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Benefitting from the tunable heterogeneous interface and electronic interaction, metal-polymer-based hy-
brid composites have attracted wide attention. It is highly desired to develop advanced synthesis method-
ology and understand the structure-performance relationship. Herein, with the aniline oligomer as the
key enabler, we resolve the inferior dynamics issue in the Ag+*-aniline reaction system, and success-
fully fabricate a sub-micron anisotropic eccentric Ag@polyaniline (PANI) particle (an average size up to
340nm) at room temperature. We demonstrate the synergy mechanism of polyvinyl pyrrolidone and in-
situ generated PANI for modifying the dynamic reaction interface. We further clarify the H* concentration
and the surfactant types serve as main descriptors to tune the reaction dynamics. Besides, by applying
other aniline oligomers, a series of similar eccentric structures can also be obtained, indicative of the
good applicability of our strategy. Such a sub-micron eccentric structure furnishes the Ag@PANI compos-
ites with sound performance for microwave absorption, as demonstrated by a minimum reflection loss

(RL) value of —35dB with an effective absorption bandwidth of 3.7 GHz. This study provides an inspiring
scope/concept of eccentric microstructure engineering for better meeting the demands in the high-tech
military, energy, environment fields, and beyond.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the merits of unique heterointerface and organic/inorganic
synergistic effects, metal@polymer core-shell materials generally
demonstrate promising properties, such as high physicochemical
stability [1,2], improved optical properties [3,4], enhanced catalytic
activity [5], and fascinating interfacial properties [6]. Among them,
Ag@polyaniline (PANI), integrated with the excellent conductivity
and optical properties of Ag as well as low density, high mechan-
ical flexibility and electrochemical properties of PANI, has been
scrutinized as a promising hybrid material and investigated in
many research fields [7-9]. Besides the “win-win cooperation”, it
has been evidenced that the modulation of organic/inorganic hy-
brid materials by rational design of their morphology and interface
effects will further optimize the properties [10,11].

Anisotropic particles hold fascinating features such as asymmet-
ric shapes and outstanding physicochemical properties [12], thus
attracting considerable attention to date [13-15]. It is predicted
that the precise configuration of Ag@PANI with an anisotropic mi-
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crostructure will result in appealing features for wide applications
[16,17]. However, the development of the well-defined anisotropic
Ag@PANI structure is far behind schedule and challenging. Gen-
erally, the inferior processability of the organic component (PANI)
renders it hard to finely couple with the metal materials to form
the required microstructure [18-20]. On top of that, the low redox
potential of Ag*/Ag (0.80V) to aniline (1.02V) is the main bottle-
neck in the organic/inorganic hybrid system [21], which makes it
thermodynamically unfavorable for the in-situ polymerization and
the formation of Ag@PANI composites. To facilitate their develop-
ment, rationally balancing the redox potential of aniline precursor
to guarantee the facile and controllable synthesis at room temper-
ature is highly pursued.

Generally speaking, aniline oligomers are formed at the early
stage of the oxidation of aniline, with a shorter molecular chain
and lower molecular weight [22]. Aniline oligomers, such as aniline
trimer and tetramer, can serve as building blocks for the synthesis
of PANI and other functional molecular structure [22,23]. Consider-
ing the lower redox potentials of aniline oligomers in comparison
to that of aniline [24], it is expected that they may serve as the
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Fig. 1. (al, a2) SEM images, (b1, b2) TEM images and (c¢) TEM and HAADF images
of AP-Ag@PANI and the corresponding EDS elemental mapping, (d) line scanning
(marked in c), (e) XRD pattern and (f) UV-vis-NIR spectrum of AP-Ag@PANI. Scale
bar: 200 nm.

proper reductant of Ag", favorable for the polymerization and in-
situ coupling with the as-formed AgP.

In this contribution, inspired by the aforementioned informa-
tion, aniline oligomers are adopted as the reductants in the or-
ganic/inorganic hybrid system, which lead to the successful for-
mation of sub-micron eccentric AG@PANI particles. We clarify that
the polyvinyl pyrrolidone (PVP) is responsible for the modified re-
action interface of appropriate microdroplets owing to its amphi-
pathic groups. We also reveal that the in-situ generated PANI as
the hydrophobic layer on the Ag particle will be engulfed in the
oil context gradually, leading to the homogeneous growth of ec-
centric Ag@PANI. More interestingly, the similar eccentric structure
synthesized by different precursors of aniline oligomers demon-
strates the good applicability of our strategy. It is proposed that
a growth process is controlled by the joint effect of the reaction
interface and diffusion kinetics, where the main descriptors are
revealed. The geometric and interface synergy renders the eccen-
tric Ag@PANI particles with superior performance when used as a
microwave absorber, where a minimum reflection loss (RL) value
of —35dB at 10.5GHz and an effective absorption bandwidth of
3.7GHz (RL value < —10dB) are realized. This work provides a
successful formation craft of sub-micron metal-polymer eccentric
particles, which helps advance the design and modulation of func-
tional materials for diverse application scenarios.

As illustrated in Fig. S1 (Supporting information), the aniline
oligomers were formed with ammonium persulfate (APS) or Ag* as
the oxidizer, namely AP-precursor and AG-precursor, respectively.
Both of them perform high-activity of reducing Ag™ ions towards
the generation of Ag@PANI structures at room temperature.

In a typical reaction with AP-precursor, we obtained eccentric
AP-Ag@PANI particles with an average size of about 340 nm (Figs.
1a and b, Fig. S2 in Supporting information). The AP-Ag@PANI par-
ticle possesses a highly eccentric Ag core in an irregular shape, en-
capsulated by the spherical PANI shell with a small nanotextured
surface. The anisotropic coating thicknesses of the PANI shell for
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the thin and thick sides are 4nm and above 100 nm, respectively.
HRTEM image (Fig. S3 in Supporting information) demonstrates
a lattice spacing is 0.23 nm, which can be indexed to the (111)
plane of metallic Ag. Besides, the selected area electron diffraction
(SAED) pattern demonstrates the polycrystalline structure of the
eccentric particle (inset in Fig. S3). The unique morphology was
also demonstrated by the high-angle annular dark-field scanning
TEM (HAADF-STEM) image (Fig. 1c). Besides, the corresponding en-
ergy dispersive spectroscopy (EDS) mapping and the line scanning
demonstrate an even distribution of C, N and O elements from the
PANI shell and Ag element from the core (Figs. 1c and d).

To further investigate the crystal structure of AP-Ag@PANI, X-
ray diffraction (XRD) characterization was conducted. As shown in
Fig. 1e, five distinct diffraction peaks can be detected, ascribed to
the (111), (200), (220), (311) and (222) planes of Ag (JCPDS No. 04-
0783), respectively. Besides, a weak peak in the range of 20°-30° is
observed, originating from the PANI shell [25]. The optical property
was characterized by UV-vis-NIR spectroscopy. As shown in Fig. 1f,
three characteristic bands at 282, 343 and 566 nm stem from PANI,
assigned to a w-m* transition of benzenoid (B) rings, w-7* transi-
tion and molecular exciton for polyaniline, respectively [26,27]. The
localized surface plasmon resonance (LSPR) peak at 450-480 nm is
associated with the inner Ag core. These results manifest that Ag
particles are successfully immobilized within the polyaniline ma-
trix. To evidence the applicability of this strategy, we performed a
contrast experiment where the AG-precursor was used as a reduc-
tant. As a result, eccentric AG-Ag@PANI particles with an average
size of about 210 nm were obtained (more details in Figs. S2 and
S4 in Supporting information). These results validate that we can
utilize aniline oligomers oxidized by diverse oxidants to fabricate
special eccentric structures.

The composite structures were further investigated by FTIR
measurement as shown in Fig. 2a. The peaks at 3354 and
3359cm™! are assigned to the N-H stretching vibrations of PANI
[28]. The peaks at 2927 and 2849cm~! are ascribed to the
C-H stretching vibrations of PANI [29]. The peaks at 1467 and
1597 cm~! can be attributed to the C=C stretching vibrations of B
and quinonoid (Q) rings, respectively [29]. The peak at 1384 cm™!
is assigned to C-N stretching vibration in the bipolaronic and pola-
ronic units [29]. And the strong band at 1638cm~! corresponds to
the stretching of C=0 group, attributed to the hydrolysis of PANI
[30]. The peaks at 1293 and 1306cm~! are attributed to the N-H
bending mode [31]. The Raman spectra of the AP-Ag@PANI and AG-
Ag@PANI nanocomposites (Fig. 2b) display a series of characteris-
tic peaks of PANI in emeraldine salt form. Specifically, the peaks
at 870 and 1160cm~! can be attributed to the C-H bending vi-
bration of the Q and B rings, respectively [29]. The peaks at 1252
and 1352 cm~! are ascribed to the C-N stretching vibration of the
polaronic and bipolaronic moieties, respectively [29]. The peak of
about 1384cm™! is assigned to C~N'* stretching vibration of the
polaronic moieties [32]. The peak of about 1430 cm~! is attributed
to C=N stretching vibration of the Q rings [32]. The two peaks
of about 1592 and 1624cm~! originate from the C=C and C-C
stretching vibrations of the Q and B rings, respectively [29]. The
shoulder band of about 1660cm™"! is assigned to the C=0 stretch-
ing vibration from the hydrolysis of PANIL The band of 246 cm~!
can be attributed to the Ag-N band among PANI and Ag particles
(Fig. S5 in Supporting information) [33].

XPS characterization was performed to gain some insights into
the electronic structure of the as-synthesized eccentric structures.
For both AP-Ag@PANI and AG-Ag@PANI, the characteristic peaks of
C, N and O elements were detected, manifesting the introduction
of PANI (Fig. 2c). As shown in Fig. 2d, the spectra of the Ag 3d
consist of two spin-orbit components Ag 3ds;, and Ag 3dsp, at
367.6 and 373.6eV with an energy separation of 6.0eV, confirm-
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Fig. 2. (a) FTIR spectra, (b) Raman spectra, (c) XPS survey spectra, (d) high-resolution Ag 3d XPS spectra, (e) C 1s XPS spectra, (f) N 1s XPS spectra, (g) O 1s XPS spectra and
(h) the comparison of different groups percentage and size of AP-Ag@PANI and AG-Ag@PANI, respectively.
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Fig. 3. (a) TOF-MS of AP-precursor and AG-precursor, (b) FTIR spectra of AP-precursor, AG-precursor and pure aniline, and (c¢) schematic diagram of the proposed formation

process of eccentric Ag@PANI structure in an oil/water biphasic system.

ing the average valence state of 0 [34]. It evidences the successful
formation of Ag particles. The high-resolution C 1s XPS spectra of
AP-Ag@PANI and AG-Ag@PANI can be divided into three distinct
peaks at 284.8, 285.7 and 288.0eV, originating from C-C/C=C, C-N
and C=0 bonds, respectively (Fig. 2e). The N 1s spectra are de-
convoluted into four component peaks at 398.9, 399.6, 400.4 and
401.1 eV, assigned to =N-, -NH-, -NH"- and =N"-, respectively (Fig.
2f) [29]. The presence of protonated nitrogen suggests that the
PANI was obtained in the emeraldine salt form. The O 1s spec-
tra can be deconvoluted into three subpeaks at 531.3, 532.6 and
534.1 eV, which are assigned as C=0, C-OH and chemisorbed oxy-
gen and/or water bonding states, respectively (Fig. 2g). As depicted
in Fig. 2h, the aforementioned results demonstrate that the rela-
tive group contents display negligible difference for AP-Ag@PANI
and AG-Ag@PANI, further manifesting the great promise of this re-
dox potential-matching strategy.

The mass spectrometry of the aniline precursors was studied
to understand their composition. As shown in Fig. 3a and Fig.
S6 (Supporting information), aniline (m/z=94.04), aniline dimer

(m/z=185.12), trimer (m/z=274.13) and tetramer (m/z=366.16)
were detected [35]. Moreover, the fragments at m/z=441.21 and
530.23 arise from the pentamer and hexamer, with a loss of NH;"
[35,36]. The FTIR spectra of both AP-precursor and AG-precursor
exhibit an extra C=0 band (1654cm~!) compared with the pure
aniline, indicative of the existence of PVP residues in the aniline
precursors (Fig. 3b).

As mentioned above, the special biphasic system composed
of the oil phase (aniline oligomers in toluene) and water phase
(Ag* and H* in water), is the key to fabricated eccentric Ag@PANI
structure (Fig. 3c). After blending the oil and water phases, there
are numerous microdroplets with the assistance of PVP from the
aniline oligomers, which serve as the reaction centers. Notably,
Ag*t ions are easily absorbed on PVP [37], further initiating the
polymerization of oligomers. Due to the high activity of aniline
oligomers, Ag" ions will be fast reduced and grow into primary
Ag particles. Subsequently, the in-situ formed PANI will coat the
surface of Ag particles and be embedded in the oil phase owing
to their hydrophobicity [38]. Then, Ag particles further grow and
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are coated with swollen PANI shells. Finally, the eccentric Ag@PANI
composites formed after the Ag particle was engulfed in the PANI
matrix. The formation process of the eccentric Ag@PANI structure
is also proven by the defective products as shown in Fig. S7 (Sup-
porting information).

It was demonstrated that the PVP played a key role in the sys-
tem. Without PVP, the as-formed Ag@PANI particles exhibit irreg-
ular shapes and small sizes (Figs. S8a and b in Supporting infor-
mation), originating from the unstable oil/water interface of mi-
celles in the absence of PVP. The effect on the reaction interface
was further studied by adding appropriate sodium dodecyl ben-
zene sulfonate (SDBS) instead of PVP as the surfactant. The uneven
Ag@PANI particle structure with thin shells is formed (Fig. S8c in
Supporting information), which may come from small micelles as-
sisted by SDBS. That is to say, the PVP, which is conducive to fab-
ricating appropriate microdroplets and stabilizing oil-water inter-
faces [39], serves as a significant role in manufacturing the eccen-
tric Ag@PANI structure.

To gain more insights on the formation of eccentric Ag@PANI
structure, the reaction was further conducted under different H*
concentrations with consideration of tuning the nucleation of PANI
[40]. Under a high concentration (80 mmol/L), more than one core
inside the PANI shell was observed the as-formed AP-Ag@PANI par-
ticles (Fig. S8d in Supporting information). It indicates that the po-
tential interaction of adjacent AP-Ag@PANI particles appears, due
to the accelerated reaction as the increased protonation of ani-
line oligomers under high H* concentration. As the H* concentra-
tion further increases to 120 mmol/L (Fig. S8e in Supporting infor-
mation), the obtained AP-Ag@PANI particles exhibit ordinary core-
shell structure with agglomeration, originating from the fast reac-
tion between Ag* and aniline oligomers. Besides, there was no ob-
vious product under a low H* concentration of 30 mmol/L because
of the inadequate protonation of aniline oligomers. Therefore, the
types of surfactants and the H* concentration are two main de-
scriptors (Fig. S8f in Supporting information), contributing to mod-
ulating the interfaces of microdroplets and the reaction kinetics,
respectively.

AP-Ag@PANI was adopted as the microwave absorbent to evalu-
ate the microwave absorption (MA) property of this kind of special
eccentric structure by the RL value. The pure PANI only exhibits the
maximal absorption of —12dB with an effective absorption band-
width of 3.4 GHz (Figs. 4a and b, Fig. S9 in Supporting information).
By contrast, the eccentric AP-Ag@PANI particles exhibit an absorp-
tion of —22dB with an effective MA bandwidth of 3.5 GHz under
a sample thickness of only 1.5mm (Figs. 4c and d). More impor-
tantly, the maximal absorption reaches —35dB at the frequency of
10.4 GHz under a sample thickness of only 2.1 mm, and the effec-
tive absorption bandwidth of 3.7 GHz is achieved (from 9.3 GHz to
13.0GHz). Encouragingly, this absorption efficiency is higher than
many previously reported Ag-polymer-based materials in literature
(Fig. S10 in Supporting information), indicative of the good po-
tential of these eccentric AP-Ag@PANI nanostructures as a high-
performance microwave absorber.

To clarify the origin of the enhanced microwave absorption,
the permittivity of these eccentric AP-Ag@PANI nanostructures was
evaluated. As shown in Figs. S11a and b (Supporting information),
the high value of &’ suggests a high electric storage capability
[41]. Besides, the high value of ¢” also manifests that the spe-
cial eccentric structure of AP-Ag@PANI can enhance the dissipa-
tion loss of electromagnetic energy [41]. The dielectric loss value
(tando=¢"[e’) of AP-Ag@PANI is displayed in Fig. S11c (Support-
ing information), indicative of a high dielectric loss of electromag-
netic waves. As shown in Fig. S11d (Supporting information), there
are several semicircles from the Cole-Cole plot of & and &” of AP-
Ag@PANI, which are related to the Debye relaxation process due to
the interface polarization between Ag nanoparticle and PANI [42].
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Fig. 4. (a, c) Reflection loss curves and (b, d) three-dimensional reflection loss rep-
resentations of the pure PANI and AP-Ag@PANI. (e) Schematic illustration of the
absorption mechanism of eccentric Ag@PANI composites.

Moreover, AP-Ag@PANI exhibits high impedance matching, owing
to the excellent microwave absorption performance (Fig. S1le in
Supporting information) [43]. Therefore, both the high dielectric
loss and sound impedance match contribute to enhanced absorp-
tion performance.

The underlying mechanisms for the excellent absorption perfor-
mance of the eccentric AP-Ag@PANI structure are summarized (Fig.
4e). First, the eccentric AP-Ag@PANI structure shows an enhanced
impedance matching characteristic compared with pure Ag parti-
cles. This enables more microwaves to get in and facilitates the
contact interaction between the microwaves and the AP-Ag@PANI
[41]. Also, thanks to the abundant Ag/PANI hybrid interfaces, in-
terfacial polarization and the corresponding relaxation further en-
large the dielectric loss and microwave absorption performance.
Besides, the special eccentric AP-Ag@PANI can introduce multiple
reflections, which would ensure the efficient attenuation of the
incident microwave. Moreover, the electromagnetic waves are at-
tenuated through the charge transfer course in the Ag/PANI inter-
faces. Generally speaking, the enhanced microwave absorption per-
formance is primarily accredited to the novel eccentric Ag@PANI
structure and the related interfacial effect between Ag and PANI
components.

In summary, through the precise modulation of redox poten-
tial and the dynamic reaction interface, we have successfully syn-
thesized the sub-micron eccentric Ag@PANI particles at room tem-
perature. Our strategy shows sound applicability, evidenced by the
successful formation of similar eccentric structures with different
aniline oligomers as the precursors. We have further revealed that
the surfactant types and H* concentration serve as the main de-
scriptors of the formation of eccentric Ag@PANI composites by
modulating the reaction interface and kinetic process, respectively.
The growth process of the eccentric Ag@PANI, guided by the PVP-
modulated dynamic reaction interface, has been refined as three
steps: (1) the initial nucleation & growth of small Ag particles, (2)
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the in-situ coating of PANI, accompanied by further growth of Ag
to form Ag@PANI, and (3) the generation of large Ag@PANI with Ag
particle fully engulfed. The special eccentric composite with mul-
tiple interfaces as well as the synergetic effect of Ag and PANI fea-
ture excellent MA performance, such as a minimum RL value of
—35dB and an effective absorption bandwidth of 3.7 GHz. With
the advanced modulation/manipulation strategy in terms of mi-
crostructure and surface chemistry of the metal@polymer system,
this work is believed to facilitate the development of promising
and novel functional materials to meet different requirements.
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