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ABSTRACT

Polydopamine (PDA) is a biopolymer that can be synthesized under mild
conditions. Thermal annealing can convert PDA into a conductive phase, the so-
called carbonized PDA (cPDA). This work studied the effect of three metal ions,
i.e., Cu®", Mg**, and Na™, on the synthesis of PDA and its conversion to cPDA.
Both Cu** and Mg2+ could interact with PDA, which in turn influenced (1) the
growth of PDA thin film, (2) morphology change of PDA particles upon thermal
annealing, and (3) the electrical properties of heat-treated thin films. In contrast,
the presence of Na™ ion during the synthesis of PDA did not show any effect. In
this study, the morphology of PDA thin films and powder particles was
examined using SEM and TEM; their chemical compositions were studied by
EDS and ICP-MS; the structure was investigated using electron diffraction and
Raman spectroscopy; and the properties were evaluated with respect to the
electrical conductivity and thermoelectric Seebeck coefficient. The results from
this work provide a potential approach to control the structure and properties of
PDA and cPDA materials through metal ion doping.
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Introduction multiple surfaces [4]. The “universal” adhesive

behavior of PDA is attributed to the existence of
multiple functional groups, e.g., the catechol and

Polydopamine (PDA) is considered a biopolymer
inspired by the mussel chemistry [1]. PDA has
attracted much attention in recent years due to the
ease of its fabrication methods and many interesting
properties. PDA can be synthesized through oxida-
tive self-polymerization under mild conditions [1, 2],
which can yield nanoscale powders with controllable
size [3], or conformal, crack-free thin films on
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amine groups, in the dopamine (DA) molecules.
These functional groups allow PDA to interact with
other molecules in various ways, such as chelation or
hydrogen bonding. Many potential applications of
PDA have been proposed, such as surface treatment
to modify the hydrophobicity, targeted drug deliv-
ery, and capture of heavy metal cations for water
treatment [5-8].
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PDA can be converted into a carbon-like phase
through heat treatment. Carbonized PDA (cPDA)
thin films have been found to possess good electrical
conductivities as high as 1.2 x 10° S/m [9], which are
comparable to reduced graphene oxide (rGO)
[1, 10-12]. It is hypothesized that cPDA possessed a
structure similar to graphite [13, 14]. The promising
electrical conductivity of cPDA makes it a potential
candidate for nanostructured carbon material. Com-
pared to graphene or rGO, the fabrication process for
cPDA does not involve harsh chemicals and therefore
is more environmental friendly. Our previous study
[2] showed the formation and growth of nanoscale
graphite-like domains in PDA when thermally
annealed. While the structure of PDA was primarily
amorphous, graphite-like nanostructure started to
form at 600 °C, which further grew to approximately
1.5 nm after heat treatment at 900 °C [2]. It was also
shown that the electrical conductivity continued to
increase with increasing annealing temperature,
while the Seebeck coefficient showed the opposite
trend.

Some recent studies focused on the interactions
between PDA and metal ions to achieve ion-assisted
cross-linking in PDA. Introduction of metal ions can
alter the structure of PDA network and therefore its
properties. For example, Im et al. [15] studied the
chelation of Fe’*, Fe**, Cu®", and AI>" by the cate-
chol groups in PDA and demonstrated that the metal
ions could not only enhance the attachment of the
PDA layer on human hair surface, but also increase
the overall layer thickness due to increased cross-
linking. Kim and coworkers [16] demonstrated
immersion of PDA in FeCl; solution could enhance
its stability in strong alkali environment due to the
formation of PDA-Fe®" complex. The stability of
bonding between organic ligands and metal ions
depends on the metal species as well as the oxidation
states [17-19]. Monovalent cations such as Na* are
generally difficult to form coordination bonds and
have very low stability constant [18, 19]. Divalent
alkaline earth metal ions such as Mg®* bond much
easier and have higher stability constants. Cations of
transition metals, such as Cu®', on the other hand,
usually form much stronger coordination bonding
because of the availability of empty outer shell orbi-
tals that can accept lone-pair electrons [20].

In the current study, Cu**, Mg>", and Na* cations
were introduced during the synthesis of PDA. The
electrical properties, including DC and AC
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conductivities and Seebeck coefficient, were studied
and explained with respect to the structure. Our data
show different metal ions play different roles in
affecting the electrical properties of PDA. This result
indicates that doping could be used as a strategy to
control the structure and properties of PDA materi-
als, which in turn may be utilized to tune the elec-
trical performance of PDA-based devices in the
future.

Experimental method

A base solution was prepared by diluting tris buffer
(2 M, Thermo Fisher Scientific Inc., Walthan, MA) to
50 mM with deionized (DI) water and adjusting its
pH value to 85 using 1 N hydrochloride acid
(Thermo Fisher Scientific Inc., Walthan, MA). Sub-
strates either fused silica slides or Si with thermally
grown SiO; (both from Ted Pella Inc., Redding, CA)
were subsequently cleaned with acetone, isopropanol
alcohol, and D.I. water in ultrasonication bath. Dur-
ing coating, cleaned substrates were first placed
inside the base solution. Dopamine (DA) hydrochlo-
ride powder (99%, Alfa Aesar, Haverhill, MA) was
then added with a concentration of 2 mg/mL. For
each doping experiment, copper chloride (CuCly),
sodium chloride (NaCl), or magnesium chloride
(MgCly), which were purchased from Sigma-Aldrich,
St. Louis, MO, was dissolved in the solution with a
1:1 molar ratio between DA molecules and metal
ions. The pH of the solution was then readjusted to
8.5 by adding the 2 M tris buffer. After coating,
samples were removed and washed with DI water,
followed by drying with compressed air, and over-
night drying in an oven at 50 °C. In addition to thin
film samples, powders were also collected using filer
papers after each coating. Carbonization of PDA
samples was conducted in a tube furnace under a
flowing argon environment between 600 and 900 °C.
Heating and cooling rates were set to 5 °C/min with
a holding time of 60 min at the peak temperature. To
perform electrical measurements, gold electrodes
were sputter coated on the thin films.

Surface morphology of the samples was studied
using scanning electron microscopy (SEM, FEI
Quanta 450 FEG, FEI Inc. Hillsboro, OR) equipped
with energy-dispersive x-ray spectroscopy (EDS).
Surface roughness and thickness of the film were
measured using atomic force microscopy (AFM,
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Bruker Demission Icon, Bruker, Billerica, MA). Pow-
der samples are studied with transmission electron
microscopy (TEM, JEM 1400, JEOL, Tokyo, Japan).
Raman spectroscopy was performed using Horiba
LabRAM HR Evolution (Horiba, Japan) with a laser
excitation wavelength of 532 nm and spot diameter
of 0.72 pm. X-ray photoelectron spectrum (XPS)
analysis of the films was carried out using VG Sci-
entific (Thermo Fisher Scientific Inc., Walthan, MA)
100 mm hemispherical analyzer and a Physical
Electronics Mg Ko X-ray source operating at 300 W.
X-ray diffraction (XRD) was carried out by Bruker D8
discover (Bruker, Billerica, MA) with Cu Ko radia-
tion. Electrical conductivity was calculated from the
resistance and sample geometry of the thin films,
where the thickness of the thin films was measured
using atomic force microscope (Demission Icon,
Bruker Corp., Billerica, MA) and the resistance was
measured using a Keithley 2750 digital multimeter
(Keithley, Cleveland, OH). Electrical impedance was
measured using an LCR meter (B&K Precision Corp.,
Yorba Linda, CA) in the range from 20 Hz to
300 kHz. The Seebeck coefficient was measured using
a lab-built apparatus [2]. For each heat treatment
condition, at least six samples were included in the
measurements, based on which the mean values and
standard deviations were calculated. Surface area of
the powders was measured by Brunauer-Emmett-
Teller (BET) method using Micromeritic ASAP 2020
unit (Micromeritics, Norcross, GA). Metal ion con-
centration was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) method using
Agilent 7900 unit (Agilent, Santa Clara, CA).

Results and discussion

Figure 1 shows the SEM images of PDA coating on
5i/5i0; substrate. All three types of PDA films doped
with Cu** (Cu-PDA), Mg** (Mg-PDA), and Na* (Na-
PDA) during synthesis appeared to be flat, continu-
ous, and crack free (Fig. 1), which is similar to the
surface morphology of undoped PDA thin films [2].
Some bright spots can be observed on all sample
surfaces (Fig. 1), which are aggregated PDA particles
formed during the synthesis and attached to the film
surface. EDS analysis results on the coatings are
shown in the insets of Fig. 1. Carbon (C), oxygen (O),
and trace amount of nitrogen (N) were observed on
all Cu-PDA, Mg-PDA, and Na-PDA samples. Copper
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Figure 1 SEM image of a Cu-PDA, b Mg-PDA, and ¢ Na-PDA
thin films coated on Si/SiO, substrates. Insets show the EDS
spectra obtained from areal scans.

(Cu) and magnesium (Mg) peaks were detected on
the Cu-PDA (inset of Fig. 1a) and the Mg-PDA (inset
of Fig. 1b) samples, respectively. However, sodium
(Na) peak was not detected on the Na-PDA sample
(inset of Fig. 1c). The concentration of metal ions was
further measured using ICP-MS (Table S3), which
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showed the molar ratio between Cu and DA was
approximately 1:6.1; the ratio between Mg and DA
was approximately 1:4.2, and Na was less than 1/15
of DA. Both EDS and ICP-MS results indicate a sig-
nificant amount of Mg and Cu ions were introduced
into PDA during the synthesis. In contrast, few Na*
ions were retained after cleaning and drying. These
results also agree well with the literature observation
on the different tendencies to form coordination
bonding among monovalent, divalent, and transition
metal ions [18-20], as previously discussed in “In-
troduction” section.

AFM measurements revealed all the PDA films
were smooth with low surface roughness on the
order of nanometers (Table S1). However, the thick-
ness of the thin films was different. For undoped
PDA and Na-PDA, the film thickness increased from
approximately 4 nm after 1 h coating to 14 nm after
24 h coating (Table S2). In contrast, the thickness of
Cu-PDA and Mg-PDA films did not show significant
increase when the coating time increased from 1 h
(~7-8nm) to 24 h (~ 7-10 nm) (Table S2). It is
unclear why Cu*" and Mg®" ions hindered the
growth of PDA thin films in the thickness direction.
One possibility is related to the interaction of metal
ions with DA monomers or oligomers through coor-
dination bonding. It is commonly believed that the
formation of PDA is the result of oligomerization of
DA molecules and stacking of the oligomers
[5, 21, 22], which relies on the oxidations of the cat-
echol groups to dopamine quinone or semi-quinone
that can form coordination bonding with various
metal ions [6]. Therefore, Cu*" and Mg** introduced
during the synthesis step may also form coordination
bonding with dopamine quinone or semi-quinone
[17] and affect the stacking of PDA oligomers.

TEM examination of PDA powders showed the
metal ion-doped PDA particles had similar mor-
phology to the undoped powders [2], where the
powder particle size ranged between 50 and 200 nm
in diameter with quasi-spherical or ellipsoidal shapes
(SD). After heat treatment, the Na-PDA powder did
not show significant change in morphology (Fig. 2a).
This result was expected since EDS and ICP-MS
indicated few Na™ ions were retained in the PDA
after cleaning and drying (Fig. 1c). On the other
hand, some nanoscale features (dark dots in Fig. 2b)
were observed in the Mg-PDA sample. Most of these
nanodots were found on the surface of the PDA
particles. Figure 2c shows selected area electron
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diffraction (SAED) pattern obtained from the Mg-
PDA sample heat-treated at 800 °C, where both
diffraction rings corresponding to Mg and MgO are
observed.

Similar nanodots, such as those seen in Fig. 2d,
were observed in the Cu-PDA samples after heat
treatment. SAED analysis showed these dark dots are
likely to be Cu nanocrystals. The two strong diffrac-
tion rings in Fig. 2e correspond to the {111} and the
{220} planes of Cu. It is interesting to note that the Cu
nanocrystals found in samples treated with higher
temperatures tended to show larger size. (See exam-
ples indicated by circles in Fig. 2f) Meanwhile,
brighter areas (as indicated by arrows in Fig. 2f) were
observed in these samples. These brighter areas did
not show any diffraction features and are likely
pores.

XPS analysis results on the thin film samples are
shown in Fig. 3. For Cu-PDA, the presence of the
Cu®* satellite peaks indicates the divalent oxidation
state of copper (dash line in Fig. 3a). After heat
treatment at 800 °C, the strong Cu®" satellite peak
disappeared, the amplitude of the weak Cu”" satellite
peak reduced, and the 2p peaks shifted toward lower
binding energy, which indicate the reduction of Cu**
ions. This result implies the dark inclusions observed
in the TEM images of the Cu-PDA particles after heat
treatment (Fig. 2d, f) were likely metallic Cu. Similar
reduction trend was also observed in the Mg-PDA
sample. As shown in Fig. 3b, binding energy of the
Mg,, peak shifted from ~ 52 to ~ 50 eV, implying
partial reduction of Mg2+ to Mg [23, 24]. In contrast,
XPS scan did not detect peaks associated with Na or
its ions with significant magnitude, which was in
agreement with the EDS result (Fig. 1c).

To explore the structure of the PDA phase, Raman
spectroscopy measurements were conducted on
samples heat-treated between 600 and 900 °C. The D
band (~ 1350 cm™") and the G band (~ 1580 cm™")
were observed on all samples included in this study.
The position of the G band blueshifted as the heat
treatment temperature increased (Fig. 4a); mean-
while, the intensity ratios between the D bands and G
bands (Ip/Ig) of all three samples also increased with
increasing heat treatment temperature (Fig. 4b).
These results are similar to those reported for
undoped PDA [2] and indicate the formation and
growth of nanoscale graphite domains [25, 26].

To evaluate the effect of the electrical properties of
the PDA thin films, electrical conductivity and



J Mater Sci (2019) 54:6393-6400 6397

(b)

Figure 2 TEM images and selected area electron diffraction
(SAED) of cPDA powder samples. a TEM image of Na-PDA
powder after heat treatment at 800 °C. b, ¢ TEM image and SAED
of Mg-PDA powder after heat treatment at 800 °C. d, e TEM
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Figure 3 Comparison of XPS spectra of a Cu?*-doped PDA b Mg**-doped PDA before and after heat treatment at 800 °C.

Seebeck coefficient were measured at room temper-
ature (Table 1). As heat treatment temperature
increases, both the Na-PDA and Mg-PDA samples

showed monotonic increase in electrical conductivity
and monotonic decrease in Seebeck coefficient, which
were similar to the undoped PDA sample (Table 1).
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Figure 4 Effect of annealing temperature on a the position of the
G band and b intensity ratio between the D band and the G band.
The increasing trends in the two sets of data indicate the

As shown in our previous work [2], this behavior is
expected as the carbonization degree of PDA increa-
ses with increasing annealing temperature. As above
mentioned, Na™ was not effectively retained in PDA
and therefore did not affect the film formation and
the carbonization process. In the case of Mg-PDA,
although Mg** existed in the PDA sample after
synthesis, precipitated Mg and MgO nanoparticles
might have a small effect on the structure of the PDA
phase since they tended to migrate to the surface
(Fig. 2b).

On the other hand, Cu-PDA sample showed some
different behaviors: The electrical conductivity first
increased after annealing at 700 °C and then dra-
matically decreased when the annealing temperature
was beyond 800 °C (Table 1). As a result, the Cu-
PDA sample possessed the highest electrical con-
ductivity among all samples thermally annealed at
700 °C, which may be due to the contribution from
Cu nanocrystals in the cPDA matrix (Fig. 2d). How-
ever, the Cu-PDA samples showed the lowest
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conversion from amorphous carbon to nanocrystalline graphite
[2, 25, 26] in all metal ion-doped samples.

electrical conductivities after annealing at 800 °C and
900 °C (Table 1). This may be related to the genera-
tion of pores in the cPDA matrix as a result of growth
of Cu nanoparticles at higher temperatures (Fig. 2f).
Meanwhile, the Seebeck coefficient of Cu-PDA sam-
ples also exhibited a general trend of decreasing as
the annealing temperature increased (Table 1), simi-
lar to those observed in undoped and other metal
ion-doped PDA samples.

Electrical impedance was also measured between
20 Hz and 300 kHz on samples heat-treated at 600 °C
and 800 °C. As shown in (see Fig. S5), the impedance
exhibited a sharp drop in 600 °C samples as the fre-
quency increases starting around 5000 Hz and
decreased by more than 50% at 300 kHz. In contrast,
the impedance of 800 °C samples showed much less
decrease as frequency increased, which indicates the
non-ohmic contribution to the overall electrical
impedance is negligible. The different frequency
responses between the 600 °C samples and 800 °C
samples are related to the effect of heat treatment on

Table 1 Room temperature

electrical conductivity (¢) and Annealing temperature (°C) 700 800 900
}S);eieflzn“f’ﬁf;”em (5) of o (S/m)  Undoped PDA 88+ 15 9.9 + 0.7 x 102 69+ 1.1 x 102 3.8+ 04 x 10‘2‘
Cu-PDA 160 £30 78 +14x10° 61+£02x 10> 1.8+ 13 x 10
Mg-PDA 79+16 45+19x 10> 82+1.6x 10° 3.7+0.5 x 10*
Na-PDA 57439 57+£09x 10> 41+£02x10° 32+02x 10*
S (WV/K) Undoped PDA 26 + 5 97 +12 54 + 0.4 1.6 + 0.6
Cu-PDA 21 £ 085 7.0 +2.0 93 £33 47420
Mg-PDA 32+03 13404 37+ 1.0 12402
Na-PDA 30£03 10+23 5.0 £ 09 1.7+ 0.8
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the structural evolution of PDA [2] and metal-doped
PDA materials.

Conclusions

Polydopamine (PDA) materials were synthesized in
the presence of Cu**, Mg®*, and Na™" ions. Thickness
of PDA thin films was reduced when Cu®*" and Mg*"
were present. After thermal annealing, Cu nanopar-
ticles formed within the PDA matrix, whose growth
resulted in larger particle size and porosity in the
PDA phase. Upon heating, Mg nanoparticles were
observed mainly on the surface of PDA particles with
some oxidation. Raman spectroscopy results indi-
cated that the PDA phase was converted from
amorphous toward nanocrystalline graphite despite
the presence of the metal species. The Cu-PDA
sample showed different electrical properties (elec-
trical conductivity and thermoelectric Seebeck coef-
ficient), likely due to the existence of Cu
nanoparticles and pores in the PDA matrix. In con-
trast, Mg-PDA sample exhibited little variation from
the undoped PDA.
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