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Abstract: In this work, cobalt acetate was incorporated into polyacrylonitrile (PAN) polymer through
electrospinning as the cobalt oxide source. After oxidization and pyrolysis, a PAN-derived composite
carbon fiber containing cobalt oxide was obtained. Measuring the electrical and photonic properties
of the composite fiber under visible light irradiation was performed to evaluate the photoelectric
behavior of the composite fiber. The p-type semiconducting behavior of the composite fiber was
confirmed by measuring the open circuit voltage of a photochemical fuel cell consisting of the
photosensitive electrode made from the composite fiber. The application of the composite fiber for
glucose sensing was demonstrated.

Keywords: composite carbon fiber; cobalt oxide; electrical property; photoelectric behavior;
photosensitivity; sensor; photochemical fuel cell; energy conversion

1. Introduction

Oxide-containing composite fibers have been widely researched for various applications including
photocatalysis [1-18], antibacterial action [19], light emitting [20-27], optical and dielectric constant
tuning [28], photovoltaics [29,30], sensing [31-33] and energy storage [34]. Among various oxides,
the n-type ones including ZnO [3,4,7,26,32], TiO; [2,6,9,11,12,16,29] and Fe, O3 [15] have been extensively
investigated. On the contrary, p-type oxides are much less studied for photonic applications.
Copper oxide as one of the p-type semiconducting oxide was examined for high-efficiency photocatalytic
degradation of organic dyes and phenolic pollutants [5].

As a p-type semiconductor, cobalt oxide has caught attention due to its multiple valence values
and easy to process. In Reference [35], a spray pyrolysis technique was used to make nanostructured
Co030y; the cobalt oxide (Co304) nanofibers were deposited onto a glass substrate by spraying cobalt
acetate Co(CH3COO);-4H;0 precursor solution. Field emission scanning electron microscopic (FESEM)
analysis revealed uniformly grown Co3O4 nanofibers aligned regularly on the substrate. Patel et al. [36]
measured the thermal electric response of the co-electrospun cobalt oxide particle containing carbon
nanofiber heated by a hot air gun. The time dependent response to the thermal wave generated
by the hot air from the heating gun was shown. The hot air gun was pointed at the specimen
intermittently. Each time, a strong electrical potential peak was generated indicating the thermoelectric
response from the cobalt oxide containing carbon composite fiber. Xu et al. [37] also presented the
work on making Co-Ni oxide compound-containing nanofibers with the core-shell structure for high
performance supercapacitors.

The objective of this work was to convert cobalt acetate incorporated in polyacrylonitrile (PAN)
to cobalt oxide to interrogate the photoelectrical behavior of the composite carbon fiber. First,
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co-electrospinning the polymer and the cobalt salt mixture was performed to obtain the precursor for
the composite fiber. Then oxidization and pyrolysis of the precursor was carried out to generate a
PAN-derived composite carbon fiber containing cobalt oxide. Measuring the electrical and photonic
properties of the composite fiber under visible light irradiation was conducted to show the photoelectric
behavior of the composite fiber. The p-type semiconducting behavior of the composite fiber was
revealed through measuring the open circuit voltage of a photochemical fuel cell consisting of
the photosensitive electrode made from the composite carbon fiber. Finally, the application of the
composite fiber for glucose sensing from biomass was discussed. The innovative part of this work lies
in researching new composite fiber materials for flexible sensing component fabrication because the
carbon fiber is highly compliant. In addition to that, carbon fiber based sensors have the advantage of
stable in ambient environment and under typical service conditions.

2. Materials and Experimental

2.1. Materials and Instruments

A stainless steel injection needle, purchased from McMaster-Carr, Santa Fe Springs, CA, USA,
was used as the spinneret for the electrospinning. The needle has a gage size of 20 with an outside
tube diameter of 0.9016 mm. Polyacrylonitrile (PAN) polymer with a molecular weight of 150,000 Da
was obtained from Scientific Polymer Products, Inc., Ontario, NY, USA. Other chemicals including
dimethylformamide (DMF), cobalt (II) acetate tetrahydrate (all in the ACS purity) were ordered from
Alfa Aesar, Ward Hills, MA, USA. Hydrogen gas was purchased from AirGas, Pomona, CA, USA.
DMF was used as the solvent for making the PAN polymer solution and the cobalt acetate solution.
A high voltage direct current power source was manufactured by Spellman, Inc. Hauppauge, NY, USA.
A Fusion 200 precision syringe pump made by Chemyx, Inc., Stafford, TX, USA was used to inject the
polymer cobalt salt solution during electrospinning. A model OTF-1200X-S-NT-LD compact split tube
furnace with single heating zone and a programmable controller, made by MTI Corp in Richmond, CA,
USA, was used for oxidization and pyrolysis of the fiber specimens. A model CHI-440C electrochemical
workstation, made by CH Instrument in Austin, TX, USA, was used to test the photoelectric property
of the composite fiber electrode.

2.2. FiberPrrocessing

Two solutions (I and II) were made for the fiber electrospinning. Solution I stands for the PAN
polymer in DME. Solution II refers to the cobalt acetate in DMF. Solution I was made by dissolving
0.5 g PAN powder in 2.5 mL of DMF in a 25 mL beaker under vigorous stirring for 30 min at 50 °C.
Solution II was obtained by adding 0.1 g cobalt acetate into 2.5 mL DMF. Then Solution II was poured
into Solution I to form a uniform mixture for electrospinning. During the electrospinning, the injection
rate of the syringe pump was kept as 0.01 mL/min. The power supply was turned on and set to 12 kV
so that the electric field intensity was kept at 1.0 kV/cm. The fiber was deposited on a soft tissue
paper which was rolled on a rotating metallic can. After air-dried, the fiber was cut into small pieces
and oxidized in air for 2 h. The oxidation was conducted at 250 °C in the compact tube furnace.
Finally, pyrolysis of the oxidized fiber at 500 °C was performed in the same split tube furnace under
hydrogen protection. The pyrolysis time is 2 h. The electrospinning and heat treatment processes were
schematically illustrated in Figure 1.

PANO0.5 g Oxidizin Oxidized PAN
S . ¢ | fiber with
ke SpInning ([PAN fiber clolS;I:\(l)xide
m= | & Co(Ac):
J Pyrolysis

Co(Ac)20.1¢g
DMF 2.5 ml Carbonized fiber
with cobalt oxide

Figure 1. Flowchart showing the procedures for composite carbon fiber processing.
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2.3. Characterization

A scanning electron microscope (SEM model: JEOL JSM-6010PLUS/LA) with an Oxford
Instruments energy dispersive X-ray spectroscopy attachment was used to examine the microstructure
and analyze the composition of the prepared composite fiber. A SONY DSC-W100 cyber-shot camera
was used to take photos of the PAN fiber before the heat treatment. Representative pictures were
used to show the global view of the fiber specimens. The CHI-440C electrochemical workstation
was used to measure the open circuit voltages of specimens with and without visible light excitation.
The electrochemical cell for the measurement consists of three electrodes: the composite fiber
working electrode (W), the platinum counter electrode (C) and the Ag/AgCl reference electrode
(R) as schematically shown in Figure 2. The composite carbon fiber samples were wrapped up with
aluminum foil strips at the two ends. Since the aluminum foil is highly conductive, the metal strips
served as the conducting paths. Alligator clips were used to clamp the two ends of each specimen.
During the test, the data requisition rate was set as 10 data/s.

(7
L)

(1)
R cl ~ W

Visible
light

hv

Solution

Figure 2. The three-electrode system for photoelectric response measurement.

3. Results and Discussion

3.1. Morphology and Composition

The photos of two pieces of cobalt (II) acetate containing PAN fiber mats made by electrospinning
are shown in Figure 3a. From the two photos, it can be seen that the red colored fibers were attached to
the white tissue paper substrate. The red color of the fiber mat indicates the existence of cobalt (II)
salt in the PAN fiber. After oxidation and pyrolysis, the composite carbon fiber was sputtering coated
with gold for scanning electron microscopic (SEM) analysis. The SEM image presented in Figure 3b
reveals randomly oriented fibers. Bead formation was not observed. Such a morphological feature
is associated with the uniform distribution of the cobalt oxide in the carbon fibers. The chemical
compositions of the fiber was analyzed by energy dispersive X-ray diffraction spectroscopy (EDS).
Mapping of the selected areas was performed to generate the elemental information. The qualitative
result for this fiber is shown in Figure 3c. It can be seen from Figure 3c that C, O, Au, and Co are
the major elements in the fiber. Since gold (Au) signal is from the sputtered coating, it should not be
counted as the element from the fiber. The characteristic peaks can be listed as follows: For cobalt,
the K« peak is located at 6.93 keV. It is also found that the L (0.78 keV) peak can be seen from the
spectrum shown. For oxygen, the K peak at 0.53 keV is shown. For carbon the K, peak is located at
0.28 keV.
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Figure 3. Morphology and elemental analysis result: (a) photos of the cobalt acetate containing
polyacrylonitrile (PAN) fibers, (b) scanning electron microscopy (SEM) image of the composite carbon
fiber, (c) Energy dispersive X-ray diffraction spectrum (EDS) of the composite fiber.

3.2. Photosensitivity of the Composite Carbon Fiber

The photoelectric behavior of the composite carbon fiber was evaluated using various solutions
including sodium chloride, sugar (glucose), isopropyl, raspberry juice and orange juice. As illustrated
in Figure 4, the photoelectric response of the fiber electrode in a 5.0 wt.% sodium chloride aqueous
solution demonstrated the p-type semiconducting behavior. The voltage data were recorded when the
sample was exposed to sunlight followed by being blocked with a black screen. The first cycle is 15 s,
corresponding to the visible light just being blocked (“OFF” state). Then the sunlight-blocking screen
was removed and the illumination lasted 15 s in the “ON" state and so forth. It was clearly shown by
Figure 4 that the difference between the voltage peak and valley of 0.05~0.10 V was developed when
the light illumination was switched from the “OFF” to the “ON” state. The positive voltage shift at
the instant sunlight illumination validated that the composite carbon fiber showed a general p-type
behavior. The possible electrochemical reactions are proposed as follows.

C0304 + hv — Co304 +h* + e @D
NaCl — Na* + CI~ )

H,O + ClI” + h* - HCIO + H* 3)
O, +e” +2H,0 —» 4HO™ 4)

HO™ + H' - H,0O (5)
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Figure 4. Photoelectric response of the fiber electrode in a 5.0 wt.% sodium chloride solution.

To simulate the charge and discharge behavior of the photoelectric responses of the
electrode/electrolyte system, a circuit consisting of a resistor (R) and a capacitor (C) with the series
connection [38] was used to establish the electrode/electrolyte interface model. When the visible light is
ON, an immediate jump in the potential as shown in Figure 4 allows the capacitor to be fully charged.
The mobility of the hole-electron pairs caused the decay in the potential as can be described by:

E(t) = Epe e, ©)

where E(t) is the time dependent potential; E, is the peak potential (-0.12~-0.10 V for different
peaks as shown in Figure 4), R is the resistance of the equivalent circuit; C is the capacitance of the
electrode/electrolyte double layer. The values of R and C can be either determined experimentally
by impedance measurement or by numerical computation from the measured E(t) data. The value
of the resistance, R, should reflect the kinetic behavior of the photochemical reactions as delineated
in Equations (1)—=(5). While the product of the RC defines the reciprocal of the time constant for the
electron-hole charge pair generation or annihilation depending on charging or discharging of the
electrode/electrolyte system.

When the visible light is OFF, a sharp drop of the potential as shown in Figure 4 allows the
capacitor to be fully discharged. The recombination of the hole-electron pairs led to the recovery of the
potential to the equilibrium value. The recovery in the potential can be expressed as:

E(t) = Eo(1-¢7%), )

where E, is the equilibrium potential (-0.15~-0.14 V as shown in Figure 4).

Figure 5 reveals the trend of voltage variation with time for the composite carbon fiber specimen
in a 5.0 wt.% sugar solution with and without visible light illumination. When the sunlight was ON,
the voltage generated by the specimen showed a 10 mV jump. When the light is OFF, the voltage
reduced by about 10 mV. As compared with the trend shown in Figure 4, Figure 5 showed a sharp
increase in the electrochemical potential when the fiber specimen was excited by photon energy. Such a
rapid responding behavior is good for building highly sensitive sensors for monitoring the existence of
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sugar. But the potential recovered very rapidly to the equilibrium around —0.487 V. This is because
the sugar is a “hole-scavenger” as shown by the reaction formula of (8). The immediate recovery of
the potential as shown in Figure 5 indicates that the hole-consumption is very fast. Therefore the
decomposition of sugar follows a fast kinetics of reaction as shown by Equation (8).

6 HzO + C6H12OG +24h" — 6 COZ +24 H* (8)

-0.475 T T T

Potential vs Ag/AgCI, E (V)

30 45 60 75 90 105 120
Time, t (s)

Figure 5. Open circuit potential vs time for the composite carbon fiber electrode in a 5% sugar solution
with and without visible light illumination. (The visible light was ON for 15 s followed by 15 s of OFFE.).

In Figure 6, the voltage data for raspberry juice, orange juice and isopropyl (all at 5.0 wt.%) do not
show any significant sensitivity to the ON and OFF of the visible light as the three curves are almost
parallel to the time axis. This indicates that the hole-electron pair generation and transport in the
carbon fiber are at almost the same rate. However, the differences in the values of equilibrium potential
vs. Ag/AgCl were found. For the composite fiber electrode in raspberry juice, the electrochemical
potential was —0.7160 V. The equilibrium potential for the electrode in orange juice was —0.7704 V.
For 5.0 wt.% isopropyl, this value was found at —0.7846 V. Orange juice and raspberry juice belong
to biomass. Earlier studies on biomass energy harvesting under the photocatalysis of a titanium
oxide nanotube electrode under ultraviolet (UV) light excitation were shown in References [39,40].
A switching behavior with the UV in ON and OFF states was observed [39,40], which is different from
the behavior as shown in Figure 6.

To examine the possible concentration effect on the equilibrium potential, the composite fiber
electrode was inserted into isopropyl aqueous solutions with various concentrations of 5.0%, 10.0%,
15.0%, 20.0%, 25.0%, 35.0% and 70.0% (all in weight per cent). The time dependent potential drift
was plotted for each concentration case in Figure 7 except for the 5.0% one because the results were
shown in Figure 6 already. From the plots shown in Figure 7, no sensitivity to the ON and OFF of the
visible light was observed for the composite fiber electrode in various isopropyl solutions within a
wide range of concentrations. In addition, the measured equilibrium potential values based on the
mean of the potentials were listed in Table 1. With the increasing in the concentration of isopropyl in
water, a slightly increasing in the equilibrium potential was found.
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Figure 6. Time dependent open circuit potentials for the composite fiber electrode in (a) raspberry juice,

(b) orange juice, (c) isopropyl. (The concentration for all solution is the same as 5.0%. The visible light
was ON for 15 s followed by 15 s of OFF.).
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Figure 7. Concentration effect on the open circuit potential of the composite fiber electrode in isopropyl

water solution: (a) 5% isopropyl, (b) 15% isopropyl, (c) 20% isopropyl, (d) 25% isopropyl, (e) 35%
isopropyl, (f) 70% isopropyl. (The visible light was ON for 15 s followed by 15 s of OFF.).
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Table 1. The equilibrium potentials of isopropyl with various concentrations.

Isopropyl Concentration (%) 5.0 10.0 15.0 20.0 25.0 35.0 70.0
Equilibrium potential (V) -0.7846 -0.7613 -0.7325 -0.7297 -0.7259 -0.7129 —0.7101

The unique result revealed in this figure indicates the feasibility of energy conversion from such a
substance derived from sustainable biomass source through photocatalytic reactions at the cobalt oxide
containing carbonized composite fibers. The open circuit voltage can be sustained even at a relatively
low concentration of isopropyl. This is meaningful because high fuel concentration always imposes
an issue of safety in storage. There are a lot of tasks to be done. For example, the microstructure
examination could be performed using better tools as mentioned in Reference [41] for characterization
of nanocomposites. The field emission scanning electron microscopy (FESEM) analysis at higher
magnification of the fiber would be useful to show the cobalt acetate-derived particles. Other advanced
measurement techniques such as X-ray photoelectron spectroscopy (XPS) which is based on the
photoelectric effect can help identify the elements existing within the fiber or covering its surface.
The chemical state, the overall electronic structure and the density of the electronic states in the fiber
material could be determined as well. Such tasks are included in our future work.

4. Conclusions

Cobalt oxide can be incorporated into the partially carbonized composite fiber via electrospinning
followed by pyrolysis. The scanning electron microscopic analysis reveals the existence of major
elements: C, Co and O. The cobalt oxide containing carbon fiber demonstrates p-type behavior
under the visible light excitation. Positive potential shift has been found associated with the
positively-charged hole (h*) formation in the photosensitive electrode made by the composite fiber.
The high sensitivity of the composite fiber to visible light allows detecting sugar in aqueous solutions.
Photocatalysis behavior of the electrode in various biomass solutions including raspberry juice and
orange juice. The photosensitive activity in isopropyl solution is also confirmed through the open
circuit potential measurement. With the increase of isopropyl concentration in water, the equilibrium
potential of the electrode shifts to the more positive values.
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