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Abstract: It is of great urgency to eliminate nitroaromatic compounds (NACs) in wastewater due to
their high residue and toxicity. Photocatalysis reduction is considered to be an efficient technology for
converting NACs to their corresponding aromatic amines. In this work, a visible-light-driven hybrid
photocatalyst was synthesized by covalently doping Fe phthalocyanine (FePc) into graphitic carbon
nitride skeleton. Compared to the pristine gCN, the optimized gCN-FePc-1 photocatalyst showed
enhanced absorption in visible light region, which promoted photogenerated charge transfer and
separation. Using p-nitrophenol (p-NP) as the model pollutant, the CN-FePc-1 effectively reduced it to
p-aminophenol (p-AP), with the photocatalytic reaction rate being 18 and 3 times higher, respectively,
than those of the pristine gCN and the mechanically mixed photocatalyst of gCN/FePc. Moreover,
excellent photocatalytic universality for other NACs, high stability, and good reusability also were
confirmed. Based on the band structure of the gCN-FePc-1 photocatalyst, a plausible mechanism was
proposed to illustrate the photocatalytic reduction process of p-NP to p-AP. This study demonstrates
that the covalent modification of FePc into gCN skeleton is an effective strategy to modulate the
electronic structure, and the hybrid gCN-FePc is a potential visible-light-driven photocatalyst that
potentially can be used for eliminating NAC contamination in wastewater.

Keywords: iron phthalocyanine; graphitic carbon nitride; covalent modification; photocatalytic
reduction; nitroaromatic compounds

1. Introduction

Nitroaromatic compounds (NACs) are one of the most used industrial chemicals.
They are classified as one of 129 priority pollutants by the US Environmental Protection
Agency due to their extensive application and high toxicity [1,2]. Consequently, effec-
tive elimination of NAC residuals in effluent has become an urgent issue in wastewater
treatment. However, nitro group has strong electron affinity, and aromatic structure has
high stability, making NACs difficult to oxidize [3]. Reduction strategies naturally are
considered as potential methods for treating NAC residuals in wastewater, because their
reduced products, aromatic amines, are easily degraded and less toxic than NACs [4,5].
Furthermore, aromatic amines are important intermediates in the production of organic
chemicals such as dyes, medicaments, rubber, and insecticides [6].

Several approaches have been developed to convert NACs to aromatic amines. Cat-
alytic hydrogenation over noble metals, such as Pt, Pd, Rh, and Au, undoubtedly is the
most widely used route in current aromatic amine production [7-9]. However, this ap-
proach is drastically limited by the exorbitant cost and poor selectivity of noble metals
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despite their superior activity. Zero-valent iron (ZVI) is an environmentally friendly and
a low-cost reductant that has been extensively employed to eliminate environmental pol-
lutants, including NACs [4,10]. By receiving electron from ZVI, the nitro group of NACs
is directly reduced to amino unit, which, results in the formation of a large amount of
iron hydroxide sediments. Photocatalytic reduction technique displays the advantages
of economic benefits, green process, and energy-saving property, becoming a potential
strategy to remove NAC contaminants from wastewater [11,12].

Recently, environmentally friendly carbon-based photocatalysts, including grapheme
quantum dots [13] and covalent organic frameworks [14], have received numerous attention.
Compared to other carbon-based photocatalysts, the visible-light-driven (VLD) graphitic
carbon nitride (gCN) can be facilely prepared from low-cost precursors and thus has be-
come one of the most extensively investigated photocatalytic materials for fuel production
and environmental pollution management [15-17]. Unfortunately, its photocatalytic ac-
tivity is severely suppressed by their limited absorption of sunlight, rapid recombination
of photogenerated electron-hole pairs, and poor specific surface area [18-20]. In order to
overcome the inherent limitations of gCN, research on bandgap engineering, copolymer-
ization, elemental doping, morphology modulation, and heterojunction construction has
been conducted [21-23]. Recently, Fe-doped gCN-based photocatalysts attracted numer-
ous attention due to the high abundance of Fe element in earth’s crust and the excellent
catalytic activity in both energy and environmental catalysis [24,25]. For example, Tonda
et al. reported that Fe atom doping had a significant influence on the electronic structure
and catalytic property of gCN [26]. G. Wang et al. synthesized Fe-doped gCN nanosheets
using NH4Cl and FeCl; as the raw materials, whose activity was 2.5 times higher than
that of the pristine gCN [27]. Due to the poor chelating ability of heptazine unit, C. Yao
et al. covalently modified EDTA motif on gCN framework and obtained much higher Fe
content [28]. The photocatalytic activity of Fe-EDTA-gCN for nitrogen fixation is twice that
of Fe-gCN as photocatalyst.

Metal phthalocyanines (MPcs) have become potential photocatalysts because of their
controllable compositions, intensive absorption from visible light to near-infrared light, and
high charge transfer capability because of aromatic heterocyclic structure [29,30]. However,
the -7 effect between molecules leads to the intense agglomeration of MPcs and thus
reduce their photocatalytic activity [31,32]. Such aggregation can be effectively avoided by
decorating MPcs on other photocatalysts. Various MPcs, including CoPc, ZnPc, FePc, and
CuPc, were loaded on gCN, and the obtained MPc/gCN composites displayed enhanced
photocatalytic performance [25,33-35]. However, MPcs generally serve as photosensitizer
to enlarge the absorption range of photocatalysts in the composite system. Herein, we
successfully doped FePc into gCN skeleton through a facile copolymerization route with
the precursor melamine. The skeletal modification of gCN with FePc significantly changed
the electronic structure of photocatalyst, improved visible light absorption and photo-
generated electron reducibility, and promoted charge transfer and separation. By using
p-nitrophenol (p-NP) as the model pollutant of NACs, we evaluated the VLD photocatalytic
reduction performance for converting NACs to the corresponding aromatic amines. We
also studied the effects of FePc doping content, hydrazine concentration and experimental
condition on the activity, photocatalytic universality for other NACs, comparison with
the mechanically mixed CN/Pc, and the photocatalytic durability. Finally, we proposed a
possible mechanism to explain the strengthened photocatalytic activity.

2. Experimental Section
2.1. Synthesis of Photocatalysts

The pristine gCN was obtained by thermal polymerization with melamine as raw
material, which was reported in our previous literature [36,37]. The carboxyl functionalized
FePc (FePc-COOH) was obtained using low toxic o-phthalic anhydride as precursor, accord-
ing to the literature [38] (the detailed procedure is given in the Supplementary Material).
Additionally, the gCN-FePc-X was synthesized by copolymerization. Typically, 2.0 g of
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melamine and 0.01 g of FePc-COOH were mixed and poured into a crucible with a cover
and then heated in a mulffle furnace at 520 °C for 4 h. After cooling to room temperature,
the resultant mixture was ground to powder and denoted as gCN-FePc-1, where “1” repre-
sents the FePc-COOH /gCN mass ratio in percentage (the yield of gCN using melamine
as precursor was about 50%). To determine the optimum loading content of FePc-COOH,
other contents (0.5 wt%, 2 wt%, 4 wt%, 8 wt%, and 16 wt%) were controlled by adding
FePc-COOH at different masses, respectively, called gCN-FePc-0.5, gCN-FePc-2, gCN-FePc-
4, gCN-FePc-8, and gCN-FePc-16. For comparison, 1.0 g of gCN and 0.01 g of FePc-COOH
were mixed and marked as “gCN+FePc-1”. The synthesis diagram of photocatalysts is
shown in Scheme 1.

-

520°C, 4 h

CON O HOFe gCN-FePc-
Scheme 1. Schematic diagram of the synthesis of gCN-FePc-X.

2.2. Characterizations

The morphology and element distribution of the samples were obtained on a SU-
8100 field emission scanning electron microscope (SEM, Hitachi, Naka, Japan) equipped
with an energy dispersive X-ray spectrometer (EDS, iXRF, Austin, TX, USA). The trans-
mission electron microscopy (TEM) observation was performed on a JEM-2100 electron
microscope (JEOL, Tokyo, Japan) operating at an accelerating voltage of 200 kV. The lattice
structures of the materials were characterized by powder X-ray diffraction (XRD, DX-2700,
Dadong, China). Fourier transform infrared spectra (FTIR) were recorded on an Avatar
370 spectrophotometer (Thermo Nicolet, Madison, Wisconsin, WI, USA). UV-vis diffuse
reflectance spectra (DRS) and absorption spectra were measured on a UV-vis spectrom-
eter (Shimadzu UV-2450, Suzhou, China). Steady-state photoluminescence (PL) spectra,
where the excitation wavelength was 340 nm, and time-resolved transient PL decay of the
solid photocatalysts, where the emission wavelength was 460 nm, were measured on a
FluoroMax-4 fluorescence spectrometer (Horiba, Piscataway, New Jersey, NJ, USA).

2.3. Photocatalytic Tests

Firstly, the VLD photocatalytic reduction activity of photocatalysts was evaluated
using p-nitrophenol (p-NP) as a model pollutant of NACs. A 300 W Xe lamp equipped
with a 420 nm cutoff filter was employed as light resource. In a detailed reaction procedure,
100 mg of photocatalyst was dispersed into 100 mL p-NP solution (5 mg L~!) containing
0.04 M NpH4 and magnetic stirring was performed. After 30 min of dark adsorption, the
adsorption—desorption equilibrium was established, and xenon lamp was turned on to
start the photocatalytic reaction. A total of 2 mL suspension was sampled every 20 min,
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followed by centrifugation at 12,000 rpm for 5 min and filtration using a 0.22 um membrane
to remove photocatalyst. Then, the resultant clean solution was analyzed by a UV-vis
spectrometer (Shimazu UV-2450). All the experimental data is the average values of three
repeated experiments. In addition, p-NP and its reduced product p-aminophenol (p-AP)
were further analyzed by a high-performance liquid chromatography (HPLC, Shimadzu
LC-20A, Suzhou, China) system equipped with a WondaSil C18 (4.6-200 mm, 5 pm). The
buffer solution was 10 mM KH,POy, the pH of which was adjusted to 2.5 with H3POy, the
volumetric ratio of CH3;OH and KH,PO, was 11:9, and the flow rate was 1.0 mL min~!.
Other NACs, such as o-nitrophenol (0-NP), m-nitrophenol (m-NP), nitrobenzene (NB),
p-chloronitrobenzene (p-CI-NB), p-bromonitrobenzene (p-Br-NB), and p-nitrobenzoic acid
(p-COOH-NB), also were used to evaluate the photocatalytic reduction performance of the
obtained catalysts. The reaction procedures were similar to that of p-NP.

2.4. Electrochemical Measurements

Electrochemical tests were performed on an electrochemical workstation (CHI660E,
Chenhua, Shanghai, China) using 0.5 M Na;SO; solution as the electrolyte solution, Pt foil
as the counter electrode, and Ag/AgCl as the reference electrode. The working electrode
was prepared following the below procedure: A total of 25 mg of photocatalyst was
dispersed in 1 mL of 5 wt% polyvinylidene fluoride (PVDF) solution and then coated on a
3 cm x 1 ecm ITO conductive glass by spin-coating technology. Electrochemical impedance
spectra (EIS) were recorded in the frequency range from 0.1 Hz to 100,000 Hz with a 10 mV
AC voltage. Mott-Schottky plots in the frequencies of 500 Hz, 1,000 Hz, and 1,500 Hz were
obtained.

3. Results and Discussion
3.1. Morphology and Structure

The surface morphologies and microstructures of gCN and gCN-FePc-1 were charac-
terized by SEM and TEM (Figure 1a—d). The SEM images show that there was no obvious
difference in the morphology between gCN and gCN-FePc-1; both have an irregular granu-
lar shape. Additionally, a typically layered structure was observed in their TEM images.
The gCN-FePc-1 is much thinner than the gCN. The curl of thin layer is shaded in a wire-like
dark zone in Figure 1d, which indicates that the Van der Waals force between gCN sheets
could be reduced by introducing FePc into the gCN skeleton, thus leading to the formation
of thin flakes. Additionally, no particles were seen on the sample surface, suggesting FePc
had been successfully doped into skeleton in molecule level. The EDS elemental mapping
of gCN-FePc-1 in Figure S1 shows that the distribution of Fe element was in accordance
with those of C, N, and O elements, which demonstrates that the phthalocyanine chelated
Fe (III) complex was evenly distributed in the gCN framework.

Figure 2a displays XRD patterns of samples. The pattern of the prepared gCN implies
that it demonstrated a good purity without any secondary or impurity phase, and the
two respective peaks centered at 13.3° (100) and 27.6° (002) are attributed to the in-plane
structural packing of tri-s-triazine motifs and repeated inter-planar stacking of conjugated
aromatic systems, respectively [39-41]. After FePc was introduced into the gCN skeleton,
these two diffractions remained in the gCN-FePc-X samples, but the crystallinity gradually
decreased with the increase in the FePc content due to the gradual increase in full width
at half maximum (FWHM). That should be ascribed to the partial destruction of periodic
arrangement of tri-s-triazine units. The pure FePc-COOH exhibited an obvious diffraction
at ~27.4° [32,42]. We can find from the enlarged XRD patterns within the range of 26-29°
(Figure 2b) that the (002) peak of graphite-like structure in gCN-FePc-X samples gradually
shifts to low 26 value with the increase in the FePc content, which potentially originated
from the disturbance of the graphitic structure caused by modifying FePc into the CN
framework, thus enlarging the interlayer distance.
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Figure 1. SEM and TEM images of gCN (a,b) and gCN-FePc-1 (c,d).
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Figure 2. XRD patterns of different samples (a) and the enlarged region of 26-29° (b).

Functional groups on photocatalysts were characterized through FTIR technology,
and the results are illustrated in Figure 3. Broad absorption band at ~3450 cm~! was
related to the stretching vibration of O-H from adsorption water and that at ~3200 cm !
was contributed to the N-H vibration of the terminal amino group on gCN. Compared to
the gCN and FePc-COOH, the change in the relative intensity of such absorption in the
gCN-FePc-1 suggests the well hybridization of gCN and FePc. A series of characteristic
absorption at 1800-1200 cm~! was assigned to the typical stretching vibrations of C-N
heterocycles and at 810 cm ™! to the breathing mode of s-triazine ring [43-45]. The spectrum
of FePc-COOH showed that the strong absorption band at 1604 cm ! corresponded to the
stretching vibration of -COOH group and the C-N heterocyclic ring; the absorption at
1362 cm~! and 1249 cm ™! to the C=C vibrations of aromatic ring and the peaks at 808 cm™!
and 773 cm ! originated from the skeleton vibration of phthalocyanine, respectively [31,42].
These characteristic absorption of FePc were observed in the gCN-FePc-1 sample, implying
the successful formation of hybrid photocatalyst.
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Figure 3. FTIR spectra of different samples.

3.2. Optical Properties

Optical properties of the as-prepared gCN and gCN-FePc-1 samples were examined
using UV-vis DRS technology. As shown in Figure 4a, the strong absorption in the UV
region of gCN-FePc-1 was attributed to band-to-band transition. The gCN demonstrated
an absorption edge of ~460 nm, but with incorporation of FePc, a significant broad ab-
sorption band in visible light region was clearly observed in the spectrum of gCN-FePc-1
sample, which could be induced by the absorptions of B-band and Q-band of FePc, as
well as the ligand-to-metal charge transfer (LMCT) transition [22]. The existence of LMCT
indicates that the FePc had an electron-withdrawing effect, which effectively prevented the
recombination of photogenerated carriers and improved the photocatalytic performance.

d1o b on |G
—_ gCN gCN-FePc-1 gCN 3.92 ns
S 0.8 gCN-FePc-1 | . gCN-FePc-1 267 ns
8 5 5
) & S
: 0.6 s s
w 7]
€04 5 §
3 E =
<02
0-0' ‘
200 300 400 500 600 700 800 400 450 500 550 600 650 25 30 35 40 45 50
Wavelength (nm) Wavelength (nm) Decay time (ns)

Figure 4. UV-vis DRS (a), steady-state PL spectra (b), and time-resolved PL spectra (c) of gCN and
gCN-FePc-1.

The photocatalytic activity of gCN was suppressed due to the high recombination
ratio of photogenerated electron-hole pairs, leading to the generation of strong PL emission
(as seen in Figure 4b). The PL intensity decreased evidently after coupling FePc on gCN,
demonstrating the electron-hole recombination was suppressed in gCN-FePc-1 [46]. The
time-resolved PL spectra of gCN and gCN-FePc-1 also were examined (Figure 4c), and the
fluorescence lifetimes were calculated to be 3.92 ns for gCN and 2.67 ns for gCN-FePc-1.
The decrease in time-resolved PL lifetime indicated a more effective conversion of singlet
exciton in the photocatalyst and charge transfer kinetics [47,48].
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3.3. XPS Analysis

The XPS survey spectrum of gCN-FePc-1 (Figure S2) suggests that the hybrid photo-
catalyst contains C, N, O, and Fe elements. The C 1s spectra (Figure 5a) depict two main
peaks located at the binding energies of 287.5 eV and 284.6 eV, respectively, attributed to
the existence of C element in the aromatic skeleton rings of N=C—(N), and sp? C-C=C
bonds [46,49]. The enhanced relative intensity of the C—C=C motif was ascribed to the
doping of FePc in the hybrid. In addition to these two peaks, an additional peak at 287.2 eV
was observed in the spectrum of gCN-FePc-1 sample and contributed to the -NH-CO-
group that was formed by reacting amino group on melamine with carboxyl group of
FePc-COOH [50]. Figure 5b compares the N 1s spectra of gCN and gCN-FePc-1. The gCN
spectrum was fitted into three signals at 401.2, 399.4 and 398.0 eV, respectively, representing
the N elements in N-H, N—(C); and the conjugated C=N-C unit [51,52]. Similarly, the
additional peak at 400.4 eV in the gCN-FePc-1 sample was ascribed to the N atom of amide
group [53,54]. The O 1s spectrum of gCN-FePc-1 (Figure 5c) contained two peaks. The
absorption at 532.0 eV was similar to the signal of gCN from adsorbed water on surface
and that at 533.1 eV resulted from the O atom of amide group [55]. The Fe 2p spectrum of
gCN-FePc-1 (see Figure 5d) presents two characteristic peaks, where the signal at 725.8 eV
originated from Fe 2pq /5, and the absorption at 711.6 eV was related to Fe 2p;, of trivalent
iron ion [56,57].

o
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& \
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e v/ \ _—
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Intensity (a.u.)
f
(
Intensity (a.u.)

1 1 1 1 1 AT 1 1 1 1 1 1
292 290 288 286 284 282 28 404 402 400 398 396 394
Binding energy (eV) Binding energy (eV)

O1s

Fe 2p

O
o

Intensity (a.u.)
Intensity (a.u.)

536 534 532 530 528 730 725 720 715 710 705
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Figure 5. XPS spectra of gCN and gCN-FePc-1: C 1s (a), N 1s (b), O 1s (c), and Fe 2p (d).

3.4. VLD Photocatalytic Performance for Reduction in NACs

We firstly investigated the photocatalytic activity of photocatalysts for the reduction
in NACs through using p-NP as the model pollutant. As described in Figure S3, aqueous
solution of p-NP showed an absorption peak centered at 316 nm, and the peak shifted to
400 nm in the presence of N;Hy due to the transformation of p-NP to p-nitrophenolate ion
under the acid-base reaction of acidic phenol hydroxyl group and alkaline hydrazine [58].
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With the VLD photocatalysis by gCN-FePc-1, the intensity of absorption at 400 nm de-
creased gradually, while a new absorption at 297 nm indexed to p-AP gradually increased
(see Figure 6a). To further ensure the formation of p-AP as a product of p-NP reduction,
the reaction solution was detected with HPLC (Figure S4). The two peaks were assigned
to p-NP (retention time of 4.46 min) and p-AP (retention time of 2.46 min) in these HPLC
spectra, respectively, which demonstrate that no by-products were produced. In the HPLC
spectrum of reaction solution irradiated for 140 min, the signal disappeared at 4.46 min,
indicating all p-NP had been converted to p-AP. Figure 6b compares the photocatalytic
conversion of p-NP under different photocatalysts. Compared to the gCN, all gCN-FePc-
X catalysts displayed enhanced photocatalytic behavior, among which the gCN-FePc-1
possessed the best photocatalytic activity.

3 i
B
[0}
s}
2 L
2 gCN
‘6 gCN-FePc-0.5
@ gCN-FePc-1
2 —¥—gCN-FePc-2
—4—&—gCN-FePc-4
| —4—gCN-FePc-8
»— gCN-FePc-16
. | . 0.0 | . . ! |
200 300 400 500 600 -40 0 40 80 120
Wavenlength (nm) Irradiation time (min)
F - — —
C 1o =53
0.8 F
< 0.6} 3
Q
© 04t a !
: —&—only p-NP I
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0.2 | —&— with catalyst and N,H,
—w— with light and N,H,
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Figure 6. UV-vis absorption spectra of p-NP solution after photocatalytic reaction by the gCN-FePc-
1 from 0-140 min (a); comparison of photocatalytic performance for p-NP reduction by various
photocatalysts (b); effect of NpHy dosage on photocatalytic reduction activity of p-NP by gCN-FePc-1
(c); photocatalytic reduction performance of p-NP under various experimental conditions (d). The
experimental data in Figure 6 (b—d) are based on three repeated experiments.

Hydrazine acted as an electron and proton donor in this photocatalytic process; there-
fore, its concentration plays an important role. We studied the photocatalytic activity of
gCN-FePc-1 photocatalyst using three NoH, concentrations (0.02 M, 0.04 M, and 0.06 M,
see Figure 6¢). When the concentration increased from 0.02 M to 0.04 M, the p-NP reduction
reaction was accelerated. However, as NpHy concentration further increased to 0.06 M,
the p-NP conversion was drastically suppressed. The reason may be that a low NyHy
concentration is insufficient to quench the photoexcited hole on the valance band (VB)
of photocatalyst, while excessive N,H4 molecules will occupy the photocatalyst surface
to limit the electron transfer from the conduction band (CB) of photocatalyst to the p-NP.
Figure 6d shows the photocatalytic behavior of p-NP reduction under different reaction
conditions. In the absence of one factor among visible light irradiation, photocatalyst and
hydrazine could not drive the reduction in p-NP, demonstrating that these three factors
were vital for such reaction. Meanwhile, no reduced product p-AP signal could be found in
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the HPLC spectra (Figure S5 and Table S1) under the above reaction conditions, further
confirming the above results.

The activity of gCN-FePc-1 for photocatalytic reduction in other NACs to their corre-
sponding amino-aromatic compounds also was investigated, and the conversion is listed
in Table 1. Table 1 shows that NACs substituted by different groups, including o-NP, m-NP,
NB, p-CI-NB, p-Br-NB, and p-COOH-NB, could be converted into their corresponding aro-
matic amines with a high conversion (>95%) by the photocatalytic reaction of gCN-FePc-1
under visible light irradiation.

Table 1. HPLC determined composition of the reaction solutions before and after the gCN-FePc-1
photocatalysis.

Entry Substrate Reduced Product Conversion (%)
NO, NH,
1 o o .
NO, NH,
2 g gl <
HO HO

98

g X
4 ©/2 Q/z 98

99

NO, NH,
7 g} gl 99
HOOC

HOOC

The experimental data in Table 1 are based on three repeated experiments.

Photocatalytic activity of the optimal FePc covalently modified gCN photocatalyst,
gCN-FePc-1, was compared with that of the gCN+PcFe-1 sample prepared by mechanically
mixing gCN and FePc with the same FePc concentration to the gCN-FePc-1 (Figure 7a).
The results showed that the p-NP conversion rate of gCN+FePc-1 was 66% under 140
min VLD photocatalytic condition, which was much higher than that of the pristine gCN;
the p-NP conversion rate was 17% under the same irradiation time. The p-NP conver-
sion of the gCN-FePc-1 photocatalyst was up to 98%, further improving the performance.
Figure 7b shows the fitted curves of photocatalytic data using the first-order kinetic equa-
tion. The figure shows the apparent rate constant (k) of gCN-FePc-1 was 2.0 x 1072 min~!,
18 and 3 times higher than those of the gCN and gCN+FePc-1 samples, respectively, which
suggests that the light absorption and charge transfer and separation could be more effec-
tively promoted by doping FePc into gCN than by mechanically mixing FePc with gCN.
Furthermore, the photocatalytic durability of gCN-FePc-1 was evaluated, as shown in
Figure 7c. In the successive five runs, the gCN-FePc-1 demonstrated similar efficiencies
(95~98%), illustrating its superior reusability. The used photocatalyst was recycled and
measured by XRD technology (Figure 7d). The pattern of the recycled photocatalyst had
similar peaks to that of the fresh gCN-FePc-1, demonstrating its high structural stability.
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Figure 7. Photocatalytic reduction in p-NP over different photocatalysts under visible light irradiation

(a); the corresponding pseudo-first-order kinetic curves and the apparent rate constants (b); cycle
stability test of gCN-FePc-1 (c); XRD patterns (d) of the fresh gCN-FePc-1 and the recycled gCN-FePc-
1. The experimental data in Figure 7 (a—c) are based on three repeated experiments.

3.5. Plausible Photocatalytic Mechanism

Semiconductors with intrinsic bandgap structures are known to possess reliable pho-
toelectric conversion properties. In order to demonstrate the enhanced photoelectric per-
formance after the addition of FePc into CN skeleton, the transient photocurrent response
and EIS were measured. As presented in Figure 8a, the gCN-FePc-1 exhibited much higher
photocurrent intensity than the gCN, indicating that much more photoexcited electron-hole
pairs were generated and separated in the gCN-FePc-1 [24,59]. The EIS spectrum in Fig-
ure 8b shows that the gCN-FePc-1 possessed a smaller arc radius than gCN, representing a
lower resistance and a higher charge transfer ability in the gCN-FePc-1 than the gCN [19,60].
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Figure 8. Transient photocurrent responses (a) and EIS plots (b) of samples.
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To better understand the enhanced photocatalytic performance of gCN-FePc-1, the
band structure was determined (see Figure 9). The flat-band potential (Vj, generally
regarded as the Fermi level, Ef) was determined by the Mott-Schottky (MS) equation [61]:

1 2 ksT
[ (srsoNde) X (V= V= ?) )

where C is the depletion layer capacitance, ¢, is the dielectric constant of semiconductor,
g, is the vacuum permittivity, Ny is the carrier donor density, V is the applied potential,
and kT /e is the temperature-dependent correction term. Both gCN and gCN-FePc-1 are
n-type semiconductors due to their positive slopes (Figure 9a), whose E; values relative to
Ag/AgClare —1.20 V and —1.25V, converted into reversible hydrogen electrode (RHE)
potential by the following the formula [36,62]:
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Figure 9. Mott-Schottky curves (a), Tauc plots (b), XPS VB spectra (c), and band structure (d) of gCN
and gCN-FePc-1.

Among them, the pH of the 0.5 M Na,SO; electrolyte solution is 6.8; therefore, we
calculated the Efof gCN and gCN-FePc-1 to be —0.60 eV and —0.65 eV vs. RHE, respectively.
The bandgap was measured via the Tauc plot (Figure 9b) by converting the DRS data using
the Kubelka—Munk equation:

ahv = k(Eg — ho)"/? (3)
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where « is absorption coefficient, k is a constant, / is Planck constant, v is frequency of
the incident light, E, is bandgap, and 7 is equal to 1 for direct bandgap semiconductor or
4 indirect bandgap semiconductor. Since graphitic carbon nitride is an indirect bandgap
semiconductor, the bandgap values of gCN and gCN-FePc-1 were calculated to be 2.63 eV
and 2.49 eV. The relative potentials between the VB and the Ef obtained by XPS VB spectra
(Figure 9c) were 2.51 eV for gCN and 1.84 eV for gCN-FePc-1. Based on the above results,
the CB/VB values of both gCN and gCN-FePc-1 were calculated to —0.72 eV/1.91 eV
and —1.30 eV /1.19 eV, respectively, and the band structure diagram of the materials is
shown in Figure 9d. By comparison, it is found that the gCN-FePc-1 had a much higher
CB edge potential than the pristine gCN, which means the photogenerated electrons on
the CB of gCN-FePc-1 had much stronger reducibility. In addition, the gap between the
Ef and the CB on the gCN-FePc-1 was larger than that on the gCN, suggesting that the
density of electron cloud on the CN framework could be reduced by modifying FePc with
electron-withdrawing ability.

Based on the above results, we proposed a possible mechanism of gCN-FePc-1 for
photocatalytic reduction in p-NP with hydrazine (Scheme 2). Under visible light illumina-
tion by xenon lamp, electrons on the VB of gCN-FePc-1 were excited and transmitted to its
CB, leaving holes on the VB. The photogenerated electrons were transferred to the FePc
unit due to its electron-withdrawing property. These surface holes with strong oxidative
ability were captured by hydrazine to produce N, and H* [1]. However, the Fe (III) was
reduced to Fe (II) by the photoexcited electron. Subsequently, Fe (II) was oxidized to Fe (III)
by amination of protons produced by hydrazine at the active site of Fe.

gCN-FePc-1—hv__ s e +h*
3N,H,—12M 12 H+3N,
12 Fe (1) —12€" 512 Fe (II)
12 Fe () + 2 p-NP + 12 H———-12 Fe (1ll) + 2 p-AP + 4 H,O

+
LA £ D 3
o had
H+ + {{;!}’{ {{’!,;), p;,g
Fe £ o4 p-AP
NP % 4
1) («" 3 7. € (}
N H :'-(I(‘! & . (f ') {; f) >
B 25 33T, el
R et S e B
{ ‘({" { 3 Ce') ‘) \ 3
rh K ¢ = \ 2
frte r o
T/L-) y s ‘)
e’ 9CN-FePc-1 \)

»A AR
C ©ON O H®oFe

Scheme 2. Possible photocatalytic mechanism for p-NP reduction by the gCN-FePc-1 under visible
light irradiation.

4. Conclusions

In summary, a highly efficient VLD photocatalytic route was developed to reduce and
eliminate NACs using the gCN photocatalyst covalently modified by FePc. Through various
characterization technologies, the improved visible light absorption and the promoted
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charge transfer and separation ability were confirmed. The content of FePc in the hybrid
was optimized. The results indicate that the gCN-FePc-1 demonstrates the best activity.
The photocatalytic reduction rate of p-NP is 18 and 3 times higher than those of the pristine
gCN and the mechanically mixed gCN+FePc-1, respectively. Moreover, the gCN-FePc-1 has
good photocatalytic reusability and superb reducing activity to other NACs. In addition,
such efficient separation and strong redox property of the photogenerated charge carriers
imply that gCN-FePc-1 is potentially applicable to other organic synthesis and pollution
control.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal12070752/s1. Synthesis of carboxyl functionalized FePc;
Figure S1: EDS element mapping of gCN-FePc-1; Figure S2: The XPS survey spectrum of gCN-FePc-1;
Figure S3: UV-vis absorption spectra of p-NP solution before and after adding NpHy; Figure S4: The
liquid chromatograms of p-NP solution after photocatalytic reaction, the initial p-NP solution and
the p-AP standard solution; Figure S5: The liquid chromatograms of p-NP solutions before and after
different treatments; Table S1: The composition of p-NP solutions before and after different conditions
analyzed by HPLC.
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