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ty and Ins
A B S T R A C T

To achieve an efficient photocatalytic for clean energy production and environmental remediation, the
highly active Fe-doped and terephthalaldehyde-modified carbon nitride (Fe-CN/NTE) isotypic hetero-
junction photocatalyst is constructed via a simple annealing method for degradation of organic
pollutantswith simultaneous resource recovery. The Fe-CN/NTE catalyst exhibits a 93% removal rate of p-
nitrophenol (4-NP) and a 1.72mmol/g H2 evolution rate in 2 h simultaneously under visible light
irradiation, which are higher than those of pristine CN, Fe-CN, and NTE, respectively. Photo-
electrochemical tests show that the excellent photocatalytic performance of Fe-CN/NTE comes from
the improved migration, transportation, and separation of photoinduced charge carriers and expanded
light-harvesting range. Moreover, hydroxyl radical (

�
OH), electron (e�), and hole (h+) are the main active

species and the rational mechanism of 4-NP photodegradation was proposed based on scavenger
measurements and liquid chromatography-mass spectrometry (LC–MS), respectively. Isotypic hetero-
junction Fe-CN/NTE photocatalyst possesses excellent stability in the H2 evolution and 4-NP degradation
during five-run cycle tests, posing as a promising candidate in practical works for organic pollution and
energy challenges.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
To date, environmental pollution and the energy crisis have
become two major challenges [1–3]. Especially, water pollution
caused by aromatics, hormones, and pesticides has attracted
extensive attention since they are hardly degraded and possess
high-toxicity [4–6]. Photocatalytic technology was considered a
promising method to simultaneously tackle the above two issues
because it consists of photocatalytic oxidation and reduction
reactions [7–9]. Studies found that some organic pollutants can be
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degraded by photogenerated holes (h+) or free radicals (hydroxyl
radicals and superoxide anions) generated from solar energy
conversion over photocatalysts, while CO2 reduction or H2

evolution from water splitting can be achieved using photo-
generated electrons (e�) [10–13]. However, if photocatalytic
degradation of organic pollutants with simultaneous H2 evolution
would be fulfilled in a photocatalytic system, and the photocatalyst
should possess suitable potentials of valance band (VB) and
conduction band (CB) [14–16]. Therefore, it is urgent to develop
photocatalytic systems suitable for simultaneous photocatalytic
degradation of organic pollutants and H2 evolution.

Graphitic carbon nitride (CN) has attracted extensive attention
because of simple synthesis methods, widespread precursors, well
visible light absorption, and metal-free [17–20]. However, the
traditional thermal-induce polymerization of N-containing
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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precursors typically formed amelon-based structure, which shows
the relatively low photocatalytic efficiency due to a high
recombination probability of photoexcited charge carriers [21–
23]. To resolve these shortcomings, various strategies such asmetal
(Li, Na, and Fe) [24–26] or non-metallic (B, S, and P) [27–29]
doping, organic co-monomers grafting [30,31], heterogeneous
structures constructing [32–34], which could extend light absorp-
tion range, accelerate photogenerated charge migration and
reduce charge recombination. Nevertheless, the extraneous
materials usually exhibit clear differences between CN in
physicochemical properties, which would greatly influence the
compatibility, homogeneity, and stability of the resultant hetero-
junctions and also weaken the inherent advantages of CN [35–38].
Therefore, it is appealing to develop a CN-based isotypic
heterojunction for the degradation of organic pollutants with
simultaneous H2 production.

Fe-doped CN had been proven to be an attractive method for
eliminating high poisonous and stubborn organic pollution due to
the adjustment of band structure and further enhance the light
absorption of CN [39–41]. Also, terephthalaldehyde-modified CN
was studied to vastly enhance photocatalytic H2 evolution from
water-splitting could be assigned to well boost photogenerated e�

transmission and higher charge separation, and reduced recombi-
nation of photogenerated electrons-holes into a p-conjugated
polymeric network of CN [42]. To make these advantages, we are
inspired to construct Fe-doped CN/terephthalaldehyde-modified
CN composite with enhanced photocatalytic degradation and
simultaneous H2 production by integrating the functions of Fe
doping and terephthalaldehyde modifying.

Herein, a new isotypic heterostructured photocatalyst con-
sisted of Fe-doped CN (Fe-CN) and terephthalaldehyde-modified
CN (Fe-CN/NTE) was prepared to fulfill photodegradation of
p-nitrophenol (4-NP) with simultaneous photocatalytic H2 gener-
ation. Furthermore, the relationship between photocatalytic
degradation of 4-NP and the photocatalytic H2 production was
systematically investigated over these photocatalysts. As a result,
the as-synthesized Fe-CN/NTE isotypic heterojunctions show
superior photocatalytic degradation of 4-NP and simultaneous
photocatalytic activity of H2 evolution, and higher stability under
visible light irradiation than that of pristine Fe-CN and NTE.
[(Fig._1)TD$FIG]

Fig. 1. (a) XRD patterns of the as-prepared CN, NTE, Fe-CN, and Fe-CN/NTE, and (b)
enlarged profile of the (002) peak. (c) FTIR spectra of the as-prepared CN, NTE, Fe-
CN, and Fe-CN/NTE and (d) enlarged profile of FTIR spectra in the range of 1260–
1540 cm�1 of the as-prepared CN, NTE, and Fe-CN/NTE.

2783
Overall, this work not only elaborates on the synergistic photo-
catalytic mechanism which the effects of 4-NP and the rate of
photocatalytic H2 production, but also provides a new approach to
achieve the goal of effective treatment of organic pollutants with
simultaneous H2 production.

The crystal construct of as-prepared catalysts was analyzed by
XRD. As presented in Fig. 1a, there are two characteristic peaks
located at around 12.9� and 27.6� of Fe-CN and NTE, corresponding
to (100) and (002) planes, respectively, which indicates that the
aldehydes grafting and Fe doping had no obvious effect on the
texture of CN. However, the (002) peak of Fe-CN has a slight left
shift compare to CN (Fig.1b), disclosing that Fe doping can increase
the layer spacing of CN, which was possibly originated from Fe
locates between the adjacent layers of CN. Thus, the Fe atoms serve
as an effective channel and accelerate charge transfer between
layers.

As shown in (Figs.1c and d), the as-synthesized catalysts exhibit
the characteristic FTIR vibrations peaks of CN at 810, 1244, 1324,
1458, and 1632 cm�1, which is assigning to the skeletal vibrations
of tri-s-triazine ring (C6N7) units of CN. And the peak at 1410 cm�1

associated with the stretching vibrations of the s-triazine ring
(C3N3) units. Compare with CN, a weak characteristic peak of the
C¼C at 1506 cm�1 can be observed in the FTIR spectrum of NTE,
demonstrating that aromatic rings were successfully grafted onto
the CN networks. Expectantly, the FTIR spectrum of Fe-CN/NTE
shows two characteristic peaks at 1506 and 1365 cm�1, which are
attributed to aromatic ring carbon and s-triazine stretching
vibration, respectively. Based on these results, the isotypic
heterojunction Fe-CN/NTE have been fabricated successfully.

The chemical structure of the as-synthesized catalysts was
further investigated by NMR and XPS. As shown in Fig. 2a, the 13C
spectra of the CN and NTE show two resonance peaks at
d1 = 164.9 ppm and d2 = 156.7 ppm, which can be ascribed to the
C atoms in CN2 and CN3 groups in C3N3, respectively. Besides, the
chemical shift at 131.6 ppm is assigned to phenyl carbons in the
NTE, indicating the benzene rings successfully modified CN. The
remaining peak at 162.9 ppm can be assigned to amine carbon to
link C3N3 and benzene rings. These results confirm terephtha-
laldehyde was successfully grafted on the CN. The XPS C 1s spectra
of CN, NTE, Fe-CN, and Fe-CN/NTE (Fig. 2b) reveals three peaks
centered at 284.6, 285.2, and 288.2 eV, which are assigned to C��C/
C¼C, C��N��Hx, and N��C¼N in the C3N3, respectively. In
[(Fig._2)TD$FIG]

Fig. 2. (a) Solid-state MAS-13C NMR spectra of the CN and NTE. (b) XPS for C 1s
spectrum and (c) N 1s spectrum of the CN, NTE, Fe-CN, and Fe-CN/NTE. (d) Fe 2p
high-resolution XPS spectra of the Fe-CN and Fe-CN/NTE.
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comparison with CN, the peak intensity of NTE at 284.9 eV
increases from 14.4% to 25.4%, suggesting that aromatic rings have
been successfully introduced into the framework of CN, which is
also supported by the FTIR analysis. Besides, the N 1s spectrum of
CN is also confirmed by three peaks at 398.7, 399.7, and 401.1 eV,
which are identified as C–N=C, N–(C)3, and N–Hx groups in the
heptazine framework, respectively. And these peaks of C 1s and
N 1s spectra for Fe-CN shift to higher binding energy than CN,
which is attributed to the chemical state of hybridized aromatic N
changed after Fe doping. Since the lone-pair electrons in the
nitrogen pots of CN occupied the free orbital of the central Fe form
Fe–N moieties, resulting in lower electron density as well as the
higher binding energy of N atom (Fig. 2c). And the N 1s featured
peaks originated from amino function (C��N��H) of the hetero-
structure Fe-CN/NTE is located between NTE and Fe-CN in Fig. 2c,
indicating a strong chemical interaction between the two
components. Moreover, the valent state of the central Fe was also
described in Fig. 2d, two obvious peaks of Fe-CN at 724.2 and
711.4 eV belong to Fe 2p1/2 and Fe 2p3/2, respectively. The binding
energy of Fe 2p3/2 is higher than that of Fe-CN, demonstrating that
Fe(III) was successfully coordinated with the N atom to form
Fe(III)–Nmoieties [43]. These aforesaid results have confirmed the
existence of NTE and Fe-CN in the Fe-CN/NTE isotypic hetero-
junction.

As depicted in Fig. 3a, the Fe-CN/NTE shows better visible light
absorption compared with the CN, NTE, and Fe-CN. And the
photocurrent intensities of the as-prepared samples (Fig. 3b) show
the order of CN< Fe-CN<NTE< Fe-CN/NTE, indicating that the Fe-
CN/NTE possesses the best efficiency in term of separation rate of
photo-generated e� and h+ among the as-synthesized samples.
Fig. 3c displays photoluminescence (PL) spectra of the CN, NTE, Fe-
CN, and Fe-CN/NTE samples measured at an excitationwavelength
of 315 nm. Among these catalysts, the Fe-CN and NTE exhibit a
lower PL intensity than that of CN, indicating that Fe doping and
terephthalaldehyde grafting are favorable for inhibiting the
recombination of photogenerated e� and h+. Expectantly, the
intensity of Fe-CN/NTE becomes weaker after the successfully
composite of Fe-CN and NTE, which reveals that the isotypic
heterojunction Fe-CN/NTE presents the most separation efficient
of photogenerated e� and h+. Electrochemical impedance spectra
were recorded to investigate the electrochemical properties of the
samples. As shown in Fig. 3d, the Fe-CN/NTE shows the smallest
resistance among the as-prepared catalysts, indicating that the
[(Fig._3)TD$FIG]

Fig. 3. (a) UV–vis absorption spectra, (b) transient photocurrent spectra, (c) PL
spectra, and (d) electrochemical impedance spectra of the as-prepared catalysts.
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best efficient charge separation occurred in the Fe-CN/NTE. And
Fig. S2 (Supporting information) depicts a clear dividing line
between Fe-CN and NTE. The above results confirm that the
formation of Fe-CN/NTE can effectively promote light absorption
and separation of photo-generated e� and h+, and further improve
the photocatalytic performance.

To enhance photocatalytic activities with an H2 evolution and
photocatalytic degradation of the organic pollutants over the CN,
we try to combine NTE with Fe-CN to construct the heterojunction
of Fe-CN/NTE. And as shown in Fig. S3 (Supporting information),
the 30%Fe-CN/NTE shows the highest photocatalytic activities.
Additionally, the photocatalytic performance of degradation of 4-
NP combine with H2 evolution under visible light irradiation over
the as-prepared catalysts was shown in Fig. 4a. The CN expresses
only photocatalytic activity with an H2 evolution rate of
0.179mmol g�1 h�1 and 4-NP removal rate of 3.2% after 2 h
photocatalytic reaction. Moreover, the Fe-CN and NTE showed
higher photodegradation rate of 4-NP and H2 evolution rate than
that of CN, indicating that Fe doping achieves a better visible light
response, and terephthalaldehydemodifying get desired electronic
structures into the p-conjugated polymeric network of CN, and
extend the delocalization of p electrons to change the intrinsic
properties. Benefiting from these advantages, the Fe-CN/NTE
shows the highest photocatalytic activities with a 93% removal
rate of 4-NP and H2 evolution rate of 0.86mmol g�1 h�1 in 2 h.
Besides, the influence of different initial concentrations of 4-NP
was also studied. As shown in Fig. 4b, the H2 evolution rate and the
removal rate of 4-NP also enhances as a gradual increase of initial
concentration of 4-NP, implying that more 4-NP molecules could
be absorbed on the surface of the Fe-CN/NTE at a higher initial
concentration of 4-NP, which is beneficial for photocatalytic
degradation along with more used by the derived intermediates
give rise to a lower photocatalytic H2 evolution rate. As shown in
Fig. 4c, the H2 evolution rate slightly increased with prolonged
reaction time are attributed to both catalyst activation and
platinum deposition take a certain time of Fe-CN/NTE, whereas
the photocatalytic removal rate of 4-NP only had a little decrease
after five cycles, suggesting that the Fe-CN/NTE can be efficiently
recycled.

The active radical species during a photocatalytic reaction, such
as

�
OH, e�, and h+ were detected by tert-butyl alcohol (t-BuOH),
Fig. 4. (a) The combination of degradation of 4-NP with hydrogen evolution under
visible light irradiation over the as-prepared catalysts. (b) Simultaneous photo-
degradation of organic pollutants coupled with hydrogen evolution by using the
30%Fe-CN/NTE at a different initial concentration of 4-NP. (c) Cycling test in the
closed gas system over the 30%Fe-CN/NTE under visible light. (d) The removal
efficiency of 4-NP over the Fe-CN/NTE after the addition of different scavengers for a
2 h reaction.
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Scheme 1. Possible photocatalyticmechanism of degradation of 4-NP coupledwith
simultaneous photocatalytic H2 evolution over the Fe-CN/NTE under visible light
irradiation.
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potassium persulfate (K2S2O8), and ethylenediaminetetraacetic
acid (EDTA-Na2), respectively. As shown in Fig. 4d, the photo-
catalytic degradation efficiency of 4-NP was significantly inhibited
when the t-BuOH and EDTA-Na2 were added, indicating that the
�
OH and h+ are the main active species in the photocatalytic
degradation of the 4-NP process. Moreover, the TA-PL technique
was used to confirm the amount of

�
OH radicals during photo-

catalysis [44,45]. The maximum absorption peak (Fig. S4 in
Supporting information) is gradually strengthening along with
increase the irradiation time, suggesting that the Fe-CN/NTE
catalyst produces

�
OHduring a photocatalytic reaction. Besides, the

photodegradation efficiency of 4-NP was also obviously restrained
with adding K2S2O8, which- implied that photogenerated e� also
had a promoting effect on the degradation of 4-NP in agreement
with the experimental results of effect on the different initial
concentration of 4-NP on H2 production. Namely, in part of
photogenerated e� are used to produce

�
OH for photodegradation

of 4-NP, whereas remaining photogenerated e� are utilized for
hydrogen production.

Besides, to further elucidate the photocatalytic mechanism, the
generated intermediates and final products during the photo-
degradation of 4-NP were detected by LC�MS. As shown in Fig. S5
(Supporting information), the characteristic signal peak of 4-NP
can be assigned to theMS fragmentation pattern atm/z 138. During
the process of photocatalytic degradation of 4-NP, the characteris-
tic pattern at m/z 138 had significantly decreased, and some
intermediates at m/z 74, 96, 104, 108, 116, 128, and 144 were
observed. The results indicate that the degradation mechanism of
4-NP is hydroxylation and demethylation reactions. Then, these
intermediates were further mineralized by

�
OH or e� to form CO2

andH2O. According to the above analyses, the possible degradation
pathways of 4-NP was proposed in Fig. 5. For the first path, the
hydroxyl group (�OH) favors the electrophilic attack of

�
OH on the

ortho and para-positions connecting with a crack of hydrogen
bondings in the benzene ring. Afterward, it generated hydroqui-
none or catechol, which were determined by the characteristic
patterns at m/z 108 and 110, respectively. Furthermore, the

�
OH

radicals attack the aromatic ring to generate some intermediates
(m/z 72, 76104,118, and 144) and are ultimatelymineralized to CO2

and H2O. For the second path of 4-NP degradation, a successive
electrophilic attack of

�
OH on hydroquinone forms hydroxyquinol

(m/z 128), whichwould be transformed into 5-hydroxycyclohex-2-
ene-1,4-dione (m/z 116) after accepting e�. Afterward, the
intermediates ring-open to generate some carboxylic acids
(fumaric acid and oxalic acids confirmed by the characteristic
patterns atm/z 116 and 104), and eventually aremineralized to CO2

and H2O via
�
OH. The above results confirm that e� the competition

would occur between the 4-NP photodegradation and photo-
catalytic production of H2. Therefore, the photogenerated e� are
not all acted on photocatalytic H2 production, resulting in a
decrease of photocatalytic efficiency of H2 production.
[(Fig._5)TD$FIG]

Fig. 5. Proposed degradation mechanisms of 4-NP by the Fe-CN/NTE photocatalyst
under visible light irradiation.
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According to the Mott�Schottky plots of NTE and Fe-CN, the CB
potentials of NTE and Fe-CN are obtained as �0.56 and �0.41 V vs.
NHE, respectively (Fig. S6 in Supporting information). Combined
with the optical bandgap of NTE and Fe-CN, the VB potentials of
NTE and Fe-CN are calculated as 2.17 V and 2.27 V, respectively,
which are more positive than that of

�
OH/OH� (1.99 V vs. NHE).

Hence, h+ on the VB of NTE can reactwith OH� in solution to obtain
�
OH. Also, the oxidation potentials of 4-NP are 0.94 V [15,16], which
is smaller than the VBs of the NTE and Fe-CN. Thus, 4-NP can be
directly oxidized by the photogenerated h+ on the VB of NTE, which
is consistent with the above results of the scavenger test and
photocatalytic performance experiment. As shown in Scheme 1,
when the Fe-CN/NTE catalyst was illuminated under visible light
radiation, Fe-CN and NTE can absorb light to generate e� and h+.
Then, the e� on the CB of NTE transfers to the CB of Fe-CN, and
further react with water molecular or hydrogen proton on the
surface of photo deposited Pt to form H2. For the photodegradation
of 4-NP, a small amount of e� will be used for the degradation of
intermediates of 4-NP, therefore the photocatalytic rate of H2

evolution over Fe-CN/NTE in the 4-NP solution is lower than that in
the purewater solution. Hence, the h+ on the VB of NTE transfers to
the VB of Fe-CN, and then gradually decompose 4-NP to CO2 and
H2O. Moreover, 4-NP can also be mineralized by

�
OH generated

from OH� oxidation via h+.
In this work, Fe-CN/NTE composite catalysts have been

successfully designed and prepared by combining Fe-CN and
NTE via a simple annealing method. Systematic characterizations
were done to successfully verify the Fe-CN/NTE heterostructured
composite. Among the as-prepared catalysts, the Fe-CN/NTE
catalyst exhibits the best efficiency of 4-NP degradation rate
under visible light irradiation and synergistically photocatalytic H2

evolution rate fromwater splitting, which are mainly attributed to
the perfectly enhance light-harvesting, and improve separation of
photoinduced charge carriers. Also, the present work systemati-
cally clarifies the concentration effect of 4-NP on the photocatalytic
rate of H2 evolution, then 4-NP and their intermediate products are
also mineralized via h+, e�, and

�
OH. A reasonable mechanism was

presented to explain the enhancement of photocatalytic degrada-
tion 4-NP and simultaneous H2 evolution over the Fe-CN/NTE
catalyst.
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