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ABSTRACT: Carbonized polydopamine (cPDA) exhibits a nitro-
genous graphite-like structure with n-type semiconductor property.
However, the low electrical conductivity and Seebeck coefficient of
cPDA cannot meet the needs of flexible thermoelectric devices. In
this study, a series of metal ions were coordinated with cPDA to
enhance n-type thermoelectric properties. At 300 K, all metal-
coordination cPDA (metal-cPDA) samples obtain lower thermal
conductivity compared to cPDA. Mn-cPDA exhibits the greatest
Seebeck coefficient of −25.94 μV K−1, which is almost six times
higher than cPDA. Fe-cPDA shows the best electrical conductivity
of 2.45 × 105 S m−1. An optimal power factor (PF) value of 11.93
μW m−1 K−2 is achieved in Ca-cPDA with the enhanced electrical
conductivity of 9.5 × 104 S m−1 and Seebeck coefficient of −11.24
μV K−1. Using Fourier transform infrared spectroscopy (FTIR), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, X-ray diffraction (XRD), and transmission electron microscopy (TEM), we revealed the
structural characterization of metal-cPDA. Our results indictate that the different metal ions (Mn2+, Zn2+, Mg2+, Al3+, Ca2+, and Fe3+)
exert varying influences on the growth of graphite-like structure within metal-cPDA, which lead to the evolution of electrical
conductivity. We observe that the carrier density and carrier mobility depend on both the degree of graphitization and the metal-ion
coordination, which work together on electrical conductivity and Seebeck coefficient. These findings and understanding of the
thermoelectric properties of PDA-based materials will help to realize high-performance n-type thermoelectric materials for flexible
electronic device applications.

1. INTRODUCTION
Thermoelectric materials have the capacity to transform waste
thermal energy into valuable electrical power, and the
efficiency of this conversion is measured by the dimensionless
figure of merit ZT = S2σT/κ, where S is the Seebeck
coefficient, σ is the electrical conductivity, κ is the thermal
conductivity, and T is the absolute temperature. Thermo-
electric generators necessitate the incorporation of both p-type
(hole-transporting) and n-type (electron-transporting) con-
ducting materials.1−3 Currently, p-type materials have garnered
considerable attention and have seen substantial advance-
ments, whereas n-type materials still lag in development.4

Unlike inorganic thermoelectric materials, organic thermo-
electric materials are characterized by lightweight, high
flexibility, and low intrinsic thermal conductivity, which offer
unique benefits for applications such as flexible electronics,
power generation, and cooling at low or microscale temper-
ature gradients.5−7

Recently, there has been an emergence of the polymer-based
materials exhibiting n-type properties. Polydopamine (PDA),
the synthetic analog of natural melanin, is widely used as a

multifunctional surface coating material and a novel type of
carbon nanoparticle.8−12 Owing to the superior adhesion of
PDA, it has also been employed to cross-link conducting
polymers and carbon materials with excellent conductivities,
thereby enhancing thermoelectric performance.13 Under
weakly alkaline conditions (pH ∼ 8.5), PDA is generated by
the self-polymerization of the dopamine (DA) monomer. PDA
can be carbonized by pyrolysis annealing (600−900 °C) in an
inert atmosphere, and carboned PDA (cPDA) exhibits a short-
range ordered and nitrogen-containing graphitic structure with
superior electrical conductivity.14 The fabrication procedure of
cPDA is both environmentally benign and straightforward,
positioning it as a promising candidate for nanostructured
carbon materials. The fascinating feature of cPDA is its n-type

Received: January 3, 2024
Revised: April 25, 2024
Accepted: April 26, 2024
Published: June 7, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

25812
https://doi.org/10.1021/acsomega.4c00069

ACS Omega 2024, 9, 25812−25821

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhijun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongwen+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziheng+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Zhong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yihan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qinjian+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c00069&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00069?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00069?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00069?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00069?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00069?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/24?ref=pdf
https://pubs.acs.org/toc/acsodf/9/24?ref=pdf
https://pubs.acs.org/toc/acsodf/9/24?ref=pdf
https://pubs.acs.org/toc/acsodf/9/24?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c00069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


semiconductor behavior due to the presence of nitrogen
heteroatoms in the carbon skeleton,9,11 which enables the
creation of novel n-type thermoelectric materials.

One category of materials that shows promise for thermo-
electric applications consists of π-conjugated transition-metal
coordination polymers. These materials exhibit high electrical
conductivity and an n-type Seebeck coefficient, a result of the
interaction between the delocalized π orbitals of the organic
polymer and the localized d orbitals of the transition metal.15

Sun et al. reported that the poly(Ni-ethylenetetrathiolate)
powder showed a ZT value of 0.2 with a Seebeck coefficient of
−150 μV K−1 and a conductivity of 60 S cm−1 at 400 K in
2012,16 and achieved the highest ZT value of 0.3 at 400 K for
n-type thermoelectrical materials in 2016.17 Nevertheless,
these materials suffer from low stability in the air, which limits
their potential applications.

Motivated by the high affinity of PDA to a broad spectrum
of metal ions, attributable to the functional groups such as
catechol, amine, and imine, it is anticipated that the metal-
coordinated PDA-based materials, after high-temperature
annealing, would exhibit enhanced n-type thermoelectric
properties. However, Li et al. introduced Na+, Mg2+, and
Cu2+ into cPDA, but the metal-containing cPDA (metal-
cPDA) materials did not show significant improvement in
electrical conductivity or Seebeck coefficient.18 Moreover,
most of the research on metal-polydopamine (metal-PDA) and
its derived materials focus on enhancing their electrical,
thermal, and mechanical properties, but their thermoelectric
properties have received less attention. In this study, we report
the enhanced Seebeck coefficient and electrical conductivity of
metal-cPDA, achieved by incorporating a metal salt during the
synthesis of PDA. The interplay between the structural
characteristics and the thermoelectric properties of the
materials was elucidated by Fourier transform infrared
spectroscopy (FTIR), energy dispersive X-ray spectroscopy
(EDX), X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, X-ray diffraction (XRD), and transmission
electron microscopy (TEM). This study presents a novel and
efficient approach for synthesizing high-performance n-type
thermoelectric materials for PDA-based devices by the metal
doping.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. DA hydrochloride powder (99%, Alfa

Aesar) and tris (hydroxymethyl) aminomethane (Tris, +99.9%,
Alfa Aesar) were used as received. Hydrochloric acid (HCl,
AR), poly(vinyl alcohol) (PVA, ∼1799, average polymerization
degree is 1700 ± 50, degree of alcoholysis is 98.0−99.0%,
viscosity is 25.0−31.0 mPa·s), MnCl2, ZnCl2, MgCl2·6H2O,
AlCl3·6H2O, CaCl2, and FeCl3·6H2O were produced from
Chengdu Kelong Chemical Co. Ltd., China. Deionized water
was produced by an ultrapure water machine with a resistance
of 18.25 MΩ cm (UPH-I-10T, Ulupure Ultrapure Technology
Co., Ltd.).
2.2. Preparation of PDA and Metal-PDA. DA (1 g) was

added to 500 mL of tris-HCl buffer solution (containing: H2O
176.5 mL, 0.1 M tris 250 mL, and 0.1 M HCl 73.5 mL. pH
value: 8.5) to form PDA through self-polymerization. The
reaction proceeded for 48 h under mechanical stirring at room
temperature. The PDA powders could be obtained by filtering
the solution, washing it with deionized water, and drying it
overnight at 60 °C under a vacuum. For the preparation of
metal-PDA, one category of inorganic salt (ZnCl2, CaCl2,

MnCl2, FeCl3·6H2O, MgCl2·6H2O, and AlCl3·6H2O) was
added to the Tris−HCl buffer solution while adding DA. The
reaction systems were then placed at room temperature and
mechanically stirred for 48 h. Similar to the synthesis of PDA,
the metal-PDA powders were finally obtained by filtering the
solution, washing it with deionized water, and drying it
overnight under a vacuum at 60 °C.
2.3. Preparation of cPDA and Metal-cPDA. PDA, Mn-

PDA, Zn-PDA, Mg-PDA, AL-PDA, Ca-PDA, and Fe-PDA
powders were heat-treated in a tube furnace (GXL, 1200X,
CN) under a N2 flow (shielding gas) to obtain cPDA, Mn-
cPDA, Zn-cPDA, Mg-cPDA, Al-cPDA, Ca-cPDA, and Fe-
cPDA powders. In a typical run, the temperature in the furnace
ramps to 800 °C at a rate of 10 °C/min and is held for 4 h.
Then, it cooled to room temperature with a rate of 10 °C/min.
The metal-cPDA films were produced with powders to
perform the thermoelectric property test. The possible
chemical structures of PDA, cPDA, and metal-cPDA are
shown in Figure S1.
2.4. Characterization. The Supporting Information

contains the specifics of thermoelectric characterization and
thermal conductivity measurement. FTIR (Bruker Tensor 27,
Germany) and Raman spectroscopy (Horiba Lab RAM HR,
Japan) were recorded to analyze the structural characteristics.
Scanning electron microscopy (SEM, Hitachi S-4800, Japan)
with an X-ray analysis detector was employed to examine the
elements composition. XPS (XSAM 800, England) with a
monochromatized Al Kα X-ray source (hν = 1486.6 eV) was
used to analyze the chemical states of elements further. XRD
(Philips X′Pert-MRD, Netherlands) was employed to study
the crystal structure with a scanning rate of 5° min−1, and TEM
(Libra200, Germany) was used to study the microstructure.
The carrier concentration and mobility were acquired In a Hall
effect test system (HET).

3. RESULTS AND DISCUSSION
3.1. Thermoelectric Properties. As depicted in Figure 1,

all metal-cPDA exhibits the reduced thermal conductivity. This
is attributed to the metal ions increasing the interface or defect
density within the polymers, thus, improving phonon
scattering. Given the low thermal conductivity of these
samples, the power factor (PF) value is employed to represent

Figure 1. Thermal conductivity of cPDA and metal-cPDA at 300 K.
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their thermoelectric properties in this study. The electrical
conductivity, Seebeck coefficient, and PF of all the samples at
300 K are presented in Figure 2. The PF is derived from the
equation PF = S2σ. It is observed that Zn-cPDA, Mg-cPDA,
Ca-cPDA, and Fe-cPDA display higher PF values than cPDA,
indicating that the incorporation of specific metal ions into
cPDA enhances thermoelectric properties. All samples exhibit a
negative Seebeck coefficient, which is indicative of n-type
thermoelectric properties. Specifically, all metal-cPDA samples,
except Fe-cPDA, exhibit higher Seebeck coefficients compared
to cPDA. The peak value of the Seebeck coefficient among all
the samples is achieved in Mn-cPDA, reaching −25.94 μV K−1,
which is more than 6 times that of cPDA. However, Mn-cPDA
shows the lowest electrical conductivity of 2.47 × 103 S m−1

among these metal-cPDA samples. In contrast, Fe-cPDA
displays the greatest electrical conductivity of 2.45 × 105 S
m−1, along with the lowest Seebeck coefficient of −1.00 μV
K−1. Ca-cPDA shows the highest PF value of 11.93 μW m−1

K−2 among these samples due to the synergistic optimization
of Seebeck coefficient and electrical conductivity. Table 1 lists
the reported electrical conductivity and Seebeck coefficient of
PDA-based materials and composites containing PDA. For
instance, the electrical conductivity of Ca-cPDA surpasses that
of all of the previously reported PDA-based materials while
maintaining an exceptional Seebeck coefficient. Given the
superior adhesion of PDA,13,19,20 the enhanced thermoelectric
performance of PDA-based materials could serve as building a
high-performance blocks and interfaces, thereby facilitating the
design of innovative functional composite materials.13,21,22

3.2. Structural Characterization. To understand the role
of metal ions in thermoelectrics properties, the detailed
structural characterization was performed. Figure 3 shows the

FTIR spectra of PDA, metal-PDA, cPDA, and metal-cPDA. As
depicted in Figure 3a, the broad characteristic peaks of PDA,
ranging from 3300−3100 cm−1, are attributed to the stretching
vibration of the −NH group in primary amine and −OH group
in phenol structure.9,25 Two distinct bands observed at 1440
and 1350 cm−1 are attributed to the stretching of C�N+ or
C�N+−C.26 The peaks appearing at 1282 cm−1 are attributed
to the C−O stretching vibration inherent in the catechol
structure.27 The intensity of the characteristic peak at around
3300 cm−1 diminishes for all metal-PDA, a phenomenon
resulting from the release of H+ during the chelation process
between PDA and the metal ion. It has been reported that
chelation between DA and metal ions occurs in deionized
water, followed by the oxidation of DA monomers upon the
addition of a Tris−HCl solution. The oxidation products, 5,6-
dihydroxyindole carboxylic acid (DHICA), 5,6-dihydroxyin-
dole (DHI), and dopaquinone, also provide binding sites for
metal ions.28 The p−π conjugated system of the carbonyl
group (−C�O), originating from the transition from hydroxyl
group (−C−OH), effectively donates lone-pair electrons to
coordinate with the empty orbitals of metal ions, thereby
stabilizing the metal-PDA.29 In detail, the peaks at 1508 cm−1

(corresponding to the C−N bond) show redshifts only in the
spectra of Al-PDA and Fe-PDA due to the trivalent state of the
metal elements. Besides, the peaks at 1440 and 1350 cm−1

(corresponding to C�N+/C�N+−C) all disappear in Fe-
PDA, meaning that Fe3+ induces a great degree of cross-linking
within PDA. As Mg (II), Ca (II), and Zn (II) are bound to the
same groups (carboxylic, −COOH) under alkaline conditions,
the spectra of Mg-PDA, Ca-PDA, and Zn-PDA show similar
changes. After pyrolysis, as shown in Figure 3b, the strong
bands at around 3200 cm−1 disappear in cPDA. The main

Figure 2. Electrical conductivity, Seebeck coefficient, and PF of cPDA and metal-cPDA at 300 K.

Table 1. Reported Electrical Conductivity and Seebeck Coefficient of PDA-Based Materials and Composites Containing PDA

materials [pyrolysis (T/°C)] σ (S m−1) S (μV K−1) PF (μW m−1 K−2) applied

carbonized PDA (800°C) ∼1200 −5 ∼6 × 10−3 TE14

Cu-PDA (800°C) 610 ± 20 9.3 ± 3.3 ∼5.7 × 10−3 TE18

cPDA/SnO2/Si (700°C) 2.6 × 104 lithium-ion battery9

Cu/PDA/GO composite (600°C) (3.3 ± 0.5) × 105 Mechanical23

Py/PDA/CNT composite (900°C) (4.8 ± 0.2) × 105 Mechanical24

c-CNT/PDA composite (800°C) 2.6 × 104 −23.5 14.4 TE13

c-GNS/PDA composite (800°C) 5.3 × 104 −11.6 7.1 TE13

Fe-cPDA 2.4 × 105 −1.0 0.2 TE (this work)
Mn-cPDA 2475 −25.9 1.7 TE (this work)
Ca-cPDA 9.4 × 104 −11.2 11.9 TE (this work)
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bands at 1568 and 1190 cm−1 correspond to the C�C and
C−N stretching vibrations,9 respectively, coming from the
nitrogen heteroaromatic sp2 C-dominant skeleton of
cPDA.30,31 This result suggests that the amidogen and
secondary amine were transformed into tertiary amines in
metal-cPDA. These two characteristic peaks both redshift in
metal-cPDA due to the sp2 carbon overlap and the different
active sites that coordinate with metal ions. Except for these
two peaks, as shown in Figure 3c, −OH in phenol structure
remains and redshifts in Fe-cPDA compared to Fe-PDA,
indicating that the pyrolytic process hardly affects the chelating
activity and cross-linked structure exists in metal-cPDA. In
addition, the shift rate of C�C and C−N bonds, according to
Figure 3b, was calculated, and the related results are shown in
Figure 2d. Clearly, Fe-cPDA shows the largest shift degree
compared with other metal-cPDA samples. This result further
suggests that Fe3+ causes the greatest degree of cross-linking.32

Furthermore, such a shift comes from π−π stacking of the
conjugated molecular skeleton of Fe-cPDA, which facilitates
carrier transport across the molecular chains and thus increases
the electrical conductivity.

The elemental results of metal-PDA and metal-cPDA by
EDX are shown in Figure 4. The metal element result in Figure
S2 confirms that metal ions were successfully coordinated with
cPDA. Fe-cPDA has an excellent carbon yield. This
phenomenon could be attributed to the liberation of various
functional groups, such as carboxyl and hydroxyl, during the

rearrangement of carbon atoms from a chain-like to a network-
like structure. This agrees with the highest electrical
conductivity, and the greatest degree of cross-linking of Fe-
cPDA.

The elemental chemical states of cPDA and metal-cPDA
were analyzed by using XPS. The XPS survey spectra of all
samples, as depicted in Figure S3, reveal three strong signal
peaks of C 1s, N 1s, and O 1s. The C 1s peak of cPDA is

Figure 3. (a) FTIR spectra of PDA and metal-PDA. (b) FTIR spectra of cPDA and metal-cPDA. (c) FTIR spectra contrasted between Fe-PDA and
Fe-cPDA. (d) Redshift of C�C and C−N in the FITR spectra for metal-cPDA.

Figure 4. Elemental results of metal-PDA and metal-cPDA.
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decomposed into three components (Figure S4a), generated
by sp2 hybridized C (284.5 eV), C−O and C�N (285.8 eV),
and C−O−C and C−N (289.0 eV), respectively.30 As shown
in Figure S4b, the N 1s spectrum is decomposed into pyridine
nitrogen (398.6 eV) and graphite nitrogen (401.1 eV).33−35

Graphene-like nitrogen is converted into pyridine-like nitro-
gen, where graphite-N can significantly increase the limiting
current density; therefore, the graphene-like nitrogen-doped
structure of cPDA exhibits good electrical conductivity. After
carbonization of all metal-PDA chelates at 800 °C, metal
elements of different valence states formed (Figure 5a−f).
Among them, the high-resolution spectra of Mn 3s of Mn-
cPDA (Figure 5a) decompose into three components: about
82.1 eV of Mn metal, about 82.9 eV of Mn2+, and about 83.7
eV of Mn3+.36 The Zn 2p3 (Figure 5b) characteristic peak of
Zn-cPDA decomposes into two components: about 1020.1 eV
of Zn metal and about 1021.1 eV of Zn2+.37 Mg 2s of Mg-
cPDA (Figure 5c) have one characteristic peak that
decomposes into two components: about 88.6 eV of Mg
metal and about 87.6 eV of Mg2+.38 Al 2p of Al-cPDA (Figure
5d) has one characteristic peak of about 75.6 eV of Al3+.39 Ca-
cPDA (Figure 5e) shows the distribution of Ca 2p as two
substances: Ca 2p3/2 at ∼348.4 eV and Ca 2p1/2 at ∼352.0

eV.40 Fe 2p of Fe-cPDA (Figure 5f) shows the Fe 2p
distribution as two substances: ∼ 710 eV for Fe 2p3/2 and
∼724 eV for Fe 2p1/2, which is consistent with the previously
reported spectra of Fe-containing substances doped into
carbon materials. The coexistence of two antifold product
peaks at ∼709.8 eV for Fe2+ and ∼711.5 eV for Fe3+ suggests
that Fe may be present as Fe3O4 in cPDA.41 The PDA could
be considered as amorphous carbon (a-C) (a-C) containing
sp2 C and sp3 C. The sp3 C converts into sp2 C as the
graphitization proceeds during the high-temperature anneal-
ing.11,30,42 The relative atomic percentage of sp2 C to the total
C species of cPDA and metal-cPDA composites is calculated in
Figure 5g. The content of sp2 C increases with the variation of
chelated metal ions, corresponding to the progress of the
electrical conductivity in Figure 2. This results imply that the
growth of graphite-like structures is affected by the chelated
metal ion in PDA. The higher degree of graphitization of
metal-cPDA will induce a more ordered structure and expand
the domain of π−π stacking (proved by the FITR of Fe-cPDA
in Figure 3d), resulting in various electrical conductivity. The
evolution of graphite-like structures corresponding to various
coordination metal ions in cPDA will be further confirmed by
Raman spectra.

Figure 5. High-resolution XPS spectra of metal-cPDA (a−f) and sp2 C relative atomic percentages of cPDA and metal-cPDA (g).
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Raman spectra were used to further study the carbonation
process of metal-cPDA, as shown in Figure 6a,b. Graphite-like
characteristic peaks near the D-band (1350 cm−1) and G-band
(1580 cm−1) are observed for all PDA and metal-PDA.43 The
intensity of the D-band and G-band exhibits stronger in metal-
cPDA. This enhancement is attributed to the densification of
the polymer, which results from the coordination of covalent
bonds formed between the metal ions and PDA.44 As depicted
in Figure 6b, the blue shift of the G-band is observed on all the
samples after the high-temperature annealing, indicating that
new sp2 tiny structure domains are produced.14 As shown in
Figure 6c, the intensity ratio of the D-band and G-band is
enhanced with the variation of the doped metal ions in metal-
cPDA, mirroring the progression of electrical conductivity in
Figure 2. This trend aligns with the results from FITR (Figure
3d) and XPS (Figure 5g). As mentioned above, this is
attributed to variations in the degree of graphitization.
However, this phenomenon is not mirrored in the blue shift
of the G-band in Figure 6d. According to the investigation of
Ferrari and Robertson et al.,45,46 as the perfect graphite breaks
into nanocrystalline graphite (NC graphite), the ID/IG
gradually grows, and the G band blue shifts due to the
increasing of the defect. From NC graphite to a-C, ID/IG
gradually decreases due to the reduction of the ordered sp2 C
ring and G band redshift. Thus, this tendency is reversible. In
our experiment, the heat-temperature annealing facilitated the
conversion from a-C to NC graphite,14 and the increase of ID/

IG signifies the ordering of a-C. However, the blue shift of the
G-band did not follow the same trend as the increase in
electrical conductivity. This discrepancy is likely due to the
alteration of the sp2 C vibrational mode, which arises from the
bonds of associated impurities, including nitrogen, oxygen, and
various metal ions.47 The trend observed in the ID/IG ratio
suggests that the conversion from a-C to NC graphite through
heat-temperature annealing can be either facilitated or
impeded by the variation of the doped metal ion for cPDA.

XRD patterns of the metal-cPDA depicted in Figure 7 reveal
that cPDA exhibits a weak and broad diffraction peaks at 24.2°
and 43.8°, corresponding to the (002) and (101) crystallo-
graphic planes of a graphite material, indicating an amorphous
structure of cPDA and the presence of a short-range ordered
structure in a nanographite-like state.24 The spectra of Mn-
cPDA, Zn-cPDA, Mg-cPDA, Al-cPDA, and Ca-cPDA closely
resemble those of cPDA, with two prominent diffraction peaks
near 24° and 43°. Notably, Fe-cPDA exhibits stronger and
sharper peaks in its distinctive diffraction peaks, suggesting an
enhanced degree of crystallization. This observation under-
scores the influence of different metal ions on the nanocrystal-
line properties of cPDA. Indeed, this observation aligns with
the findings from FTIR, EDX, XPS, and Raman analyses. The
emergence of a more ordered structure promotes the electron
delocalization of π−π stacking, thereby leading to an increase
in electrical conductivity.29,48 Moreover, the Fe-cPDA sample
shows new characteristic diffraction peaks at 35.5° and 43.3°.

Figure 6. Raman spectra of (a) PDA, metal-PDA, and (b) cPDA, metal-cPDA. (c) ID/IG of cPDA and metal-cPDA. (d) G-band Raman shift of
cPDA and metal-cPDA.
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By comparison with the Fe3O4 (PDF#261-1136) and Fe
(PDF#06-0696) standard cards, the presence of weak Fe3O4
and Fe peak can be seen. Mg-cPDA shows new characteristic
diffraction peak at 63°, which are attributed to nanometallic
Mg (standard cards, PDF#35-0821). However, other metals or
oxides are not shown in XRD, which may be due to their low
contents.

cPDA nanoparticles (Figure S5) show uniform spherical
shape and slight aggregation, and the size distribution of cPDA
is about reduced to 150 nm compared to PDA (200 nm).
Figure S6 shows the morphology of the metal-cPDA
nanoparticles. Aggregated and irregularly shaped cPDA
particles were observed in other metal-cPDA with some
nanoscale features. According to XPS and XRD analysis, these
black spots are nanocrystalline metals or metal oxides. It is
worth noting that pore structures are observed in Fe-cPDA.
Fe3O4 and nanocrystalline Fe in Fe-cPDA with diameters of
around 30 nm in Fe-cPDA. The pore structures observed in
Fe-cPDA are caused by the rearrangement of carbon atoms to
form graphite nanocrystals under high-temperature annealing.
3.3. Discussion on the Thermoelectric Properties.

Comprehensive structural characterizations, especially by
FTIR, XPS, and Raman spectra results, have conclusively
demonstrated that the degree of graphitization or crystallinity
of cPDA is relative to the specific type of metal ion. This, in
turn, exerts a significant influence on the material’s electrical
conductivity, underscoring the pivotal role of metal ions in
modulating the properties of cPDA. The carrier density and
carrier mobility of cPDA and metal-cPDA, as measured by the
Hall effect, are shown in Table 2. All the metal-cPDA have
higher carrier mobility, which is in disagreement with the
thermal conductivity results in Figure 1. This beneficial
phenomenon is caused by the distinct transport mechanisms
between the charge carrier and the phonon within the
polymers. The metal ions create conductive paths in domain-
by-domain graphite, which lowers the carrier transport barriers
and enhances mobility. Meanwhile, the metal ion increases the
interface or defect in the polymers, which improves phonon
scattering and restrains thermal conductivity. We observe that
the carrier density and carrier mobility depend on both the
degree of graphitization and the metal-ion coordination. Most
of metal-cPDA obtain a higher carrier density than undoped

cPDA due to the coordination of metal ions, which had
extremely low carrier concentration due to their low
crystallinity. However, Mn-cPDA stands as an exception,
displaying an extremely low carrier concentration, a character-
istic likely stemming from its low crystallinity. Simultaneously,
an extremely low carrier concentration reduces short-range
defect scattering, thereby leading to high mobility.49 Fe-cPDA
and Ca-cPDA outperform other metal-coordinated cPDA
samples in terms of both carrier density and mobility. We
attribute this to the high degree of crystallinity, which boosts
the delocalization of π−π stacking and enables more channels
to participate in the electrical transport.

In conducting polymers, the general expression of the
Seebeck coefficient can be described as50
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where kB is the Boltzmann constant, σ(E) is the partial
electrical conductivity at energy E and generally depends on
the density of state (DOS) and charge carrier velocity, and
their relaxation time or hopping frequency, σ = ∫ σ(E)dE is the
total electrical conductivity, and T is temperature. As shown in
eq 1, S and σ have a mutual check relationship, which is in
good agreement with the thermoelectric results of Mn-cPDA
and Fe-cPDA in Figure 2. The enlightened results are that the
Seebeck coefficients of Zn-cPDA, Ca-cPDA, Mg-cPDA, and
Al-cPDA are several times more than those of cPDA, while the
electrical conductivity maintains the same level or higher. It
may be owing to the drastic change in the conduction
mechanism and the DOS due to the metal-ion coordination.
The alteration in the conduction mechanism can be verified by
the improved carrier mobility, which comes from the tuning of
charge carrier velocity and their relaxation time or hopping
frequency. Furthermore, metal-ion coordination could induce
the increase of density-of-state effective mass, resulting in the
enhancement of the Seebeck coefficient.17,51

4. CONCLUSIONS
In summary, we successfully synthesized a series of PDA
composites with chelated metal ions, and all of the metal-PDA
nanocomposites after high-temperature annealing (metal-
cPDA) exhibited n-type thermoelectrical properties. At 300
K, Mn-cPDA exhibits the greatest Seebeck coefficient of
−25.94 μV K−1 among these samples, which is almost six times
higher than that of cPDA. However, it also has the lowest
electrical conductivity of 2.47 × 103 S m−1. On the other hand,
Fe-cPDA shows the best electrical conductivity of 2.45 × 105 S
m−1 but the worst Seebeck coefficient of −1.00 μV K−1. Other
samples, Zn-cPDA, Mg-cPDA, Al-cPDA, and Ca-cPDA, display
higher PF values compared to cPDA. The optimal PF value of

Figure 7. XRD patterns of cPDA and metal-cPDA.

Table 2. Carrier Mobility and Carrier Density of cPDA and
Metal-cPDA

samples
carrier mobility

(10−10 m2 μV−1 s−1)
carrier density
(1026 m−3)

cPDA 3.20 1.08
Mn-cPDA 10.86 0.05
Zn-cPDA 7.89 5.01
Mg-cPDA 4.51 4.11
Al-cPDA 4.44 5.40
Ca-cPDA 4.69 6.42
Fe-cPDA 8.55 10.21
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11.93 μW m−1 K−2 is in Ca-cPDA, with enhanced electrical
conductivity of 9.5 × 104 S m−1 and a Seebeck coefficient of
−11.24 μV K−1.

Further structural characterization reveals that Fe-cPDA has
the most extensive degree of cross-linking by FTIR, the
excellent carbon yield by EDX, and the highest degree of
crystallinity by XRD, corresponding to the highest electrical
conductivity. Moreover, the redshift of C�C and C−N in
FITR spectra, the content of Sp2 C in XPS spectra, and the
ratio of ID/IG in Raman spectra, with various metal ion
chelation, all exhibit a consistent trend as the electrical
conductivity. These results indicate that the growth of
graphite-like structures for metal-PDA under high-temperature
annealing carbonization can be modulated by the various
chelated metals. Compared to the metal-undoped cPDA, the
chelation with Fe2+ and Ca2+ will promote the conversion from
a-C to nanocrystalline graphite, and the chelation with Al3+,
Mg2+, and Zn2+ has no obvious influence, but the chelation
with Mn2+ will hinder it. The higher degree of graphitization
induces a more ordered structure and expands the domain of
π−π stacking, boosting the electrical conductivity. We observe
that the carrier density and carrier mobility depend on both
the degree of graphitization and the metal-ion coordination,
which work together on electrical conductivity and Seebeck
coefficient. The degree of graphitization of Mn-cPDA is
extremely low, resulting in extremely low carrier concen-
trations. Most of the metal-cPDA samples exhibit higher carrier
density and carrier mobility due to the metal-coordination.
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