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Abstract: In this study, according to the acquired polydopamine deposition rates, polydopamine
films with equal thickness were prepared under different conditions on SiO, substrates. Subsequently,
we investigated the influence of dopamine solution pH and concentration on the formation of surface
aggregates of the deposited polydopamine films. Assumptions were made to explain how pH and
concentration execute their effects. Based on the optimized parameters, a continuous and smooth
polydopamine film with a thickness of about 14 nm and a roughness of 1.76 nm was fabricated on
a silicon dioxide substrate, through the deposition for 20 minutes in a dopamine solution with a
concentration of 1.5 mg/mL and a pH of 8.2. The prepared polydopamine film was then employed
as a precursor and subjected to a high-temperature process for the carbonization and graphitization
of the film. Raman spectroscopy analysis indicated that the resulting graphene-like film had fewer
structural defects in comparison with previous works and the results of XPS indicated that most
of the carbon atoms were bound into the cross-linked honeycomb lattice structure. The prepared
graphene-like material also exhibited high electrical conductivity and satisfying mechanical elasticity.

Keywords: polydopamine; pH; concentration of dopamine solution; graphene-like film

1. Introduction

As an emerging surface modification technology, mussel biomimetic chemistry is ap-
plied in many scientific research fields such as biology, energy, and environment technology.
In this trend, the technology based on dopamine garnered significant attention. In 2007,
Lee et al. [1] reported that dopamine can undergo oxidative self-polymerization in a weak
alkaline environment, leading to the formation of polydopamine (PDA) coatings on various
substrates. Further investigations by Yminu et al. [2] revealed that PDA coatings can be
formed on a wide range of materials, including noble metals (Au, Ag, Pt, and Pd), metals
with native oxide on the surface (such as Cu, stainless steel, and NiTi shape memory alloys),
oxides (TiO,, non-crystalline SiO,, quartz, Al;O3, and NbyOs), semiconductors (such as
GaAs and Si), ceramics, and synthetic polymers, etc.

The self-polymerization reaction of dopamine requires only moderate preconditions,
resulting in facile deposition of polydopamine (PDA) layers [3]. Moreover, PDA exhibits
good adhesion properties on various surfaces, making it a versatile material for constructing
functional surfaces. Ultrathin PDA films can be achieved by regulating the deposition
time and through subsequent high-temperature process, the films can be graphitized to
graphene-like materials [4,5]. In comparison with other graphene fabrication methods,
e.g., chemical vapor deposition (CVD), chemical synthesis, exfoliation of graphite and
SiC pyrolysis, the approach with PDA has many advantages. There are no dangerous
chemicals, extreme high-temperature processes, or severe environment harmful waste
products involved in the PDA method. Moreover, with other approaches, the prepared
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graphene, in most cases, must be transferred to a suitable substrate, e.g., a substrate with a
dielectric layer on the surface, to form the desired devices. With the fabrication method in
this study, however, the graphene-like film can be achieved in situ on a SiO, substrate [6,7].
Therefore, a transfer-process is not necessary anymore. Additionally, the graphene-like
material prepared with this method adhere very well to the underlying SiO, film, while
transferred graphene supposedly is not so well adherent.

In 2011, Liu et al. [8] reported the successful conversion of solution oxidation-derived
PDA to carbon at 800 °C in a nitrogen atmosphere, yielding a carbon material with ap-
proximately 7.28% nitrogen doping and nearly 60% carbon yield. Building on this work,
J. Kong et al. [9] used various test apparatuses to investigate the structure of the PDA
film on a SiO; substrate after carbonization, revealing that the resulting carbonized PDA
(C-PDA) coating had a graphite-like layered structure. Li et al. [10] deposited PDA on
a substrate and obtained a highly ductile conductive carbon film by annealing the PDA
coating. Lim et al. [11] adjusted the thickness of the carbon film from a few nanometers to
tens of nanometers by varying the number of repetitions of the coating process, and the
size of the resulting carbon film could be as large as that of the underlying silicon wafer.
While graphene-like carbon films were fabricated through high-temperature carbonization
of PDA in these studies, these films exhibited many structural defects. It is believed that
the structure of the precursor is a key factor affecting the quality of the carbonized final
products. Shin et al. [12] showed that the use of organic matter as a precursor for graphene
synthesis results in better quality graphene with thinner films. However, there are few
reports on obtaining graphene-like materials with fewer defects by improving the structure
of the PDA films.

PDA coatings are commonly obtained through the self-deposition of dopamine under
alkaline conditions, and physical measures can be employed to adjust PDA deposition.
Wei et al. [13] utilized heating and stirring of the dopamine solution to quickly deposit a
thicker PDA film, and Gao’s research group [14,15] developed a technology for cyclically
extracting and reloading the dopamine deposition solution to prepare PDA coatings with
gradient thickness. However, these studies did not pay attention to the problem that many
aggregates on the film surface are easy to occur during the PDA self-deposition process.,
which can negatively affect the performance of the final product when PDA is used as a
precursor for carbon-based materials. Although Kim et al. [16] obtained a flat and smooth
PDA film with low roughness by passing oxygen into the solution, this preparation method
is complex and costly. Ultrasound was also used by Diana et al. [17] to remove aggregates
from the surface of the PDA coating, but this approach damaged the film. In this study,
we investigated the effects of pH and dopamine concentration on aggregate formation on
the PDA surface during the self-deposition process to obtain a PDA film with more ideal
structure, so that better graphene-like materials can be achieved employing the improved
PDA film as a precursor. In another word, we improved the quality of the precursor to
optimize the prepared graphene-like materials and realize the in situ fabrication of the
graphene-like film on the substrate. With optimized parameters, we were able to prepare a
continuous and flat PDA film with a thickness of about 14 nm and a roughness of 1.76 nm
on a SiO; substrate. The deposition process lasted 20 min in a dopamine solution with a pH
of 8.2 and a dopamine concentration of 1.5 mg/mL. The resulting PDA film was carbonized
at 800 °C and 1000 °C with a heating rate of 10 °C/min under a vacuum of 0.1 Pa. The
generated graphene-like film had fewer defects and higher conductivity compared to those
fabricated with other PDA films.

2. Materials and Methods
2.1. Materials

The dopamine hydrochloride powder and the tris powder were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. The former had a
purity of 98%, and was stored in a dry environment at 2-8 °C. The purity of the latter was
greater than or equal to 99.8% with 0-0.005% H;O insoluble matter. Before the experiments,
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the tris powder was stored in a dry environment at room temperature. The PDA films were
deposited on monocrystalline silicon substrates with 300 + 20 A silicon dioxide layer on
top of them. These substrates were acquired from Tianjin Semiconductor Research Institute,
China, and produced in April 2022. They were 10 x 10 mm quadrate samples and were
500 um thick.

2.2. Preparation
2.2.1. Cleaning of Silicon Dioxide Substrates

At first, the silicon dioxide substrates were flushed 3 times with deionized water,
soaked in deionized water, and ultrasonically cleaned for 10 min to remove coarse
contaminants. After that, SC1 cleaning for substrates was carried out. A total of 5 parts
of deionized water, 1 part of ammonia water (25% by weight of NH3), and 1 part of H,O,
solution (30%) were poured into a beaker. Subsequently, the samples were placed into
the beaker and immersed in the solution at 80 °C for 12 min to remove organic residues
from the substrates. After the SC1 cleaning was completed, samples were removed
from the beaker, and rinsed with deionized water to remove the residual from SC1.
Afterwards, the SC2 cleaning was also performed. The cleaning solution for the SC2
was comprised of 6 parts of deionized water, 1 part of hydrochloric acid solution (37%
by weight), and 1 part of hydrogen peroxide solution (H,O;, 30%). The silicon dioxide
substrates were laid into the solution and soaked there at 80 °C for 10 min to remove
possible metal residues from the samples. After that, the samples were washed with
deionized water again in order to remove the residues from the SC2 cleaning and kept in
deionized water waiting for further processing.

2.2.2. Preparation of Dopamine Solution

e  Solutions with different pH values:
Firstly, three portions of dopamine hydrochloride powder were weighed, and were
found to be 50 mg each, and they were dissolved each in 50 mL deionized water
to form dopamine hydrochloride solution with a concentration of 1 mg/mL. Then,
the tris powder was added slowly to set the pH of the three solutions to 7.9, 8.2 and
8.5, respectively.

e  Solutions with different dopamine concentrations:
Three portions of dopamine hydrochloride powder (50 mg, 75 mg, 100 mg) were
weighed at first. Subsequently, each of them was dissolved in 50 mL deionized water
to prepare the dopamine hydrochloride solution with the concentration of 1 mg/mL,
1.5 mg/mL, 2 mg/mL, respectively. Afterwards, tris powder was added slowly to
adjust the pH of the solution to 8.2.

2.2.3. Preparation of Polydopamine Films

The cleaned silicon dioxide substrates were immersed in a dopamine hydrochloride
solution. Then, the solution with the samples was placed in an orbital shaker to deposit
the PDA film in a dark environment. The rotational speed of the orbital shaker was held
at 80 r/min during the deposition. When the deposition was finished, the surface of the
silicon dioxide samples was rinsed with deionized water and then dried with N,

2.2.4. Carbonization of Polydopamine Films

The N, dried samples were divided into 2 groups. They were annealed in a vacuum
of 0.1 Pa at 800 °C or 1000 °C for 60 min, respectively. During the annealing processes, the
samples were heated from room temperature to the set temperature at a heating rate of
10 °C/min.

2.3. Characterization

The cross section of the silicon dioxide samples with the deposited PDA film were
characterized with scanning electron microscope (SEM) with the model of JIB-4700F from
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JEOL. The accelerating voltage of electrons were set to be 10 kV or 15 kV. The image
magnification at the observation was adjusted between 50,000 and 85,000 to have clear
images of the cross sections of the PDA films. For the SEM characterization of the film
surface, the accelerating voltage was selected as 10 kV, and the magnifications were set to
be 50 and 1000 to obtain the overall and the local images of the surface aggregations on the
PDA film.

The surface of the PDA film deposited for a short time was observed with an optical
microscope (SMIC) at a magnification of 100. Some sample surfaces were scratched with a
tweezer on purpose. With the optical microscope, it can be judged, to some degree, whether
a continuous PDA film was formed, based on whether obvious scratches could be made
with the tweezer on the film surface. The model of the employed Atomic Force Microscope
(AFM) was SPA400-SP13800N, from Seiko Corporation. The surface of the PDA films with
different deposition time was characterized with AFM by an image size of 5 um x 5 um to
investigate the surface roughness and morphology.

The applied X-ray diffraction (XRD) equipment was a product from Rigaku, Japan,
with the model of Smart Lab 9 kW. It scanned the flat PDA films and the films with a great
quantity of surface aggregations with the 26 angle varying from 5° to 50° to detect the
possible different crystalline structures. A Laser micro-Raman imaging spectrometer from
Thermo Fisher (China) with the model of DXRxi was employed for the characterization of
the molecular structure of the carbonized PDA films. The measurements were carried out
with a spectral resolution <1.5 cm~!. The Raman spectroscopy analysis was performed on
the flat films without aggregations, the films with many aggregates on the surface and the
films with big thickness, to determine the structural defects in the films.

A pH meter (ST3100E from Ohaus) was deployed to detect the pH value of the reaction
solution in order to explore the effect of the pH on the self-deposition of dopamine. The
electrical conductivities of the carbonized PDA films were measured using a Hewlett
Packard 4140BpA Meter/DC Voltage source.

3. Results and Discussion

Lee’s method [1] was employed to prepare PDA films. The elements ratio of the films
was analyzed at various positions in the cross section of the prepared samples using EDS
(energy dispersive spectroscopy). Figure 1a depicts the detection positions, where point
1 corresponds to the deposited PDA film, and point 2 lies in the SiO,/Si substrate area.
The EDS measurement at point 1 is depicted in Figure 1b, which revealed that the main
element in the deposited film was C, accounting for 51.8%, while there were also 5.4% N,
9.7% Si, and 33.1% O in the film. The presence of Si and O may have originated from the
environment or some SiO; particles present at the cross section. The existence of O may
also be attributed to the oxidation of the deposition solution. On the other hand, the EDS
result at point 2 shown in Figure 1c¢ was significantly different from that of the deposited
film. At point 2, the main elements were O and Si, with proportions of 50.5% and 32%,
respectively. Through the EDS measurement, we also detected a certain proportion of C
(16.8%) and a very small percentage of N (0.7%). These elements may have originated from
the deposited film and might have reached the cross section during the EDS analysis, as
the sample was broken. Additionally, C may have also originated from the environment.
The observed film structure in Figure 1a and the different proportions of elements at the
film cross section and the substrate cross section confirm the formation of PDA films on the
surface of the SiO, substrate.

During the self-deposition process of dopamine, aggregates are prone to form on the
film surface, as illustrated in Figure 1d. The XRD analysis revealed that the molecular
chain orientation and crystallinity of the aggregates were distinct from those of the flat
film (XRD analysis of the film and the aggregate shown in Figure S1). The aggregates not
only affected the smoothness of the PDA film but also influenced the properties of the
graphene-like layer produced through carbonization of the former. Therefore, we explored
the influencing factors for the formation of the aggregates. Firstly, we explored the effect of
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different pH values on the formation of aggregates on the surface of PDA films. The pH
value of the polymerization system exerted a significant influence on the polymerization
reaction, and it also held true for the self-polymerization of dopamine to form PDA under
alkaline conditions. Specifically, a lower pH value was detrimental to the formation of
PDA on the substrate surface, while an excessively high pH value can lead to the presence
of a significant number of aggregates on the surface of the resulting PDA film. Thus, it
was necessary to investigate the effects of pH on the formation of PDA in order to obtain
a smooth, continuous, and aggregate-free PDA film on the substrate surface [18,19]. In
2009, Zhu et al. [20] discovered that the dopamine composite film, prepared from a buffer
solution with a pH of 8.5, exhibited superior adsorption properties. However, this does
not necessarily imply that the optimal pH value for the formation of the graphene-like
carbonized film will also be 8.5 when the PDA layer serves as the starting material.

Il C (C) Il C
. o 0
Il si B si
N [ B
51. 8%

10.0kV_ x25,000 Tpm

Figure 1. (a) SEM image of the cross-section of the film obtained on the silicon dioxide substrate and
EDS detection position (pointl corresponds to the cross-section of the film, point2 corresponds to
the cross-section of the substrate); (b) the proportion of different elements at the film cross-section
(pointl); (c) The proportion of different elements at the cross section of the substrate (point2); (d) SEM
image of the aggregates on the film surface.

We studied the deposition rate of PDA on SiO, substrates with dopamine solutions of
different pH values, under the condition that the dopamine hydrochloride concentration of
the solutions was 1 mg/mL. Based on the obtained deposition rates, PDA films of identical
thickness were prepared to investigate the effects of different pH values on the formation
of aggregates on the film surface. Figure 2a—c depict the SEM images of the cross-section of
PDA films prepared with a deposition time of 60 min on the surface of the SiO; substrate
under pH values of 7.9, 8.2, and 8.5, respectively (the test results of the pH values are
displayed in Figure S2). The thicknesses of the deposited films were 23.62 nm, 27.06 nm,
and 28.09 nm, respectively. Figure 2d—f illustrate the SEM images of the cross-section of
PDA films deposited for 90 min under the same conditions as previously mentioned, i.e.,
pH values of 7.9, 8.2, and 8.5. The thicknesses of the films were 36.32 nm, 43.31 nm, and
45.28 nm, respectively. We utilized the software IrfanView to calculate the width of different
positions of the film in the figure, based on the scale in the figure, and then, we calculated
the average value.

We conducted a series of SEM measurements to determine the thickness of PDA films
under various deposition time conditions, and the results are summarized in Table 1. The
relationship between the film thickness and the pH value is shown in Figure 3a. It is evident
that, under the same deposition time, the film thickness increased with an increasing pH
value. However, this increasing trend weakened as the pH value became higher. The
different shades of darkness observed in the deposition solutions with different pH values
(Figure S3) were consistent with the film thickness results presented in Figure 3a (the color
of the solution serves as an indicator of the deposition rate. Specifically, the solution with a
pH of 7.9 appears lighter, suggesting a slower deposition rate and smaller film thickness.
On the other hand, solutions with pH values of 8.2 and 8.5 are similar in color, indicating
that their deposition rates are also similar and their resulting film thicknesses are close). In
Figure 3b, the film thickness is plotted against the deposition time, with the solution pH value
being taken as the parameter. Within the range of deposition time between 0 and 90 min and
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a pH range from 7.9 to 8.5, the thickness of the deposited PDA film varied almost linearly
with the deposition time. The deposition rates of PDA under the conditions of pH =7.9, 8.2,
and 8.5 were 0.399 nm/min, 0.466 nm/min, and 0.486 nm/min, respectively.

average d = 36.32 nm average d = 43.06 nm average d = 45.28 nm

1006V p 0. Zum 10.0kV x60.000 0_2um

15 0kV x80 000

Figure 2. SEM images of the cross section of the PDA films on silicon dioxide substrates deposited
for 60 min under the conditions of (a) pH =7.9, (b) pH = 8.2 and (c) pH = 8.5; SEM images of the
cross section of the PDA films on silicon dioxide substrates deposited for 90 min, with (d) pH =7.9,

(e) pH=8.2and (f) pH =8.5.
Table 1. Thickness of the PDA film deposited for different time.

Thickness for Different Deposition Time

H
P 45 min (nm) 60 min (nm) 75 min (nm) 75 min (nm)
7.9 18.00 23.62 30.03 36.32
8.2 20.11 27.03 35.16 43.06
8.5 20.76 28.09 36.05 45.28
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Figure 3. (a) PDA film thickness against pH under different time conditions; (b) PDA film thickness

against deposition time under different pH conditions.

Based on the obtained self-deposition rates of dopamine under different pH conditions,
we prepared three sets of PDA film samples with equal thickness on 5iO; substrates using
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solutions with pH values of 7.9, 8.2 and 8.5, respectively, deposited for 73 min, 63 min
and 60 min, respectively. The density of aggregates on the film surface, film flatness, and
continuity were investigated using SEM. Initially, the local morphology of the films was
observed using 1000 x magnified images. Figure 4a—c correspond to pH values of 7.9, 8.2,
and 8.5, respectively. It was observed that the film surface was smooth with almost no
visible aggregates at pH values of 7.9 and 8.2, while numerous aggregates appeared on the
surface of the film deposited at pH = 8.5. From the curve in Figure 3a, it can be inferred that
the effect of pH on the PDA film primarily concerns the establishment of film thickness
between pH values of 7.9 and 8.2, whereas within the range of pH 8.2-8.5, the effect on film
thickness was insignificant, and the increase in pH significantly influenced the formation
of aggregates. This phenomenon could be attributed to the gradual increase in the binding
rate of dopamine molecules on the silica surface as the concentration of OH- increased
under weaker alkaline conditions, resulting in the rapid formation of dopamine molecules
on the surface of silica. When the concentration of OH- reaches a certain value, the increase
in the binding rate of dopamine molecules on the SiO, surface was no longer significant.
Instead, it influenced the self-polymerization of freely moving dopamine molecules in the
solution, resulting in more aggregates on the film surface. Another possible explanation is
that a weaker alkaline solution tends to donate more protons to saturate the dangling bonds
of dopamine molecules, reducing their chemical activity. Therefore, less self-polymerization
will occur under weaker alkaline conditions, leading to smooth films without aggregates.

10.0kV x1,000 10um x1,000 10pm p 10.0kV x1,000 10pm

x50 5004m

Figure 4. SEM images (1000x) showing the surface of the PDA films with the same thickness deposited
for different duration on silicon dioxide substrates under the conditions of (a) pH = 7.9, (b) pH = 8.2
and (c) pH = 8.5; 50x SEM images of the surface of the above-mentioned films corresponding to
(d)pH =79, (e) pH =82, and (f) pH = 8.5, respectively.

SEM images with 50x magnification of the surface of the films deposited at pH
values of 7.9, 8.2, and 8.5 are presented in Figure 4d—f. The particle size and quantity of
surface aggregates are illustrated in Figure S4a—c. The results indicate that, under each pH
condition, aggregates appeared on the film surface. However, the number of aggregates
on the film surface was relatively small with pH = 8.2, and the average particle size of
the aggregates was also small (12.48 pm) compared to the other films. On the other hand,
higher numbers of aggregates (8 and 15) arose on the film surface under the condition of
pH =7.9 and 8.5, respectively. Moreover, the average size of the aggregates increased to
13.28 pm and 12.91 pm. Combined with the previous observations on subtle aggregates
(Figure 4a—c), it can be concluded that under the condition of pH = 7.9, there were a few
large aggregates, but almost no fine aggregates on the film surface. In contrast, under
the condition of pH = 8.2, the surface of the film was relatively smooth, with few large or
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subtle aggregates. However, under the condition of pH = 8.5, there were not only some
large aggregates but also a great quantity of subtle aggregates on the film surface. As
-mentioned above, the smooth surface of the film deposited with the solution of pH = 8.2
can be attributed to the plenty of protons in the solution, which can saturate the dangling
bonds of the dopamine molecules. When the pH decreased further, it is supposed that
the film that was built beginning with discrete aggregates before a continuous layer was
constructed. This may lead to the final film with large aggregates on the surface, just like in
the case of the pH of 7.9.

In chemical reactions, the rate of reaction under some conditions is influenced by the
concentration of the reactants [21,22], thereby exerting an effect on the final product. In
light of the impact of pH values on the formation of surface aggregates in the PDA film, we
selected pH 8.2 with fewer aggregates and further investigated the influence of dopamine
concentration in the deposition solution on aggregate formation. This investigation aimed
to minimize the number of aggregates and achieve a smooth film.

Similar to the exploration of the impact of pH value, we investigated the effects of
different dopamine solution concentrations on the deposition rates of PDA films on SiO,
substrates, with the aim of identifying conditions that lead to reduced aggregates and a
smoother film. Specifically, we prepared PDA films of the same thickness under various
concentration conditions and studied the aggregates on their surfaces. SEM images of
the cross-sectional views of PDA films deposited for different time periods with varying
dopamine concentrations are shown in Figure 5a—e, which represent film thicknesses of
41.34nm, 53.15nm, 64.95 nm, and 79.16 nm, respectively. We also examined a low dopamine
concentration of 0.5 mg/mL, as shown in Figure S5a, where only a few aggregates were
observed on the SiO, substrate, and no continuous film was formed. To confirm the
formation of a continuous PDA film, EDS analysis was performed on the film surface, a
relatively high proportion of C, O and N element was detected only at the aggregates, and
there was nearly no C or N element observed in the non-aggregated areas. It could be
verified that a PDA film with irregular surface was formed on the SiO, substrate.

average value = 53.15 nm

10.0kV x50,000 J 10.0kV x50.000 0.5um

average value = 79.16 nm

L ——

10.0kV x50,000 0.5um 10.0kV x80,000 0.2pm

Figure 5. Cross-sectional SEM images of PDA films obtained on silicon dioxide substrates under
the concentration conditions of (a) 1.5 mg/mL and (b) 2 mg/mL with a deposition time of 60 min;
Cross-sectional SEM images of the PDA film obtained on the silicon dioxide substrates under the
concentration conditions of (¢) 1.5 mg/mL and (d) 2 mg/mL with a deposition time of 90 min.
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The thickness of the PDA films was measured using SEM under various deposition
time conditions, and the results are presented in Table 2. By combining these results
with the thickness of the PDA film deposited with a solution concentration of 1 mg/mL
(Table 1), the relationship between the film thickness and the concentration was plotted
in Figure 6a. As shown in the figure, the film thickness gradually increased with the
concentration for all deposition times below 90 min, and the relationship between the two
variables was linear. This finding is consistent with the chemical reaction rate formula
Av(A) = Ac (A)/At, where v represents the reaction rate, c is the reactant concentration,
and t denotes the reaction time. Figure 6b illustrates the relationship between the film
thickness and deposition time for different solution concentrations. It can be observed
that the film thickness increased linearly with deposition time, when the concentration
was between 1 and 2 mg/mL and the deposition time was below 90 min. Specifically, at
solution concentrations of 1.5 mg/mL and 2 mg/mL, the deposition rates of dopamine
were 0.705 nm/min and 0.883 nm/min, respectively.

Table 2. Thickness of the PDA film deposited for different time.

Thickness for Different Deposition Time

Concentration : . : .
45 min (nm) 60 min (nm) 75 min (nm) 75 min (nm)
1.5 mg/mL 30.89 41.34 52.55 64.95
2mg/mL 40.73 53.15 65.91 79.19
90
—=— 45min 4 | Img/ml
—e— 60min (a) 80 —e— i gmg/ml (b)
80 —aA— 75min —a— 2mg/ml
—v— 90min
~ 107 —~ 60
g g
601 <
o 3 ]
% 501 % 40
2] :
30 207
20
. . . . r . 0 . . . . )
1.0 1.2 1.4 1.6 1.8 2.0 0 20 40 60 80 100
Concentration (mg/ml) Time (min)

Figure 6. (a) Curve of PDA film thickness against the concentration of the dopamine solution, with
the deposition time as a parameter; (b) curve of PDA film thickness with the deposition time, under

different concentrations.

According to the deposition rates obtained from our experiments, we fabricated two
sets of samples with S5iO, substrates. The first set underwent PDA deposition for 42 min in
a solution with a concentration of 1.5 mg/mL, while the second set underwent deposition
for 32 min in a solution with a concentration of 2 mg/mL. Both groups were prepared
using a solution with a pH value of 8.2, resulting in PDA films with the same thickness
under different concentration conditions. The density of aggregates on the film surface,
as well as the flatness and continuity of the film, were investigated using SEM. Similar
to our exploration of the effect of pH value, we examined the subtle particles on the film
surface using 1000x magnified images. Figure 7a,b correspond to the concentrations of
1.5 mg/mL and 2 mg/mL, respectively. It was observed that the film surface corresponding
to 1.5 mg/mL was smooth, without any subtle aggregated particles. In contrast, a great
quantity of aggregates was present on the surface of the film prepared with a concentration
of 2 mg/mL. SEM images with a magnification of 50 x, depicting the surface of the film
having the concentrations of 1.5 mg/mL and 2 mg/mL, are shown in Figure 7c,d, respec-
tively. The particle size and quantity of surface aggregates are summarized in Figure Sé6a,b.
It is noted that, for the concentration of 1.5 mg/mL, the number of aggregates on the film
surface was very small, and the average particle size of the aggregates was 9.36 um. In
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contrast, when the concentration increased to 2 mg/mL, the number of aggregates on the
film surface increased significantly compared to the concentration of 1.5 mg/mL, exceeding
50, and the average particle size was 10.41 um.

10.0kV x1,000 10pm 10.0kV x1,000 10um

Figure 7. Surface SEM images (1000x) of the same thickness PDA films prepared with different deposi-
tion time on silicon dioxide substrates under the concentrations of (a) 1.5 mg/mL and (b) 2 mg/mL;
surface SEM images (50 %) of the same thickness PDA films fabricated with different deposition time on
silicon dioxide substrates under the concentrations of (c) 1.5 mg/mL and (d) 2 mg/mL.

By observing the surface aggregates on the PDA film under two concentration conditions
and combining with the previous inspection of the PDA film formed at the concentration of
1 mg/mL (Figure 4b,e), we can conclude that the number of large particles and tiny aggregates
on the film of 2 mg/mL was greater than that of the films deposited under the other two
concentrations. In the cases of concentrations of 1 mg/mL and 1.5 mg/mL, the film surface
was relatively flat, and there were few large particles on the surface. Compared with the
film of 1 mg/mL, the PDA film deposited at the concentration of 1.5 mg/mL was smoother.
Furthermore, no subtle aggregates were observed on the film surface in the latter case, and
the average particle size of the large particles was also smaller. This is probably because the
concentration of 1 mg/mL was insufficient to make dopamine molecules form film structure
rapidly. At this concentration, the film can only be formed through continuous accumulation
of dot aggregates, leading to aggregates arising on the surface. The concentration condition
of 1.5 mg/mL satisfied the requirement for dopamine molecules to build a film structure
rapidly. As a result, no subtle aggregates are formed on the film surface. However, the
continuous increase in concentration also promoted the self-polymerization of the freely
moving dopamine molecules in the solution, resulting in more aggregates on the surface of
the deposited film. This may be the case for the film of 2 mg/mL [23,24].

Based on the investigation of the impact of varying pH levels and concentrations
on the deposition of PDA film, a pH level of 8.2 and a concentration of 1.5 mg/mL were
selected to deposit the PDA film with fewer surface aggregates. To determine the appro-
priate parameters for a continuous and thin PDA film, the deposition time was gradually
increased. PDA films with deposition times of 2 min, 10 min, and 20 min were prepared.
However, when the film thickness was very small, it was challenging to ascertain whether
a continuous film structure was formed from the cross-sectional SEM images. According to
this situation, we tried to make use of the optical microscope (OM) and scratches made in
the film, assisted with the SEM inspection, to assess whether a continuous film was formed
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on the sample surface. The surface of the PDA film was investigated with OM, and the
sample surface of the film was scraped to make some scratches. The OM observations
are presented in Figure 6, where Figure 6a—c illustrate the OM images of the PDA film
surface deposited for 2 min, 10 min, and 20 min, respectively. It can be observed that the
sample surface characterized by OM was blue-purple under a deposition time of 2 min,
which corresponds to the color of SiO,. This suggests that at the deposition time of 2 min,
there was either no PDA film formed on top of the SiO, layer or only sporadic dotted PDA
accumulations. In contrast, under a deposition time of 10 min, the OM image of the sample
surface appeared light yellow, and no obvious scratches could be observed after the surface
was lightly scratched. It is supposed, under the deposition time of 10 min, layered PDA
may be formed in some areas on the surface of the sample, but it lacks continuity and
integrity. When the deposition time reached 20 min, the light-yellow color became more
intense than that of the PDA film deposited for 10 min. Obvious scratches were found on
the sample surface when it was lightly scraped. Thus, we conclude that a continuous and
complete PDA film was formed on the sample with a deposition time of 20 min.

Atomic force microscopy (AFM) was utilized to investigate the surface roughness of
the PDA film and to validate the observations obtained from OM. AFM images of the PDA
film deposited on a SiO, substrate are shown in Figure 8d—f, corresponding to deposition
times of 2 min, 10 min, and 20 min, respectively. The surface roughness of the PDA film
deposited for 2 min was found to be 0.6458 nm, which is comparable to that of the SiO,
substrate. The presence of abundant white spots in the AFM image suggests the absence of
a continuous PDA layer on the sample surface. When the deposition time was increased to
10 min, the number of white spots decreased, and the surface roughness increased to 3.185
nm. These observations imply that a layered PDA film was formed in some regions on the
sample surface, but the film structure was non-uniform, and some point-like aggregates
still existed on the substrate surface. Comparatively, the PDA film deposited for 20 min
exhibited a significant change in the surface morphology. The absence of white spots in
the AFM image suggests the presence of a uniform and continuous PDA film on the S5iO,
substrate, and the surface roughness decreased to 1.763 nm as compared to the 10 min
deposition. The cross-sectional view of the AFM scanning of the PDA film deposited for
20 min is presented in Figure 8g (its corresponding surface AFM image and test position are
shown in Figure S7), where a depression ten of nanometers wide is observed. The absence
of the PDA film at this location may be due to direct contact of the AFM probe with the
SiO; layer at the bottom of the depression. The thickness of the PDA film, estimated from
the difference between the lowest part of the depression and the film surface, was about
14 nm, which is consistent with the PDA deposition rate deduced from Figure 6.

The PDA film was synthesized using optimal parameters (pH = 8.2, solution concen-
tration of 1.5 mg/mlL, and deposition for 20 min), followed by carbonization to obtain
graphene-like material through annealing at 800 °C in a vacuum (0.1 Pa) for 60 min at
a heating rate of 10 °C/min. Raman spectroscopy was employed to analyze the carbon
chain structure of the carbonized PDA film and compare it with that of films with the
same thickness but different surface characteristics. Specifically, we compared the Raman
spectra of the carbonization products of the PDA film with a smooth surface and no surface
aggregates prepared with the optimized parameters (red curve), the carbonization products
of the thicker PDA film (green curve), and the carbonization products of the PDA film
with surface aggregates (blue curve). In Figure 9a, the Raman spectra of all three curves
show obvious D peaks, indicating the presence of structural defects. Additionally, all three
curves display 2D peaks, indicating the presence of multi-layered graphene. The I /Ig
and Ip /I ratios were compared and are summarized in Figure 7b. The Ip /I ratio of the
carbonization products of the PDA film with a smooth surface and no surface aggregates
prepared with optimal parameters was lower than that of the thicker PDA film and the
PDA film with surface aggregates, suggesting fewer structural defects. Moreover, the
half-peak width of the red curve was comparatively narrow, indicating a higher degree of
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graphitization. The Ipp /I ratios in all three cases were significantly less than 1, indicating
the carbonized films consist of multi-layered graphene rather than one-layer graphene.

(a) (b) (©)

Ra=1.763 nm

[nm]

0.05

0 [nm] 5497.901

Figure 8. OM image of the surface of the PDA film deposited on silicon dioxide substrate under the
pH of 8.2 and the concentration of 1.5 mg/mL with a deposition time of (a) 2 min, (b) 10 min, and
(c) 20 min; the AFM image of the surface of the PDA film deposited on silicon dioxide substrate under
the pH of 8.2 and the concentration of 1.5 mg/mL with a deposition time of (d) 2 min, (e) 10 min, and
(f) 20 min; (g) the cross-sectional view of the AFM scanning of the surface of the PDA film under the
deposition time of 20 min.

The PDA films were carbonized at 1000 °C under vacuum conditions (0.1 Pa) while
maintaining the same heating rate. The resulting Raman spectra are presented in Figure 9c.
It was evident from the spectra that the D peaks of the three curves weaken significantly
with increasing annealing temperature, while the 2D peaks also exhibited a marked re-
duction. This behavior may be attributed to the accelerated decomposition of PDA at
high temperature, promoting the rapid and thorough combination of carbon atoms and
improved crystallinity of the carbonized layer. The ratios of Ip/Ig and I,p/Ig in the three
cases were compared, as depicted in Figure 9d. Consistent with the previous case of 800 °C,
the Ip /I ratio of the carbonization products of the PDA film with a smooth surface and
without surface aggregates is comparatively lower than the other two cases. Furthermore,
the Ip /I ratio of the carbonization products of the optimally prepared film was higher
than that of the other two films, indicating that the number of stacked graphene layers was
smaller. Notably, the Ip /I ratios of all three films carbonized at 1000 °C were evidently
lower than those at 800 °C, suggesting a substantial reduction in structural defects. The
Raman spectrum of the C-PDA acquired by Yu [2] also showed the D peaks and G peaks,
confirming the existence of the graphite-like nanostructures. Compared with research
results of Yu, our study presented the improved uniformity and the reduced thickness of
the PDA film. In our study, the G peak of the Raman spectrum was more distinct, and at
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Voltage (V)

2700 cm ™!, a 2D peak appeared, indicating the formation of the graphene-like structure.
This is also consistent with the research results from Li [25], who used neutron diffraction,
Raman spectroscopy, and other techniques to verify that C-PDA has some graphite-like
structures as the annealing temperature increased.
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Figure 9. (a) Comparison of Raman spectra of the at 800 °C carbonized PDA films with different
morphologies (red curve corresponds to PDA film prepared according to the achieved optimal
parameters, green curve corresponds to PDA film with smooth surface but bigger thickness, the
blue curve corresponds to PDA film with the same thickness as the red curve, but aggregates on the
surface). (b) The ratios of Ip /I and Iop /I in three cases after carbonization at 800 °C; (¢) Raman
spectrum comparison after carbonization at 1000 °C. (d) The ratios of Ip /I and I,p /I in three cases
after carbonization at 1000 °C.

The electrical conductivity of the carbonization products of the PDA film with a smooth
surface and without surface aggregates was approximately 670 S-m~!, as illustrated in
Figure 10a. This value is close to that of multi-layer graphene. The attained high electrical
conductivity may be attributed to the modified molecular charge transfer behavior induced
by nitrogen doping or the improved crystallinity of the carbonized film resulting from the
optimized deposition parameters [26,27]. Compared to the thicker film (550 S:‘m~!) and
the film with numerous aggregates (605 S-m~!) (Figure 10b,c), the carbonized PDA film
with a smooth surface and no aggregates exhibited superior electrical conductivity.
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Figure 10. The I-V curves and electrical conductivity of the carbonization product of (a) the smooth
and no aggregates PDA film, (b) the thicker PDA film, and (c) the PDA film with many aggregates.
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Through the Raman spectrum analysis and electrical conductivity measurement of the
at different temperatures carbonized films, it can be shown that the carbonization product
of the PDA film with a smooth surface and without surface aggregates, prepared with the
optimized parameters, had fewer structural defects and a higher electrical conductivity.

Figure 11a displays the XPS spectra of the PDA film with a smooth surface and without
surface aggregates carbonized at 1000 °C. The strong Ols peaks and the appearance of
5i2s and Si2p peaks suggest that the thickness of the carbonized film was remarkably thin,
likely below the detection depth of the XPS (=10 nm). Upon closer inspection of the Cls
peak (Figure 11b), it can be observed that the peak at a binding energy of 288 eV was
almost absent, indicating the absence of the C = O structure. In contrast, the peak at a
binding energy of 286 eV corresponds to the C-O/C-N structure, indicating the presence of
a small amount of O and N doping in the film. The peak with a binding energy of 285 eV
corresponds to the C-C/C = C structure, and the large peak indicates that most of the
carbon atoms are bound into the cross-linked honeycomb lattice structure.
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Figure 11. (a) XPS spectrum of the film with the optimized parameters; (b) the C1s peak of the XPS
spectrum; (c) a representative load vs. displacement curve obtained from the thick sample.

Due to the excessively small thickness of the prepared graphene-like material, it was
not suitable for testing using the nanoindentation instrument. Therefore, a thick PDA film
(with a thickness much greater than that shown in Figure 9) was fabricated and carbonized
under 1000 °C. Based on the force-indentation depth curve of the carbonized thick film
(Figure 11c), the Young’s modulus of the material was calculated to be approximately
30 GPa. A certain degree of creep could be observed. This was mainly due to the weak
van der Waals forces between the atom layers in the graphite structure in the carbonized
film. When subjected to external force, the carbon atom planes would bend and deform,
maintaining the lateral structural stability without requiring the in-plane rearrangement of
the carbon atoms to adapt to the external force.

Based on the mechanical properties of the carbonized product of the thick film, those of
the prepared thin graphene-like material were inferred. Comparatively, the graphene-like thin
film contained fewer structural defects (according to the results in Figure 9, the thicker the
PDA film, the more defects generated after carbonization). For materials with graphene-like
structures, an increase in the concentration of point defects and single vacancy defects will
lead to a significant decrease in their Young’s modulus [28]. Furthermore, as the thickness
decreased, the Young’s modulus within the graphene plane significantly increased [29]. This
all indicates that the prepared thin graphene-like material had a higher Young’s modulus.
Additionally, its multi-layered structure will partially retain its creep properties.

4. Conclusions

By investigating the impact of varying pH values on the formation of aggregates on
the surface of deposited PDA film, distinct effects were observed across different pH value
intervals. Within the range of 7.9 to 8.2, pH predominantly influences film thickness, while
in the interval of 8.2 to 8.5, pH primarily affects the aggregation of particles on the film
surface. For the deposition time below 90 min and the pH values between 7.9 and 8.5,
the thickness of the PDA film exhibits a linear relationship with time. The deposition of
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a PDA film with minimal aggregates was achieved at pH 8.2. This was attributed to the
various concentrations of the protons or OH— in the solutions. Solutions with a deficiency
in the amount of OH— tend to donate more protons to saturate the dangling bonds of
dopamine molecules, reducing their chemical activity and inhibiting their aggregation,
while excessive OH— can promote the self-polymerization of dopamine molecules that
move freely in the solution, resulting in more aggregates on the film surface [30-32]. To
investigate the effects of different concentrations on the formation of aggregates on the
PDA film surface, a pH of 8.2 was maintained. For the deposition time below 90 min, the
film thickness exhibited a linear relationship with solution concentration and deposition
time. A PDA film with negligible subtle aggregates and only a minimal quantity of large
aggregates was formed at a solution concentration of 1.5 mg/mL.

Finally, to produce a thin and smooth film without surface aggregates, the deposition
time was gradually increased under the conditions of pH 8.2 and the concentration of
1.5 mg/mL. It was observed that at a deposition time of 20 min, a continuous, smooth,
and uniform PDA film with a thickness of 14 nm was successfully deposited on the SiO,
substrate. Utilizing the prepared PDA as a precursor, a graphene-like film was obtained
through a high-temperature carbonization process. According to the Raman spectrum
and the four-terminal sensing analysis, the multilayered graphene derived from the film
deposited with the optimized parameters showed fewer structural defects and higher
electrical conductivity compared to the carbonized products obtained from thicker PDA
films and the films with surface aggregates. With optimized pH value and dopamine
solution concentration, the structure of the deposited PDA film was improved, so the
finally prepared graphene-like product possesses better structural properties. The XPS
results also indicate that the carbonization products of the PDA film with a smooth surface
and without surface aggregates are primarily composed of carbon atoms bonded in a
cross-linked honeycomb lattice structure. Moreover, the nanoindentation analysis verified
that the fabricated graphene-like film had good mechanical properties. Therefore, it is quite
suitable for the application in flexible electronics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst13040607/s1, Figure S1: XRD curves of the smooth areas of the
film and the surface aggregates; Figure S2: pH value detection of each reaction solution, (a) pH=7.9,
(b) pH = 8.2 and (c) pH = 8.5; Figure S3: Color comparison of the deposition solutions after 90 min
in dark environment; Figure S4: The size and quantity of the aggregates calculated based on the
surface SEM images (50 x) of the same thickness PDA films deposited for different time length on SiO,
substrates under (a) pH =7.9, (b) pH = 8.2 and (c) pH = 8.5; Figure S5: (a) SEM images of cross-sections
of the PDA films prepared on SiO, substrates at a concentration of 0.5 mg/mL; EDS analysis on (b) the
aggregated particle and (c) on the smooth area of the film (without aggregates); Figure S6: Statistical
graph of particle size and quantity of surface aggregates calculated through the 50 x magnified SEM
images of films deposited under (a) ¢ = 1.5 mg/mL and (b) ¢ = 2 mg/mL; Figure S7: The surface AFM
image and the test position for Figure 8g.
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