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Abstract: Smooth Ag substrate achieved in-situ conversion to form nanoporous architecture that is assembled by highly
dispersed nanoparticles (NPs) with a mean size of 21.88 nm by applying a redox potential signal in an alkaline solution
with an appropriate pH range. The detailed phase constitution and microstructure evolution process of the Ag substrate
induced by the electrochemical redox tuning approach were systemically investigated. Under the action of controllable
redox potentials, the smooth Ag substrate is firstly electrochemically oxidized to form Ag,O with an expansion on the
unit volume, followed by electrochemical reduction back to metallic Ag, causing the cell volume to shrink. The
expansion and contraction of the unit volume during the highly reversible electrochemical process lead to in-situ
formation of the highly porous Ag architectures. The fabricated Ag NPs-packed electrode exhibits as an excellent
surface-enhanced Raman scattering (SERS) performance, and the measured Raman spectrum of Rhodamine 6G (R6G)
reaches a detection limit of 5.44x107'% mol/L.
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1 Introduction

Precious metal-based nanomaterials have
attracted more and more attention in recent years.
They not only possess metal properties such as
excellent thermal stability and durability, high
electrical conductivity, and catalytic activity, but
also display excellent structural properties,
including high surface area, ultra-low density, and
high specific strength. In particular, the size effect
of nanostructured metals obviously enhances their
catalytic activity [1—3] and plasmon resonance [4,5],
highlighting the advantage of nanometals relative to

the form of metal blocks. Among them,
nanostructured Ag is a kind of typical relatively
inexpensive precious metal materials with excellent
properties such as strong plasmon resonance effect,
high conductivity and reactivity. It has broad
application prospects in optical sensors [6—8],
surface-enhanced Raman scattering (SERS) [4.9]
and carbon dioxide electrical reduction [10,11].

In the past few decades, various methods have
been developed to rationally design and customize
nanometals with adjustable structures, and most
of them are based on templating [12—14] and
de-alloying methods [15,16]. The templating
method is highly dependent on templates and has
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the following problems: (1) due to the imperfection
of the template and the complicated fabrication
process, the obtained nanostructure is incomplete
occasionally; (2) the cost is relatively high; (3) the
mass production is difficult, which seriously
restricts its large-scale application. In contrast,
the de-alloying methodology, on the other hand,
especially the electrochemical de-alloying approach,
has been considered to be an efficient way to
produce three-dimensional nanoporous metals with
an open and double-continuous ligament pore
structure due to the low working temperature
required, short synthesis time, and strong
controllability [15]. Nevertheless, limited by the
electrochemical window of the electrolyte and the
relatively high requirements for the alloy precursors,
currently only some metals (Au [17], Cu [18,19],
Pt [20] and Mn [21]) with a well-defined nano-
meter scale can be prepared by the electrochemical
de-alloying approach. Some scientists, however, are
working on more promising alternative synthesis
methods [13,22]. Although enormous advances
have been made to fabricate nanostructured metals
with enhanced electrochemical performance, to
prepare nanomaterials quickly, concisely, and
reproducibly is an ongoing challenge.

In this work, we report a novel procedure to
in-situ fabricate highly porous Ag films with
smooth Ag substrate through a controllable
electrochemical redox tuning approach in alkaline
solution at room temperature. An electrochemically
driven phase conversion process along with the
change in the unit cell volume of Ag species is
observed. Driven by controllable redox potentials,
the smooth Ag substrate is firstly electrochemically
oxidized to form Ag,O with an expansion on the
unit volume, followed by reversely electrochemical
reduction back to metallic Ag, causing the cell
volume to shrink. The expansion and contraction of
the unit volume during the electrochemical tuning
process result in the formation of the highly porous
Ag architectures. The results reveal that the porous
size and ligament structure can be easily mediated
by carefully controlling the electrochemical redox
tuning process. The optimized porous Ag film
fabricated exhibits significantly enhanced SERS
sensitivity with R6G as the Raman active probe.
With the much enhanced Raman sensitivity, the
prepared Ag-based SERS substrate could be applied

to reliable analysis of the R6G concentration. The
proposed manufacture may open up a new scalable
technique for the design and fabrication of self-
assembly Ag-based electrodes for practical SERS
applications.

2 Experimental

2.1 Chemicals and reagents

Potassium hydroxide (KOH, 98%), Rho-
damine 6G (R6G, 99 %), and Milli-Q deionized
water (18.2 MQ-cm) were purchased from Aladdin
Ltd., China All the reagents were of analytical
purity and were used without further purification.
Deionized water was used through for all the
solutions during the preparation. Ag plates
(purity >99.99%) were purchased from Sinopharm
Chemical Reagent Co., Ltd., China

2.2 Synthesis of Ag NPs-packed film

The Ag NPs-packed film was synthesized
using an electrochemical workstation (Shanghai
Chenhua 760E) with a standard three-electrode
system at room temperature. The working, reference,
and counter electrodes were Ag plate (electrode
area: 1 cm X 3 cm; area immersed in the solution:
1 cm x 1 cm), saturated calomel electrode, and
graphite rod (exposed area: 1.57 cm?), respectively.
For a typical synthesis, a smooth Ag plate was
immersed in 0.1 mol/L KOH solution by applying a
controllable redox potential signal, named as an
in-situ electrochemical redox tuning process. Both
electrochemical oxidation (ECO) and electro-
chemical reduction (ECR) were achieved through
multiple linear voltammetry scans at a scan rate
of 20mV/s (ECO: 1.2-1.8V (vs RHE); ECR:
1.4—0.2 V (vs RHE)). After the redox process, the
prepared sample was taken out, repeatedly washed
with absolute ethanol and deionized water, and then
dried in air.

2.3 SERS signal detection
2.3.1 Measurement method

The SERS-enhanced performance of the
prepared Ag NPs-packed film was examined by
using R6G dye molecules as the probe molecules.
Firstly, 0.48 g R6G was dissolved in 100 mL
deionized water and further diluted to different
concentrations. Subsequently, 150 pL of the dilution
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was dispersed on a 1.0 cm? sample and dried. The
R6G SERS spectrum was obtained by detecting the
sample with a Renishaw Invia Reflex micro-Raman
spectrophotometer (Renishaw plc, Wotton-under-
Edge, UK) equipped with a cooled CCD (charge-
coupled device) camera, and by selecting a
632.8 nm helium—neon laser source (Melles-Griot,
USA). The laser power was around 35 mW. All the
spectra were baseline corrected.
2.3.2 Enhancement factors

The SERS enhancement properties of given
nanostructures can be represented by enhancement
factors (EFs, Er), and the calculation formula is as
follows [23]:

Iers/N.
Ef — SERS SERS ( 1 )
1,/N,

where Isers is the Raman signal intensity obtained
by a given nanostructure under consideration,
and Nsgrs 1S the number of R6G molecules
irradiated for the SERS measurement (to obtain the
Es of the prepared Ag NPs-packed film, a smooth
Ag substrate was used for comparison), /o is the
Raman intensity obtained on a smooth Ag substrate,
and N is the number of R6G molecules irradiated
by laser light on a smooth Ag substrate. Since the
volume of the R6G solution dropped into the two
substrates is the same (1 mL), the Er value can be
obtained according to the following equation [24]:

_ Lsprs /Csers 2)

! 1y/c,

where csers is the corresponding R6G molecules
concentration, and co is the number of R6G
molecules dispersed on a smooth Ag substrate.

2.4 Characterization

X-ray diffraction (XRD) pattern was recorded
on a Rigaku X-ray diffractometer (MinifexIl
Desktop) with high-intensity Cu K, radiation. Field
emission scanning electron microscopy measurement
(FESEM; Nova 400 Nano-SEM) was carried out at
an accelerated voltage of 15kV. Transmission
electron microscopy (TEM) measurement was
performed at 200kV using a Tecnai G2 TF30
transmission microscope. The topological change of
the sample during the redox process was detected
by a tapping mode atomic force microscope (AFM,
SPI3800N).

3 Results and discussion

3.1 Formation mechanism of Ag NPs-packed

film

Significant morphological changes upon the
treatment by the proposed electrochemical redox
tuning approach can be observed from the typical
SEM images, as shown in Fig. 1. The smooth
surface of the pristine Ag substrate was changed
to a rough framework consisting of irregular
nanoblocks after 15 times of in-situ ECO (denoted
as Ag NPs ECOI15), and further developed to
well-defined NPs-packed porous architectures
followed by 4 times of ECR (denoted as Ag NPs_
ECO15-ECR4). Accordingly, the measured average
particle size of Ag NPs was changed from 41.45 nm
for in-situ ECO treatment to 21.88 nm, followed by
ECR process (Insets in Figs. 1(b) and (¢)).

Average size:
[ 41.45nm_
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Fig. 1 SEM images of pristine smooth Ag (a),
Ag NPs ECOI15 (b), and AgNPs ECOI5-ECR4 (c)
(The insets are particle size distributions of Ag NPs
ECOI15 and Ag NPs_ ECO15-ECRA4, respectively)



542 Hao LEI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 539552

To investigate the morphology evolution of the
Ag nanostructures from a perspective of solvent
thermodynamics, the potential-pH equilibrium
diagram of the Ag—H>O system at 298 K was
developed from the standard free energies of the
constituents (Fig. 2(a)). It 1is clear that under
alkaline conditions (10<pH<14), Ag undergoes
in-situ oxidation at a higher oxidation potential
(0.463V (vs RHE)) to form AgO. Further

increasing the oxidation potential will further
oxidize Ag to produce AgO or even silver peroxide
(Agx03). Obviously, if the pH of the system is not
well controlled, Ag will dissolve into the solution as
ions, either in the form of Ag" (pH<10) or AgO™
(pH>14). Obviously, an appropriate pH value of
solution is a necessary condition for the in-situ
electrochemical synthesis strategy. In this study, a
0.1 mol/L KOH aqueous solution with a pH value
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Fig. 2 Potential-pH equilibrium diagram of Ag—H,O system at 298 K (a), anodic polarization curves of Ag plate in
0.1 mol/L KOH solution at 298 K (scan rate: 20 mV/s) (b), cathodic polarization curves of Ag NPs ECOI1S5 (c),
comparison of lattice parameter and cell volume of metallic Ag and Ag,O (d), and schematic illustration of change in

morphology during in-situ ECO and ECR processes ()
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of 13 is selected as the electrolyte for the
electrochemical tuning process. In addition to pH,
potential is another factor to consider. In order to
reduce the occurrence of oxygen evolution reaction
at a theoretical potential of 1.23 V (vs RHE), a
high potential, beyond 1.5V (vs RHE) where the
overpotential of oxygen evolution reaction is taken
into account, will be unfavorable to the formation
of AgO and Ag,0s.

This electrochemically driven phase transition
process can be further verified by the linear
sweep voltammetry (LSV) measurement recorded
on the Ag substrate. As shown in Fig. 2(b),
with the increase in the potential exceeding 1.25 V
(vs RHE), prominent oxidation waves (A; and A»)
are observed, which are attributed to the
transformation of Ag to AgOH and then to Ag;O.
The two corresponding coupling waves (Az and A4
in Fig. 2(c)) obtained during the reverse scan
process are associated with the reversible
conversion of Ag,O to AgOH and following
back to Ag [25]. Interestingly, after the LSV
measurement, the color of the Ag substrate changed
from metallic white to black, suggesting that the
surface of the electrode has changed, as confirmed
by the corresponding SEM results (Fig. 1).

The next question is what causes such a
structure change of Ag during the electrochemically
driven phase conversion process. Given the
existence of phase transition as indicated by
thermodynamic and electrochemical analysis, we
quantitatively examine the crystal data of Ag
and Ag,0, as compared in Fig. 2(d). For metallic
Ag with a face-centered cubic structure [26,27],
the unit cell parameters are determined to be
4.0862 A x 4.0862 A x 4.0862 A with a unit cell
volume of 68.23 A>. In contrast, the cell parameters
of the hexagonal Ag,O are 4.727 A x 4.727 A x
7.856 A, and the cell volume is 175.53 A3[28]. As
for the cubic Ag,O [29,30], its cell parameters are
4726 A x 4726 A x 4.726 A, and the cell volume
is 105.58 A3, It is clear that the electrochemical
oxidation process of the pristine Ag to Ag,O will
lead to the lattice expansion, and the following
reversible reduction process will induce severe
shrinkage. In this manner, the variation of volume
occurring results in such a structural change. Briefly,
the change in the morphological structure of Ag
along with phase conversion during the electro-

chemical redox tuning process can be schematically
illustrated in Fig. 2(e).

To confirm the above discussed formation
mechanism of Ag nanostructures, we have
employed TEM and XRD analyses to follow the
changes in microstructure and phase of the samples
during the electrochemical redox tuning process. As
shown in Fig. 3(a), the sample after the in-situ
ECO treatment (Ag NPs ECO15) shows a network
architecture, consisting of irregularly distributed
NPs. The associated HRTEM image (Fig. 3(a)))
exhibits a clear lattice fringe with a distance
of 0.272 nm, corresponding to lattice plane of
Ag>O (111) [27,31]. With the ECR treatment, a
network structure assembled with more uniformly
distributed NPs for Ag NPs ECOI15-ECR4 is
observed (Fig. 3(b)). Moreover, the ECR treatment
leads to in-situ phase conversion from Ag,O to Ag,
as proved by the corresponding HRTEM result
(Fig. 3(b1)). The lattice fringe with a distance of
0.236 nm could be attributed to crystallographic
plane of Ag (111) [32]. The fast Fourier transform
(FFT) image (inset of Fig.3(b1)) displays a
hexagonal spot pattern, revealing the single-crystal
feature of the NPs. Such a phase conversion process
is also identified by using XRD. The XRD patterns
of the Ag substrate, Ag NPs ECOI15, and Ag
NPs_ECO15-ECR4 are compared in Fig.4. As
expected, newly formed characteristic diffraction
peaks of Ag,O (JCPDS 41-1104 and JCPDS
42-0874) [28,29] are noticed, revealing that in-situ
ECO results in the formation of Ag,O on the
surface. After the subsequent ECR treatment, the
formed Ag,O can be converted back into Ag.
Both the pristine Ag substrate and the Ag
NPs_ECO15-ECR4 have a face-centered cubic
crystal structure (JCPDS 04-0873) [26,27]. Notably,
the diffraction peaks of AgNPs ECO15-ECR4
become wider than those of the Ag substrate (inset
of Fig. 4), suggesting that more refined grains are
formed in comparison to the Ag substrate,
according to the Scherrer formula [33,34], in
accordance with the SEM and TEM results. Taken
together, it reveals that such an electrochemical
redox process induces a reversible in-situ phase
conversion, Ag<= Ag,)O, which gives rise to
distinct surface reconstruction and thus creates a
porous network assembled with highly dispersed
NPs.
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2 nm

Fig. 3 TEM and HRTEM images of Ag NPs ECO15 (a, a;) and Ag NPs ECO15-ECR4 (b, by), respectively (The inset

of by shows the associated FFT pattern)
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Fig. 4 XRD patterns of pristine Ag substrate, Ag
NPs_ECOL15, and Ag NPs_ ECO15-ECR4, respectively
(The inset is a comparison chart of the peak intensity of
Ag substrate and Ag NPs ECO15-ECR4)
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3.2 Structural evolution

To further gain insight into the structural
evolution during the electrochemical redox (ECO
and ECR) process, the morphological and
topographical changes at different stages were
characterized via SEM and AFM. Upon applying an
electrochemical procedure for ECO treatment,
significant morphology changes are obviously
observed according to Fig. 5. It turns out that the
ECO is mainly responsible for the surface
reconstruction to form a highly porous architecture,
which should be related to the crystal growth of
Ag)O during the oxidation reaction process. The
surface structure is obviously coarsened and tends
to be homogenized with the advance of the in-situ
oxidation process, which indicates the completion
of the interfacial phase transformation. The AFM
images further recorded the surface topographical
changes of the ECO-treated samples obtained at
different degrees of oxidation (Fig. 6), achieved by
varying the treatment time. The corresponding
cross-section analysis in the “height mode” (Inset in
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~ A

A P 3
Fig. S SEM images of smooth Ag (a), Ag NPs_ECO1 (b), Ag NPs ECOS5 (c), Ag NPs_ECO10 (d), Ag NPs_ECOL1S5 (e),
and Ag NPs ECO15-ECR4 (f)

Fig. 6) reveals the flatness of the height distribution.
The fresh Ag substrate has a small surface
roughness (R.) of 3.58 nm, which is found to
increase significantly with the proceeding of the
in-sitt  ECO (Fig. 7). The maximum value is
reached after 10 times of ECO operation, for which
a porous structure with a deeper thickness (peak to
valley height) of ~300 nm is obtained. Further
increasing the ECO times to 15, these big pores on
the surface are filled due to the continuous
expansion on the volume of the formed Ag.O
crystals. Consequently, the corresponding R, reduces.
Following the ECO treatment, the subsequent
ECR is also found to affect the final Ag
nanostructure. As shown in Figs. 8(a—d), the
pristine Ag NPs with large crystal grains for the Ag
NPs_ECO15 are gradually broken into smaller ones,

and developed into highly dispersed Ag NPs packed
porous structure after successive 4 times of ECR.
This change is mainly due to the phase transition
along with crystal volume shrinkage caused by the
ECR process. Further ECR (5 times) leads to the
agglomeration of the formed Ag NPs (Fig. 8(e)).
According to the XRD results, as displayed in
Fig. 4, the electrochemically formed Ag,O can be
completely reduced to Ag, after 4 times of
ECR. Such a highly porous architecture for Ag
NPs_ECO15-ECR4 after continuous reduction
modification suggests a larger surface-active area.
Accordingly, its roughness is observed to increase
compared to that of Ag NPs ECO15 (Fig. 7).
Moreover, the preliminary ECO treatment provides
a framework for the subsequent ECR to refine the
structure. As proved by the associated SEM images
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197.05 nm

0 187.47 nm
Fig. 6 Top-view AFM images in “height mode” with inset showing corresponding cross-section along line: (a) Smooth
Ag; (b) Ag NPs_ECO1; (c) Ag NPs ECOS; (d) Ag NPs_ECO10; (e) Ag NPs_ECO15; (f) Ag NPs_ ECO15-ECR4
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(Figs. 8(f—j)), ECR operation on the sample after
moderate oxidation treatment (15 ECO processes)
is required to form a well-defined highly porous
surface. When the oxidation is inadequate (1-10
ECO processes) or excessive (20 or more ECO
processes), the NPs generated on the surface are
easy to aggregate after ECR, making the structure
not fully utilized. These observations indicate that
moderate oxidation and reduction of the pristine Ag
electrode by controllable electrochemical redox
tuning process plays a critical role in constructing a
highly dispersed Ag NPs packed porous structure.
To assess the electrochemical surface-active
area (ECSA) of the Ag samples with different
treatments, a cyclic voltammogram method
(Figs. 9(a—c)) is used to measure the double-
layer capacitance value (Ca), which is linearly
proportional relation to the ECSA, by scanning in
the non-Faraday region at different scanning rates
(from 20 to 200 mV/s). Based on the fitted
capacitances (1/2 slope, Fig. 9(d)), the ECSA of Ag
NPs ECO15 (C4=0.591 mF/cm?) is about 6.88-fold
larger than that of the pristine Ag substrate
(Ca=0.075 mF/cm?).  Subsequent in-situ ECR
results in further increased ECSA for Ag
NPs ECOI15-ECR4 to 0.725 mF/cm? almost 9.6
times that of the Ag substrate. The enhanced ECSA
could be related to the surface reconstruction
caused by the electrochemical redox tuning process,
which leads to the formation of highly porous
architecture with abundant exposed sites, as
confirmed by the SEM and TEM observations
(Fig. 1(c) and Fig. 3(b)). This result reveals that the

electrochemical redox tuning process contributes
to the clearly enhanced ECSA and active sites of
the Ag NPs_ ECOI15-ECR4 for the potential
application in large-area SERS platform.

3.3 Raman scattering performance

The performance of the electrochemical redox
treated Ag electrode as the SERS substrate by
using R6G as the probe molecule was evaluated.
Smooth Ag substrate was included for comparison.
Figure 10 shows the typical SERS spectra of
R6G obtained at different concentrations of
1x10°mol/L  for Ag NPs ECO15-ECR4 and
1x10'mol/L. for smooth Ag, respectively. The
characteristic SERS spectra of R6G with the peak
positions observed at 1187, 1312, 1365, 1512, 1509,
and 1652 cm™' on both electrodes are consistent
with the data reported in the literature [5,35]. It is
clear that the prepared Ag NPs ECO15-ECR4 as
SERS substrate has a good enhancement effect. The
Er value of Ag NPs ECO15-ECR4 for R6G
molecules is estimated to be 1.32x10%® by
calculating the Raman enhancement factor at the
band of 1652 cm™.

To further evaluate the lowest detectable limit
of the Ag NPs ECO15-ECR4, the concentration of
R6G was decreased stepwise (from 1x107° to
1x10°mol/L), as shown in Fig. 11(a). As the
concentration gradually decreased to 1x10~°mol/L,
no obvious Raman scatting signal can be observed,
suggesting that the detection concentration of R6G
for Ag NPs_ ECO15-ECR4 is as low as 1x10? mol/L.
The SERS intensity at 1652 cm! displays an
excellent linear correlation with the R6G
concentration ranging from 1x107¢ to 1x10° mol/L
(Fig. 11(b)). The fitting linear regression equation
is y=—0.693x+8.109 (y=Ig Iz and x=—1g crec), With a
squared correlation coefficient of 0.998. The
detection limit is derived to be 5.44x107'" mol/L,
according to the 3 times signal-to-noise ratio
rule [36]. These results show that the synthesized
Ag NPs ECOI15-ECR4 exhibits super-SERS
sensitivity. Impressively, the detection limit and Er
values for the Ag NPs-based SERS substrate
created in this study are comparable to recent
reports on Raman signal enhancement materials,
as compared in Fig. 12. The ultrahigh Raman
sensitivity of the synthesized Ag NPs-based
electrode should be related to the well-arranged
porous architectures assembled with the tiny NPs,
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Fig. 8 SEM images of different samples: (a) Ag NPs_ ECO15-ECR1; (b) Ag NPs_ ECO15-ECR2; (c) Ag NPs_ECO15-
ECR3; (d) Ag NPs_ ECO15-ECR4; (e) Ag NPs_ECO15-ECR5; (f) Ag NPs ECO1-ECR4; (g) Ag NPs_ ECO3-ECR4;
(h) Ag NPs_ECO5-ECR4; (i) Ag NPs_ECO10-ECR4; (j) Ag NPs_ECO20-ECR4
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Fig. 9 Cyclic voltammograms of smooth Ag (a), Ag NPs_ ECO15 (b), Ag NPs ECO15-ECR4 (c) in 0.1 mol/L KOH at
various scanning rates from 20 mV/s to 200 mV/s, within potential range of 0.905—1.005 V (vs RHE) where no faradaic
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Fig. 10 Raman spectra of 1x107" mol/L R6G dispersed
on smooth Ag substrate and 1x10~ mol/L R6G dispersed
on Ag NPs ECO15-ECR4

which provide a large ECSA and abundant active
sites. In addition, the highly porous structure with
open pores facilitates mass transport for high-
sensitive molecule detection.

4 Conclusions

(1) Ag NPs-packed porous films could be
facilely synthesized through a simple, controllable
in-situ electrochemical redox tuning approach in
0.1 mol/L KOH solution at room temperature.

(2) The electrochemical redox tuning process
induces a reversible in-situ phase conversion, Ag==
Ag0O on the surface, which gives rise to distinct
surface reconstruction and creates an open porous
network assembled with highly dispersed Ag NPs.

(3) The fabricated Ag NPs-packed porous film
using the methodology proposed as a SERS
electrode can detect the limit concentration of
5.44x107"mol/L for R6G. In addition, the Ag NPs
substrate has a very high enhancement factor of
1.32x108.

(4) The novel manufacture proposed here may
open up a facile scalable technique for the design
and fabrication of advanced self-assembly Ag-
based electrodes for practical SERS applications.
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