, non-destructive detection
[2], and fingerprint information of the chemical structure, the
surface-enhanced Raman scattering (SERS) has been widely used
in detection of low-level harmful and toxic substance, such as mela-
mine [3], pesticides [4], trinitrotoluene [S] and so on. AgNPs
possess the Raman enhancing properties because of its unique
surface plasmons resonance [6]. The combination of graphene
and silver nanoparticles (AgNPs) has aroused research in the field
of SERS detection for their common qualities in enhancing
Raman spectroscopy [7, 8]. Based on the formation of charge trans-
fer states of the AgNPs-adsorbed uranyl ions complex and the ex-
citation of transverse collective electron resonances on the surface
of AgNPs, it has also been used in detection of trace uranium
[9, 10]. In addition, the specific ability of metallic Ag to selective
accumulate Po has also been documented [11]. At this point, the
AgNPs/graphene is also the best choice of SERS substrate for
219pg detection. In contrast to the conventional two-dimensional
AgNPs/graphene composites, the three-dimensional (3D) frame-
works provides convenience for the separation and replacement.
Moreover, the porous structure also offers the access for the diffu-
sion of ions and molecules. These characteristics render it unique
superiority in promoting detection of radionuclides for nuclear
accident emergency. However, to our best knowledge, there are
very few works about SERS detection of radionuclide using the
porous AgNPs/graphene monolith [12], much less in detection of
radioactive *'°Po.

Te, a lighter homologue of Po, has non-radioactive isotope
and can be handled easily. It is always used as a surrogate of Po
for their similar chemical properties [13, 14]. Po in water solution
mainly exists in the form of quadrivalent state (Po(IV)) [15],
which is similar to Te(IV) in the chemical behaviour as demon-
strated in previous study [16]. In this work, employing the robust
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AgNPs/graphene hydrogel (rGO-Agy) and homologue Te(IV),
the enhanced sensitivity for quick SERS detection is discussed in
terms of the effective decoration of AgNPs and the interactions
between the AgNPs and Te(IV) species.

2. Materials and methods: The previously reported Te(IV) stock
solution was used in the experiments [11]. The AgNPs/graphene
hydrogel was fabricated by ethylenediamine (EDA)-reduction
induced self-assembly method. In a typical process, 0.505 g
of graphene oxide (GO) and 0.25 g of AgNO; were mixed in
deionised (DI) water under the ultrasonic condition, and then
40 ul of EDA was added to 5 ml of the mixture in a 50 ml vial
and reacted at 90 °C for 20 h. The rGO-Agy was obtained after
soaking the resulting hydrogel in DI water for 48 h. The water
was replaced every 6 h to remove the residual silver ions in the
rGO-Agy. To measure the mechanical strength, the cylindrical
rGO-Agy was prepared by 30 ml of the mixture and 240 ul of
EDA. The cylinder was freeze-dried and the two cross sections
were cut into paralleled.

In Te(IV) detection experiments, the hydrogel was put into
a polyethylene tube filled with Te(IV) solution. The pH of the
system was adjusted with negligible volumes of 5 or 0.5 mol/l
NaOH, and the mixture suspension was reacted by shaking for
several hours at 30°C (160 rpm). After that, the hydrogel was sepa-
rated and the supernatant was assayed for residual Te(IV). All
experiments were conducted for three times to ensure the
reproducibility.

The compressive strength was measured using an Instron
E3000 universal testing machine. Microstructure was observed by
scanning electron microscopy (SEM) on a Carl Zeiss ZIGMA.
The morphology of AgNPs was explored by a Tecnai G2 F20
S-TWIN transmission electron microscope (TEM) coupled with
an energy dispersive spectrometer (EDS). The UV-vis absorption
spectra of samples that were dispersed in deionised water were
obtained using a Shimadzu UV 2600 spectrophotometer. The alter-
nation of functional groups was characterised by a Nicolet
8700 Fourier transform infrared spectrometer in the range of
4000-500 cm™" with a resolution of 1 cm™" for three times, using
KBr pellet technique. The chemical states of elements were inves-
tigated by an ESCALAB 250 X-ray photoelectron spectroscopy
(XPS). SERS measurements were carried out on a Horiba Jobin
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Yvon LabRAM Raman microprobe using a 633.0 nm excitation
wavelength.

3. Results and discussion: A digital photograph of the as synthe-
sised freeze-dried rGO-Agy with cake shape shows an intact struc-
ture in the macroscopic appearance (Fig. 1a). When supporting a
glass dish with the weight of 16 g, which is more than 800 times
over the sample’s weight, it is compressed thoroughly (Fig. 1b).
However, after the compression is released, the sample remains
intact and is basically recovered to its original shape (Fig. 1¢), indi-
cating the exceptional resilience of the freeze-dried rGO-Agy even if
losing of the hydrogen-bond interactions [17]. Van der Waals’ forces
and 7 attraction, which facilitates the stacking and agglomeration
of graphene sheets, have been confirmed to be the main force of
forming a 3D structure through chemical reduction-induced self-
assembly method. Both of these two forces can be can be further
enhanced as a result of reduction [18].

The mechanical strength of the freeze-dried rGO-Agy is also
high. Fig. 1d displays the uniaxial compression test of the cylindric-
al aerogel at different set strains. The compressive strain—stress
curve shows a horizontal linear region at stain below 45%, and a
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Fig. 1 Images of freeze-dried rGO-Agy; (prepared by 5 ml mixture)

a Before compression

b In compression

¢ After compression and

d Compressive strain-stress curve of cylindrical sample prepared by 25 ml
mixture at the first cycle
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plateau with gradually increasing slope until very large compressive
strain up to 91%. According to the calculation from the curve, the
maximum compressive strength of freeze-dried rtGO-Agy measured
at 96% of the maximum compressive strain is ~12 kPa. It is com-
parable with the published result of Ling Qiu et al., in which the
compressive stress at 80% strain of assembled aerogel by freeze
casting method was 18 kPa [18]. Li et al. [19] also reported that
the compressive strength of graphene aerogel prepared by the
same method ranged from 4.0 to 5.9 kPa, prompting the speculation
that the enormous difference may be resulted from the attachment of
AgNPs. The excellent mechanical property, which can ensure the
integrity of rGO-Agy in the adsorption process, is favourable
for simplifying the procedure of sample separation in tellurium de-
tection process.

The SEM image of the freeze-dried rGO-Agy displays con-
tinuous porous structure with the average pore size of 40 um
(Fig. 2a), which plays the dual role in providing channels for the
access of heavy metal ions and increasing the contact area. The
TEM analysis of the graphene sheets reveals the compact dis-
tribution of AgNPs (Fig. 2b). It has been reported that the SERS
effectiveness of silver can be explained by two distinct enhance-
ment mechanisms: short-range chemical enhancement and long-
range electromagnetic enhancement (EM) [20]. The long-range
EM enhancement of magnitude required to explain single-molecule
SERS cannot be induced by spherical or nanocrystal-shaped single
particles [21]. Hence it can be speculated that the AgNPs distributed
closely can act as the ‘hot spots’, which is the most desirable sites
for SERS enhancement. The close stacked distribution of the
AgNPs (indicate by white arrows), caused by the overlapping of
reduced GO (rGO) sheets, is also observed in the TEM image.
The EDS characterisation of the small white square confirmed the
successful attachment of AgNPs on the rGO sheets (inset in
Fig. 2¢). The statistical analysis of AgNPs in the big white square
under high magnification (Fig. 2¢) shows that the diameters of
AgNPs on the surface of rGO are in the range of 9.0-60.0 nm
(Fig. 2d). The mean diameter is calculated to be 25.7+2.0 nm in
size. The XRD pattern of the rGO-Agy in Fig. 2e illustrates the
face-centred cubic crystal structure of AgNPs [22, 23]. The diffrac-
tion peak for Ag(220) is used to estimate the size of AgNPs by the
Scherrer’s equation [24]:

n = 0.89\/(B cos 0) (1)
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Fig. 2 SEM image of the freeze-dried rGO-Agy displays continuous porous structure with the average pore size of 40 um of rGO-Ags;

a SEM images (a),

b and ¢ TEM-EDS characterisation,
d Size distribution of AgNPs,

e XRD (e) and

fUV-vis spectra
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where 4 is the X-ray wavelength used in XRD characterisation and is
equal to 0.154 nm here, S is the full width at half-maximum of the
XRD profile and 6 is the Bragg angle. The average size of Ag on
rGO sheets is calculated to be ~28 nm, which is consistent with
the TEM results above. In addition, a broad peak appears at 26 of
24.60°, corresponding to the graphitic planes of (002). The dyg,
spacing, which results from the turbostratic stacking of reduced
GO sheets, is calculated to be ~0.36 nm. It is close to the value of
pristine graphite (0.34 nm) [25], suggesting the reduction of GO
and the re-establishment of conjugated graphene network (sp>carbon)
[26]. Fig. 2f shows the UV-vis spectra of GO and rGO-Agy. After
EDA reduction, the absorption band at 250 nm corresponding to
the 7—7* transitions of aromatic [27] redshifts to around 260 nm
and the band at ~301 nm corresponding to the n—z* transitions of
C=0 bonds [27] disappears, confirming the restore of sp> region
upon EDA reduction. Meanwhile, the formation of AgNPs is also
confirmed by the UV-vis spectrum of rGO-Agy where a maximum
adsorbance was observed at ~412 nm [28].

The reduction level of GO investigated by FTIR spectroscopy in
detail is shown in Fig. 3. For GO spectrum, the bands at 3410,

4000 3500 3000 2500 2000

1730, 1630, 1280 and 1060 cm™" are assigned to the stretching vibra-
tions of O-H, C=0 [29], C=C [30], C-OH [31] and C-O-C [17],
respectively. The band at 1400 cm™" emanates from the deformation
vibration of C-OH. After reduction, the intensities of these bands de-
crease evidently, especially the carboxyl and hydroxy groups (1730
and 3447 cm™"). The bands at 3410, 1630, 1400 and 1060 cm™
are up or down shift to 3447, 1657, 1383 and 1114 cm™, respec-
tively. These changes results from the reduction of GO and the
attachment of AgNPs on the surface of rGO sheets. Notably,
though their intensities are reduced, a substantial amount of oxygen-
containing functional groups are still present on rGO-Agy; evidently.
Two additional bands resulted from the stretching vibration of C-N
[32] and N-H arise at 1207 and 1574 cm™', respectively, due to
the substitution reaction between amine groups of EDA and
epoxide groups of GO [33]. The oxygen and nitrogen functional
groups with lone-pair electrons are generally charged differently. It
is reported that the Te(IV) species are highly dependent on pH.
The [Te(OH);]*, [TeO(OH)]" and [TeO»(OH),]*~ are predominate
in water at pH <2, pH>4 and pH > 8 [16], respectively. These func-
tional groups might be the potential binding sites of rGO-Agy; for
anchoring the cationic or anionic Te(IV) species in SERS detection
experiments.

The roles of the functional groups and AgNPs in Te(IV) adsorp-
tion investigated by XPS are shown in Fig. 4. After EDA reduction,
the relative atomic ratio of O to C, which is determined to be ~0.5
for GO, drops below to 0.2 and the relative atomic ratio of N to C
increases to 0.1, which results from the partial reduction of GO and
the nitrogen incorporation during EDA reduction (Fig. 4a). The O
1s XPS spectrum of GO can be deconvoluted into two peaks, which
are associated with C=0 (532.4 eV) and C-O (533.2 eV) (Fig. 4).
For rGO-Agy, they shift to 531.2 and 533.1 eV, respectively. The
N 1s spectrum of rGO-Agy can also be fitted to two curves with
binding energies of 399.1 and 400.0 eV (Fig. 4c), which can be
ascribed to —CO-NH- and —CH,-NH,, respectively [34]. After

1500 1000
wavenumber, cm’’ exposure to Te(IV), the O 1s and N 1s spectra of rGO-Agy; vary
greatly, both in the shapes and positions. The relative intensity
Fig. 3 FTIR spectroscopy of GO and rGO-Agn between C=0 and C-O decreases and their positions further shift
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Fig. 4 Te 3d (f) XPS analysis of GO and rGO-Agy; obtained before (noted as rGO-Agyy) and after (noted as rGO-Ag-Te) adsorption
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to 531.0 and 532.5 eV, respectively (the rGO-Agy-Te spectrum in
Fig. 4b). The peak intensity of —CO-NH- increases and the position
also varies to 398.8 eV (the rGO-Agy-Te spectrum in Fig. 4c). The
great variations of the O 1s and N 1s spectra provide the evidence
that both of the oxygen- and nitrogen-containing functional groups
play important roles in Te(IV) adsorption by rGO-Agy. The decon-
volution of the C 1s peaks of GO and rGO-Agy; before and after ad-
sorption further confirmed the formation of nitrogen-containing
functional groups and the involvement of these functional groups
in Te(IV) adsorption (Fig. 4d). Figs. 4e and f shows the fitting of
the Ag 3d and Te 3d peaks after Shirley background subtractions,
respectively. Two individual peaks occurred at 374.2+0.2 and
368.2+0.2 eV are observed in the Ag 3d XPS spectra obviously.
They correspond to the 3d;3,, and 3ds,, binding energies of metallic
Ag, respectively[35-37]. After contacting with Te(IV), another two
new weak peaks occurred at 374.2+0.2 and 367.8+0.2 eV which
result from the Ag(I) 3d binding energies [38] and the strong
peak at 573.0£0.2 eV in Te 3d XPS spectrum which corresponds
to the Te 3ds,, level of Te(Il-) suggest the involvement of AgNPs
in Te(IV) accumulation through chemical reaction, as reported in
previous work [11]. A weak peak at 576.0+0.2 eV is also observed
in Te 3d XPS spectrum. It results from the spontaneous deposition
of Te(IV) on the surface of AgNPs. The AgNPs on the rGO sheets
could serve a dual function, enhancing the Raman spectroscopy as
‘hot spots’ and accumulating Te(IV) species as ‘adsorption sites’
through chemical and deposition mechanisms.

The Raman spectrum of Te(IV) stock solution with concentration
of 78.4 nM is shown in Fig. 5a, where the strong peaks at 517.7 and
940.3 cm™" are attributed to the silicon substrate [39]. At 642.9 and
433.6 cm™', there are two smeared peaks belonging to Te(IV) oxide
[40]. The former of these two peaks was assigned to the totally sym-
metric combination of the TeO, pulsations in Mirgorodsky’s re-
search [41]. The latter is ascribed to the symmetric stretching
vibrations of Te-O-Te bridges [41]. There are no other peaks in
the Raman spectrum of rGO-Agy apart from the D and G bands
(Fig. 5b). Then after exposure to the Te(IV) solution for 5 h, the
two bands red shift from 1343.3 and 1587.8 cm™" to 1317.9 and
1584.5 cm™", respectively (Fig. 5¢), due to the charge transfer
from graphene sheets to the accumulated Te(IV) species. In add-
ition, the band at 433.6 cm™" disappears and a strong band occurs
at around 600.0 cm™', which can be assigned to the vibration of
Te-O bond. The stretching Raman band of TeO, is enhanced appar-
ently with rGO-Agy substrate. The enhancement ratio (ER) can be
expressed as follows:

ER = rGO—AgH—Te(IV)/ITe(IV) (2)
| (a)
] |
/1 A
l'. 78 I / A
\/ L. ___'I S
D (b)
- ()
300 600 900 1200 1500' 1800

wavenumber, cm’'

Fig. 5 Raman spectrum of Te(IV) stock solution with concentration of
78.4 nM

a Comparative Raman spectra of Te(IV) stock solution

b rGO-Agy; (b) and

¢ rGO-Agy exposed to Te(IV) solution

(Te(IV)=78.4 nM, pH=4.5+0.2)
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where [ represents the peak intensity in the corresponding spectrum.
The ER value is calculated to be more than 350, which demon-
strates the applicable of the rGO-Agy as an effective substrate for
SERE detection of trace Te(IV).

The Raman spectra of rGO-Agy with Te(IV) accumulation
highly depend on the pH of Te(IV) solution (Fig. 6a). The D and
G bands of rGO-Agy occurs at 1332.0 and 1584.7 em™!, respect-
ively, and the Ip/lg values continuously increases with decreasing
pH (Table 1), which implies that the acidic condition make it
easier to form defect on rGO sheets. The symmetric stretching
band of O=Te=O only appears in the Raman spectrum of
rGO-Agy that accumulated Te(IV) at pH 5.5 because of the forma-
tion of a large amount of TeO,'nH,O [42]. The vibration peak of
Te-O exhibits in all spectra of rGO-Agy that exposed to Te(IV) so-
lution with different pH, even though the Te(IV) species transforms
seriously due to the hydrolysis and hydroxyl induced polymerisa-
tion [43]. With increasing pH, the peak intensity arise continuously
in parallel with the adsorption percentage and reaches the maximum
at pH 5.5 (Fig. 6b), and then both of them fall simultaneously. The
results can be explained by the variation of chemical enhancement

.
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Fig. 6 Raman spectra of rGO-Agy with Te(IV) accumulation highly depend
on the pH of Te(IV) solution

a Raman spectra of rGO-Agy exposed to 78.4nM Te(IV) solution at
different pH

b corresponding relationship between the percentage of Te(IV) adsorption
and peak intensity of 584.9 cm™'

Table 1 Positions of D and G peaks and their average intensity ratio at
different pH calculated on three tested data

Initial pH 3.20 5.50 8.00 11.00
D peak (cm™) 1331.9 1331.9 1332.9 1332.9
G peak (cm™) 1584.7 1584.7 1584.7 1584.7
In/lg 1374002 1354001 1334001 1.16=0.01
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Fig. 7 Raman spectra of rGO-Agy exposed to Te(IV) solution with different
concentration

caused by the change of Te(IV) accumulation, which resulted from
the increasing solubility of Te(IV) at both lower and higher pH [40].
Another interesting phenomenon observed in our study is that the
position of Te-O stretching vibration peak remains at 584.9 cm™"
with varying pH. It is different from uranyl SERS band shifting
in Sepaniak’s and Dutta’s researches [9, 44]. The band hereby is
selected as the monitoring signal for trace Te(IV) detection.

The Raman spectra of tGO-Agy; exposed to Te(IV) with different
levels at pH 5.5 are shown in Fig. 7. The stretching band of Te-O
occurs at 584.9 cm™. Its intensity decreases when the concentra-
tion of Te(IV) ranges from 7.84 x 107> to 7.84 x 10™° M. This phe-
nomenon can be attributed to the reduction of Te(IV) accumulation
on the substrate. At higher concentration, the formation of the
monolayer Te(IV) species with dense distribution on the surface
of rGO-Agy makes the Raman enhancement increases to the
maximum. With dilution, the enhanced Raman signal decreases
as less charged transfer states of the metal adsorbed molecule
complex available on the substrate [9]. It is worth noting that the
Raman band of O=Te=0 just appears at higher concentration, sug-
gesting the limitation of the band for detection of low-level Te(IV)
in aqueous solution. The band intensity achieves a constant at a
lower concentration. The detecting limit for Te(IV) is found to be
about 100 nM with the use of rGO-Agy substrate fabricated by
EDA reduction-induced self-assembly.

4. Conclusion: In conclusions, the AgNPs/rGO hydrogel with
porous structure, good mechanical and absorbability that are
favourable to Te(IV) adsorption and separation is fabricated by a
facile one-step reduction-induced self-assembly method. The as
prepared rGO-Agy; is applied as a SERS substrate to monitor trace
homologue tellurium of polonium in aqueous solution for the first
time. The close packed AgNPs on the surface of rGO offers lots of
‘hot spots’ for SERS detection and the functionalised rGO-Agy
serves as an effective adsorbent for tellurium enrichment. The
peak of TeO, pulsations at 642.9 cm™! is effectively enhanced for
more than 350 times, suggesting the validity of rGO-Agy as SERS
substrate. Distinctly, the characteristic peak of Te-O stretching at
584.9 cm™" keeps constant in rGO-Agy spectra with varying pH,
which offers a marker for SERS monitoring of trace Te(IV). With
the use of rGO-Agy designed in a very simple manner, the Raman
spectral detection of tellurium(IV) becomes possible despite its
complex nature in aqueous solution. A detection limit of about
100 nM is achieved at pH 5.50. According to the similar chemical
behaviour of Po(IV) and Te(IV) in aqueous solution, it can be
assumed that the rapid detection of trace polonium in radioactive
wastewater with high sensitivity using a common instrument
becomes possible.
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