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Abstract: Thermal vapor condensation of melamine at various temperatures was used to fabricate
thin graphitic carbon nitride (g-C3Ny) films on fluorine-doped tin oxide (FTO) coated glass substrates.
Photoanodic (n-type) and photocathodic (p-type) responses were observed simultaneously in the
g-C3Ny films. The g-C3Ny film formed at 520 °C with the longest average lifetime of the photo-excited
electrons shows the best cathodic photocurrent performance, which was then chosen for electro-
chemical and photoelectrochemical reduction of CO;. When the basic electrolyte (CO,-saturated
0.5 M KHCO3, pH =7.6) was adopted, CO, was electrochemically converted into formaldehyde
((54.6 uM/h)) in the liquid product. When the acidic electrolyte (CO;-saturated 0.5 M KCl, pH = 4.1)
was adopted, formaldehyde (39.5 uM/h) and ethanol (15.7 uM/h) were generated through photo-
electrochemical reduction, stimulated by the presence of sufficient protons from the electrolyte in
the reduction process. Therefore, the pure g-C3Ny film has a great potential for CO, reduction to
value-added liquid hydrocarbons products via electrochemical or photoelectrochemical ways.

Keywords: graphitic carbon nitride; CO, reduction; thin film; photoelectrochemical property

1. Introduction

Conversion of carbon dioxide (CO,) to value-added chemicals, such as methanol
(CH3OH), ethanol (C,H50OH), formic acid (HCOOH), methane (CHj,), carbon monoxide
(CO), etc., is one of the best way of carbon capture and utilization (CCU) to solve the energy
and environmental issues [1,2]. The process has been reported being achieved by chemical
methods, photocatalytic reduction, electrocatalytic reduction, photoelectrocatalytic reduc-
tion, and a few other strategies [1]. Particularly, photoelectrocatalytic CO, reduction has
several advantages such as directly utilizing the solar energy and is an effective control on
the reduction products by changing the experimental parameters, such as temperature, elec-
trolyte, applied potential, etc. [3]. Polymeric graphitic carbon nitride (g-C3Ny, denoted as
CN), a metal-free polymetric semiconductor with band gap of ca. 2.7 eV, has attracted much
research attention for its potential to be the next generation of superior photocatalyst, due
to its nontoxicity, low cost, facile synthesis, appealing electronic band structure and high
physicochemical stability [4-7]. g-C3Ny is thermally stable up to about 600 °C in air and
chemically stable in acid, alkali, or organic solvents [8-10]. g-C3N4-based nanocomposites
have been widely reported for degradation of pollutants and bacterial disinfection, water
splitting for H, and O, evolution, and photocatalytic/photoelectrocatalytic/photothermal
reduction of CO, into hydrocarbon fuels [4-7,11-15]. Specially, the N-C=N-binding motifs
in g-C3Ny can fix CO; as a carbamate and catalyze the reactions involving CO;, [11,16,17].

For g-C3Ny used for CO; reduction, most recent works were related to photocataly-
sis with g-C3Ny-based photocatalysts [4,7]. However, the photocatalytic activity of pure
g-C3Ny has relatively low efficiency due to its low potential for water oxidation that is a
counter reaction in the process of CO, reduction [16]. Comparatively, the photoelectrochemical
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(PEC) method is an improved strategy for CO, reduction (g-C3Ny as cathode or photo-
cathode) since the external bias can strongly drive the water oxidation reaction. Several
works related to g-C3Ny-based photocathodes, such as B-doped g-C3Ny [16], Au loaded B-
doped g-C3Ny [16], Co-porphyrin/g-C3Ny [18], Pd/TizCyp/g-C3Ny [19], g-C3Ny/ZnTe [20],
Pd/Cu/g-C3NyNTs [21], CuO/g-C3Ny [22], have been reported on PEC CO, reduction.
The reported reduction products range from liquid to gas phases, including C,HsOH,
CH3;O0H, HCOOH, C3H;OH, CH,4, CO, Hy, etc. [7,15]. Generally, compared with the
nanoparticle materials, g-C3Ny in the form of thin film has a low degree of crystallinity
and a high degree of electron-hole recombination. Therefore, despite low electrocatalytic
efficiency, pure g-C3Nj films are good candidates for investigating the fundamental process
of CO; reduction based on g-C3Ny materials.

Herein, thin g-C3Ny films have been fabricated on FTO glass substrates by simple
thermal vapor condensation of melamine at various heating temperatures. Interestingly,
these films show both photoanodic (n-type) and photocathodic (p-type) properties. The
film formed at 520 °C, in particular, has the best cathodic photocurrent performance. It
was chosen for investigation into CO, reduction electrochemically and photoelectrochemi-
cally. When utilizing a basic electrolyte (CO,-saturated KHCO3), CO; is electrochemically
converted to formaldehyde in the liquid product. When utilizing an acidic electrolyte (CO,-
saturated KCl), ethanol may also be generated through photoelectrochemical reduction,
which could be due to the presence of sufficient protons in the CO, reduction process.
The g-C3Ny films give a great potential for CO; reduction to value-added hydrocarbons
products via electrochemical or photoelectrochemical ways.

2. Results and Discussion

By heating, the precursors such as cyanamide, dicyanamide, melamine, urea, thiourea,
and ammonium thiocyanate, can easily form g-C3Njy [4]. In this work, the melamine was
selected as a precursor for synthesis of g-C3Ny films. Undergoing condensation reactions
with elimination of ammonia, the melamine can transfer to melem at ca. 390 °C and to
melon at >500 °C, and finally become g-C3Ny at ca. 520 °C as shown in Figure 1 [23].
After thermal vapor condensation reaction of melamine, the thin g-C3Ny films can be
uniformly deposited on FTO glass surface at 520 °C, 550 °C, and 600 °C (denoted as
CN/FTO-520, CN/FTO-550, and CN/FTO-600, respectively) as the scanning electron
microscope (SEM) images shown in Figure 2. SnO; particles can be easily observed in the
bare FTO films (Figure S1). The FTO surface is fully covered by a g-C3Ny layer with a
thickness of ca. 70 nm at 520 °C. As the temperature was increased to 550 °C and 600 °C,
the surface roughness of the films becomes less and the thickness of the films becomes
much thinner. Especially, the film obtained at 600 °C is very thin; it is easy to determine
the SnO, crystals under the bottom of the g-C3Ny film. The thicknesses of CN/FTO-550
and CN/FTO-600 are around 34 nm and 27 nm, respectively. The thickness of g-C3Ny films
becomes thinner as the increase of heating temperature. At a higher heat temperature,
the temperature of FTO substrate will be also higher; the deposition rate becomes slow
while the evaporation rate becomes high. Therefore, the thickness of film obtained at
high temperature will be thinner than the film obtained at low temperature. Since the
films are very thin, their crystal structures (characteristic peak of (002)) and crystallinities
cannot be detected by X-ray diffraction (XRD) as shown in Figure 3a. The powder samples
obtained at same condition with the preparation of film are g-C3Ny4, which are confirmed
by XRD (Figure 3c,d). Especially, as the heating temperature is increased, the 20 position
of (002) peak shifts to large values such as 27.62° for CN-520, 27.68 for CN-550, and 27.76
for CN-600, which are corresponding to the d-spacing values of 3.2269 A, 3.2201 A, and
3.2110 A, respectively. The (002) plane is attributed to the interlayer stacking of aromatic
segments. This stacking in g-C3Nj is tighter than the packing than graphene (d = 3.53 A)
and crystalline graphite (d = 3.35 A), which is attributed to the more localization of the
electrons and strong binding between the layers by heteroatom substitution [11,23]. As the
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temperature increases, the d-spacing of the g-C3N4 becomes shorter, which is indicating
more dense packing of the g-C3Ny layers [23].

FTO glass 9-CsN, film
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Figure 1. Schematic illustration of (a) the experimental procedure for preparing thin CN/FTO film
and g-C3N4 powder samples via heating melamine precursor, and (b) thermal polymerization of
melamine to g-C3Ny.

R,=25.78 nm

Figure 2. Top-view, cross-sectional SEM and AFM images of (a-c) CN/FTO-520, (d-f) CN/FTO-550,
and (g-i) CN/FTO-600.
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Figure 3. (a) XRD patterns and (b) transmittances of CN/FTO films. (c) CN powders obtained at 520,
550, and 600 °C. (d) Overlap XRD patterns to show the peak shifting.

To show the optical properties, the transmittance of the CN/FTO films synthesized at
different temperatures was measured by UV-vis-NIR spectroscopy in the wavelength range
of 400 to 2000 nm as shown in Figure 3b. Since the films are very thin, their transmittances
are very similar and even better than the transmittance of the bare FTO substrate in some
range of wavelength. Since the FTO surface is very rough (R, = 30.78 nm, Figure S1b)
and has clear crystal facets, the reflectance of light is serious [24,25]. After deposition of
g-C3Ny thin films on FTO surface, the roughness of film become smaller as the Atomic force
microscopy (AFM) results shown in Figure 2¢ f,i. The average roughness of CN/FTO-520,
CN/FTO-550, and CN/FTO-600 are 28.79 nm, 28.96 nm, and 25.78 nm, respectively. In
addition, the surface of g-C3Ny film has no clear crystal facet, thus the reflectance of light is
relatively weak. Therefore, the transmittance of the CN/FTO-550 and CN/FTO-600 in the
range of 470 to 2000 nm is better than that of the bare FTO substrate.

To know the components of the CN/FTO-520 film, energy-dispersive spectroscopy
(EDS) was conducted as shown in Figure S2. Four kinds of elements, namely C, N, O,
and Sn, were detected. C and N elements come from the g-C3Nj film; Sn and O elements
come from FTO substrate. The elemental ratio of C:N is ca. 1:1, which is larger than the
theoretical ratio of 3:4. It is so-called a C-rich g-C3N, or C-doped g-C3Ny. Generally, g-C3Ny
is composed of condensed m-conjugated six-membered rings of triazine or tri-s-triazine (s-
heptazine, C¢N7) units bridged together with nitrogen atoms which give a two-dimensional
graphitic structure [26,27]. For C-rich g-C3Ny, a large number of delocalized 7t bonds are
formed in g-C3Ny [27,28]. To know the detailed chemical composition and state of the
typical CN/FTO-520 film, X-ray photoelectron spectroscopy (XPS) survey scan spectrum
and Cls and N1s spectrum are shown in Figure 4. The survey scan spectrum shows only
carbon and nitrogen elements, and no oxygen. It indicates that the g-C3Ny film is fully
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covered on FTO glass. The C1s core-level spectrum can be deconvoluted into three main
peaks with the binding energies at 284.6 eV, 286.29 eV, and 288.02 eV, which are assigned to
sp? C-C bonds of graphitic carbon, sp3-coordinated carbon bonds, and sp?-bonded carbon
in N-C=N of the s-triazine rings, respectively [14,29,30]. The bonding energy for C1s peak
at 284.6 eV, used as the reference for calibration, can be attributed to the sample preparation
(carbon sources in air) and subsequent handling, or the slightly exposed carbon tape which
was used for holding samples [31]. N1s signal can be fitted with four peaks. Three main
binding energies at 398.62 eV, 399.99 eV, and 400.96 eV are corresponding to the sp?-bonded
N of C-N=C, tertiary nitrogen N—(C); groups and amino groups of C-N-H [14,29,30]. The
minor peak at 404.29 eV is attributed to the charge effects or positive charge localization in
heterocycles due to m-excitations [23,32]. XPS data show that the pure g-C3Ny films were
obtained and fully covered on FTO glass.
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Figure 4. XPS spectra of CN/FTO-520 film: (a) survey scan, (b) Cls and (c) N1s.

To know the detailed chemical structures of the g-C3Ny films, the Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra of melamine pre-
cursor, g-C3Ny powder, FTO substrate and CN/FTO films obtained at different heating
temperature were measured in the wavenumber range of 650 to 4000 cm~! as shown in
Figure 5. IR spectrum of the bare FTO substrate did not show any peak. Thus, all the peaks
of CN/FTO films should come from the g-C3Ny thin film rather than the FTO substrate.
The results are very similar to previous reports [23,33]. The sharp absorption peaks for
melamine (810 cm~!), CN-520 powder (804 cm~!) and CN/FTO films (822 cm ') are
assigned to the breathing mode of triazine units [11,23]. The peaks of g-C3N4 powder and
CN/FTO films in the range of 1198 to 1626 cm ™! are corresponding to the characteristic
stretching modes of C-N heterocycles [23,33,34]. The broad peaks in the wavenumber
range of 3000 to 3500 cm~! are contributed to the N-H stretching from residual -NH,
groups and the -OH band from the physically adsorbed H,O molecules [23,35,36].
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Figure 5. ATR-FTIR spectra of pure melamine and typical g-C3N4 powder (CN-520), FTO substrate,
and CN/FTO films.

To indicate the distribution and the average lifetime of the photo-excited electrons
on different electrodes, the time-resolved photoluminescence (TPRL) images and lifetime
decay curves are measured as shown in Figure 6. The bare FTO substrate shows no
photo-excited electrons; its effect on g-C3Ny film can be ignored. According the colors
and contrast of the CN/FTO films, all films show that the photo-generated electrons are
uniformly distributed on the surface of each electrode. It directly indicates all films are
prepared uniformly. To know the average fluorescence lifetimes of films, the fluorescence
lifetimes were calculated by fitting the fluorescence decay to a bi-exponential function as
shown in Figure S3. The corresponding intensity-weighted average lifetime is shown as
the inset in Figure 6e. the average lifetimes for the films obtained at 520 °C, 550 °C, and
600 °C are 3.90 ns, 3.82 ns, and 3.12 ns, respectively, as shown in Table S1. The film obtained
at 520 °C shows the longest lifetime. Therefore, the CN/FTO-520 film can have better
photo-catalytic property compared with the other two films. Thus, we choose the CN/FTO
film for photoelectrochemical CO; reduction.
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For a semiconductor material, its optical absorption and band gap energy are very
important for its photochemical or photoelectrochemical performance. Therefore, the
optical absorption of the prepared films and the bare FTO glass substrate measured by
UV-vis diffuse reflectance spectra (DRS). All CN/FTO films have the similar absorption
edge at ca. 430 nm as shown in Figure 7a. The indirect band gap energies were extracted for
CN/FTO films by plotting (F(R)hv)!/2 vs. hv as shown in Figure 7b. The indirect allowed
band gap energies for all CN/FTO films are ca. 2.89 eV. The pure g-C3Ny films can show
only anodic photocurrent [36-39], only cathodic photocurrent [40,41], and both anodic
and cathodic photocurrents [42,43] depending on the different precursors and preparation
method of the films. I-V scanning curves from 1.5 V to —0.25 V vs. RHE show both the
photoanodic and photocathodic characteristics at plus potential and negative potential
range, respectively, as shown in Figure 7c. The photocurrent switch potential is around
0.66 Vryg. The detailed anodic photocurrent (1.5 to 0.66 Vryg) and cathodic photocurrent
(0.66 to —0.25 Vryg) performances are shown in Figure 7d,e. The CN/FTO-600 film has the
best anodic photocurrent with photocurrent density of 0.72 pA/ cm? at 1.23 Vg while
the CN/FTO-520 film has the best cathodic photocurrent density of 1.1 uA /cm? at 0 VRyg.
To know the reason for the different photocurrent performances of different electrodes,
their interfacial charge-transfer resistances (R.t) are measured at E. by EIS Nyquist plots
under dark as shown in Figure 7f [31]. All three films show very high charge-transfer
resistances since the diameter of arc radius are huge. The order of R for these three
films is Ret-600 < Ret-520 < Re550- This order of Rt is matched with the performance of
anodic photocurrent at 1.23 Vryg. The CN/FTO-520 film with best cathodic photocurrent
performance is chosen for CO, reduction. To check the stability of the CN/FTO-520 film,
the cyclic voltammograms are checked with 10 cycles under 1 sun light illumination as
shown in Figure 7g. There is no obvious change, which indicates the CN/FTO film is very
stable with applied bias and under light illumination. In addition, the photoelectrochemical
stability were also confirmed by photocurrent vs. time curves, which were also checked at
1.18 Vgryg and 0.38 Vryg for 1 h under 1 sun light illumination as shown in Figure 7h.

According to previous published work from our lab, the poly(4-vinylpyridine) elec-
trode was used for electrochemical CO, and the main product is formaldehyde since the
pyridine groups [44]. Since the g-C3Njy film is also including the similar functional group,
it is expected that the main product could be formaldehyde. Therefore, the CN/FTO films
were used for CO; reduction by the electrochemical method at different applied potentials
of —0.042V, —0.242 V, and —0.442 V vs. RHE in CO,-saturated 0.5 M KHCOQOj3. The GC
spectra and their corresponding concentrations are shown in Figure 8. At —0.042 Vryg for
3 h, the main product concentration of formaldehyde is ca. 163.7 umol/L. As the applied
potential was increased to —0.242 Vryg and —0.442 Vrpg, the concentration of formalde-
hyde is decreased. The main reason is that H is preferred at more negative potential. The
similar phenomenon was obtained by using the poly(4-vinylpyridine) electrode [44]. When
the applied potential was increased to —0.842 Vryg, the CN/FTO film was damaged and
the FTO film was reduced to Sn metal particles as shown in Figure S4a. The corresponding
XRD pattern confirms that the Sn metal is formed on the surface of FTO as shown in
Figure S4b. In addition, the STEM-EDS mapping images (Figure S4c) give direct evidence
that Sn nanoparticles are formed. Thus, the CN/FTO film is not stable at too negative
potential such as the potential less than —0.842 Vryr. However, Sn metal is also a good
electrochemical catalyst; it can be used for the electrochemical reduction of CO; to formate
(HCOO™) and CO [45-48]. Further work related to the direct reduction of FTO glass to Sn
film for CO, reduction can be studied.
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Figure 7. (a) DRS and (b) their corresponding Tauc plots ((F(R)hv)Y/2 versus hv for the indirect band
gap), photocurrent I-V curves (c) from 1.5 to —0.25 Vrgg, (d) from 1.5 to 0.66 VRryg, and (e) from
0.66 to —0.25 VRyg, (f) EIS spectra of CN/FTO-520, CN/FTO-550, and CN/FTO-600 films. (g) Cyclic
voltammograms of CN/FTO-520 under 1 sun light illumination. (h) Photoelelectrochemical stabilities
of CN/FTO-520 film checked at 1.18 Vryyg and 0.38 Viyg for 1 h.
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As shown in Figure 9a, there is no obvious reduction peak for the cyclic voltammogram
of CN/FTO-520 film checked without CO;. After purging CO,, one reduction peak appears
at around —0.25 Vryg; it indicates that CO; can be reduced by CN/FTO-520 film. The
potential of —0.35 Vryp was selected for CO, reduction as shown in Figure 9b. The
corresponding GC data and the production yields are shown in Figure 9¢,d. For CN/FTO-
520 film, the current slightly decreases as the time going on. Two main products of
formaldehyde and ethanol are obtained. The concentrations of HCHO and EtOH are 118.6
and 47.19 uM, respectively. The production of EtOH could be caused by the low pH of the
electrolyte. The electrolyte with low pH can support more protons which are used for the
formation of EtOH.
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Figure 9. (a) Cyclic voltammograms of CN/FTO-520 using Ar-saturated and CO,-saturated 0.5 M
KCl electrolyte. (b) I-t curve for CN/FTO-520 photoelectrochemical CO; reduction was recorded at
—0.8 V for 3 h in CO;,-saturated 0.5 M KCl under 1 sun light illumination. (c) GC spectra and (d) the
corresponding product concentration for photoelectrochemical CO, reduction by CN/FTO-520 films
in CO,-saturated 0.5 M KCl solution at —0.35 Vgyg for 3 h.
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3. Materials and Experiments
3.1. Materials and Chemicals

Melamine (C3HgNg, 99%, Aldrich, Seoul, Korea), Sodium sulfate (NaySOy4, >99.0%,
Sigma, Seoul, Korea), potassium bicarbonate (KHCOj3, 99.7%, Sigma-Aldrich, Seoul, Korea),
and potassium chloride (KCl, >99.0%, Sigma-Aldrich, Seoul, Korea) were used without
further purification. The aqueous solutions used in this work were prepared with deionized
water which was further purified by a Millipore Milli-Q IQ 7000 purification system
(resistivity > 18.2 MQ-cm at 25 °C, total organic carbon (TOC) < 2.4 ppb). The commercial
fluorine-doped tin oxide (FTO) coated glasses (Pilkington FTO glass-TEC 8, 6~9 ohm/sq)
were cleaned with ethanol, acetone and deionized water in sonication bath (Hwashin,
Powersonic 410, Seoul, Korea) each for 10 min and dried by N, flowing for using. The
as-received Nafion 117 (Du Pont, Seoul, Korea) membrane was cut into rectangular pieces
(2.7 cm x 3.5 cm). Firstly, the membrane pieces were boiled in 3 wt% H,O; for 1 h at 90 °C
and submerged in deionized water for 15 min at room temperature. Then the membrane
pieces were sunk in 0.5 M HpSOy4 for 3 h at 90 °C and submerged in distilled water for
15 min at room temperature. Finally, the membrane pieces were submerged in deionized
water for 3 h at 90 °C and washed by deionized water for 3 times. After the pretreatment
the membrane pieces are stored in deionized water for the later experiments.

3.2. Preparation of g-C3Ny Film on FTO (CN/FTO)

The CN/FTO films were prepared by a simple thermal vapor condensation method.
7.0 g melamine was put in the glass bottle (Bottle diameter-Height-Mouth inner
diameter = 4.2 x 8.0 x 3.0 cm, SamwooKurex, Seoul, Korea) and covered by one piece
of FTO glass (5.0 cm x 5.0 cm). Then put them in the Muffle box furnace for heating at
520, 550, and 600 °C for 4 h with the increasing ramp of ca. 2 °C/min. It was cooled
to room temperature in the furnace by the ambient environment. The g-C3Ny films on
FTO glass (CN/FTO) were obtained at 520, 550, and 600 °C and denoted as CN/FTO-520,
CN/FTO-550, and CN/FTO-600, respectively. The bulk g-C3Ny grains obtained at 520, 550,
and 600 °C, with faint yellow color, were ground to fine powder by the pestle and mortar,
which were denoted as CN-520, CN-550, and CN-600, respectively.

3.3. Characterization

X-ray diffraction (XRD, Cu K« radiation with A = 0.154056 nm, Rigaku miniFlex-II
desktop, Tokyo, Japan) patterns were measured to determine the crystallinity and crystal
structure of the films and powders. Top-view and cross-sectional morphologies of the films
were determined by using a field emission scanning electron microscope (FE-SEM, JEOL
JSM-7600F) operated at 20 kV with energy-dispersive spectroscopy (EDS, INCA X-sight,
Oxford Instruments, High Wycombe, UK). Atomic force microscopy (AFM) measurements
were carried out for thin films in a tapping mode using a Park System NX10. The XEI
program was used to convert acquired data into an image and to perform various analyses.
Transmittance and diffuse reflectance spectra (DRS) of the films were recorded on a Varian
Cary 5000 UV-vis-NIR spectrophotometer. DRS spectra were recorded using an integrating
sphere and BaSO; as a reference. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR, Thermo Nicolet Avatar 330 FT-IR with ZnSe crystal) was checked
for studying the detail chemical structures of the powder and films samples. The diffuse
reflectance spectra were converted into the Kubelka-Munk (K-M) form. Transmission
electron microscope (TEM, JEOL JEM-2100 F operating at 200 kV)) with EDS was applied
to characterize the exact composition of particles on CN/FTO film after the electrochemical
CO, reduction. X-ray photoelectron spectroscopy (XPS, monochromator Al Ko X-ray
source, AXIS Ultra, Manchester, UK) was used to determine the atomic state in the films by
measuring the binding energy. Time-resolved photoluminescence (TRPL) measurement
was carried out using a confocal microscope (MicroTime-200, Picoquant, Germany) with
a 40x objective. The lifetime measurements were performed at the Korea Basic Science
Institute (KBSI), Daegu Center, Korea. A single-mode pulsed diode laser (375 nm with
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30 ps pulse width and 5 uW power) was used as an excitation source. A dichroic mirror
(2375RDC, AHF, Mainz, Germany), a long pass filter (HQ405lp, AHF, Mainz, Germany), a
75 um pinhole, a bandpass filter (470 & 20 nm) and an avalanche photodiode detector (PDM
series, MPD, Berlin, Germany) were used to collect emission photons from the samples.
TRPL images consisted of 200 x 200 pixels were recorded using the time-tagged time-
resolved data acquisition method. The acquisition time of each pixel was 1 ms. Exponential
fitting for the obtained PL decays was accomplished using the Symphotime-64 software
(Ver. 2.2, Berlin, Germany).

3.4. Photoelectrochemical Measurements

Photoelectrochemical measurements were conducted using a potentiostat (VSP, Bio-
logics, Seyssinet-Pariset, France) in a conventional three-electrode system in a V-style with
a quartz window cell at room temperature under 1 sun (Asahi HAL-320 solar simulator,
AM1.5G, Class A) illumination, employing a coiled Pt wire and an Ag/AgCl electrode
as the counter and reference electrodes, respectively. A 1 sun checker CS-20 was used
to determine the light intensity to 1 sun. The potentials reported in this work were con-
verted to the reversible hydrogen electrode (RHE) according to the following equation [31].
Erug = EAg/AgCl + EOAg/AgCl +0.0591 x pH. In this equation, EAg/AgCl is the experimental
potential measured versus Ag/AgCl (3 M NaCl) reference electrode. E° Ag/AgCl 1S the po-
tential of Ag/AgCl (3 M NaCl) versus normal hydrogen electrode (NHE), i.e., 0.209 V. Eryg
is the converted potential versus RHE. The current-potential (I-V) curve was measured in
0.5 M NaySO, aqueous solution (pH 6.3) form +1.5V to —0.25 V vs. RHE using linear sweep
voltammetry (LSV) with a scan rate of 10 mV s~ ! with chopped light (on/off cycles of 1 s).
To know the electrochemical stability of CN/FTO film, the cyclic voltammetry experiment
was carried out for 10 cycles for 1.58 V to —0.22 V vs. RHE. Photocurrent stabilities were
studied by measuring the photocurrent produced under 1 sun light illumination at 1.18 V
and 0.38 V vs. RHE for 1 h. Electrochemical impedance spectroscopy (EIS) was conducted
in 0.5 M Na,SO;4 using a VSP potentiostat. The frequency was set from 100 kHz to 50 mHz
at open-circuit potential (Eoc) and the amplitude was 10 mV.

3.5. Electrochemical and Photoelectrochemical CO, Reduction

The electrochemical or photoelectrochemical CO, reduction was carried out using
the same home-made quartz cell with two half chambers and Nafion 117 film between as
shown in Figure 10. The exposed area of working and counter electrode in the electrolyte is
about 1.13 cm?. 0.5 M KHCO; or 0.5 M KCl solution was used as electrolyte. The CO, was
purging with a speed of 10 sccm. The pH values of the CO,-saturated 0.5 M KHCO3 and
the CO;-saturated 0.5 M KCl solutions are 7.6 and 4.1, respectively. The liquid products in
solution were checked by 7890B series GC-FID (Agilent Technologies, Seoul, South Korea)
equipped with a DB-624 column (60 m x 250 um X 1.4 pm) and Stratum Purge & Trap
(TELEDYNE TEKMAR, Mason, OH, United States). Quantities of 10 mL of electrolyte
samples containing salts were injected into the purge & trap instrument.
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Figure 10. A schematic representation of the photoelectrochemical cell for CO, reduction. WE:
working electrode; CE: counter electrode, coiled Pt wire; RE: reference electrode, Ag/AgCl with
3.0 M NaCl

4. Conclusions

In this work, thin g-C3Ny films were synthesized by the simple thermal condensation
method at different heating temperatures. All films show photoanodic and photocathodic
behaviors. Especially, the film obtained at 520 °C shows the best cathodic photocurrent
performance due to the high thickness with the longest average lifetime of the photo-
excited electrons. The CN/FTO-520 was selected for CO, reduction. The CO, can be
electrochemically reduced into formaldehyde (54.6 uM/h) in the liquid product when
using the basic electrolyte (CO,-saturated KHCO3). When using the acidic electrolyte
(COy-saturated KCl), the CO, can be photoelectrochemically reduced into formaldehyde
(39.5 uM/h) and ethanol (15.7 uM/h). Therefore, the acidic condition is good for the
formation of ethanol product by g-C3Ny film. The pure g-C3sNy film can be used for CO,
reduction to different value-added liquid hydrocarbons products via electrochemical or
photoelectrochemical ways. This work could give a supporting for the preparation and
modification of the g-C3Ny film for CO, reduction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12111399/s1, Figure S1: SEM and AFM images of the bare
FTO glass; Figure S2: SEM-EDS of the CN/FTO-520 film; Figure S3: PL lifetime decay curves and
their fitted curves; Figure S4: SEM images and XRD, STEM-EDS of CN/FTO-520 film after electro-
chemical CO, reduction; Table S1: Fitting results of PL lifetime decay curves and their corresponding
average lifetime.
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