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Abstract: Due to the different electron affinity, the construction of a donor-acceptor (DA) system
in the graphitic carbon nitride (g-CN) matrix is an attractive tactic to accelerate photo-induced
electron-holes separation, and then further elevate its photocatalytic performance. In this work,
perylene tetracarboxylic dianhydride (PTCDA) with magnificent electron affinity and excellent
thermal stability was chosen to copolymerize with urea via facile one-pot thermal copolymerization
to fabricate g-CN-PTCDA equipped with DA structures. The specific surface area of g-CN-PTCDA
would be enlarged and the visible light absorption range would be broadened simultaneously when
adopting this copolymerization strategy. A series of characterizations such as electron paramagnetic
resonance (EPR), steady and transient photoluminescence spectra (PL), electrochemical impedance
spectroscopy (EIS), and photocurrent tests combined with computational simulation confirmed the
charge separation and transfer efficiency dramatically improved due to the DA structures construction.
When 0.25% wt PTCDA was introduced, the CO evolution rate was nearly 23 times than that of
pristine g-CN. The CO evolution rate could reach up to 87.2 umol g~! h~! when certain Co?*
was added as co-catalytic centers. Meanwhile, g-CN-1 mg PTCDA-Co exhibited excellent long-term
stability and recyclability as a heterogeneous photocatalyst. This research may shed light on designing
more effective DA structures for solar-to-energy conversion by CO, reduction.

Keywords: donor-acceptor; graphitic carbon nitride; PTCDA; photocatalysis; CO, reduction

1. Introduction

CO; plays a vital role in the global carbon cycle. The earth’s environment and ecosys-
tem have been greatly challenged in the past decades due to excessive CO; being emitted
into the atmosphere. Numerous attempts have been made to get around this challenge, as
the photocatalytic reduction of CO; to value-added chemicals under visible light is one
of the effective strategies used to fulfill the resource utilization of CO, [1-5]. However,
the high stability of CO, molecules and the varied reduction used products during the
reduction process limit its practical application. To this end, a common strategy to elevate
the catalytic performances is to regulate and optimize the structures and properties of
the photocatalysts.

g-CN, as a metal-free organic polymeric semiconductor, possesses a suitable bandgap
and responses to visible light. It is gifted with excellent thermal and chemical stability
and has been extensively explored in photocatalysis fields [6-10]. Nevertheless, the rapid
recombination of photo-induced charge carriers, the limited visible light harvesting ability
and specific surface area hinder its catalytic performance on CO, reduction. To promote
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the exciton dissociation efficiency, intramolecular DA structures based on g-CN via bottom-
up copolymerization have been established [11-16] over the past few years and have
exhibited optimized photocatalytic activity. The different electron affinity of the donor and
acceptor units would induce electrons to migrate from donor to acceptor parts and further
promote charge carriers to disjoin into free electrons and holes. While there are still some
aspects that should be noted, the first is that the selected electron-withdraw molecules as
co-monomers should maintain extremely high thermal stability. The second is that the
picked molecules ought to bear the functional groups that can be covalently imbedded into
the skeleton of g-CN during the thermal polymerization. The last is that the properties of
g-CN, such as specific surface area or light-harvesting capacity, may also be modulated
during copolymerization process.

Based on the above restraints, PTCDA is the optimal choice to fulfill DA structures con-
struction due to its magnificent electron affinity, exceptional thermal stability, and bearing
dianhydride functional groups that can react with the amino groups of urea to form diimide
covalent bonds. Furthermore, the resultant fragment 3, 4, 9, 10-perylenetetracarboxylic
diimide (PTI) as an n-type organic semiconductor owns extraordinary light absorption
in the visible region and is widely applied in photocatalytic reactions owing to its more
positive valence band [17-21]. A series of Z-scheme PTCDA-C3Ny heterostructure pho-
tocatalysts have been fabricated previously via imidization reaction and have exhibited
remarkable photocatalytic performance in various photocatalytic applications [22-26]. The
fact is that the amount of the amine group suspended on the edge of g-CN nanosheets is
limited and PTCDA is prone to self-aggregate due to its planar 7-conjugated macrocycle
structure. Furthermore, the property of a g-CN-like specific surface area can hardly be
tuned by traditional post-synthetic modification or other noncovalent composites methods.
Nevertheless, it could possibly be accomplished by adopting the copolymerization method
because the introduction of a co-monomer may alter the course of the polymerization
process so as to regulate the properties of g-CN.

Herein, PTCDA is selected as a co-monomer to bottom-up copolymerize with urea to
construct intramolecular DA structures based on g-CN, in which PTCDA served as the ac-
ceptor units to capture and store electrons as catalytic active centers due to its distinguished
electron affinity, while g-CN composed of heptazine fragments acted as donor units when
irradiated under visible light. The obtained g-CN-PTCDA, including DA segments, can
not only speed up the photo-induced exciton dissociation but also shorten the migration
distances of the electrons or holes to its surface, which results from the expanded specific
surface area and the diminished thickness of the g-CN-PTCDA nanosheets. The visible
light absorption region was also broadened at the same time due to the photo-sensitiveness
of PTCDA. The g-CN-PTCDA with DA structures exhibited a dramatically advanced pho-
tocatalytic CO, reduction with a maximum CO evolution rate of 5.25 pmol g~! h™!, which
was nearly 23-folds that of the unmodified g-CN. This work offers a new concept for the
fabrication of all organic photocatalysts for CO; reduction, in which PTCDA can function
as a catalytic center due to its ability to capture and accumulate electrons.

2. Results and Discussion

All photocatalyst g-CN-x mg PTCDA possess DA structures that can be successfully
fabricated via facile one-pot thermal co-polymerization [27,28] by employing a different
mass ratio of urea and PTCDA as co-monomers, as shown in Scheme 1.

Firstly, the thermal stability of PTCDA was checked by TG and FTI-IR analysis
(Figure Sla,b, Supplementary Materials). PTCDA maintained 96.7% of its original mass
when the temperature increased to 550 °C. The FI-IR spectrum showed that the typical
peaks of PTCDA remained unchanged before and after calcination under the same copoly-
merization condition, indicating the exceptional high thermal stability of PTCDA. The color
of g-CN-x mg PTCDA turned light gray from the yellow powder of the pristine g-CN, it
then gradually deepened to dark green along with the increasing amount of PTCDA, and
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finally presented as a dark purple when the amount of PTCDA increased to 1 g (Figure S2,
Supplementary Materials).
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Scheme 1. Schematic illustration of the preparation of the g-CN-PTCDA composite photocatalyst
with DA structure using the one pot thermal copolymerization method.

The morphologies of g-CN and the obtained g-CN-x mg PTCDA were investigated
by SEM and TEM images. As can be seen, g-CN-1 mg PTCDA retained the fluffy stacking
nanosheets (Figure 1b) as g-CN (Figure 1a,d), except that a more abundant mesoporous
structure formed, which is in accordance with the semitransparent porous nanosheets
with rough edges obtained by TEM characterization (Figure le). Some regular nano-rods
formed and piled up on the surface of the g-CN nanosheets (Figure 1c,f) when the load
of PTCDA increased to 1 g, suggesting that the self-assembly of the excessive unreacted
of PTCDA formed via 7—mt stacking. TEM mapping was also employed to analyze the
elemental distribution of the sample (Figure 1g). Carbon, nitrogen, and oxygen (originated
from the C=0 of PTCDA) elements are evenly distributed in the selected region, which
demonstrates the covalent connection of PTCDA and g-CN and that the DA structures
were successfully constructed.

100 nm

~

200:nm b 500nhr»-

— 7 p——

Figure 1. SEM images of the g-CN (a), g-CN-1 mg PTCDA (b), and g-CN-1g PTCDA (c). TEM images
of the g-CN (d), g-CN-1 mg PTCDA (e), and g-CN-1g PTCDA (f) and the corresponding elemental
mappings of the enlarged area of g-CN-1mg PTCDA (g).

The specific surface area and mesopores distribution were studied by N, adsorption-
desorption measurements. As shown in Figure 2a, g-CN-1mg-PTCDA exhibited an obvi-
ously enhanced adsorption capacity and the specific surface area increased to 97 m? g1
compared with 36 m? g~! of g-CN. The isotherm for g-CN-1mg PTCDA presented an
obvious H1 type hysteresis loop at relative pressure p/pg > 0.8, indicating the slit-type
holes formed by nanosheets stacking [29,30]. The pore volume of g-CN-1 mg PTCDA
was also apparently promoted and the pore size distribution shows that the pore size was
concentrated at 2.6 and 29 nm (Figure 2b). This enlarged specific surface area can hardly be
fulfilled through traditional post-synthetic modification.
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Figure 2. N, adsorption-desorption isotherms (a) and the corresponding pore size distribution curves
(b) of g-CN and g-CN-1 mg PTCDA. XRD patterns (c), and FT-IR spectra (d) of the samples of g-CN
and g-CN-x mg PTCDA (x =1, 10, 100, 1000).

XRD was used to study the crystal structure of the samples. As shown in Figure 2c,
g-CN-x mg PTCDA (x =1, 10, 100) showed two distinct diffraction peaks at around 13°
and 27° which correspond to the (100) and (002) crystal planes as g-CN [31]. The (100)
crystal plane is ascribed to the repeating motif of tri-s-triazine in-plane and the (002) plane
is from the stacking of aromatic systems of the interlayer, which indicates that the crystal
structures are well retained after the introduction of PTCDA. When the amount of PTCDA
is raised to 1 g, the XRD pattern was clearly different from g-CN but similar to that of
the PTCDA powder, and the diffraction peaks belong to the m—m stacking of excessive
unreacted PTCDA.

FT-IR spectra were recorded to index the chemical structure and the covalent inter-
actions between PTCDA and g-CN (Figure 2d). g-CN-x mg PTCDA (x = 1, 100) exhibited
approximate characteristic absorption bands as g-CN, the typical peak at 810, 1200-1600,
and 3000-3500 cm ! are attributed to the bending vibration of the triazine ring, the stretch-
ing vibrations of the aromatic heptazine heterocycles, and the NH; groups located on the
edges of the g-CN nanosheets, respectively. When the amount of PTCDA was raised up to
1 g, it can be clearly seen that the typical peak at 1742 cm ! arising from the C=O in the
anhydride groups of PTCDA disappeared, and the peak at 1683 cm~! is newly generated,
which can be ascribed to the stretching vibrations of the C=0 in the diimide group. The
result provides solid evidence that the DA structures successfully constructed between
PTCDA and g-CN via covalent bonds.

The surface chemical states of C, N, O and the interfacial interaction were studied by
XPS. Figure 3a is the XPS survey spectra of g-CN and g-CN-PTCDA, from which we can see
that the peaks of O 1s emerged with the introduction of PTCDA and the intensity increased
when the PTCDA content increased. A high resolution of the C 1s spectra is presented in
Figure 3b. For pure g-CN, the binding energy of C 1s is dominantly situated at 287.8 eV,
which corresponds to the sp?-hybridized C from N-C=N. The C 1s spectra of g-CN-x mg
PTCDA (x = 1, 10) are deconvoluted into three peaks, except for the sp?-hybridized N-C=N,
in which the peaks at 286.07 and 284.81 eV are attributed to sp?>-hybridized C=0 and C=C
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coming from PTCDA and the peak areas increase along with the added PTCDA weight
percentage [22,32]. Figure 3c presents the N 1s binding energies of g-CN. The divided three
peaks at 398.59, 400.31, and 401.36 eV of g-CN belong to the sp?>-hybridized N involved in
the triazine rings, the bridging sp>-hybridized N in the melem motif center, and the amino
group -NHy, respectively [33-35]. The peaks of sp?>-hybridized N (C-N=C) in g-CN-x mg
PTCDA (x =1, 10) both shift about 0.27 eV to a higher binding energy (398.86 eV) in contrast
with g-CN, illustrating when the strong electron-withdrawing group PTCDA is introduced,
the electron cloud density in heptazine ring decreased, demonstrating the efficient DA
structures established in the matrix of g-CN-PTCDA. In addition, the mass ratio of C/N
obtained from XPS are showed in Table S1, and the value of the C/N ratio increased along
with the content of PTCDA raised. The binding energy of O 1s that originated from O=C
(Figure 3d) was 531.9 eV and the intensity of the peaks also increased with the improved
content of PTCDA.
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Figure 3. XPS-survey (a), high-resolution of C 1s (b), N 1s spectra (c), and O 1s spectra (d) of the
samples of g-CN, g-CN-1 mg PTCDA, and g-CN-10 mg-PTCDA.

UV-vis DRS spectra were conducted to study the optical absorption properties of the
g-CN and g-CN-x mg PTCDA. As shown in Figure 4a, the absorption band edges of g-CN-x
mg PTCDA (x =1, 10, 100, 1000) are gradually red-shifted, and the visible-light response
range steadily expanded to the full spectra region accompanying the amount of PTCDA
raised, fully indicating that PTCDA covalently connected with g-CN via imide bonds. The
corresponding band gaps of g-CN-x mg PTCDA (x = 1, 10) are respectively calculated as
2.51, 2.44 eV based on the Tauc plots method (Figure 4b), and they are narrower than the
2.75 eV of g-CN, which can be explained by the 7 electrons being delocalized along the
expanded conjugation system between PTCDA and g-CN.P
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Figure 4. Optical absorption and band positions of g-CN, g-CN-1 mg PTCDA, and g-CN-10 mg
PTCDA samples. UV-vis DRS spectra (a) and the corresponding Tauc plots (b), Mott-Schottky
plots (c), energy diagrams of the band structure (d). EPR spectra of the g-CN and g-CN-1 mg PTCDA
at room temperature (e).

The conduction band energy was obtained by testing the Mott-Schottky curve, in
which the straight-line part of the curve is extrapolated to the abscissa axis, and the
intersection point is the flat-band potential. Generally, for n-type semiconductors, the
position of the conduction band bottom is consistent with the flat band potential, which
can be considered as the position of the conduction band bottom. From Figure 4c, we can
learn that g-CN-PTCDA is a typical n-type semiconductor due to the positive slope. The
flat-band potential of g-CN, g-CN-1 mg PTCDA, and g-CN-10 mg PTCDA are located at
—1.55, —1.29, and —1.05 eV (vs. Ag/AgCl), which could be converted to —1.35, —1.09, and
—0.85V (vs. NHE), respectively and are more negative than that of the required potential
of reducing CO; to CO (—0.53 V). Regarding the combination with the band gap values
determined in Figure 4b, the CB potentials of g-CN, g-CN-1 mg PTCDA, and g-CN-10 mg
PTCDA are calculated to be 1.40, 1.42, and 1.59 V, respectively, as shown in Figure 4d.

The electronic structure of the g-CN and g-CN-PTCDA were explored by EPR mea-
surements. As can be seen in Figure 4d, g-CN-1 mg PTCDA showed dramatically improved
signals of the Lorentzian line with a g value of 2.0034 than that of g-CN, which originated
from the unpaired electrons in the conduction bands of g-CN-1 mg PTCDA [36]. It means
that a high concentration of unpaired electrons generated due to the DA structures. Besides,
the charge separation efficiency of g-CN-1 mg PTCDA was more notable than that of g-CN
under illumination conditions, which is conductive to promote the photocatalytic CO,
reduction performance.

3. Photocatalytic Performance

The photocatalytic performances of the prepared g-CN-PTCDA were assessed by CO,
reduction. Considering that the gas CO, has higher solubility in the organic solvent, and in
order to suppress the proton reduction as a competition reaction, CH3CN was chosen as the
reaction solvent. TEOA was selected as the sacrificial agent to capture the unreacted photo-
induced holes because it was extensively used and displayed the highest photocatalytic
CO;, reduction activity compared with other sacrificial agents [37-39], and the volume ratio
of CH3CN/TEOA was 4:1. The photocatalytic reaction was carried out under 5 W LED
lamp (A > 420 nm) irradiation and the reaction temperature was set at 6 °C with circulating
condensed water. The control experiments showed that there was negligible CO or CHy
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detected as the reduction products without one of the factors including the irradiation, the
photocatalyst, TEOA, or using N, instead of CO5.

As presented in Figure 5a, the experiment results showed that CO was the main reduc-
tion product along with some amount of H, generated as the byproduct, and the H, was
mainly from the partial degradation of TEOA. The CO evolution rate was 0.23 umol g~' h~!
when using unmodified g-CN as the photocatalyst, along with a Hy generation rate of 0.43
umol g~ h~! and the selectivity was 35% over proton reduction. When a certain amount
of PTCDA was introduced into the skeleton of g-CN and the intramolecular DA system
was constructed, the photocatalytic activity remarkably improved. The CO evolution rate
can reach up to 5.25 umol g ! h~! when the loading content of PTCDA was 1 mg, which
is nearly 23-folds that of pristine g-CN. The H, generation rate was 1.14 pmol g~ ! h™!
and the selectivity improved to 82%. The CO evolution rate began to descend with the
continuous increment of PTCDA, as introducing too much PTCDA would destroy the
conjugate structural integrity of g-CN and further weaken its light-harvesting ability.
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Figure 5. The effects of different PTCDA contents on the evolution of CO and H; (a), g-CN-Co and
g-CN-1 mg PTCDA-Co gases production rate (b), comparison of CO and Hj evolution rates of the
covalent bond connection and physical mixing of g-CN and PTCDA (c), CO, reduction stability of
g-CN-1 mg PTCDA-Co under 50 h light condition (d), the yields of CO and H; under the catalytic
action of g-CN-1 mg PTCDA-Co over four continuous cycles and each cycle lasted 4 h (e).

Afterward, the photocatalyst g-CN-1 mg PTCDA-Co was fabricated by hydrother-
mal synthesis, where Co?* was introduced, acting as the co-catalytic center, and the CO
evolution rate dramatically increased to 87.2 umol g~! h™!. P The H, generation rate
was 13.1 umol g~ ! h™! and the selectivity was 87%, which was more than 79-folds that
of g-CN-Co (Figure 5b). This indicates that the electrons separated and accumulated on
the PTCDA unit can quickly transfer to the catalytic active sites Co?*, thus the catalytic
performance dramatically enhanced. From Table S2, we can learn that the photocatalysts
g-CN-1 mg PTCDA and g-CN-1 mg PTCDA-Co performed satisfactory photocatalytic CO,
reduction performance.

The control experiment was also conducted to investigate the cause for the elevated
catalytic activity (Figure 5c). The PTCDA compounded with g-CN through physical
grinding and the CO evolution rate exhibited certain enhancement (2.7 pumol g~ h=!) with
a selectivity of 48% over Hj, implying that the covalent connection between PTCDA and
g-CN is indispensable.

The stability and reusability of the g-CN-1 mg PTCDA-Co were further evaluated.
As shown in Figure 5d, the CO evolution rate maintained a near linear growth of up to
50 h with the average rate of 38.4 umol g~! h~!, displaying the long-term robustness of the
photocatalyst. As for the reusability, in the 16 h sequent reaction, that is, 4 consecutive cycles
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where each cycle lasts 4 h, no noticeable declination was observed (Figure 5e), signifying
the excellent recyclability of g-CN-PTCDA-Co as a heterogeneous photocatalyst.

The properties of the recovered g-CN-1 mg PTCDA-Co after the long-term catalytic
process were also studied by FI-IR, XRD, and TEM (Figure S3, Supplementary Materials).
The characterization showed that the chemical and crystal structure of g-CN-PTCDA-Co
remained unchanged and the morphology also remained intact, suggesting its fine and
lasting photo stability.

4. Structure—Activity Relationship and Mechanism Discussion

A combination of the photocatalytic CO, reduction performance and the characteri-
zations of g-CN-PTCDA, the enhanced photocatalytic activity, and the selectivity, can be
ascribed to the following factors.

The construction of the intramolecular DA system plays a functional role [40-43].
As we know, the separation, migration, and transmission efficiency of photo-generated
electron-holes are the key elements that affect the photocatalytic performance. The different
electrons binding ability between PTDCA and g-CN boost the electrons transferred from
g-CN to PTCDA and the separation efficiency of the charge carriers is greatly accelerated,
which can be verified by the fluorescence and electrochemical tests.

Steady-state PL analysis is generally recognized as the technique used to characterize
the recombination of photo-induced electron-holes, that is, the higher the peak intensity,
the more recombinations of the photogenerated electrons and holes occur. As can be seen
in Figure 6a, the PL intensity of g-CN-1 mg PTCDA decreased sharply in comparison
with that of g-CN, which exhibited a strong PL emission peak excited at 365 nm at room
temperature, fully illustrating that the recombination of the photogenerated electron-holes
has been greatly inhibited. In addition, time resolved PL spectra were also performed
to evaluate the dynamic photoinduced electron behaviors. In Figure 6b, the g-CN-1 mg
PTCDA exhibits a shorter average fluorescence lifetime (4.29 ns) than that of g-CN (4.97 ns),
indicating a more efficient non-radiative decay pathway between PTCDA and g-CN. The
electron transfer rate (kgr) calculated using the equation [44,45] was 3.2 x 107 s~! (Table S3)
between g-CN and PTCDA, illustrating the fast spatial charge separation efficiency through
the intramolecular DA system.
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Figure 6. Steady-state PL spectra (a), time-resolution PL decay spectroscopy (b), Nyquist plots with
the inset of the simulated circuit (c), photocurrent response (d) of the samples of g-CN and g-CN-1
mg PTCDA.



Catalysts 2023, 13, 600

90f13

As for the EIS, a smaller arc radius commonly means lower electron-transfer resistance.
In Figure 6¢, the arc radius of g-CN-1 mg PTCDA is much smaller than that of g-CN and
the fitting results are present in Table S4, implying the interfacial electrons’ fast mobility of
g-CN-1 mg PTCDA due to the lower resistance.

In addition, g-CN-1 mg PTCDA exhibited dramatically enhanced and steady pho-
tocurrent responses compared to g-CN, without significant decay after six repetitive cycles
(Figure 6d), demonstrating that the DA system constructed between PTCDA and g-CN
was more conductive to charge separation and transfer than g-CN, which is in accordance
with the results of the PL and EIS analysis.

Furthermore, the electrostatic potential (ESP) surface distribution of the g-CN-PTCDA
was built with a GaussView program. The method employed to optimize the structure
model is B3LYP/6-31g. The computed result affords a feasible electron transfer route
during this DA system. As can be seen in Figure 7, in this ESP map, the red color stands for
the electrons affluent region while the blue color means the electron deficiency zone. As for
the sample g-CN-PTCDA, the electrons migrate from g-CN to the oxygen atom of PTCDA,
which can not only accelerate the separation of the electron-hole pairs, but PTCDA can also
be regarded as an electron reservoir to drive the CO, reduction.

Figure 7. Optimized ESP surface distribution of the g-CN-PTCDA model.

Based on above analysis, a presumable mechanism using g-CN-1 mg PTCDA for CO,
photoreduction is proposed (Figure 8). The photosensitizer g-CN absorbs visible light and
the electrons excited from the valance band of g-CN to the LUMO level of the PTCDA,
which is caused by the different electron affinities of PTCDA and g-CN. Then, electrons
are accumulated on the PTCDA units while the holes are left on the g-CN parts. The
intramolecular DA structures promote electrons migration and inhibit the electron-hole
pairs recombination. Simultaneously, the enlarged specific surface area of g-CN-1 mg
PTCDA facilitates more adsorption of CO, molecules. The process of the proton-coupled
two electrons reduction is used to reduce CO, to CO (CO, + 2H" + 2~ —CO + H,O,
—0.53 V). Meanwhile, TEOA is added in the reaction system as a sacrificial electron donor
to consume the unreacted holes to fasten the separation of electron-hole pairs and promote
the CO; reduction performance.
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Figure 8. The mechanism of g-CN-1 mg PTCDA as a photocatalyst for CO, reduction is proposed.
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5. Experimental Section
5.1. Reagents and Materials

Urea was obtained from J&K Scientific (Beijing, China). Acetonitrile (CH3CN)), tri-
ethanolamine (TEOA), and PTCDA were purchased from Aladdin (Shanghai, China).
CoCl,-6H,0O was provided by Maikelin (Fairfield, CT, USA). Na;SO4 was obtained from
Kermel (Tianjin, China). All the chemical reagents were used as received without fur-
ther treatment. Ultra-pure water used in the experiment was prepared by the instrument
THM-50131954 (Thermo Scientific, Waltham, MA, USA).

5.2. Preparation of Catalysts
5.2.1. Preparation of g-CN

In detail, 20 g urea was placed in a crucible, covered with tin foil and heated in an
ambient atmosphere to 550 °C in a muffle furnace at a heating rate of 3 °C min~! and then
kept at 550 °C for 2 h. The pale-yellow loose powder sample was obtained by natural
cooling to room temperature.

5.2.2. Preparation of g-CN-x mg PTCDA

The samples with DA structures were synthesized by a facile one-pot thermal copoly-
merization method. In detail, 20 g urea and x mg PTCDA (x = 0.5, 1, 10, 100, 1000) were
weighted and then fully grinded and mixed. The mixture was transferred to a crucible
with a tin foil cover and heated to 550 °C for 2 h at a heating rate of 3 °C min~! in a muffle
furnace. When the reaction cooled to room temperature, the obtained samples were named
g-CN-x mg PTCDA, where x stands for the initial mass of added PTCDA.

5.2.3. Preparation of g-CN-Co and g-CN-1 mg PTCDA-Co

The samples were prepared by a typical hydrothermal method. At first, g-CN (50 mg)
or g-CN-1 mg PTCDA (50 mg) were uniformly dispersed in 10 mL deionized water and
then 2.4 mg CoCl,-6H,0 was added and stirred for 30 min to ensure sufficient dissolution.
The mixture was then transferred to the autoclave for treatment at 120 °C for 12 h. When
cooled to room temperature, the precipitate was centrifuged and washed successively with
ultrapure water twice and EtOH once, and then dried at 80 °C for 12 h. The resultant
samples were denoted as g-CN-Co or g-CN-1 mg PTCDA-Co.

5.3. Physicochemical Characterization

The morphologies of the samples were investigated by scanning electron microscopy
(SEM, Nova NanoSEM 450, FEI, Hillsboro, OR, USA) and transmission electron microscope
(TEM, JEM-2100F, Kitakyushu, Japan). Powder X-ray diffraction (XRD) was carried out
on an X-ray diffractometer (Rigaku Dmax-2500, Tokyo, Japan) with a Cu K source. FT-IR
spectra were recorded by VERTEX 70 spectrometer (Bruker, Billerica, MA, USA) in the
range of 4000 to 400 cm~!. The samples were prepared by mixing the sample with FT-
IR-grade KBr and the KBr was used as the reference. X-ray photoelectron spectroscopy
(XPS) measurements were conducted on the XPS instrument (ESCALAB 250XI, Thermo,
Waltham, MA, USA), the excitation source for Al target Ko rays (1486.6 eV). Inductively
coupled plasma atomic emission spectrometer (ICP) was performed with an Agilent 7800
ICP-MS. The UV-vis absorption was measured with UV-vis diffuse reflectance (UV-vis DRS,
PerkinElmer Lambda 950, Waltham, MA, USA) using BaSOj as the reflectance standard ref-
erence. Steady and transient PL spectra were carried out using a fluorescence spectrometer
(FLS 980, Edinburgh, UK) (exciting samples by 365 nm photons).

5.4. Photoelectrochemical Measurements

Photoelectrochemical measurements were monitored by a CHI 760E electrochemical
workstation with a conventional three-electrode cell. The measurement processes were
performed in a 0.2 M Na,SO4 aqueous solution. Ag/AgCl electrode and Pt plate were used
as the reference electrode and counter-electrode. The working electrodes were fabricated
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by using an as-prepared catalyst coated on indium tin oxide (ITO) glass. The photocurrent
as a function of time was recorded as the light was switched on and off every 20 s. The
electrochemical impedance was also recorded in the range of 0.1 MHz-0.1 Hz. Mott-
Schottky plots were recorded at frequencies of 1000, 1100, and 1200 Hz. N, was blown into
the electrolyte for 20 min before any electrochemical measurement was made.

5.5. Photocatalytic CO, Reduction

In a typical photocatalytic reaction, 5 mg photocatalyst was dispersed in 4 mL CH3CN
in 50 mL quartz test bottle, along with 1 mL TEOA added as the electron sacrificial agent to
trap the unreacted photo-induced holes. Before photocatalytic testing, the whole reaction
system was evacuated and then bubbled with CO, (99%, Sigma-Aldrich, St. Louis, MO,
USA) three times. The light source was a 5 W LED lamp (PCX-50C, Perfectlight, Beijing,
China) with A > 420 nm cutoff filter. The reaction temperature was set at 6 °C with
circulating condensed water.

The gas products, including CO and H;, were measured by gas chromatography
(GC9790 11, Zhejiang Fuli, Wenling, China) equipped with a thermal conductivity detector
(TCD) and a flame ionization detector (FID). In the cycle experiment, 5 mg g-CN-1 mg
PTCDA-Co was used for photocatalysis, and the catalyst was recycled, washed, and dried
in turn when each cycle ended.

6. Conclusions

The intramolecular DA system, g-CN-PTCDA, has been successfully constructed
through copolymerization, employing PTCDA and urea as the starting material to elevate
the photocatalytic performance towards CO, reduction. This strategy can not only enlarge
the specific surface area of pristine g-CN and extend the visible light absorption range,
but the constructed D-A structure can also boost the electrons transmission and suppress
the recombination of the photo-induced electron-holes. The CO; reduction activity was
23-folds that of pristine g-CN and the CO evolution rate can reach up to 87.2 umol g~! h~!
when Co?* is added as co-catalytic centers. The structure-activity relationship and the
possible mechanism are also explored.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13030600/s1, Figure S1. TG (a), and the FT-IR spectra (b) of
PTCDA before and after calcination under copolymerization conditions, Figure S2. The photographic
images of g-CN (a), g-CN-0.5 mg PTCDA (b), g-CN-1 mg PTCDA (c), g-CN-10 mg PTCDA (d),
g-CN-100 mg PTCDA (e), g-CN-1 g PTCDA (f), and PTCDA (g), Figure S3. TEM (a), XRD pattern (b),
and FT-IR spectra (c) of g-CN-1 mg PTCDA-Co sample before and after four cycles of catalytic
reaction, Table S1. Surface elemental composition of g-CN, g-CN-1 mg PTCDA and g-CN-10 mg
PTCDA based on XPS analysis, Table S2. The comparison with other DA structure photocatalysts
towards CO, reduction under visible light, Table S3. The fitting parameters and average decay
time of the time-resolved PL, rate constants of charge separation (kET) and quantum yield (nET)
for g-CN and g-CN-1 mg PTCDA, Table S4. The fitting values for the electrochemical impedance
spectroscopy simulation fit for g-CN and g-CN-1 mg PTCDA. References [12,15,40,46—49] are cited in
the supplementary materials.
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