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Abstract
Facile and efficient photocatalysts using sunlight, as well as fast and sensitive surface-enhanced Raman spectroscopy
(SERS) substrates, are urgently needed for practical degradation of tetracycline (TC). To meet these requirements, a
new paradigm for PI/TiO2/Ag organic‒inorganic ternary flexible microfibers based on semiconducting titanium
dioxide (TiO2), the noble metal silver (Ag) and the conjugated polymer polyimide (PI) was developed by engineering a
simple method. Under sunlight, the photocatalytic characteristics of the PI/TiO2/Ag flexible microfibers containing
varying amounts of Ag quantum dots (QDs) were evaluated with photocatalytic degradation of TC in aqueous
solution. The results demonstrated that the amount of Ag affected the photocatalytic activity. Among the tested
samples, PI/TiO2/Ag-0.07 (93.1%) exhibited a higher photocatalytic degradation rate than PI/TiO2 (25.7%), PI/TiO2/Ag-
0.05 (77.7%), and PI/TiO2/Ag-0.09 (63.3%). This observation and evaluation conducted in the present work strongly
indicated a charge transfer mechanism. Moreover, the PI/TiO2/Ag-0.07 flexible microfibers exhibited highly sensitive
SERS detection, as demonstrated by the observation of the Raman peaks for TC even at an extremely low
concentration of 10–10 moles per liter. The excellent photocatalytic performance and SERS detection capability of the
PI/TiO2/Ag flexible microfibers arose from the Schottky barrier formed between Ag and TiO2 and also from the
outstanding plasmonic resonance and visible light absorptivity of Ag, along with immobilization by the PI. The
successful synthesis of PI/TiO2/Ag flexible microfibers holds significant promise for sensitive detection and efficient
photocatalytic degradation of antibiotics.

Introduction
TC has emerged as one of the most extensively

employed antibiotics due to its simple synthesis, low cost,
excellent antibacterial properties, and broad applicability,
and it is used in treating human diseases and as a growth
promoter in the livestock and aquaculture industries1.
However, TC is a continuous antibiotic that is neither
fully absorbed by living creatures nor eliminated via

traditional water treatment. Untreated TC seriously
impairs human health and the ecological balance2, so
finding a method for effective detection and elimination of
TC residues is crucial.
SERS is a spectroscopic detection technique that allows

simple, rapid, and sensitive determination of the spectra of
target analytes based on interactions between Raman sub-
strates and target analytes during illumination3. Photo-
catalysis is a green technology that relies on the ability of
photocatalysts to decompose pollutants under irradiation
without generating resource waste4. TiO2 is one of the most
extensively studied materials in the field of photocatalysis,
primarily due to its nontoxicity, cost-effectiveness, high
efficiency, high oxidation capacity, photostability and
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relatively high chemical stability5. Even more surprising is
that TiO2 exhibits high Raman activity6. However, the wide
bandgap and easy recombination of charge carriers in TiO2

limit its use in photocatalysis7, and the chemical enhance-
ment mechanism of Raman is not sufficient to meet the
requirements of sensitive detection6. To overcome these
drawbacks of TiO2, heterojunctions composed of TiO2 and
other noble metals have been investigated, for example, by
combining TiO2 with gold, silver, nickel, or platinum8–10.
Among various noble metals, Ag was used to form a com-
posite material with TiO2 due to its strong surface plasmon
resonance (SPR) absorption and significant charge capture
in the visible spectrum11,12. This approach utilizes the visible
light absorptivity of Ag to extend the absorption range and
enhance the efficiency of sunlight utilization and maximizes
the use of Ag plasmonic resonance and the Schottky barrier
formed at the Ag-TiO2 interface to inhibit recombination of
the photogenerated charge carriers and enhance charge
resonance transfer13. Consequently, it significantly enhances
photocatalytic degradation and SERS detection. However, it
should be noted that TiO2/Ag composite materials are
mostly powders, which can easily cause secondary pollution
and are not conducive to subsequent recycling11,12. The
most common approaches used to address these issues
involve loading the powdered samples onto magnetic car-
riers, ITO, and silicon dioxide14–16. Beyond that, organic
flexible nanofibers prepared by electrospinning have also
served as carriers to immobilize TiO2/Ag powders, enhance
recyclability and prevent secondary pollution17. PI is one of
the most commonly utilized organic flexible nanofibers,
owing to its remarkable flexibility, large specific surface area
and high porosity18. The incorporation of TiO2/Ag into PI
would enhance the dispersion of TiO2/Ag and improve its
photocatalytic and SERS performance while enabling recy-
cling and mitigating the risk of secondary pollution19.
In the present work, we developed a facile approach for

the fabrication of PI/TiO2/Ag organic‒inorganic ternary
flexible microfibers exhibiting sensitive SERS detection
and efficient photocatalytic degradation of TC under
simulated sunlight. The photocatalytic capabilities of the
PI/TiO2 and PI/TiO2/Ag flexible microfibers were asses-
sed under simulated solar light via degradation of TC as a
model compound. The SERS detection efficiency of the
PI/TiO2/Ag-0.07 flexible microfibers was evaluated with
4-aminophenol (4-ATP) and TC. The structural char-
acteristics of the PI/TiO2/Ag flexible microfibers and the
role of the Ag QDs in enhancing the photocatalytic and
SERS activity of PI/TiO2 are the focus of the present study
and discussion.

Results and discussion
Structural and morphological characterization
The structural and morphological features of PI, PI/

TiO2 and the PI/TiO2/Ag flexible nano/microfibers were

studied with several analytical techniques, including
Fourier transform infrared spectroscopy (FTIR), thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD),
energy dispersive X-ray spectroscopy (EDX), scanning
electron microscopy (SEM), transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS).
FT-IR spectroscopy was used to determine structures

and chemical bonds of the polyamide acid (PAA), PI, and
PI/TiO2 flexible fibers. As exhibited in Fig. 1a, the
absorption peaks at 1598 and 1502 cm−1 were attributed
to the C=O stretching vibration and N–H vibration of
PAA20. The absorption peaks at 1771, 1724, 1550, 1353,
and 735 cm−1 were associated with asymmetric stretching
and symmetric stretching vibrations of aromatic C=N
bonds in the triazine unit, stretching vibrations of C–N–C
moieties in the five-membered imide rings and bending
vibrations of the C=O bonds in PI, respectively21. The
broad peaks at 400 to 800 cm−1 represented Ti–O–Ti
stretching vibrations, which confirmed in situ surface
growth of TiO2 on the PI22. These findings indicate that
the primary chemical structure and bonding of the PI
remained unaffected by TiO2 deposition.
The thermal stabilities were investigated with TGA. As

shown in Fig. 1b, the imidization reaction of PAA began at
approximately 200 °C. As the temperature reached 300 °C,
the macromolecular chains within the PAA nanofibers
underwent rearrangement to a more stable conformation
and ultimately formed PI nanofibers. Based on the ther-
mal weight loss curves for PAA and the PI nanofibers at
300 °C, the PI nanofibers no longer exhibited thermal
weight losses, and hence, there was no imidization reac-
tion. From that, we inferred that after 2 h of thermal
imidization of the PAA nanofibers at 300 °C, the internal
molecular chains of PI adopted stable conformations and
showed good thermal stability. At approximately 580 °C,
an obvious inflection appeared because the molecular
chains of the PI nanofibers began to break. At this point,
the thermal weight loss rate reached a maximum due to
carbonization of the PI nanofibers. At approximately
800 °C, they are almost fully converted into carbon
fibers19. Notably, the weight loss from PI/TiO2 is less than
that from PI, which was ascribed to the addition of TiO2.
These results showed that our prepared PI and PI/TiO2

nanofibers were thermally stable.
The generated samples were subjected to XRD analyses to

investigate their crystal structures and phase transitions.
Figure 1c depicts the XRD patterns for PI, PI/TiO2 and the
PI/TiO2/Ag flexible fibers. The prominent peak at
2θ= 27.9° was related to the interlayer π-π stacking of PI,
specifically corresponding to the (001) facet of PI23. The
primary diffraction peaks for PI/TiO2 and PI/TiO2/Ag were
comparable. The typical diffraction peaks at 27.4°, 36.1°,
39.2°, 41.2°, 44.1°, 54.3°, 56.6°, 62.7°, 64.0°, 69.0° and 69.8°
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were attributed to crystalline rutile TiO2 (JCPDS NO. 21-
1276)24. However, oddly, the XRD patterns for PI/TiO2/Ag
exhibited no diffraction peaks for Ag. This may be explained
by the low amount of Ag present or by the fact that the
diffraction peaks for the Ag QDs were obscured by those of
TiO2. Nevertheless, the EDX spectrum of PI/TiO2/Ag-0.07
confirmed the presence of Ag. As shown in Fig. 1d, Ag, Ti,
O, C and N were detected. The aforementioned results
demonstrated the formation of PI/TiO2/Ag.
The morphologies of PAA, PI, PI/TiO2 and PI/TiO2/Ag

were examined with SEM. As illustrated in Fig. 2a, b, the
PAA and PI nanofibers exhibited smooth and uniform
surfaces. However, the diameters of the PI nanofibers
(approximately 200 nm) were smaller than those of the
PAA nanofibers (approximately 250 nm). This was due to
volatilization of the DMF solvent and the thermal imidi-
zation reactions occurring during calcination. As seen
from Fig. 2c, TiO2 nanorods (NRs) with petal-like shapes
were uniformly grown on the surfaces of the PI nanofi-
bers. However, the Ag QDs were not readily visible in
Fig. 2d–f.

Furthermore, the microstructures of PI/TiO2 and PI/
TiO2/Ag were investigated with TEM and high-resolution
TEM (HRTEM). Figure 3(a1–d1) confirms that in PI/
TiO2, TiO2 nanorods (size: approximately 250 nm) were
uniformly and compactly grown on the surfaces of the PI
nanofibers. Figure 3a2–d2 also shows that the number of
Ag DQs on the surface of PI/TiO2 gradually increased
with increasing concentrations of AgNO3. Figure 3a3–d3
demonstrates that Ag DQs were bonded to PI/TiO2 and
exhibited an average size of 15 ± 5 nm, and the PI/TiO2/
Ag samples included both TiO2 NR and Ag DQ crystals.
The lattice spacing of 0.32 nm observed in the figure
matched that of the (110) crystal plane of TiO2 (JCPDS
NO. 21-1276)25. The lattice distance of 0.24 nm in the
figure corresponded to the (111) crystal plane of Ag
(JCPDS NO. 87-0597)26. The elemental maps for the PI/
TiO2/Ag-0.07 microfibers are depicted in Fig. 3e, which
indicates that the C, O, N, Ti and Ag elements were well
distributed throughout the PI/TiO2 nanofibers. Addi-
tionally, the distribution diameters of C and N in PI were
smaller than that of Ti in TiO2, and the distribution
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diameter of Ti in TiO2 was smaller than that of Ag,
indicating the formation of a hierarchical core-shell
structure.
Furthermore, the valence states and elemental compo-

sitions of the prepared samples were verified with XPS
analyses. As observed in Fig. 4a, the peaks for C, N and O
in PI/TiO2 and PI/TiO2/Ag were consistent with those for
PI. The peaks observed in Fig. 4b with binding energies of
458.5 eV and 464.2 eV were assigned to Ti 2p3/2 and Ti
2p1/2, and the 5.7 eV splitting between them indicated the
presence of Ti4+27. The Ag 3d XPS spectrum of PI/TiO2/
Ag-0.07 is shown in Fig. 4c. The peaks at 368.7 eV and
374.7 eV indicated the 3d5/2 and 3d3/2 states of metallic
Ag (0), respectively. Notably, the energy difference of
6.0 eV between the Ag 3d3/2 and Ag 3d5/2 binding ener-
gies was characteristic of metallic Ag28. Figure 4d displays
the C 1 s XPS data for PI, PI/TiO2, and PI/TiO2/Ag-0.07,
which contained three peaks located at 288.2 eV, 285.8 eV,
and 284.6 eV, respectively. The binding energies of these
peaks were calibrated relative to the C 1s peak at 284.6 eV,
which was assigned to carbon contamination or sp2 C-C/
C=C bonds. In comparison, the peaks at 288.3 eV and
285.8 eV were attributed to the O–C=O bonds in the
triazine rings and the C–N bonds in PI, respectively29. As
shown in Fig. 4e, the N 1 s peak at 400.4 eV was associated
with the N–(C)3 bonds of PI

30. In Fig. 4f, the O 1s spec-
trum of PI displayed two peaks at 532.0 and 533.2 eV,
which were attributed to C=O and C–O or adsorbed
water, respectively. In comparison, PI/TiO2 and PI/TiO2/
Ag showed one additional peak at 529.8 eV, which cor-
responded to the Ti–O bonds31,32. Notably, in Fig. 4d–f,
the peaks for PI/TiO2 were redshifted relative to those for
PI, and the peaks for PI/TiO2/Ag exhibited redshifts
relative to those for PI/TiO2, indicating successful incor-
poration of TiO2 into PI, as well as PI, TiO2, and Ag. In
addition, the Ti 2p and O 1s binding energies for PI/TiO2/
Ag were redshifted toward lower energy compared to
those for PI/TiO2, indicating electron transfer from Ag to
TiO2.

Photodegradation of TC
To ascertain the specific surface areas and pore struc-

tures of the synthesized photocatalysts, nitrogen
adsorption-desorption isotherms were generated. As
shown in Fig. 5a, the isotherms for PAA, PI, PI/TiO2 and
the PI/TiO2/Ag flexible fibers were all type IV isotherms
with type H3 hysteresis loops, implying that slit-like
mesoporous structures were formed. The specific surface
areas for PAA, PI, PI/TiO2 and the PI/TiO2/Ag flexible
fibers were estimated to be 17, 17, 21, and 29 m2/g,
respectively. Clearly, the PI/TiO2/Ag flexible microfibers
had the highest specific surface area. Figure 5b shows that
a significant proportion of the pores had diameters ran-
ging from 0 to 15 nm, which is consistent with the SEM

and TEM images. These abundant active sites in the
hierarchical mesoporous nanostructure are believed to
result in the high photocatalytic activity and facile pho-
tocatalytic reactions33.
As seen in Fig. 5c, the photocatalytic capabilities of PI,

PI/TiO2 and the PI/TiO2/Ag flexible fibers with differ-
ent amounts of Ag QD were investigated with photo-
catalytic degradation of TC under simulated sunlight. PI
and PI/TiO2 exhibited very poor catalytic performance
in degrading TC (16.2% and 25.7% conversions after
120 min) due to inefficient photogenerated carrier
separation and transfer. Then, we loaded Ag QDs on the
PI/TiO2 microfibers. As the content of AgNO3 was
increased from 0.05 M to 0.07 M, the photocatalytic
efficiency for TC degradation increased from 77.7% to
93.1%. However, as the concentration of AgNO3 was
increased to 0.09 M, the photocatalytic degradation
efficiency did not continue to increase but rather
decreased to 63.3%. The enhanced photocatalytic effi-
ciency was attributed to multiple factors26. First, the
formation of a Schottky barrier between Ag and TiO2

provided efficient separation of the photogenerated
electrons and holes. Additionally, the remarkable SPR
and visible light absorptivity of Ag enhanced the pho-
tocatalytic activity and solar energy utilization effi-
ciency. Moreover, the immobilization capability of PI
and incorporation of the Ag QDs resulted in a higher
specific surface area, which also enhanced the photo-
catalytic efficiency. However, when more Ag QDs
(0.09 M AgNO3) were loaded, the excess Ag QDs tended
to occupy some of the reactive sites, which inhibited the
formation of photocatalytic intermediates and the
adsorption of TC, and consequently reduced the pho-
tocatalytic performance34,35. Additionally, PI/TiO2/Ag
was employed for degradation of Rhodamine B (Rh B),
Methylene Blue (MB) and Methyl Orange (MO). As
shown in Fig. 5d, PI/TiO2/Ag exhibited excellent pho-
tocatalytic degradation activity with these three pollu-
tants (100%, 95.5%, and 100%), confirming its high
efficiency as a versatile photocatalyst suitable for the
removal of diverse pollutants.

Photoreduction mechanism of TC
The absorptivities and band gaps (Eg) of PI, PI/TiO2 and

the PI/TiO2/Ag-0.07 flexible fibers were determined with
ultraviolet‒visible diffuse reflectance spectroscopy (UV‒
vis DRS) and the corresponding Tauc plots. In Fig. 6a, the
absorption spectra of PI and PI/TiO2 exhibited significant
peaks in the UV region, and they decreased rapidly in the
visible region. When the Ag QDs were deposited, as
shown in the UV‒vis DR spectrum of PI/TiO2/Ag-0.07,
absorption of visible wavelengths was greatly enhanced,
which was attributed to SPR absorption by the Ag QDs36.
The inserted plots in Fig. 6a depict the Tauc curves for PI,
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PI/TiO2 and PI/TiO2/Ag-0.07. The graphs show that the
Eg values were 2.59 eV, 2.96 eV and 2.14 eV.
The photocatalytic activity and separation of the photo-

generated charge carriers in the obtained samples were
evaluated with the photoluminescence (PL) spectra gener-
ated with an excitation wavelength of 350 nm and electro-
chemical impedance spectroscopy (EIS). As shown in

Fig. 6b, PI exhibited a prominent peak in the wavelength
range 400–500 nm. Similar peaks for PI/TiO2 and PI/TiO2/
Ag-0.07 were centered at approximately 410 nm. This was
attributed to the fact that the Ag 3d orbitals accepted elec-
trons and captured the charge carriers to inhibit recombi-
nation of the photogenerated electrons and holes37,38.
Noticeably, the PL intensity of PI/TiO2/Ag-0.07 was much
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lower than that of PI/TiO2, suggesting a reduced rate for
electron-hole recombination and improved photocatalytic
activity. In other words, the synergy of the Ag QDs and the
TiO2 NR interlayer facilitated transport of the photo-
generated charge carriers. Here, we also note that charge
transfer increased the photocatalytic efficiency of PI/TiO2/
Ag and also improved its SERS performance39. Figure 6c
also shows Nyquist plots for various flexible nano/micro-
fibers. The radius of the arc reflects the reaction rate at the
surface of the flexible composite fiber, which can be inter-
preted as the charge transfer resistance (Rct). It was dis-
covered that PI/TiO2/Ag-0.07 has a much smaller Rct than
PI/TiO2 and PI, revealing that the PI/TiO2/Ag-0.07 flexible
microfibers showed the highest efficiency in separating the
photogenerated electron-hole pairs and facilitating rapid
interfacial charge transfer40.
Furthermore, photocurrent response (i-t) experiments

were performed under simulated sunlight with on/off
cycles of 20 s. As illustrated in Fig. 6d, the as-prepared
samples exhibited fairly stable photocurrent responses. In
particular, the PI/TiO2/Ag-0.07 flexible microfibers

showed much higher photocurrents and transient pho-
tocurrent densities than PI/TiO2 and PI, indicating that
PI/TiO2/Ag-0.07 separated the photogenerated electrons
most effectively. This enhanced performance was attrib-
uted to effective interfacial charge transfer facilitated by
the tight bonding and synergy of the TiO2 NRs and Ag
QDs. Furthermore, this unique combination contributed
to the excellent photocatalytic and SERS activities of PI/
TiO2/Ag-0.07.
The semiconducting and flat band (Fermi energy level,

EF) potentials were determined via electrochemical Mott-
Schottky (MS) tests. Figure 6e illustrates the potentials for
PI, PI/TiO2 and PI/TiO2/Ag-0.07, which were 0.29 V,
−1.31 V and −0.60 V (vs. Ag/AgCl), respectively. These
values were referenced to the normal hydrogen electrode
(NHE) potential with the following formula:

ENHE ¼ EAg=AgCl þ 0:198V ð1Þ

Thus, the calculated EF potentials for PI, PI/TiO2 and
PI/TiO2/Ag-0.07 were 0.49 V, −1.11 V and −0.40 V vs.
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NHE, respectively. Furthermore, the VB-XPS spectra
(Fig. 6f) were used to determine the relative potentials of
the valence bands (VB) vs. the Fermi energy level, and the
estimated values for PI, PI/TiO2, and PI/TiO2/Ag-0.07
were 1.53 eV, 2.75 eV, and 1.98 eV, respectively. The VB
potentials for PI, PI/TiO2 and PI/TiO2/Ag-0.07 were
calculated as 2.02 V, 1.64 V and 1.58 V, and the conduc-
tion band (CB) potentials were −0.57 V, −1.32 V and
−0.56 V. Based on the previously described band struc-
tures, a mechanism for photocatalytic degradation of TC
by PI/TiO2/Ag is proposed in Fig. 6g. Under simulated
sunlight, the Ag QDs generated an intense electric field
near their plasmon frequency, which excited the electrons
of TiO2 from the VB to the CB41. Subsequently, electron
transfer from the CB of TiO2 to Ag converted O2 into ·O2-

(the superoxide anion radical) (−0.33 V vs. NHE).
Nonetheless, the holes generated in the valence band of
TiO2 did not convert H2O into ·OH (hydroxyl free radi-
cal) due to the negative potential of the TiO2 valence band
compared to the potential of ·OH/H2O (2.34 V vs.
NHE)42,43. Two protons, an e− and ·O2− reacted to pro-
duce a small amount of ·OH. Importantly, the energy
levels for Ag and the CB of TiO2 were different. As a
result, electrons migrated from the CB of TiO2 to the
Fermi level of Ag, which maintained electron/hole
separation and accelerated the deterioration of TC44. The
photocatalytic process can be described with the following
equations:

PI=TiO2=Agþ hv ! TiO2ðhþÞ þ Agðe�Þ ð2Þ

O2 þ e� ! �O2� ð3Þ

�O2� þ e� þ 2Hþ ! H2O2 ð4Þ

H2O2 þ e� ! OHþOH� ð5Þ

�O2�=�OH=hþ þ TC ! Products ð6Þ
To provide intuitive verification of the active species

involved in the photocatalytic mechanism described
above, the efficiency of TC degradation by PI/TiO2/Ag-
0.07 was investigated with various scavengers. As dis-
played in Fig. 6h, the efficiency of TC degradation was
reduced by the addition of different reactive scavengers.
Specifically, the addition of 1 mM EDTA-2Na45 and
4-hydroxy-TEMPO46 as scavengers for h+ and ·O2−,
respectively, resulted in substantial decreases in the rate of
TC degradation. Only 21.8% and 26.8% of the TC was
degraded, which were much lower than the degradation
rates seen without scavengers (93.1%). This strong inhi-
bition implied that both h+ and ·O2− were important
reactive species, although h+ had a slightly greater

influence. Moreover, in using 1mM IPA47 as a scavenger
for ·OH, the photocatalytic rate of TC degradation was
reduced from 93.1% to 75.3%, indicating the significance
of ·OH in the degradation of TC. These results were
consistent with the photocatalytic mechanism.

SERS activity
As noted above, PI/TiO2/Ag catalyzed photocatalytic

degradation and enhanced SERS detection of the pollu-
tants. As SERS substrates, PI/TiO2 and PI/TiO2/Ag-0.07
were utilized to detect 4-ATP in a 1 × 10–5M solution to
identify the better SERS substrate. As shown Fig. 7a, the
peaks at 1137 cm−1, 1386 cm−1, and 1430 cm−1 corre-
sponded to the “b2” vibrational modes vC-C+ vC-S, βC-H,
and vC-C, respectively. Additionally, the peaks at
1074 cm−1, 1178 cm−1, and 1575 cm−1 represented the
“a1” vibration modes attributed to vC-C+ vC-S, βC-H, and
vC-C, respectively48. The peak intensity for 4-ATP
enhanced with PI/TiO2 was very weak. However, when
PI/TiO2/Ag-0.07 was applied, the intensity of the SERS
signal was significantly enhanced, which indicated that PI/
TiO2/Ag enabled sensitive detection of 4-ATP. The
enhancement originated from two factors: first, under
irradiation, localized surface plasmon resonance (LSPR) of
the Ag QDs formed a local electromagnetic field and
accelerated charge transfer in PI/TiO2/Ag; second, the
Schottky barrier formed by the Ag QDs also facilitated
charge transfer. The efficient charge transfer enhanced
the SERS signal49,50. We then used the PI/TiO2/Ag-
0.07 substrate for SERS detection of TC. As shown in Fig.
7b, the SERS signal decreased gradually as the TC con-
centration was decreased, but even at a low concentration
of 1 × 10–10M, the PI/TiO2/Ag-0.07 substrate still gen-
erated an appreciable SERS signal.

Conclusions
In summary, we employed a simple and effective

strategy to fabricate novel PI/TiO2/Ag organic‒inor-
ganic ternary flexible composite microfibers that
exhibited both sensitive SERS detection and highly
efficient photocatalytic degradation. The proportion of
Ag QDs was a key factor influencing the photocatalytic
and SERS performance of the fabricated samples. As the
content of Ag was increased, the efficiency for photo-
catalytic degradation with PI/TiO2/Ag initially
increased and then decreased. The initial increase was
attributed to the combined contributions of SPR and
visible light absorption by Ag, as well as the Schottky
barrier formed between Ag and TiO2. The decreased
photocatalytic degradation performance was ascribed to
the excess Ag occupying the reactive sites. A photo-
catalytic degradation mechanism for PI/TiO2/Ag was
proposed and validated with free radical scavenging
experiments. Among the samples, the PI/TiO2/Ag-0.07

Han et al. Microsystems & Nanoengineering           (2024) 10:39 Page 9 of 13



flexible microfibers exhibited the best photocatalytic
performance, achieving degradation efficiencies of
93.1%, 95.5%, 100% and 100% for TC, MB, MO and Rh
B, respectively. Additionally, the PI/TiO2/Ag-0.07
flexible microfibers enabled sensitive SERS detection, as
evidenced by the peaks observed even at a low TC
concentration of 10–10M. It is believed that these new
perspectives for the design of innovative, highly effi-
cient, and multifunctional organic‒inorganic ternary
flexible composite microfibers will contribute to
advancements in energy conservation and environ-
mental protection.

Experimental section
Materials
No additional purification was carried out on any of

the materials before they were used. Pyromellitic dia-
nhydride (PMDA), 4,4′-oxydianiline (4,4′-ODA), tita-
nium, ascorbic acid, a solution of ethylenediamin
etetraacetic acid (EDTA-2Na) and 4-hydroxy-TEMPO
were purchased from Aladdin. AgNO3 and hydrochloric
acid solution (HCl) were obtained from Beijing Che-
mical Works. N,N-Dimethylformamide (DMF), iso-
propyl alcohol (IPA) and TC were purchased from
Macklin.

Synthesis of PI nanofibers
4,4′-ODA (0.4 g) was added to 3.3 mL of DMF and

dissolved by continuous stirring for 30 min. In an ice-
water bath, 0.433 g of PMDA was added to the mixed
solution in batches and vigorously stirred for 12 h.
Subsequently, a light-yellow viscous solution (PAA) was
obtained. The combined solution was then poured into
a plastic syringe with a 3 mL capacity for

electrospinning. Aluminum foil served as the collector,
while a 12 kV electrical potential was applied with a
15 cm electrode spacing. Afterward, the PAA nanofibers
were removed and placed into a muffle furnace, where
they were heated to 300 °C at a rate of 2.5 °C/minute
and maintained at this temperature for 2 h. Finally, the
PI nanofibers were successfully prepared.

Synthesis of the PI/TiO2 composite
To a vessel with a polytetrafluoroethylene liner,

0.045 g of titanium, 3 mL of 12 M HCl, and 33 mL of
deionized water were added. Then, the PI nanofibers
were soaked in this solution for 2 h. The autoclave
vessel was put in the oven and maintained at 160 °C for
14 h. The obtained sample was repeatedly washed with
deionized water and then dried in a 60 °C oven. The
TiO2 nanorod array was successfully “planted” on top of
the brilliant yellow PI nanofiber membrane, and the PI/
TiO2 composite microfibers were created, as was evi-
dent from the layer of silver-gray that formed on the
surface.

Synthesis of the PI/TiO2/Ag composite
Ternary PI/TiO2/Ag composite microfibers were created

with electrospinning, a hydrothermal approach, and a pho-
toreduction method (as shown in Scheme 1). The PI/TiO2

composite nanofibers were irradiated with simulated sun-
light from an Xe lamp for 1 h. Then, the PI/TiO2 composite
microfibers were immersed in 0.05, 0.07 and 0.09M AgNO3

solutions for 4 h. After drying under vacuum, the micro-
fibers were again irradiated for 2 h to create the PI/TiO2/Ag
composite microfibers. The samples created with the various
concentrations were designated PI/TiO2/Ag-0.05, PI/TiO2/
Ag-0.07, and PI/TiO2/Ag-0.09.
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Fig. 7 SERS detection sensitivity of PI/TiO2/Ag-0.07 flexible fibers. a SERS spectra of 4-ATP adsorbed on PI/TiO2 and PI/TiO2/Ag-0.07 substrates
from a 1 × 10−5 M aqueous solution. b SERS spectra of the PI/TiO2/Ag-0.07 substrate incubated with TC solutions at various concentrations

Han et al. Microsystems & Nanoengineering           (2024) 10:39 Page 10 of 13



Characterization
KBr pellets were used to examine the FTIR spectra with a

SHIMADZU FTIR-8400s spectrophotometer. A Bruker
AXS D2 PHASER was employed to record XRD patterns
with Cu Kα radiation. A NETZSCH STA 449F3 system was
used to conduct TGA studies under air, with a heating rate
of 10 °C/min up to 800 °C. SEM with a JSM-6701F system
and TEM with a Tecnai F20 system equipped with EDX
were used to analyze the morphologies and elemental dis-
tributions of the photocatalysts. A Micrometrics ASAP-2460
Surface Area and Porosimetry Analyzer was used to mea-
sure the BET-specific surface areas. A Thermo Fisher
ESCALAB 250Xi system was used to obtain the XPS data.
The PL spectra were obtained at room temperature with a
Hitachi F-4700 spectrophotometer with an excitation
wavelength of 350 nm. A CS310H electrochemical work-
station was used to assess the electrochemical performance.

Photocatalytic degradation of TC
The rate of TC degradation under simulated sunlight was

measured to assess the photocatalytic activities of PI, PI/
TiO2, and PI/TiO2/Ag. The experimental process was as
follows: to achieve adsorption-desorption equilibrium, a
piece of the photocatalyst was soaked in a TC solution
(5mg/L) and maintained in darkness for 30min. At 20-min
intervals, the concentrations of TC were detected at 355 nm
with a SHIMADZU UVmini-1240 spectrophotometer.

SERS measurements
The wavelength, power, exposure time and attenuation

degree of the laser used for the SERS measurement were
514 nm, 15 mW/cm2, 15 s, and 10%, respectively. For the
detection of 4-ATP and TC (solution state), analyte
solutions (in EtOH) of various concentrations were
applied to mesoporous PI/TiO2 and PI/TiO2/Ag micro-
fibers by drip-casting. After the sample was blown to a
semidry state with an ear washing ball, the SERS signal
was measured.
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