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Plasmonic nanostructures can catalyze reactions at near room temperature via surface plasmon 
resonance (SPR). Herein, we have successfully prepared Ag@TiO2 photocatalysts with the plasmonic 
properties by applying magnetron sputtering. The results of optical and electrochemical measurements 
indicated that Ag@TiO2 nanoparticle composite structure can expand the light response area and 
improve the efficiency of hot electron–hole pair separation. Additional experimental results verify that 
the SPR effect of silver nanoparticles is an important trigger for the photochemical transformation of 
Polyacrylonitrile (PAN); and the Ag@TiO2 nanostructures exhibit high catalytic activity for enhancing the 
catalytic graphitization of PAN in comparison with the bare Ag. The Raman peak  ID/IG ratio of Ag@TiO2-
catalyzed PAN at 80 °C is 0.87, which is 17% lower than that of pure Ag-catalyzed PAN. The accuracy of the 
experimental results was also clearly confirmed by simulating the electromagnetic response of Ag@TiO2 
photocatalysts using the finite difference time domain (FDTD) method.

Introduction
Since the beginning of the twenty-first century, with the devel-
opment of social economy, a series of climate, environmental 
and energy problems have arisen [1]. Now, people usually use 
photocatalytic reactions to alleviate the above problems [2]. 
Among them, surface plasmons can drive catalytically inert 
molecules under mild conditions, which makes them gradually 
become a hot spot in the field of photocatalysis [3]. For instance, 
plasmonic nanostructures can convert  CO2 into valuable hydro-
carbons at room temperature and atmospheric pressure [4]. In 
addition, plasmonic nanostructures can also catalytically modify 
organics to make them more functional [5, 6].

In previous studies, Most PAN-based carbon materials 
can only be graphitized at high temperature without the use of 
catalysts [7]. In order to increase the degree of graphitization of 
polyacrylonitrile carbon materials, a method of adding a catalyst 
can be used, which is called catalytic graphitization. In recent 
years, much effort has been devoted to improving the degree 

of graphitization of carbon. In addition, many studies have 
reported on the catalytic graphitization of polyacrylonitrile by 
boron. Boron can replace carbon in the graphite lattice, so that 
the polyacrylonitrile-based carbon material can be graphitized 
uniformly [8]. He et al. investigated Synergistic catalytic effect 
of Ti–B on the graphitization of polyacrylonitrile-based carbon 
fibers [9]. It has also been reported to load rare earth elements 
on the surface of carbon materials to explore the performance 
of catalyzing graphitization [10, 11]. However, this technology 
often requires consume substantial amounts of energy, the high 
operational cost. There has been an explosion of interests and 
activities on plasmon-driven catalytic reactions [12, 13]. Along 
these lines, the low-temperature catalytic graphitization perfor-
mance of PAN molecules can be explored by this method.

Plasmonic metals silver (Ag), copper (Cu), and aluminum 
(Al) are widely used in catalysis because of their surface plasmon 
resonance (SPR) effect [14]. Ag is not easily oxidized in air and 
shows excellent chemical stability compared to Cu plasmonic 
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metal.  TiO2-based materials are the most widely studied cata-
lytic materials, which are widely used in the field of environ-
ment and energy [15–17]. Moreover, enlarging the response 
region of light and improving the separation efficiency of hot 
electron–hole pairs can be achieved by constructing plasmonic 
metal/semiconductor hybrid structures and heterojunction 
[18–27]. Therefore, Ag@TiO2 composite material is effectively 
prepared by magnetron sputtering method. And this catalyst is 
used to enhance the catalytic graphitization of PAN. Addition-
ally, this compares favorably with published reports of enhance-
ment of the catalytic graphitization of PAN by incorporating 
Cu nanostructures as plasmonic photocatalyst [28–30]. What’s 
more, catalytic graphitization of polyacrylonitrile (PAN) using 
Ag@TiO2 nanostructures has been rarely investigated in depth.

In this work, to further improve the graphitization of poly-
acrylonitrile and reduce graphite defects at low temperatures, 
we have successfully prepared Ag@TiO2 photocatalysts with 
the plasmonic properties by applying magnetron sputtering. 
We have investigated the photochemical conversion of poly-
acrylonitrile on Ag@TiO2, Ag, and  TiO2 substrates, respec-
tively. The UV–vis diffuse reflectance absorption spectra, PL 
experiments, the photocurrent response experiments and EIS 
experiments revealed the reason why Ag@TiO2 photocatalysts 
enhance the graphitization of polyacrylonitrile. Using the physi-
cal dimensions determined in the experiments, the Ag@TiO2 
nanostructures were simulated by FDTD to further verify the 
experimental results.

Results and discussion
Characterization of Ag@TiO2 composites

Figure 1(a) shows the SPR effect of Ag nanoparticles. The noble 
metal Ag has gradually developed into a promising light-har-
vesting material due to its tunable light absorption ability and its 
surface plasmon resonance (SPR) [31]. Anatase, brookite, and 
rutile are polymorphs of  TiO2, among which the most widely 
used polymorph for photocatalysis is anatase [32]. Figure 1(b) 
shows the crystal structure of anatase  TiO2. Ag@TiO2 compos-
ites were prepared by magnetron sputtering in order to expand 
the light response region and improve the efficiency of hot elec-
tron–hole pair separation in photocatalysis. Figure 1(c) showed 
the schematic representation for the preparation of Ag@TiO2.

Ag@TiO2 composite material is effectively prepared by mag-
netron sputtering method. First, Ag and  TiO2 were sequentially 
deposited on the crystalline silicon wafer substrates in magne-
tron sputtering equipment. After that, the sample was annealed 
for 1 h under the conditions of an argon atmosphere and 450 °C, 
the main purpose is to make the silver film grow into fine and 
uniform grains. As shown in Fig. 2(a), the Ag@TiO2 nanopar-
ticles are spherical. However, similar results were not obtained 
when the order of Ag and  TiO2 deposited on the crystalline 
silicon wafer substrate is changed under the same conditions, as 
shown in Fig. 2(c), where the nanoparticle structure is irregular. 
It is well-known that noble metal Ag nanostructures exhibits 
outstanding plasmonic properties [33]. Besides, metal–semi-
conductor heterostructures provides a rich variety of localized 

Figure 1:  (a) Shows the SPR effect of Ag nanoparticles. (b) Shows the crystal structure of anatase  TiO2. (c) The preparation process of Ag@TiO2 substrate.
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surface plasmon resonances [34]. Interestingly, it was found that 
the SPR facilitated some chemical reactions. To further optimize 
the experimental process and screen the best plasma photocata-
lytic substrate to improve the effect, we used the FDTD method 
to simulate the local surface plasmon resonance effects of sub-
strate materials obtained in two different ways. Figure 2(b, d) 
are the corresponding simulation results of Fig. 2(a, c), respec-
tively. The results [Fig. 2(b) and (d)] reveal the local electric 
field values, and the color bar displayed represents the respective 
electric field enhancement obtained in each case. As we can see 
from Fig. 2(b, a) strong local electric field is obtained between 
the contact gaps when  TiO2 nanoparticles are loaded onto the 
surface of Ag spherical nanoparticles [6]. We can clearly see that 

the strength of the localized electric field (Log(E/E0)) up to 19. 
However, it does not show a better enhanced electric field when 
Ag nanoparticles are loaded on the surface of the  TiO2 film, as 
shown in Fig. 2(d). In contrast, the substrate of  TiO2 nanopar-
ticles loaded on Ag nanoparticles can produce high local field 
strength, which is beneficial for the catalytic applications.

Scanning electron microscope (SEM) was employed to ana-
lyze the morphology of the obtained Ag@TiO2 sample. From 
Fig. 3(a), a uniform distribution of small nanoparticles was 
observed on the Si substrate. The high-magnification SEM image 
[Fig. 3(b)] reveals that the synthesized nanospheres are approxi-
mately 100 nm in diameter. EDS elemental mapping measure-
ments were conducted to examine the elemental distribution 

Figure 2:  (a) SEM image of the  TiO2/Ag nanostructure; (b) model and local field intensity distribution corresponding to (a); (c) SEM image of the Ag@
TiO2 nanostructure; (d) model and local field intensity distribution corresponding to (c).
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in Ag@TiO2 [Fig. 3(d–f)]. The mapping measurements show 
that the distribution of the Ag, Ti, and O elements. Moreover, 
by studying the surface morphology of Ag@TiO2, it was found 
that  TiO2 nanoparticles were successfully accumulated on the 
surface of Ag. Construction of plasmonic metal/semiconductor 
hybrid structures has been shown to be an advanced technique 
for enhancing photocatalytic activity [35].

The crystalline phases of Ag,  TiO2, and Ag@TiO2 were 
determined by observing the X-diffraction peak positions in 
Fig. 4(a). Several diffraction peaks are observed at 2θ = 25.3°, 
48.4°, 54.6°and 55.4°, which accord with (101), (200), (105), and 
(211) of anatase  TiO2, respectively. The characteristic diffraction 
peaks at diffraction angles of 38.2°, 44.4°, 64.6°, 77.5°and 81.6° 

correspond to the (111), (200), (220), (311), and (222) crystal 
surfaces, respectively. All diffraction peaks correspond to Ag 
(JCPDS File No: 87-0597). The purple line corresponds to the 
XRD spectrum of Ag@TiO2 prepared by magnetron sputtering. 
The diffraction peaks of both Ag and  TiO2 can be identified and 
the phase structure of the prepared Ag@TiO2 was pure anatase 
 TiO2. Moreover, Fig. 4(b) shows the Raman spectrum of the 
Ag@TiO2 composite, which further characterizes the structure 
of the material. Five vibrational modes can be observed at 145.3, 
199.2, 395.5, 515.3, and 639.8  cm−1, corresponding to the  Eg(1), 
 A1g,  B1g,  A1g +  B1g, and  Eg(2) Raman active modes of anatase 
 TiO2, respectively. The elemental binding energy and specific 
surface composition of Ag@TiO2 can be analyzed by X-ray 

Figure 3:  (a) SEM image of Ag@TiO2. (b) SEM images of CNCs at 50,0000×magnification. (d–f ) Energy-dispersive spectrum (EDS) mapping showing the 
distribution of Ag, Ti and O.
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photoelectron spectroscopy (XPS). It can further explore the 
interaction of Ag with  TiO2. By analyzing the XPS full spectrum 
[Fig. 4(c)], it was found that Ag, Ti, O, and C elements were 
present in the sample. Impurities and residual organic molecules 
contribute to the presence of C. Figure 4(d) shows the Ti  (2p1/2) 

and Ti  (2p3/2) peaks of the Ag@TiO2 sample at binding ener-
gies of ≈ 464.4 and ≈ 458.7 eV, respectively. The gap between Ti 
 (2p1/2) and Ti  (2p3/2) core levels is 5.7 eV, which further clari-
fies that the titanium in the as-prepared Ag@TiO2 is mainly 
 Ti4+. Furthermore, to illustrate the presence of Ag, the Ag 3d 

Figure 4:  (a) XRD diffractograms of Ag,  TiO2, Ag/TiO2. (b) Raman spectrum of Ag/TiO2. (c) XPS full spectrum of Ag@TiO2 composite; (d) XPS spectrum of 
Ti 2p; (e) XPS spectrum of Ag 3d; (f ) XPS spectrum of  O1s.
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spectra of Ag@TiO2 are given in Fig. 4(e). Two peaks appear 
at 373.7 and 367.7 eV, corresponding to the binding energies 
of Ag  3d3/2 and Ag  3d5/2, respectively. The difference between 
them is 6.0 eV, which is a typical characteristic of metallic Ag 
[36, 37]. In Fig. 4(f), all  O1s spectra show two peaks at 530.8 and 
529.1 eV, the former is caused by oxygen vacancy and the latter 
is attributed to the lattice oxygen of  TiO2 (Ti–O).

Catalytic graphitization of PAN by Ag@TiO2 composites

In this section, we explore the catalytic graphitization per-
formance of Ag@TiO2 polyacrylonitrile. The Ag@TiO2 pho-
tocatalyst was subjected to an in situ photocatalytic reaction 
under a light source with a Raman spectrum at a wavelength 
of 532 nm. Firstly, as shown in Fig. 5(a), we can clearly see that 
the structure of the polyacrylonitrile molecule coated on the 
silicon wafer has not changed and still maintains its original 
powder-like molecular structure. 1470  cm−1 (δ-CH), 2240  cm−1 
(υ-C≡N), and 2930  cm−1 (υ-CH2) are the wavenumber positions 
of the Raman peaks of PAN molecules, respectively. In addi-
tion, when the light source of the Raman spectrum interacts 
with the polyacrylonitrile on the Ag surface, the structure of 
the polyacrylonitrile changes, and the characteristic peaks after 
the graphitization of PAN appear in the Raman spectrum, at 
1360  cm−1, 1590  cm−1, and 2700  cm−1 correspond to the D peak, 
G peak, and 2D peak after graphitization, respectively. This point 
can explain that the high energy generated by the interaction 
of metallic Ag with light drives the catalytic graphitization of 
PAN on the Ag surface. This reason can be attributed to the SPR 
effect of the interaction between metallic Ag and light [38]. The 
SPR effect will generate a large number of carriers in the non-
radiative decay process, which can change the structure of PAN 
and be graphitized.

In general, the relative intensity ratio of the D peak to the G 
peak is usually used to characterize the defect density of graphite 

or graphene [39], that is to say, the degree of graphitization of 
polyacrylonitrile or the defects present in it is related to the 
intensity ratio  (ID/  IG), the higher the degree of graphitization, 
the smaller the  ID/IG ratio. It can be seen from Fig. 5(a, b) that 
the graphitization degree of PAN on the Ag@TiO2 nanostruc-
ture surface is higher after the interaction with light, and the 
ratio of the relative intensity of the D peak to the G peak  (ID/IG) 
is lower. On the one hand, Ag has superior plasmonic properties 
compared to Cu. We can observe the catalytic properties of Cu 
and Ag in Fig. S2, and the activation energy provided by the hot 
electrons induced by plasma catalysis can drive the increase in 
the degree of graphitization of PAN [6]; on the other hand, the 
construction of a plasmonic metal Ag and  TiO2 semiconductor 
hybrid structure can expand the optical responsive region and 
improve the separation efficiency of hot electron–hole pairs in 
photocatalysis [40]. Compared with Ag alone to improve the 
catalytic graphitization of PAN, the Ag@TiO2 nanostructured 
composite has more superior performance for the PAN-cata-
lyzed graphitization. Therefore, the low-temperature catalytic 
graphitization of polyacrylonitrile is enhanced by introduc-
ing Ag@TiO2 nanostructures as plasmonic photocatalysts. 
Therefore, we are able to demonstrate that the graphitization 
of PAN has been significantly increased in the presence of Ag@
TiO2 photocatalytic systems as compared to pure  TiO2 and Ag 
nanocrystals.

However, the evaporation temperature of the removed sol-
vent is also an important influence on the catalytic graphitiza-
tion of polyacrylonitrile. As shown in Fig. 6, the intensity of 
graphite D peak increases with the increase of temperature, 
and the increase of D peak intensity indicates the existence of 
a large number of defects [41]. It can be seen from Table 1 that 
the ratio of the relative intensities of the D peak to the G peak 
 (ID/IG) increases with the increase of temperature, and high 
temperature conditions will affect the catalytic graphitization 

Figure 5:  (a) In situ Raman spectra of PAN on Si, Ag, and Ag@TiO2 surfaces (80 °C); (b)  ID/IG ratios of graphitized PAN on different substrates (80 °C).
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performance of nanostructures on PAN. This is mainly attrib-
uted to the fact that Ag nanostructures are easily oxidized at 
high temperatures and a layer of  Ag2O is formed on the surface 
of Ag nanoparticles. Therefore, the interaction between light 
and  Ag2O can only produce a weak SPR effect, which leads to a 
reduction in the photocatalytic activity of Ag@TiO2 [42]. Below 
80 °C, the solvent dimethylformamide (DMF) of PAN is not 
completely volatilized due to the lower temperature. The pres-
ence of DMF hinders the graphitization of PAN, which is shown 
in Figs. S3 and S4.

Ag@TiO2‑catalyzed graphitization mechanism of PAN

The performance of photocatalysis is affected by the photore-
sponse. Figure 7(a) shows the UV–vis diffuse reflectance spec-
trum (DRS) of the obtained samples. We investigated the optical 
properties of the samples by analyzing their DRS. It can be seen 
that the pristine  TiO2 shows strong absorption in the UV region 
and the absorption edge located at 380 nm, which is consistent 
with the light absorption properties of anatase  TiO2. In addition, 
it can be seen that the Ag nanoparticles have an absorption peak 
at 320 nm, which is attributed to the SPR of the Ag nanoparti-
cles. Interestingly, upon loading  TiO2 nanocrystals, as for Ag@

TiO2, an obvious peak at 400–650 nm appeared, its response to 
visible light is significantly enhanced.

This phenomenon can be attributed to the following two 
principal reasons. On the one hand, Ag nanoparticles have a 
well-known SPR effect, which significantly boosts the absorp-
tion of visible light [43]. On the other hand, Schottky barriers 
are created at the interface of the plasmonic metal/semicon-
ductor hybrid structure [44]. The Schottky barriers will lead to 
the transfer of hot electrons generated by plasmonic metal Ag 
to the conduction band of porous  TiO2, which can effectively 
improve the separation efficiency of hot electron–hole pairs in 
photocatalysis [45]. Photoluminescence (PL) spectroscopy can 
be used to evaluate the charge separation ability. We all know 
that photoexcited electrons and holes undergo several processes 
for recombination, and the efficiency of their recombination can 
be reflected by the PL spectral intensity. Figure 7(b) shows the 
photoluminescence (PL) spectra of above three photocatalysts. 
The PL intensity for Ag@TiO2 was much lower than that of Ag, 
 TiO2, this result indicates that the formation of Schottky junc-
tions between  TiO2 and Ag nanocrystals reduces the recom-
bination of charge carriers, resulting in a longer-lived carriers 
(electron/hole pair) [46].

Meanwhile, the transient photocurrent response can also 
predict the photocatalytic activity. The transient photocurrent 

Figure 6:  The volatilization temperature of the solvent also affects the catalyzed graphitization of polyacrylonitrile.

TABLE 1:  Ratio of the relative 
intensities of the D and G peaks 
of polyacrylonitrile-catalyzed 
graphitization.

temperature(°C) 80 °C 100 °C 120 °C 140 °C 160 °C 180 °C

D  (cm−1) 1350 1358 1362 1357 1358 1366

G  (cm−1) 1601 1598 1600 1599 1600 1589

ID/IG 0.87 0.88 0.85 0.97 1.08 1.43
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responses of Ag,  TiO2, Ag@TiO2 are displayed in Fig. 7(c), the 
photocurrent of the Ag nanoparticles is very weak which is neg-
ligible. Notably, the photocurrent density of the Ag@TiO2 struc-
ture reaches 0.33 μA/cm−2, which is nearly 10 times higher than 
that of traditional  TiO2 (0.034 mA/cm−2). This further illus-
trates that the special structure of the Ag@TiO2 composite and 
its enhanced SPR intensity contribute to the enhanced photo-
response ability. Electrochemical impedance spectroscopy (EIS) 
can be used to explore the interface properties between elec-
trodes and electrolytes. In Fig. 7(d), the diameter of the semicir-
cle represented the charge transfer resistance, and the semicircle 
in the high frequency Nyquist plot reflected the charge transfer 
process. We found that the arch for Ag@TiO2 is much smaller 
than  TiO2 and Ag under visible light (> 420 nm) illumination, 
which indicates that the modification of Ag can significantly 
improve the electron mobility by reducing the recombination 
of electron–hole pairs. Through the comparative analysis of dif-
ferent sample, the arch value for  TiO2 was in the middle among 
them. Taken together, these results implicated that Ag@TiO2 
nanostructures can expand the response region of light and the 
Ag nanocrystals be able to possess strong SPR effect.

We simulated the near-field distributions of the Ag@TiO2 
nanostructures by means of the finite difference time domain 
(FDTD) method, which is beneficial to study the catalytic gra-
phitization of PAN by SPR effect. As shown in Fig. 8(a), a sin-
gle Ag@TiO2 local electric field distribution model was simu-
lated, it can be seen that the  TiO2 nanoparticles are loaded on 
the surface of the relatively large Ag nanoparticles. Figure 8(b) 
illustrate the electric field distributions of the Ag@TiO2 cor-
responding to the 532 nm wavelength. Additionally, Fig. 8(c) 
shows high local electric field distribution of the dotted por-
tion in Fig. 8(b). The FDTD simulations show that the highest 
plasmonic electric field intensities are generated between the 
 TiO2 and the spherical Ag nanoparticles. These spots with an 
enhanced electric field are referred to as “hot spots”. Not sur-
prisingly, it is found that there exists strong localized electric 
field between two nanoparticles, and the intensity of the elec-
tric field at the space between two nanoparticles is approxi-
mately 3 times stronger than that of a single nanoparticle, as 
shown in Fig. 8(e, f ). Higher electromagnetic field generates 
more hot electron, which provide activation energy and can 
exhibit significant catalytic effects on the surface of Ag@TiO2 

Figure 7:  (a) UV–vis spectra of Ag,  TiO2, Ag/TiO2; (b) The PL spectra of Ag,  TiO2, Ag/TiO2; (c) Photocurrent responses in the light on–off process; (d) shows 
the electrochemical impedance results of the Ag,  TiO2, Ag/TiO2.
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nanostructures. This effect is nicely captured by the follow-
ing equation, where the rate of plasmon-induced hot carrier 
generation can be estimated [47].

where  PMFP is the optical absorption within the mean free path 
length of the transmission interface, VMFP is the under consid-
eration metallic volume that includes the mean free path of the 
transmission interface, and the local electric field intensity is 
represented by |E(r)|2. Im(ε) is the imaginary part of the mate-
rial’s dielectric function. We can find that the excitation rate of 
hot carriers due to the implementation of SPR effect on plas-
monic nanostructures is greatly affected by the local electric 
field distribution. Meanwhile, the high electromagnetic field of 
LSPR and strong coupling between Ag nanoparticles(NPs) and 
 TiO2 will benefit the plasmon-induced charge transportation 
and separation, which can promote the chemical transforma-
tion procedures [48]. More importantly, the FDTD simulations 
confirm our experimental findings. The improved graphitization 
of polyacrylonitrile is attributed to the SPR effect of Ag in Ag@
TiO2 nanostructures and improves charge separation transport.

PMFP =
1

2

∫

VMFP

dr|E(r)|2Im(ε),

So far, we show the catalytic mechanism of PAN-catalyzed 
graphitization in terms of both experiments and theoretical 
simulation in detail. Figure 9 shows the mechanism of SPR-
enhanced the catalytic graphitization of PAN on the surface of 
the periodic Ag@TiO2 nanocomposite under 532 nm irradia-
tion. On the one hand, by analyzing the UV–vis-NIR absorption 
spectra of Ag@TiO2 and  TiO2, it is found that the SPR effect 
of Ag can lead to the enhanced absorption of Ag@TiO2 in the 
entire spectral range. [49]. Besides, the generation of charge car-
riers in the Ag follows excitation and decay of surface plasmons, 
generating both electrons and holes with excess energy, follow-
ing transferring to PAN molecules to trigger chemical reaction. 
Moreover, due to the Schottky contact between Ag and  TiO2, a 
built-in electric field is generated to promote the separation of 
photogenerated electrons and holes and increase the lifetimes of 
carriers. This implies that more charge carriers will be involved 
in the catalytic reaction. The results of this study can be veri-
fied by measurements of PL spectra and transient photocurrent 
responses. The photocatalytic enhancement observed under 
light illumination can be understood by simulating the elec-
tromagnetic response of the Ag@TiO2 photocatalysts using the 
FDTD method. Simulation results clearly confirm the presence 
of localized SPR-enhanced electromagnetic field for the Ag and 

Figure 8:  FDTD simulation of the electric field distribution of Ag/TiO2. (a) model of a single Ag@TiO2 nanoparticle; (b) local field strength of a single 
Ag@TiO2 nanoparticle; (c) local field strength corresponding to the red dashed line in (b) for a single Ag@TiO2 nanoparticle; (d) model of two Ag@TiO2 
nanoparticles; (e) local field strength of two Ag@TiO2 nanoparticles; (f ) local field strength corresponding in (e) field strengths.
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 TiO2. The enhanced electromagnetic field improves the light 
absorption of  TiO2 and benefit the plasmon-induced charge 
transportation and separation. Since the rate of hot electron 
generation is proportional to the intensity of the local electric 
field, more carriers are involved in the chemical reaction dur-
ing photocatalysis. It means that the catalytic graphitization of 
polyacrylonitrile is further enhanced.

Conclusion
In this work, we have successfully prepared Ag@TiO2 photo-
catalysts with the plasmonic properties by applying magnetron 
sputtering, which have high catalytic activity for enhancing the 
catalytic graphitization of PAN. Experimental results indicated 
that the SPR effect of Ag nanostructures is a critical element 
driving the graphitization of PAN, expanding the response 
region of light and improving the separation efficiency of hot 
electron–hole pairs, which can be achieved by constructing 
plasmonic metal (Ag)/semiconductor  (TiO2) hybrid structures. 
As depicted by 3D FDTD simulations, in the case of densely 
dispersed  TiO2 nanoparticles on Ag, enhancing greatly local 
electric field near the surface of the nanostructures and result 
in strong optical response. Consequently, Ag@TiO2 nanostruc-
tures exhibit high catalytic activity for enhancing the catalytic 
graphitization of PAN under 532 nm light illumination in com-
parison with the bare Ag. The experimental results are consistent 
with theoretical simulations. This research work further pro-
motes the application of plasmonic photocatalysts in catalytic 
reactions, energy, and environment.

Experimental section
Preparation of Ag@TiO2

Magnetron sputtering (MS) is a well-known physical vapor dep-
osition process that is used to synthesize nanoparticles or thin 
films. Ag@TiO2 composite material is effectively prepared by 
magnetron sputtering method. Ti and Ag targets were sonicated 
with acetone, deionized water, and ethanol for 30 min, respec-
tively. Then, Ti and Ag targets were pre-sputtered for 10 min to 
remove impurities from the surface. The pressure of the sputter-
ing chamber was adjusted to below 2.0 ×  10–5 Pa, and  TiO2 was 
prepared by sputtering the Ti target in a mixed atmosphere of 
 O2 and Ar (3/7 in volume ratio) at 125W. The sputtering time 
was 120 min. Finally, Ag was deposited in  TiO2 under vacuum. 
The sputtering time was also 120 min.

Material characterization

Scanning electron microscopy(SEM) studies were carried out 
on Nova Nano SEM 450 for the morphological characteriza-
tion. The crystal structures were characterized by an X-Ray dif-
fractometer (Panalytical Xpert3 Powder) using Cu Kα radiation 
source (λ = 0.15406 nm). The Raman spectra was carried out 
using a laser confocal Raman micro-spectroscopy (LabRAM 
HR800, Horiba JobinYvo) with excitation at 532 nm and 50mW.
The binding energy and chemical state of the Ag surface was 
identified by the XPS (Ultra-DLD Kratos Axis) instrument. 
UV–vis diffuse reflectance spectroscopy (UV–vis DRS) was 
obtained with a Perkin-Elmer spectrophotometer, which can 

Figure 9:  Mechanisms of polyacrylonitrile-catalyzed graphitization on Ag@TiO2 surfaces.
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evaluate the optical properties of nanocomposites. The photo-
luminescence (PL) spectra of the photocatalysts were obtained 
by an F7000 (Hitachi, Japan) photoluminescence detector with 
an excitation wavelength of 325 nm. Photoelectrochemical 
measurements were carried out in a conventional three elec-
trode setup on an electrochemical station, and the light source 
is a xenon lamp with a broadband Visible to NIR spectrum. A 
0.1 M  Na2  SO4 aqueous solution was used as the electrolyte. To 
study the optical properties of the Ag@TiO2 composite struc-
ture, we performed electrodynamic simulations using the FDTD 
method. According to the SEM and EDS images shown in Fig. 3, 
the spherical Ag nanoparticles were approximately 100 nm in 
size and smaller sized  TiO2 particles were loaded on Ag surface. 
By consulting the literature, we obtained the relevant data of the 
frequency-dependent complex dielectric constants of Ag and 
 TiO2. The frequency-dependent complex dielectric constants of 
Ag and  TiO2 is shown are in Fig. S1.
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