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Abstract

Photoactive assemblies were created using SiC, C;N4 (CN), and Poly (2-(2-
thienyl) furan) (PTF). These assemblies underwent spectroscopic and photo-
electrochemical (PEC) investigations. The results show that these ternary sem-
iconductor assemblies combine the advantages of each component to produce
an enhanced photo response outcome. As a multiphase photocatalyst, they
minimize or eliminate the electron-hole fast recombination problems associ-
ated with single-phase assemblies. Spectroscopic studies indicate that all as-
sembly components absorb visible light photons with energy between 3.1 and
2.1 eV. The largest PEC photo response outcome was recorded when PTF was
occluded with each SiC, CN, or both. PEC studies show that PTF/SiC/CN gen-
erates greater photon-to-charge conversion than PTF/SiC or PTF/CN. The
photodiode parameters of the PTF/SiC/CN were calculated. The ideality factor
was >1, which is expected from organic polymer semiconductors. The ob-
tained spectroscopic/PEC results were explained by suggesting that PTF creates
a better environment for forming multiphase interfaces to facilitate the move-
ment of charge carriers and prevent the recombination of electron-hole pairs.

Keywords

Electrochemistry, Organic Semiconductors, Gel Electrolyte, Photocurrent,
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1. Introduction

The proven photocatalytic capabilities of graphite carbon nitride g-CsN,or (CN)

for hydrogen evolution in aqueous electrolytes under visible light irradiation
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attracted the attention of many research efforts [1]-[5]. g-CsNy as a polymeric
graphite-like photocatalyst has great physicochemical stability. Further, SiC is a
typical non-metallic semiconductor with some photocatalytic activities with good
physicochemical stability. Several investigations highlighted the photocatalytic re-
actions of SiC alone or combined with other photoactive materials [6]-[10]. SiC-
or CN-based assemblies are single-phase photocatalysts. Some problems with sin-
gle-phase photocatalysts, such as electron-hole fast recombination and low pho-
tocatalyst capabilities, limit their use. On the other hand, a binary or multiple sys-
tem, with a suitable band structure, can create a smooth phase interface that en-
hances charge carriers’ transfer in opposite directions of these interfaces. An as-
sembly consisting of both (SiC and CN) can overcome the limitations mentioned
above of single-phase assemblies.

Both materials are important because of their moderate band gap value, which
allows them to harvest visible light radiation. The reported band gaps are between
2 and 3 eV. Harvesting solar energy can be enhanced by forming heterojunction
systems of semiconductors with band gaps within the visible solar spectrum. SiC
shares some similarities with graphene, however, in SiC alternating Si atoms with
carbon atoms in a planer hexagonal structure generates different properties such
as conductivity, thermal stabilities, and other physical properties. Furthermore,
CN also possesses a graphene-type structure. The m bond conjugation in their
structure gives rise to the semi-conductivity properties and the moderate band
gap values. Previous studies [11]-[14] investigated using mixtures of CN/SiC in
aqueous electrolytes. Most of the mentioned studies highlighted the proven capa-
bilities of both SiC and CN for removing contaminants and excellent chemical
stabilities in both aqueous and organic solvents. The lack of studies on the behav-
ior of these combined semiconductors immobilized into photoactive organic pol-
ymers raises the interest in examining their behavior in gel electrolytes (GE).

This study focused on evaluating the photoelectrochemical (PEC) responses of
a ternary system composed of SiC, CN, and PTF (as conjugated organic polymer)
in assembly (CN/SIC/PTF). The goal is to see if PTF provides a better environ-
ment to create multiphase interfaces that facilitate charge carrier movements with

both CN and SiC and prevent the recombination of e/h pairs.

2. Experimental

All materials used were of analytical grade. 2(2-thienyl) furan (TF) was used as

received from Aldrich Co.

2.1. Instrumentation

All electrochemical experiments were carried out using either a conventional
three-electrode cell or a previously described electrochemical cell [15]. A BAS
100W electrochemical analyzer (Bioanalytical Co.) was used to perform the elec-
trochemical studies such as cyclic voltammetry (CV) and chronoamperometry

(CA). Steady-state reflectance spectra were performed using Shimadzu UV-2101
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PC. Irradiations were performed with a solar simulator 300-watt xenon lamp with
an IR filter (Newport). Electrochemical Impedance spectroscopy (EIS) was carried
out using a Solarton 2101A. Photoelectrochemical (PEC) studies of the thin solid
films in gel electrolyte were performed using 2.0 cm? fluorine-doped Tin Oxide
(FTO) covered with the photoactive material as a working electrode, and plati-
nized FTO (Pt-FTO) served as both reference and counter electrode. Unless oth-
erwise stated, all potentials were measured against platinized FTO (0.597 vs. SHE).

2.2. In-Situ Formation of CN/SiC/PTF Assembly

A CV in situ technique was used to incorporate SiC or CN nanoparticles, as well
as a mixture of both, into PTF. In a typical 2-electrode cell setup, FTO serves as
the working electrode, while Pt-FTO functions as both the reference and counter
electrode. Subsequent sections will provide more details about the in-situ for-
mation of CN/SiC/PTF.

2.3. Preparation of Thermoplastic Gel Electrolyte (TPGE)

Thermoplastic gel electrolyte (TPGE) was prepared following the published pro-
cedure [16]. Briefly, 0.65 M KI and 0.065M I, were dissolved in 10 mL polycar-
bonate (PC), and then 8.5 g of PEG (M-20000) was added to the mixture. The
mixture was heated at 100°C under continuous stirring for ca. 12 h in a flask under
an inert atmosphere. The mixture was hydrothermally treated at 180°C for 14 h
in a Teflon autoclave.

2.4. Preparation of Gel-Based Electrochemical Cell

A 100 pL of 10 mM monomer solution with or without the SiC or CN was placed
onto a rectangular conducting fluorinated Tin oxide glass (FTO) window area of
1.5 cm?® working electrode. The monomer spread evenly on the electrode surface
and further evaporated the solvent. A 200 pL of 1:10 I./KI in polyethylene glycol
gel electrolyte was placed on the top of the monomer layer. Immediately the coun-
ter electrode was placed on top of the gel electrolyte and pressed to allow an even

spread of the electrolyte between the two electrodes.

2.5. Measuring PEC Responses of In-Situ Monomer/Polymer
Transition

The following steps were performed to report the in-situ PEC responses of studied

assemblies.

Prepare the EC cell as mentioned in the experimental section.

e Step 1—Run a CV between 0 to —1.4 V vs the Pt-FTO reference electrode was
run at a scan rate of 0.1 V/s without illumination (dark). The resulting volt-
ammogram represents the monomer behavior without illumination MD
(monomer dark).

e Step 2—Run a CV between 0 to —1.5 V vs the reference electrode at a scan rate

of 0.1 V/s. The resulting voltammogram represents the monomer behavior
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under illumination ML (monomer light).

e Step 3—Run oxidative Electropolymerization of the monomer at a constant
potential of 1.6 V for 10 seconds to ensure complete polymerization of the
monomer.

e Step 4—After Step 3 treatment, run a CV between 0 to —1.4 V vs the reference
electrode at a scan rate of 0.1 V/s under dark. The resulting voltammogram
represents the polymer behavior under dark PD (polymer dark).

e Step 5—Repeat step 4 but under illumination. The resulting voltammogram
represents the polymer behavior under illumination P; (polymer light). The
outcome of these steps for each studied assembly generates I-V figures.
Charge involvement for monomer-dark (Qu-D), monomer-light (Qy-L), and

polymer light (QpL) was calculated by integrating the area of each resultant volt-

ammogram.

“Photocurrent and the resulting photo-generated charges are used to measure
photoactivity”. Therefore:

- (QurL) — (Qur D) = Charge activity of the monomer or (PEC-M)

- (Qr L) — (Qu-D) = Charge activity of the polymer or (PEC-P)

- QPhoto charge due to polymerization = (PEC-P) — (PEC-M).

3. Results and Discussions

3.1. Optical and Spectroscopic Studies

The light absorption of the assembly consisting of PTF/SiC-CN has been exam-
ined. The results are presented in Figure 1 and Figure 2. Figure 1 illustrates the
similarities in the absorption pattern of SiC (band gap 2.31 eV) and CN (band gap
2.48 eV). Previous studies [17] have indicated that the spectra of the mixed SiC
and CN show a broadening of the light absorption range, suggesting an interac-
tion between the SiC and CN as an active mixture. Figure 2 shows Tauc plots used
to analyze the absorption data presented in Figure 1. Figure 2(A) suggests that a
direct band gap likely exists. The multiple absorption peaks seen in Figure 1(B)
result from the potential coexistence of various forms of SiC and CN. It should be
noted that the absorption edge at 2.3 eV (Figure 2(B1)) is for PTF. The presence
of multi-absorption peaks for PTF is due to insoluble oligomers within the poly-
mer matrix of PTF. These oligomers absorb higher energy photons.

Figure 1 and Figure 2 indicate that all components of the assembly PTF/SiC-
CN absorb visible light photons. This promotes the additive absorption action
which effectively absorbs most of the visible light photons posing energy between
3.1to 2.1 eV. The multiple absorption peaks for the prepared assemblies indicate
the possible formation of hybrid sub-bands. The absorption spectra of the SiC/CN
mixture and that of SiC/CN occluded in PTF are displayed in Figure 3(A) & Fig-
ure 3(B) respectively. This figure shows a noticeable shift of absorption edges and
peaks of the SiC/CN (Figure 3(A) trace 1) from that of SiC/CN /PTF (Figure 3(A)
trace 2). The addition of PTF causes an increase in absorption at a longer wave-

length (red shift). Comparing the absorption profile of each component alone
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(Figure 2) and that of the mixed components (Figure 3) shows a similar pattern,
however, the absorption spectra of the mixture have the potential of effective ab-

sorption of more visible light.
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Figure 1. (A) Absorption spectra for 1—PTF, 2—CN, and 3—for SiC, (B) exploded view
of absorption spectra of SiC and that of CN.
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Figure 2. Tauc plots (A) Photon energy vs &, (B) Photon energy vs a"?for 1—PTF, 2—
CN, and 3—SiC.
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Figure 3. (A) Absorption spectra, (B) Tauc plot for I —FTO/SiC + C3N4, 2—For FTO/SiC
+ C3Ny + PTE.
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3.2. Photoelectrochemical Studies

The PEC studies were conducted on FTO/SiC, FTO/CN, FTO/SiC-CN, and
FTO/SiC-CN-PTF in the thermoplastic 7'/ |; gel electrolyte (TPGE). The studies
were conducted in the dark and under illumination, with a scan rate of 0.10 V/s.
Some of the CVs are shown in Figures 4-6, while the complete results are listed
in Table 1 and Table 2. In-situ monomer/polymer transition studies are per-

formed when TF is involved in any process.

3.2.1. PEC of FTO/SIC-CN/PTF in Gel Electrolyte

Figure 4 displays a CV scan for the SiC/CN/PTF in gel electrolyte under dark and
illumination. The figure shows that upon illumination, there is an increase in the
recorded current in both cathodic and anodic scans. It can be noticed that the cur-
rent under illumination starts to exceed the current under dark at = 0.2 V vs the
reference electrode. This indicates the fermi level (Ecvand) at 5.4 €V on the vacuum
scale. Figure 5(A) displays chronoamperometric studies at —1.2 V for SiC/CN/PTF
under dark and under illumination. The noticeable gradual increase in photocur-
rent upon illumination negates the presence of hole accumulation. The shaded area
in Figure 5(A) represents the phenomenon known as dark current. Dark current
means the assembly photocurrent did not drop suddenly to zero in the absence of
illumination but rather gradually decay. The presence of dark current phenomena
reflects a random generation of e/h within the depletion region at the FTO/SiC-CN-
PTF interface. Figure 5(B) plots Ln R vs time, s to calculate the charge decay time
in the absence of illumination. The basic equation [18] for this plot is:

t
R=er"

where ¢is time, 7is the transient time constant,and R=(1,—14)/(I,,=1y),as X
is current at time £ 7, is immediate photocurrent, and /; is the stationary value of
photocurrent (steady current). The plot of In R vs. time (Figure 5(B)) generates a
straight line with slope = 1/ 7. The reciprocal of the slope determines the value of

7, in seconds. The calculated 7is = 5.49 seconds.
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Figure 4. I'vs E at scan rate 0.1 V/s in gel electrolyte for FTO/SiC/CN/PTF (1) Dark, (2)
under illumination.
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Figure 5. (A) Chronoamperometric studies at —1.2 V vs Ref for FTO/SiC/CN/PTF gel
electrolyte, L = light, D= Dark, (B) Ln R vs Time, s.

3.2.2. PEC of FTO/SiC/CN Only in Gel Electrolyte
The CV scan for the FTO/SiC-CN was not identical but like that shown in Figure

4. However, the magnitude of photocurrent was less than that recorded in the
presence of PTF. The study was focused on the potential range between 0 to —1.6
V. Figure 6(A) displays a CV scan for the SiC/CN in gel electrolyte under dark

and illumination. The figure shows that upon lighting, there is an increase in the
recorded current in both cathodic and anodic scans. It can be noticed that the
photocurrent starts to exceed the recorded current (In the dark) at = —0.2 V vs
the reference electrode. This shifts the fermi level (Ehapana) at 5.0 eV. This is a
shred of evidence that adding PTF alters the energy map structure of the assembly
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Figure 6. (A) /vs E at scan rate 0.1 V/s in gel electrolyte for 1—FTO/SiC/CN under
illumination, 2—FTO/SiC/CN in the dark, (B) Chronoamperometric studies at —1.2 V vs
Ref for FTO/SiC/CN, and (C) plot of Ln R vs time, s. (L = light, D = Dark).
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FTO/SiC/CN. Figure 6(B) displays chronoamperometric studies at —1.2 V for
SiC/CN under dark and under illumination. Again, the phenomena of dark cur-
rents show up as indicated by the shaded area in Figure 6(B). The calculated tran-
sient time constant 7 is = 100 s (Figure 6(C)). This is much longer than that cal-
culated in the presence of PTF (=5.49 s). This indicates that PTF creates effective

interfaces that facilitate charge carrier movements.

3.2.3. Quantitative Evaluation of PEC Responses of Monomer/Polymer
Transition

Following the protocol described in section 2.5, the obtained CV scans were like

that displayed in Figure 7. The outcome of these calculations is listed in Table 1.
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Figure 7. I'vs E. at scan rate 0.1 V/s in gel electrolyte for 1—FTO/SiC + CsN4 + TF in dark,
2—FTO/SiC+CN + TF under illumination, 3—FTO/SiC + CN + PTF under illumination.

Table 1. Photon to charge conversion for studied assemblies.

Assembly D, Charge, L, Charge, L occluded Poly. Charge, Difference QLf;iciif:Cf o
Qp, uC QL uC QLprF+occluded, 4C ucC uC
SiC 265.2 402.1 137
SiC-TF 253.41 405.6 772 366.4 370.3
CN 98.18 133.1 39.0
TE-CN 265.2 324.3 488.86 164.6 355.76
SiC-CN 189.3 290.7 101.4
SiC-CN-TF 382.24 456.9 769.43 312.5 478.73

a: SiC, or C;N, or both.

Upon detailed analysis of the data shown in Table 1, the following findings are
noticed:

1) The presence of PTF with CN, SiC, and both enhances the photocurrent out-
come (approximately 5% column).
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2) PTF with a mixture of SiC and CN gives the highest photocurrent (approxi-
mately in the 6™ column).

3) TF with SiC exhibits a slightly higher increase in the photo response com-
pared to CN.

These findings support the assumption that PTF creates effective interfaces
with both SiC and CN that facilitate charge carrier movements. This resulted in a

better photo response outcome.

3.2.4. Photodiode Characteristics of the Studied Photoactive Assemblies
Certain photodiode characteristics such as responsivity (R) can be calculated from
the ratio of photocurrent and the optical power density of incident light, Detec-
tivity (D) is a measure of the ability of a photodetector to distinguish weak signals
from noise, Ideality factor (2) indicates how a diode's current-voltage character-
istics closely match an ideal diode, Barrier height (@) is the energy barrier at the
p-n junction that electrons have to overcome to go through the diode, S (sensitiv-
ity of the diode to light) is the ratio of photocurrent to dark current at a given
voltage, indicating the ability of the diode to conduct current in one direction
compared to the other. The photodiode parameters of the studied photo assem-
blies FTO/SiC-CN, and FTO/SiC-CN /PTF were determined following the previ-
ous work [19] and listed in Table 2.

Table 2. Photodiode parameters of FTO/SiC-CN/Gel/Pt-FTO, and FTO/SiC-CN/PTF/Gel/Pt-FTO.

o D n D Ion/ Lgark
Assembly R, responsivity . . . .
Detectivity, jones Ideality factor Barrier height, eV S
R L=0.377
SiC-CsN4/Gel 0.0041 3.39 x 10° 18.11 63.8
D=0.378
L=0.3505
SiC-CsN4/PTF/Gel 0.0122 2.89 x 10° 17.38 16.3
D=0.366

The calculated R, D, and n values for the studied assemblies were closer to that

previously calculated [19] for organic photodiodes.

3.2.5. Electrochemical Impedance Spectroscopic Studies

EIS of the FTO/SiC/CN/PTF assembly in gel electrolyte was achieved between 10°
and 107! Hz different potentials. Nyquist plot and log o AC conductivity vs Log fre-
quency generated from this study in the dark and under illumination, are displayed
in Figure 8 and Figure 9. Figure 8 shows mainly diffusional control across the stud-
ied frequency range. Figure 8(A) indicates that light decreases the film resistance at
high frequency as shown from the intercept with the real Z axis. On the other hand,
Figure 8(B) shows a kinetic control at high frequency. The illumination does not
affect film resistance at high frequencies. At low frequencies the diffusional control
is shown under both dark and illumination, however, illumination increases the im-
aginary impedance. No evidence of charge saturation is reported. The shape of the

Nyquist plot with the presence of an un-concentered semicircle at high frequencies
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and Warburg impedance at low frequencies (Figure 8(B)) reflects film porosity [20].
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Figure 8. Nyquist plotat (A) 0.0 V, and (B) at —1.0 V vs. platinized FTO for FTO/SiC/CN/PTF

(1 = dark, 2 = under illumination).

The plot in Figure 9 shows the relationship between the conductivity (o) and fre-
quency (w) for FTO/SiC/CN/PTF in gel electrolyte. The AC conductivity increases
with frequency up to approximately 130 Hz. After this point starts to decrease re-
gardless of the applied potential. This is contrary to what was reported previously
with FTO/SiC/PTF [21]. The decrease of AC conductivity at frequencies greater
than 100 HZ, can be attributed to the presence of CN with SiC occluded in PTF. In
assembly FTO/SiC/PTF such behavior was not observed. This suggests that CN, at
higher frequencies, affected the mobility of the charge carriers in the applied electric
field, resulting in reduced net movement of charge and lower conductivity. Under
illumination, no tangible changes in the conductivity compared to that measured in
the absence of light. However, at the low-frequency range (ca 0.01 - 10 Hz), the AC
conductivity measured at 0.0 (Figure 9(A)) was less than that measured at —1.0 V
(Figure 9(B)). This can be explained based on increasing charge carriers at —1.0 V
due to the polarization of gel electrolyte’s ions at this applied potential.
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Figure 9. Log electrical conductivity (o) vs. log frequency (w) at 0.0 V (A), and at -1.0 V (B)
vs. platinized FTO for FTO/SiC/CN/PTF (1 = dark, 2 = under illumination).
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4. Conclusion

This study demonstrated that PTF provides a better environment for the creation
of multiphase interfaces that facilitate charge carrier movements with both CN
and SiC and prevent the recombination of e/h pairs as evident from EC and PEC
studies. PEC behavior of SiC/CN particles occluded in PTF in a polyethylene gly-
col-based gel electrolyte shows that the molecular SiC and CN solid particles have
integrated photo activities within the PTF as a host photoactive polymer. CV stud-
ies demonstrate a maximum increase in photocurrent when SiC and CN are both
included in PTF. This indicates that PTF facilitates the movement of charge car-
riers. Chronoamperometric studies revealed the presence of dark current phe-
nomena and a lack of hole accumulation upon illumination of FTO/SiC/CN/PTF
interfaces. EIS provided evidence of the studied assembly’s film porosity. A minor
kinetically controlled charge transfer at high frequency and a major diffusional

controlled charge transfer at low frequency were observed.
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