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Abstract: In this work, a manganese oxide electrode, containing carbon nanofiber composites
(MnO2/CNF), has been made through electrospinning, oxidization, and partial carbonization high-
temperature treatment. Scanning electron microscopy (SEM) was used to observe the morphology of
the nanofiber and analyze the composition of the fiber. The fiber size range and element distribution
were determined. The oxide nanoparticles were modeled as electrorheological suspensions in the poly-
acrylonitrile polymer solution during electrospinning. The dielectrophoretic behavior of the particles
subjected to non-uniform electric fields were analyzed and the motion of the oxide particles under
the actions from fluctuating electric fields was investigated to explain the sporadic distribution of
nanoparticles within the composite nanofibers. A photoactive anode was made from the composite
nanofiber and the decomposition of spilled oil was performed under sunlight illumination. It was
observed that the manganese oxide containing carbon nanofiber composite electrode can generate
electricity and clean the spilled oil under sunlight. Both energy conversion and environment cleaning
concepts were demonstrated.

Keywords: nanofiber; manganese oxide nanoparticle; biophoton fuel cell; solar energy; energy
conversion; water oil separation; spilled oil cleaning and decomposition

1. Introduction

Manganese oxides are versatile transition metal oxides due to the multiple valence val-
ues of manganese. Depending on processing conditions, such as temperature, time, and
atmosphere or oxygen partial pressure, manganese oxides may take the forms of MnO,
Mn2O3, Mn3O4, Mn5O8, and MnO2 [1]. Important applications were reported on various
manganese oxides. All forms of manganese oxides are good catalysts. Mn2O3 is an active
combustion catalyst for propene and propane oxidation [2]. Mn3O4 serves as the catalyst for
methane oxidation [3]. In addition to being a catalyst, MnO2 has been studied widely as an
electrode material for supercapacitors because of its high electrochemical performance and low
cost. It is not poisonous. In addition, the preparation of MnO2 is relatively easy. For example,
the sol-gel method was used for producing MnO2 through the reduction of NaMnO4 with
fumaric acid [4]. A hydrothermal synthesis approach was also used to synthesize man-
ganese oxide (MnO2) nanorod for supercapacitor electrode fabrication [5]. The capacitance
values were in the range of 72 to 168 F/g. Toupin, Brousse, and Bélanger [6] investigated
the charge storage mechanism of MnO2 electrodes in aqueous electrolytes. It has been
found that only a very thin layer of MnO2 is involved in the charge storage process.
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Manganese oxide-containing composite nanomaterials are electroactive as well. They
have been studied for energy storage [7–12]. In the work performed by Lin et al. [13],
depositing manganese oxides including MnO, Mn2O3, and Mn3O4 at the surface of carbon
nanofiber to make composite anode materials for rechargeable lithium-ion battery appli-
cation was shown. These manganese oxide nanoparticles were directly electrodeposited
onto carbon nanofibers to make the lithium battery anode. The composite anode showed
enhanced electronic conductivity and reduced volume change during repeated lithium
insertion/extraction. Since multivalent redox reactions can occur at the thin surface layer of
manganese oxides to provide high reaction rates, supercapacitors can be made from man-
ganese oxide-coated carbon nanofibers. As shown in [14], the manganese oxide MnO2 was
deposited vertically aligned carbon nanofiber array to make supercapacitors. A 4-µm tall
brush-like carbon structure was obtained by plasma-enhanced chemical vapor deposition
of carbon on a conductive silicon substrate. The open space between the carbon nanofiber
was around 300 nm. MnO2 film with a thickness of 15 nm was electrodeposited on the carbon
nanofiber to form a three-dimensional structure that allows fast electrolyte access and a high
redox reaction rate. Such coaxially coated hybrid supercapacitors reach a high value of
super capacitance of 365 F/g. Barakat et al. [15] made manganese monoxide (MnO) in
nanofiber form. Electrospun manganese acetate/poly(vinyl alcohol) nanofiber mats were
hydrothermally treated in water steam at 400 ◦C for 3 h to eliminate the polymer and re-
duced the manganese acetate to manganese monoxide. After the polymer was decomposed
into CO and H2, pure MnO nanofibers with good crystallinity were obtained.

Incorporating other metal oxides and manganese oxides into carbon fibers to improve
the electrochemical properties was illustrated [16,17]. Electrospinning freestanding carbon
nanofibers with bimetallic manganese-iron oxide were performed for flexible supercapaci-
tor fabrication [16]. Polyacrylonitrile was used as the carbon source. To generate micropores
in the carbon nanofibers, polymethyl methacrylate was used as the sacrificial template. In
the literature [17], flexible, lightweight, and freestanding zinc-manganese oxide carbon
nanofibers were made for application in portable electronic devices. The bending angle
test confirmed the mechanical durability of the freestanding carbon nanofiber electrodes.
The capacitance retention was 92% after 10,000 galvanostatic charge-discharge cycles.

Recent research on manganese oxide containing carbon nanofiber composites focuses
on the applications for rechargeable lithium, zinc-air, and sodium batteries [18–22]. Rare re-
search tasks can be found on using manganese oxides for environmental protection. Among
the limited existing work, Elghamry et al. [23] investigated the bimetallic nickel/manganese
phosphate-carbon nanofiber for the oxidation of formaldehyde in an alkaline medium.
Poudel et al. [24] reported the research on interface engineering of MnFe2O3 on three-
dimensional carbon nanofibers for the efficient adsorption of Cr(VI), Pb(II), and As(III)
ions. A recyclable biomass carbon@ SiO2@ MnO2 aerogel with hierarchical structures for
fast and selective oil-water separation was made [25]. However, there is no report on the
biophotofuel cell using manganese oxide-carbon nanofiber as the photoactive electrode.

It is the objective of this work to make a biophoton electrode using manganese oxide-
containing carbon nanofiber for energy harvesting from sunlight and decomposing the
spilled oil simultaneously. As known, producing clean energy from biowaste and wastewa-
ter under the irradiation of solar rays and purifying the water for reuse generate significant
research interests [26]. To build systems with such multiple functionalities, a new sus-
tainable design strategy is needed. Nanostructured biophotofuel cell systems have been
introduced for both energy generation and environment cleaning [27]. The major effort is on
designing and fabricating novel biophotofuel cells consisting of nanocomposite electrodes
as the photoactive anodes for biomass decomposition, and low hydrogen overpotential
metals such as Pt, Pd, and Ru as cathodes for hydrogen generation [28]. The uniqueness of
the system lies in the multiple functions of the fuel cells. It can generate electricity and pro-
duce hydrogen from bio-hazardous substances under sunshine [29]. Meanwhile, noxious
gases such as ammonia released from biowaste can be decomposed at the photosensitive
anodes and pure water can be generated for reuse at the cathodic zone [30]. In order to
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prepare such key components in the systems which allow electron-hole pair separation
under irradiation, and decompose biomass, semiconducting substances such as pure and
doped-TiO2 nanotubes were made into photosensitive electrodes with regularly aligned
nanopores [31]. Due to the nanoporous array structure of the newly developed electrodes,
high surface areas can be obtained. However, the manganese oxide containing carbon
nanofiber photochemical fuel cells have not been studied. It is meaningful to test and
validate the electricity and hydrogen generation from biomass under solar rays, noxious
gas decomposition, and clean water regeneration using the manganese oxide containing
carbon nanofiber electrode.

The scope of this paper is as follows. A novel manganese oxide containing carbon
nanofiber electrode (MnO2/CNF) was prepared via electrospinning and oxidation followed
by high-temperature treatment. Scanning electron microscopy was used to observe the
morphology of the nanofiber and analyze the composition of the fiber. The fiber size range and
element distribution were determined. A photoactive anode was made from the composite
nanofiber and the decomposition of spilled oil was performed under sunlight illumination.
Open circuit voltage measurement results indicate that the manganese oxide containing
carbon nanofiber composite electrode can generate electricity and clean the spilled oil under
sunlight. Both energy conversion and environment cleaning concepts were discussed.

2. Materials and Methods
2.1. Materials

There are several chemicals used for this experiment. Polyacrylonitrile (PAN) poly-
mer with a molecular weight of 150,000 g/mol and chemical formula of (C3H3N)n was
obtained from Scientific Polymer, Ontario, NY, USA. Dimethylformamide (DMF) with the
formula C3H7NO was purchased from Alfa Aesar Thermo Scientific Chemicals, Ward Hill,
Massachusetts, United States. The 10 mL polypropylene syringes with rubber plunger (BD
Luer-Lok, Franklin Lakes, NJ) and Gauge 18 stainless steel blunt needles (0.84 mm ID ×
100 mm in length) were brought from McMaster-Carr Supply Company, Elmhurst, IL, USA.
Pure MnO2 powder with a nominal size of 50 nm and purity of 99.999% (Batch Number
20221006) was ordered from Yingtai Metal Materials Co, P.R. China through AliExpress.com.
Olive oil (refined olive oil and 15% extra virgin olive oil with the Kirkland Signature brand)
was purchased from Costco Wholesale, San Dimas, CA, USA.

2.2. Instruments

The electrospinning system was built using a Spellman Power Supply (Hauppauge,
NY, USA) model CZE1000R as the high voltage direct current (DC) power source and a
Fusion 200 modular two-channel infusion and withdrawal syringe pump made by Chemyx
Inc., Stafford, TX, United States. An OTF-1200X-S-NT-LD compact split tube furnace with
a single heating zone and programmable controller was purchased from MTI Corporation
of Richmond, CA, USA for heat treatment on nanofiber samples. A model CHI440C Elec-
trochemical Analyzer was purchased from CH Instruments, Austin, TX, USA. For nanofiber
morphology observation and elemental analysis, two desktop scanning electron microscopes
were used: Phenom XL Desktop SEM with FiberMetric software and Phenom Pharos G2
Desktop FEG-SEM with an integrated EDS and FiberMetric software from Thermo Fisher
Scientific Corporation. A Luxor sputter coater supplied by Nanoscience Instruments Inc.
was used for coating platinum thin film on composite nanofiber specimens.

2.3. Composite Nanofiber Processing

The electrospinning solution was made by mixing polyacrylonitrile (PAN) polymer,
dimethylformamide (DMF), and MnO2 nanoparticle to form the polymer solution with
nanoparticle suspension. In a typical experiment, a 10 wt.% polyacrylonitrile (PAN) poly-
mer in dimethylformamide (DMF) solution was made by dissolving 0.500 g PAN polymer
powder into 5.00 mL DMF at 60 degrees Celsius in a 25 mL glass beaker. Then, 0.100 g
MnO2 nanoparticle was added into the beaker under continuous stirring. The selection of
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a 10 wt% manganese oxide content was based on the previously reported sol-gel spinning
work on manganese oxide particles containing nanofiber as an energy storage electrode.
It was demonstrated by Wang et al. [7] that a concentration of 15 wt% of manganese ox-
ide precursor (manganese acetylacetonate) was an optimized amount because too high
concentrations of manganese acetylacetonate led to very low mechanical properties of the
particle containing nanofibers. To achieve the 10 wt.% MnO2, we added slightly more
than 0.100 g, usually around 0.120 g to compensate for any loss during handling and elec-
trospinning. After that, the solution was transferred into a 10 mL polypropylene syringe
for electrospinning. The gauge 18 stainless steel needle was used as the injector. The DC
voltage is ±15.0 kV. An aluminum collector roller with a diameter of 7.5 cm was grounded.
The closest distance between the tip of the needle and the aluminum roller was about
10 cm. The pumping rate of the electrospinning was kept at 0.02 mL/min. Temperature
and relative humidity during sample processing was monitored and it was maintained at
22 ◦C and 62 %, respectively. After electrospinning for 20 min, the nanofiber film in greyish
color was obtained.

2.4. Oxidization, Stabilization, and Carbonization

The electrospun nanofiber film was dried and oxidized in an oven for 10 min at 280
degrees Celsius. The greyish color of the film changed to dark brown which is due to the
oxidation and stabilization of the polyacrylonitrile in the nanofiber film.

The carbonized sample was made by partially carbonizing the previously produced
nanofiber film (the manganese oxide-containing, pre-oxidized sample). The electrospun
nanofiber was put into a glass tube with a 50 mm diameter. The glass tube with the nanofiber
specimen was inserted into the OTF-1200X-S-NT-LD compact split tube furnace. Ar gas was
purged into the quartz tube chamber to push air out. Then the temperature was increased to
600 degrees Celsius at a rate of 5 ◦C/min. The sample was kept at this treatment temperature
for two hours to allow the nanofiber partially carbonized. After naturally cooling down to
room temperature, the specimen was taken out of the furnace. The color of the nanofiber
film changed from brown to black. This carbonized nanofiber film was cut into multiple
specimens for an oil decomposition test and electron microscopic analysis.

2.5. Morphology Observation and Elemental Analysis

Electrospun samples were placed on conductive carbon tape (TED Pella, Redding, CA)
and adhered to aluminum SEM sample mounts (Ted Pella, Redding, CA, USA). The Luxor
sputter coater was used for coating platinum (Pt) thin film with a thickness of 3 nm in Ar
plasma on composite nanofiber specimens prior to microstructure imaging. The Pt film
increases the conductivity of the nanofiber and provides protection for the fiber from elec-
tron beam damage. The Pt coating was obtained in the Luxor sputter coater at a pressure of
10 Pa. The Phenom Pharos FEG-Desktop SEM was used for morphology observation, fiber
size measurement, elemental analysis, and high-resolution images. Accelerated voltages
ranged from 10 kV to 15 kV and magnifications ranged from 5000x to 100,000x. Fiber di-
ameter was characterized using the FiberMetric software package (v2.3.4.0) with over 100
readings at a magnification of 10,000x.

2.6. Spilled Oil Decomposition Test under Sunlight

The partially carbonized nanofiber was peeled off from the aluminum foil substrate.
The obtained freestanding composite nanofiber film was used as photosensitive anode
material to build a biophoton fuel cell. A two-electrode fuel cell consisting of the composite
nanofiber anode and a platinum wire cathode was made for the spilled oil decomposition
and electricity generation under sunlight at the ambient temperature of 20 ◦C. The spilled
oil decomposition and electricity generation were monitored by measuring the open circuit
voltages of the fuel cell using the CHI440C Electrochemical Analyzer. In brief, an equal
amount of olive oil and seawater were mixed to get an emulsion with a 1:1 oil-to-water mass
ratio to simulate the spilled oil in an ocean environment. This mixed oil-water emulsion
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was poured into a plastic compartment and used as the electrolyte for the fuel cell. The
distance between the two electrodes, Pt cathode, and composite nanofiber anode, was kept
at 40 mm. Natural sunlight was allowed to shine on the photoanode first to set alight “On”
state for 25 s. Then, the sunlight was blocked to generate an “Off” state for 25 s. The open
circuit voltage, i.e., the voltage across the anode and cathode of the fuel cell was recorded
by the CHI440C Electrochemical Analyzer. The open circuit voltage was measured as a
function of time. The dynamic response data when the sunlight was “On” for 25 s and “Off”
for 25 s were obtained to evaluate the oil decomposition behavior. For each data acquisition
experiment, we repeated it at least five times to take the average values.

3. Results and Discussion
3.1. Morphology and Structures of Composite Nanofibers

Figure 1a, an image captured using the Phenom Pharos Desktop FEG-SEM shows the
surface morphology of the as-spun polymer composite nanofibers after oxidization and
stabilization. Size distribution analysis was carried out using the FiberMetric software.
One hundred locations as marked by red circles in Figure 1a were used to determine the
size distribution of the nanofibers. The results are shown by the histogram in Figure 1b.
The maximum diameter is 747 nm. The minimum diameter is 134 nm. The mean value of
diameters is 414 nm. X-ray diffraction energy dispersive spectrum (EDS) of the as-spun
polymer composite nanofibers is illustrated in Figure 1c. The major elements, C and N, are
from polyacrylonitrile (PAN). The oxygen element has two sources: oxygen from the MnO2
powder and oxygen from the oxidization and stabilization process. Si and Al are impurities
from the electrospinning. Since silicone oil was used as the lubricant for the cylinder of the
syringe, the chance of embedding Si-containing substances exists. Using aluminum foil as
the substrate for nanofiber collection allows Al to go into the fiber. Finally, the Pt element
is from the sputtered coating. The quantitative results of elemental analysis are given in
Table 1.
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size distribution, (c) X-ray diffraction energy dispersive spectrum (EDS) of the as-spun nanofiber.
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Table 1. EDS elemental analysis results for the as-spun polymer composite nanofiber.

Atomic Number Element Symbol Element Name Atomic Conc. Weight Conc.

6 C Carbon 54.769 44.689
7 N Nitrogen 34.529 32.866
8 O Oxygen 7.006 7.615
13 Al Aluminum 0.492 0.902
14 Si Silicon 0.263 0.501
25 Mn Manganese 2.684 10.020
78 Pt Platinum 0.257 3.407

Figure 2a, an image captured using the Phenom XL Desktop SEM shows the surface
morphology of the partially carbonized composite nanofibers. Size distribution analysis
was also performed using the FiberMetric software. One hundred locations as marked by
red circles in Figure 2a were used to determine the size distribution of the composite carbon
nanofibers. The results are shown by the histogram in Figure 2b. The maximum diameter
is 712 nm. The minimum diameter is 91 nm. The mean value of diameters is 305 nm. X-ray
diffraction energy dispersive spectrum (EDS) of the as-spun polymer composite nanofibers
is illustrated in Figure 2c. Boron impurities could be from the glass tube during the heat
treatment. The major elements, C and N, are from the cyclized compounds generated by
the heat treatment on polyacrylonitrile (PAN). The oxygen element is mainly from the
MnO2 as the atomic ratio of Mn to O is close to 1 to 2. Similar to the case of the as-spun
nanofiber, Si and Al are impurities from the electrospinning process. There are two sources
for Si. One is from the contact with glass during the high-temperature heat treatment. The
other is from the silicone oil used for lubricating the cylinder of the syringe. Aluminum
foil as the nanofiber collector and heat treatment supporting substrate caused Al into the
partially carbonized nanofiber. The Pt element is sure from the sputtered platinum thin
coating. Table 2 lists the elemental analysis results for the partially carbonized nanofiber
specimen. The data in the last two columns refer to normal distribution results by removing
the contribution by the Pt element.
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Table 2. EDS elemental analysis results for the partially carbonized composite nanofiber.

Element Number Element Symbol Element Name Atomic Conc. Weight Conc. Atomic Conc.
Normd.

Weight Conc.
Normd.

5 B Boron 4.744 3.600 4.750 3.655
6 C Carbon 55.277 46.600 55.338 47.310
7 N Nitrogen 30.913 30.400 30.947 30.863
8 O Oxygen 5.609 6.300 5.616 6.396

13 Al Aluminum 0.423 0.800 0.423 0.812
14 Si Silicon 0.254 0.500 0.254 0.508
25 Mn Manganese 2.671 10.300 2.674 10.457
78 Pt Platinum 0.110 1.500 0.000 0.000

It must be indicated that manganese oxide shows multiple forms due to the multiple
valence values of the manganese ions. For example, in the work performed by Wang et al. [7],
the nanoparticles are in the form of MnO from the sol-gel reaction followed by calcination
at 600 ◦C. The composites exhibited good nanofibrous morphology with manganese oxide
nanoparticles uniformly encapsulated by carbon nanofibers when the content of manganese
oxide is only 15 wt.%, as can be seen from the cited images in Figure 3 [7].
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Figure 3. Transmission electron microscopic (TEM) images of the (a) M15C, (b) M30C, and (c) M50C
composite nanofibers. Inset is the corresponding selected area electron diffraction (SAED) pattern.
(d) high-resolution transmission electron microscopic (HRTEM) image of the manganese oxide
nanocrystal. Reproduced with permission from [7], © 2015 Elsevier Ltd.

The cited transmission electron microscopic (TEM) images of the composite nanofibers
with the sample names of M15C (15% manganese oxide precursor compound), M30C
(30% manganese oxide precursor compound), and M50C (50% manganese oxide precursor
compound) were presented in Figure 3a–c, respectively. All three images confirmed the
nanofibrous feature of the composites. The inset of Figure 3c is the corresponding selected
area electron diffraction (SAED) pattern of the nanofiber. Figure 3d, a high-resolution trans-
mission electron microscopic (HRTEM) image, reveals the manganese oxide nanocrystal
with a typical lattice parameter shown. The hybrid nanofiber composites were used directly
as freestanding anodes for lithium-ion batteries to evaluate their electrochemical properties.
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An optimized manganese oxide-carbon nanofiber composite with a low manganese oxide
content can deliver a high reversible capacity, along with excellent mechanical properties
for achieving high cycling stability and good rate capability [7].

In our work, the MnO2 nanoparticles were added directly into the PAN polymer
followed by a short period of heat treatment at the same temperature of 600 ◦C. It is
unlikely to change the oxidation state of manganese ions. This can be seen from the EDS
results as described below.

From the EDS data as shown in Table 2, it can be seen that the atomic ratio of O to Mn
is around 2 (O:Mn = 5.616:2.674 = 2.1002:1→ 2:1). Therefore, it is believed the MnO2 is
still the dominant phase of manganese oxide within the carbon nanofibers. However, one
should realize that the multiple valences of Mn ions could exist if the heat treatment time is
long enough, or the treatment temperature is even higher. The reduction of carbon could
lead to the formation of Mn3O4, Mn2O3, MnO, etc.

To examine the effect of heat treatment on the morphology evolution of the nanofiber
from polymeric form to the partially carbonized sate, high-resolution images for both
specimens were taken using the Phenom Pharos G2 Desktop FEG-SEM. Figure 4a, the
SEM image for the as-spun nanofiber, illustrates the fusion of fibers at the contact areas.
Figure 4b shows the image of the partially carbonized nanofiber. The comparison of the
two SEM images shows that from the as-spun polymer state to the partially carbonized
state, the nanofiber shrinker significantly. The fiber junction regions disappeared, and
three-dimensional (3D) intern-connected pores formed.
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3.2. Modeling the Distribution of Manganese Oxide Particles in Carbon Nanofibers

For co-electrospinning particle-polymer suspensions, the biggest challenge is how to
disperse the particles uniformly within or at the polymer nanofibers. Typically, nanoparti-
cles tend to form aggregates or clusters due to the requirement of minimizing their surface
energies. However, during electrospinning, due to the electrical repulsive force and the
shear forces from the fluid flow, the final distribution of manganese oxide nanoparticles
within the nanofibers and at the surface of the nanofibers as shown in Figure 2a reveals the
particle dispersion state. At higher magnification, the scanning electron microscopic (SEM)
image taken from the spun manganese oxide nanoparticles and partially carbonized poly-
acrylonitrile (PAN) polymer microfibers (Figure 4b) shows some aggregated nanoparticle
clusters. However, the separation of the nanoparticle clusters becomes the main feature. It
is believed that such sporadic distribution of nanoparticles or particle clusters should come
from the varying electric forces on the oxide particles. The fluctuation of electric repulsive
force could promote the uniform distribution of the particles in the polymer nanofibers.
We further hypothesize that the self-assembling of nanoparticles occurs under the lateral
fluctuating electric field within the PAN polymer solution and/or nanofibers due to the
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bending instability of the polymer jets and nanofibers during electrospinning. The follow-
ing modelling work may help understand the self-assembling-induced particle separation
phenomena. The analytical model as described below could guide the manufacturing
process by selecting the proper parameter for controlling the content and distribution of
the oxide particles within the polymer nanofibers. Considering the dielectrophoresis of
electrorheological suspensions subjected to non-uniform electric fields [32–38], we pro-
pose to model the motion of oxide particles under the actions of fluctuating electric fields
as follows:

For the spun materials just leaving the Taylor cone, the front motion of the slurry
is assumed to be one-dimensional. Defining the positive x-axis along the longitudinal
direction of the electrospinning jet, the electric potential as a time-dependent function, ϕ(x,
t), can be related to the electric field intensity, Γ, by its gradient, i.e.,

Γ = −∇ϕ (1)

The dipole moment of the polarized ith particle, pi, in an electric field with an oscilla-
tion frequency ofω is:

pi = 4πε0ε lr3
i β(ω)Γ, (2)

where ri is the radius of the ith oxide particle; εo is the permittivity of the vacuum, εl is
the permittivity of the polymer fluid; β(ω) is the frequency-dependent Clausius–Mossotti
factor [34]:

β(ω) =
ε∗p − ε∗l

ε∗p + 2ε∗l
, (3)

where ε∗p is the complex permittivity of the particle; ε∗l is the complex permittivity of the
polymer.

The time-averaged interaction force between the ith and jth oxide particle can be
computed [34]:

FD, ij =
3

4πεoε ld5 Re
[

dij

(
pi·pj

)
+

(
dij·pi

)
p∗j +

(
dij·pj

)
p∗i −

5
d2 dij

(
dij·pi

)(
dij·p∗j

)]
(4)

where pi denotes the dipole moment of particle i and dij is the displacement vector in the
direction connecting the center of the ith particle to the center of the jth particle. The net
electrostatic force acting on the ith particle is the sum of the interaction forces with all other
particles and is given by

FD, i = ∑N
i=1, i 6=j FD, ij, (5)

where N is the number of particles. The total electrostatic force: FE, i acting on the ith
particle may be computed by vector addition of the dielectrophoretic and particle-particle
interaction forces, i.e., The particle also experiences an electrostatic torque TE,i. Once the
electric force FE,i, and the electrostatic torque TE,i are found, they can be used to determine
the velocity of the ith particle V i and its rotational velocity Ωi using the impulse and
momentum principles. The velocity of the liquid jet V l may be determined by solving
the Navier-Stokes equation. Due to the spatial nonuniformity and the phase variation
of the electric field, the relative velocity between the ith and jth particles Vrel = V i−V j
should have a non-zero solution. The separation between any of the two particles would
increase with the electrospinning time t. This analysis is consistent with the results shown
in SEM images of Figures 2a and 4b. The above analysis is only qualitative. For quantitative
analysis, numerical simulations are needed to determine more accurate results about the
self-assembling behavior-induced spatial separation distances between oxide particles in
the spun fibers.
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3.3. Photochemical Response of the Partially Carbonized Nanofiber Electrode

Figure 5 shows the open circuit potential (E) vs time (t) curve obtained from the test
on the emulsion containing 5 mL olive oil and 5 mL seawater. If the sunlight is “On”
for 25 s, the voltage at the photosensitive anode drops. When the sunlight is “Off” for
25 s, the voltage goes up as marked by several cycles in Figure 5. The dynamic response
of the fuel cells to the sunlight may be analyzed as follows. When the sunlight is “On”
(i.e., in the charging half-cycle), the change in the anode potential is about −100 mV. The
voltage decrease is due to the accumulation of electrons at the anode. Since MnO2 is n-type
semiconducting oxide, electron ejection occurs under solar energy excitation. The results
in Figure 6 contains the data and fitting curves. The data were taken when the nanofiber
electrode reached a stable response to the switching sunlight “On” for 25 s and “Off“ for
25 s during the tests. As shown in Figure 6a, the decrease in the voltage generated by solar
energy is a function of the irradiation time, t, which may be expressed as:

E = Eo − Ae−
t−t1

B (6)

where A, B, and t1 are constants associated with the charging half-cycle, and Eo is the
equilibrium potential. The values of A, B, and t1 can be determined by data fitting in the
region from 20 to 45 s, from 70 to 90 s, from 120 to 145 s, or from 170 to 200 s. In this work,
the equilibrium potential of the composite nanofiber anode showed a value of −0.54 V vs.
Pt cathode. In the steady state, the values for A, B, and t1 can be found from the curve
fitting of the data as shown in Figure 6a. When the data fitting was conducted, the transient
state was ignored. In this case, the data in the period of 0 to 1 s were eliminated in the curve
fitting because this spiking peak is dependent on the transport behavior of an electron in
the nanofiber and the mass transport properties of ions in the electrolyte. After 1 s, the
photon response of the electrode reached a steady state. From the data fitting curve, the
results are determined as A = 0.06 V, B =4 s, and t1 =1.5 s. Substituting these values into
Equation (6) yields:

E = −0.54− 0.06e−
t−1.5

4 (7)

when the sunlight is “Off” (i.e., in the discharging half-cycle), the positive shift in the
potential as shown in Figure 6b is also a function of recovery or relaxation time, t, which is
in the form as follows:

E = Eo + Ce−
t−t2

D (8)

where C, D, and t2 are constants related to the discharging half-cycle. The values of C, D,
and t2 can be obtained by data fitting in the region from 45 to 65 s, from 90 to 120 s, or from
145 to 165 s. The maximum voltage change is determined to be 80 mV from the results in
Figure 5.



C 2023, 9, 26 11 of 15C 2023, 9, x FOR PEER REVIEW 12 of 17 
 

 

Figure 5. Open circuit potential vs time for the manganese oxide-containing composite carbon 

nanofiber photoanode. 

 

Figure 6. Open circuit potential of the composite nanofiber anode vs time data and fitting curves: 

(a) light “On” cycle, (b) light “Off” cycle. 

In the discharge cycle, it takes about 1 s to reach the steady state as can be seen in 

Figure 6b. So, the values for C, D, and t2 can be found from the curve fitting of the data as 

shown in Figure 6b. The results are C = 0.05 V, D =4 s, and t2 =2.5 s. Substituting these 

values into Equation (8) yields: 

𝐸 = −0.54 + 0.05𝑒− 
𝑡−2.5

3.5  (9) 

Figure 5. Open circuit potential vs time for the manganese oxide-containing composite carbon
nanofiber photoanode.

C 2023, 9, x FOR PEER REVIEW 12 of 17 
 

 

Figure 5. Open circuit potential vs time for the manganese oxide-containing composite carbon 

nanofiber photoanode. 

 

Figure 6. Open circuit potential of the composite nanofiber anode vs time data and fitting curves: 

(a) light “On” cycle, (b) light “Off” cycle. 

In the discharge cycle, it takes about 1 s to reach the steady state as can be seen in 

Figure 6b. So, the values for C, D, and t2 can be found from the curve fitting of the data as 

shown in Figure 6b. The results are C = 0.05 V, D =4 s, and t2 =2.5 s. Substituting these 

values into Equation (8) yields: 

𝐸 = −0.54 + 0.05𝑒− 
𝑡−2.5

3.5  (9) 

Figure 6. Open circuit potential of the composite nanofiber anode vs time data and fitting curves:
(a) light “On” cycle, (b) light “Off” cycle.

In the discharge cycle, it takes about 1 s to reach the steady state as can be seen in
Figure 6b. So, the values for C, D, and t2 can be found from the curve fitting of the data
as shown in Figure 6b. The results are C = 0.05 V, D =4 s, and t2 =2.5 s. Substituting these
values into Equation (8) yields:

E = −0.54 + 0.05e−
t−2.5

3.5 (9)
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In the oil-seawater emulsion, the main photo-electrochemical reaction at the composite
nanofiber photoanode is proposed as follows:

2kMnO2 + hν (sunlight)→k MnO2(h+) + kMnO2(e−) (10)

where k is an integer. h+ and e− stand for hole and electron, respectively.
At the Pt cathode or in the emulsion near the cathode region, clean water generation

is the main reaction [26,27].
O2 + 4e- + 4H+ → 2H2O (11)

If the cathode region is sealed or oxygen-free, hydrogen generation becomes the main
reaction. The measurement results reveal that the photodecomposition of the oil emulsion
can generate electricity. In addition, the clean fuel, hydrogen, may be produced when the
cell was air-tight or oxygen-free.

In the emulsion near the anode region, olive oil with a long carbon chain formula of R
decomposes by the recombination with the hole [30].

R +n h+ → R1 + R2+ ··· + Rn (12)

where n is an integer. R1, R2, ···, and Rn represent short molecular chain hydrocarbons.
Eventually, these short molecular chain hydrocarbons could be converted into carbon
dioxide in the emulsion near the anodic region. The decomposition of oil is assumed as the
breakage of carbon chains to form short-chain substances. There are many reactions that
could happen depending on the complexity of the oil compositions. Only shown here is
the olive oil. However, even for this oil, many oxidative states could be there. The oil-water
emulsion states could also be very complicated. Considering such complexities, we just
used the simple carbon chain breakage reaction to show the idea. The information about the
oxidation-reduction reactions of oil and other substances in the oil is not readily available.
Therefore, more studies could be helpful to understand the oil decomposition mechanisms
at the nanofiber anode surface under solar ray irradiation.

It is possible to get the data using a CO2 gas sensor. The configuration of the fuel cell
and the carbon dioxide sensor is schematically shown in Figure 7. The results may show
that when the sunlight is “Off”, the concentration of CO2 gas in the anode region of the fuel
cell should be less than 700 ppm (the ambient concentration of CO2 gas in the atmosphere).
After the sunlight is kept “On” for several minutes to hours, the photochemical reaction in
the fuel cell achieves a steady state. Detectable CO2 gas should be produced. The monitored
CO2 gas concentration should be increased and go up to 700 ppm. The rate of hydrogen
formation may be determined by chronocoulometry, which is an indirect way to measure
the hydrogen amount by the charge consumed at the cathode if the main reaction is
hydrogen generation at the cathode of the photochemical fuel cell. The amount of hydrogen
generated is related to the charge by Faraday’s Law. Each molar of hydrogen corresponds
to the 96,500 C electric charge consumed. One molar of hydrogen takes about 22.4 L at
room temperature and at the ambient atmospheric pressure of 1 atm. The volume of the
photoelectrochemical fuel cell is about 10 mL. The hydrogen generated per unit volume
thus can be determined. Preliminary measurements were conducted by this method [28,31].
More comprehensive work remains to be carried out in the future work.
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Figure 7. Schematic showing energy generation and oil decomposition by the biophotofuel cell. The
carbon dioxide sensor was placed above the cell close to the nanofiber photoanode. W-working
electrode, C-counter electrode.

The polarization test on the photoanode should be very helpful for determining the
overpotential reaction rate. This preliminary study only showed the idea of electricity
generation from sunlight by the manganese oxide-loaded carbon fiber anode. In view of the
microstructure and composition analysis, Considering the manganese oxide could change
to different ionic states, it would be helpful to use more characterization techniques, for
example, XRD, TEM, localized EDS, XPS, band gap analysis, etc. on the manganese oxide
nanoparticles in the composite carbon fibers.

4. Conclusions

Based on the processing and characterization of the manganese oxide containing
composite nanofiber, the following conclusion can be drawn. Electrospinning allows the
manganese oxide nanoparticles to disperse in the polyacrylonitrile nanofiber. The partial
carbonization causes the diameter of the nanofiber to decrease by about 30%. Scanning elec-
tron microscopic analysis reveals that the as-spun nanofibers have an average diameter of
over 410 nm. Such dimension is reduced to 305 nm after the partial carbonization treatment.

The oxide nanoparticles can be modeled as electrorheological suspensions in the
polyacrylonitrile polymer solution during electrospinning. The dielectrophoretic behavior
of the particles subjected to non-uniform electric fields allows the separation of nanoparticle
clusters. This prevents the formation of large oxide particle aggregates in the composite
nanofibers. The motion of the oxide particles under the resultant forces from fluctuating
electric fields, gravitational fields, and rheological fields is the reason for the sporadic
distribution of nanoparticles within the composite nanofibers.

The biophoton fuel cell consisting of the manganese oxide-loaded carbon nanofiber
anode and platinum cathode shows a fast response to sunlight. It can convert solar energy
into electricity and decompose the simulated spilled oil at the same time. The voltage
change is −100 mV when the solar illumination is “On”. A positive 80 mV increase in
the anode potential is obtained when the sunlight is blocked. Since the manganese dioxide
nanoparticle in carbon nanofiber has a high sensitivity to photon energy, the composite fiber
may also be made into flexible optical sensors.
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