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ABSTRACT

Polymeric carbon nitride materials show intriguing prospects in numerous light-to-energy conversion
applications, but seldom studies focus on their triplet energy transfer, leading to the insufficient lifetime
for the photochemical process. Inspired by the porphyrin molecular photocatalyst, single-atom sites (Fe-
Ny4) as triplet sensitizing sites were fabricated in g-CsN, for the preparation of Fe-g-C3N4, which processes
a long-lived triplet emissive state (tpy = 4.93 ps). But under realistic condition for the large-scale produc-
tion of catalyst, single atoms are inevitable to sinter, resulting in the formation of other metal species.
Therefore, the photooxidation of 1,5-dihydroxynaphthalene (1,5-DHN) and the photocatalytic E-Z
Isomerization of stilbene were selected as the model reactions to evaluate the influence of various Fe spe-
cies on the triplet energy transfer. It was found that Fe-N, sites promote the triplet energy transfer pro-
cess, while Fe nanoclusters (Fe®) promote the electron transfer and inhibit triplet energy transfer. This
finding provides guidance for the rational design of photocatalysts to efficiently improve triplet energy

transfer process and its application.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Polymeric carbon nitride materials, as versatile and reliable
heterogeneous photocatalysts, show intriguing prospects in water
splitting [1-5], CO, reduction [6,7], and recent synthesis of the
value-added organic compounds [8-13]. The overwhelming major-
ity of arguments focus on photogenerated electron regulation for
the improvement of photocatalytic performances [ 13-16].Whereas
the energy transfer, especially for the long-lived triplet energy
transfer process and its relationship with electron transfer, have
seldom been explored. Actually, triplet excitons can afford unique
electron distribution and enough lifetime for the rich photochem-
ical and photophysical process.

Intersystem crossing process (ISC) is an essential step for the
triplet energy transfer, and it strongly needs the assistant of triplet
sensitizing sites, which have been deeply studied in numerous
molecular photocatalysts such as heavy atom site [17-20] (e.g. Pt
(I, Ir(Il1) and Ru(Il) complexes, lodine complex), transition
metal-nitrogen coordination sites (M—Ny, e.g. M = Fe, Zn, Ni) in
porphyrin [21,22] and aromatic ketone site [23] et al. Although
molecular photocatalyst is expensive and difficult reuse, its exact
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triplet sensitizing site provides inspiration for the fabrication of
heterogeneous photocatalysts.

Similar to molecular photocatalysts, single-atom photocatalysts
(SACs), in which isolated metal atoms are atomically located on the
suitable supports, provide the ideal strategy to create highly effi-
cient catalysts at molecular level [24-26]. For polymeric carbon
nitride, it processes rich nitrogen source and provides abundant
N coordination site for metal ions, which is beneficial for the for-
mation of M—Ny triplet sensitizing site [27]. Under realistic reac-
tion condition for the large-scale SACs production, there is a
significant challenge, that is single atoms are inevitable to shift
and easy sinter, resulting in a few other metal species (e.g. Fe®)
in SACs. The nature of metal sites responsible for the triplet energy
transfer activity in M—Ny SACs still remains elusive to date.

Herein, the model photocatalyst with single-atom Fe-N, site
embedded in g-CsN, (Fe-g-CsN4) was designed and prepared
through one-step pyrolysis of FeCl; and dicyandiamide, which pro-
vides an economic method for heterogeneous triplet photocatalyst.
Other metal species in photocatalysts were finely tuned through
the ratio of FeCl; and dicyandiamide under the same pyrolysis
temperature. In terms of singlet oxygen ('0,) generally generated
through triplet energy transfer, it is one of the most important
reactive oxygen species (ROS) with the promise in the selective
organic synthesis [28-30]. Associated with the quenching, acid
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bleaching and optical tests, the photocatalytic oxidation of 1,5-
dihydroxynaphthalene (1,5-DHN) were used to evaluate the influ-
ence of metal species on the triplet energy transfer ability and its
competing relationship with the electron transfer. The E-Z isomer-
ization reaction of stilbene (higher triplet energy level than '0,)
provides further proof for the universality of the photosensitizer.
This work would provide guidance for the rational design of
heterogeneous photocatalysts with triplet state properties and
their applications.

2. Materials and methods
2.1. Materials

Dicyandiamide and anhydrous ferric chloride were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. 1,5-
Dihydroxynaphthalene (98%) was purchased from Sinopharm
Chem. Reagent Co. (Beijing, China). All reagents were used without
further purification.

2.2. Synthesis of C3N4 and Fe-g-C3N,

g-C3N4 and Fe-g-C3N, single-atom photocatalysts were pre-
pared by calcining precursors (only dicyandiamide for g-CsN,4, mix-
ture of FeCls and dicyandiamide for Fe-g-C3N4) at 550 ‘C with a
ramp rate of 2 ‘Cmin~! for 4 h under N, flow (for more details,
see the Supporting Information).

2.3. Density functional theory calculations

To study the structure of Fe single atom site embedded in g-
C3Ny, theoretical studies were performed by DFT calculations. On
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the basis of experimental analysis, possible models of g-C3Ng,
FeTPP and Fe-g-C3N4-10 are established by use of Gaussian09.
The ground-state geometries of the models were optimized by
DFT methods with B3LYP/3-21G basis set.

2.4. Photocatalytic of '0, generation test

15.0 mg of photocatalyst was added to a 50 mL round-bottom
flask containing 20 mL of acetonitrile/water = 5:1 mixed solution,
and stirred to make it evenly dispersed. 200 pL of 1,5-DHN (c = 1
x 1072 M) was added into the add round-bottom flask. After stir-
ring for 30 min under dark conditions to achieve adsorption-des-
orption equilibrium, the reaction solution was irradiated with an
LED lamp (white light) with a power of 10 W and a light intensity
of 120 W-m~2 and stirred continuously. Samples were taken every
15 min for testing. The substrate can be clearly observed through
the ultraviolet-visible spectrum (1,5-DHN) the absorption peak
at 300 nm gradually decreases, and the absorption peak of the pro-
duct (juglone) at 425 nm continuously increases.

The yield of juglone was calculated using following equation:
Yie1d=100><Ai[/uglane)/Snglnne) « 100%

Clnitial(l.S—DHN)
Ai(ugloney TEpPresents the ultraviolet absorbance of juglone;
€(uglone) TEPresents the molar extinction coefficient of juglone
(e =3567 M~lem™1);
Cinitial(1,5-pHN) T€Presents concentration of 1,5-DHN

2.5. Photocatalytic E-Z Isomerization of Stilbene

The reaction was conducted with 0.2 mmol of trans-stilbene
(36 mg), 15 mg photocatalyst, in 2 mL DMF at room temperature
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Fig. 1. (a) AC-HAADF-STEM image of Fe-g-C5N4-10. The bright dots marked with the red circle indicate the single atom. (b-c) HAADF-STEM image as well as the
corresponding EELS mappings of Fe-g-C3N,-10. (d) K-edge XANES spectra of Fe-g-C3N4-10, Fe foil, Fe,05 and FeTPP. (e) Fourier transforms of the k>-weighted K-edge EXAFS
spectra of Fe-g-C5N4-10, Fe foil, Fe,03 and FeTPP. (f) FT-EXAFS curve fitting of Fe-g-C3N4-10 at R space (The inset is Fe-g-C3N4-10 model optimized by DFT theory calculation).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) The PF spectra and (b) Time-resolved PF kinetics (Aex = 375 nm). (c) The PH spectra of Fe-g-C3N4-10 in N5 and Air. The inset is its normalized steady-state PF and PH

spectra. (d) Time-resolved PH kinetics (Aex = 375 nm).

under white LED radiation (20 W, 100 W-m2) for 48 h.
1,3,5-Trimethylbenzene as an internal standard substance based
on 'H NMR analysis.

3. Results and discussion
3.1. Characterization of Fe-g-CsN,

Metal ions, such as FeCls, can chelate with N atom of dicyandi-
amide forming metal coordination complex, which provide excel-
lent precursor for the fabrication of single-atom Fe-Ny sites.
Through one-step pyrolysis, the Fe doped graphitic carbon nitride
was prepared with various ratios of FeCl; and dicyandiamide,
denoted as Fe-g-C3N4-M (M = 1, 5, 10, 15, 20, represent the mass
ratio of FeCls3). None metal doped graphitic carbon nitride (g-
C3N4) was also prepared for comparison. Among these samples,
Fe-g-C3N4-10 shows the best photocatalytic performance, which
were studied in detail.

The scanning electron microscope (SEM) of Fe doped graphitic
carbon nitride show block-like structures stacked by lamellar, sim-
ilar to that of g-C3N4 (Fig.S1 and S2). As increasing the Fe amount,
the UV-vis absorption edge of these Fe doped g-CsN, show signif-
icant red shift, which improves the absorption ability of visible
light (Fig.S3). For Fe-g-C3N4-10, the Fe content is 2.95 wt% detected
by the Inductively coupled plasma optical emission spectrometry
(ICP-OES) (Table S1). The pore size of Fe-g-C3N4-10 is mainly dis-
tributed around 30 nm, and its surface area slightly reduce to
3.69 m%.g~! when compared with g-C3N, (Fig.54). The individual
Fe sites appeared as high-density bright dots in the aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM) image (Fig. 1a), and there
are no Fe nanoclusters or nanoparticles are observed (Fig.S5), indi-
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cating that the single-site dispersion of Fe atoms on the carbon
support. In addition, the electron energy loss spectroscopy (EELS)
elemental mapping reveals that C, N, O and Fe are uniform dis-
tributed (Fig. 1b and 1c). As the iron ratio increases to 15%, there
are shadows appearing in HRTEM of Fe-g-C3N4-15, and the lattice
fringe spacing of 0.204 nm corresponds to the 110 crystal plane
of the Fe nanocluster (Fe®) (Fig.S6), indicating that more Fe ratio
results in the Fe® species formation.

In the powder X-ray diffraction (XRD) of the Fe-g-C3Ny, the peak
at 27.5° can be attributed to 002 crystal planes of g-C3N4, and there
is little shift at this position as increasing the Fe mass ratio to 20%
(Fig.S7). It means that the interlayer distance doesn’t change. In
other words, Fe dopants may be located in the six-fold of g-C3Ny4
rather than the interlayer space [31,32]. The peak observed at
13.1° indexed as the 100 plane corresponds to the in-plane struc-
tural packing motif of tristriazine units. X-ray photoelectron spec-
troscopy (XPS) was carried out to further reveal the chemical
composition and states of Fe dopants. For the XPS spectra of N 1s
from g-C3N4, it can be decomposed into four peaks, those are
located at 398.5 eV, 399.8 eV, 401.2 eV and 404.3 eV. They can
be ascribed to N atoms of C — N = C, tertiary nitrogen N — Cs, C-
N — H groups, and m-excitations from low to high energy, respec-
tively [33-35]. As shown in Fig.S9, all these peaks show positive
shift after doping with Fe, especially for the N atoms of C-N = C
with larger positive shift (0.3 eV), similar results can also be
observed for the C 1s. It further indicates that Fe dopant is in the
six-fold cavity containing C and N atoms, and coordinate with
the N atoms of C-N = C (pyridine N).

The X-ray absorption spectroscopy at Fe K-edge was performed
to further determine the valance states and coordination environ-
ment of Fe species on the atomic scale. Fig. 1d shows the Fe K-edge
X-ray absorption near-structure (XANES) of Fe-g-C3N4-10, Fe foil,
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Fig. 3. (a) Reaction mechanism diagram for photooxidation of 1,5-DHN. (b) UV - vis absorption spectral changes for photooxidation of 1,5-DHN (1.0 x 10~2 M) in acetonitrile/
water = 5/1 (v/v), m (Fe-g-C5N4-10) = 15 mg. (c) Changes in the yield of juglone from 1,5-DHN catalyzed by Fe-g-C3N4-M over time. (d) Stability of Fe-g-C3N4-10

photooxidation of 1,5-DHN.

Fe,05 and FeTPP. The XANES spectrum of Fe-g-C3N4-10 is between
Fe foil and FeTPP, indicating the existence of the Fe oxidized state
(Fe®*, 0 < § < 2). Only a peak around 1.6 A is observed, but no peaks
are around 2.1 A associated with the Fe-Fe and 2.6 A associated
with the Fe-0 in the k3-weighted Fourier transforms of Fe K-edge
from extended X-ray absorption fine structure (FT-EXAFS) (Fig.1e).
The similarity further suggests the atomic dispersion of Fe sites in
the Fe-g-C3N4-10 without Fe? species. The scattering peak around
1.6 A is very similar to FeTPP containing Fe-N,, which shows that
Fe is primarily coordinated with 4 N atoms. The corresponding fit-
ted R-space curve in Fig. 1f further shows that the coordination
number of the Fe species within the Fe-g-C3N4-10 is 4.1 and the
bond length is 2.11 A. The detailed fitting parameters of the Fe-
g-C3N4-10 and the reference sample (Fe foil) can be found in
Table S2. According to the above results, the g-C3N4, FeTPP and
Fe-g-C3N4-10 molecular models are optimized using density func-
tional theory (DFT) calculations, and isolated Fe atom can coordi-
nate with the N atoms and stably exist in the six-fold cavity of g-
C3Ny4 (Fig. 1f and Fig.S13).

The photoluminescence of g-CsN, and Fe-g-C3N4-10 were
tested, including steady-state and time-resolved prompt fluores-
cence (PF) and phosphorescence (PH). g-C3N4 has a fluorescent
peak at 460 nm, which is caused by the m-n* transition in g-C3N,4
[36]. But the incorporation of Fe greatly quenches the PF intensity
of the fluorescence emission (Fig. 2a). The average PF lifetime of g-
C3N4 is 4.76 ns, while that of Fe-g-C3Ny is only 2.92 ns (Fig. 2b). The
roughly decrease of the average PF lifetime may relate to the accel-
eration of the nonradiative ISC process in Fe-g-C3N4-10. For the
emission of Fe-g-C3N4-10 at 525 nm (Fig. 2c, the inset shows the
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normalized PF and PH emission spectra), it is sensitive to O,, and
its lifetime prolongs to 4.93 ps (Fig. 2c and 2d). It indicates that this
emission can be attributed to PH. PH generally exhibits a much
longer lifetime than PF. The observation of pH clearly suggests
the existence of triplet excitons in this system. The above discus-
sions reveal that single atom Fe-N, site in Fe-g-C3N4-10 can
enhance triplet exciton generation.

3.2. Photocatalytic oxidation of 1,5-DHN and its mechanism

Although molecular oxygen (O,) is a green and abundant oxi-
dant, it hardly oxidizes most organics under mild conditions due
to the spin forbidden [37]. Through triplet energy transfer to sen-
sitize O, into '0,, it is a green way to photocatalytic oxidation of
1,5-DHN for the preparation of juglone with hemostatic and
antibacterial activities. Therefore, it was selected as the model
reaction to evaluate the triplet-energy transfer performance of
the Fe-g-C3N4 under visible light illumination. With the assistant
of light and photocatalysts, the intensity of the absorption
peak of 1,5-DHN at 300 nm continues to decrease, while the inten-
sity of the absorption peak at 425 nm attributed to product juglone
increases as prolonging the irradiation time (Fig. 3a-3b). For g-C3N,4
as the photocatalyst, its yield of juglone was only 22% after 2 h’
reaction (Fig.S14a). As increasing the Fe mass ratio to 10%, the yield
of juglone increases to 63% (Fig. 3b and Table S3), which is the best
one among these photocatalysts (Fig. 3¢ and Fig.S14b-e). After
three cycles of reaction, there is no obvious loss in the photocatal-
ysis performance for Fe-g-C3N4-10 (Fig. 3d).
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Fig. 4. (a) Yield of juglone for different photocatalysts. (b) Yield of juglone for Fe-g-C5N4-10 in the presence of different quenchers. (c) ESR spectra of g-C5N4 and Fe-g-C3N4-10
upon irradiation in the presence of TEMP. (d) '0, emission signal of Fe-g-C5N4-10 under 532 nm excitation. (e) Transient photocurrent response curve (A > 420 nm light
irradiation). (f) Yield of juglone before and after acid pickling for Fe-g-C5N4-15 and Fe-g-C3N4-20.

Potassium thiocyanide (KSCN) poisoning experiment was per-
formed to verify the active site, wherein SCN~! as the molecule
probe can coordinate with transition metals and interrupt the
adsorption of O, to metal [38,39]. After the addition of KSCN, the
yield of juglone decreases from 63% to 23%, close to that of g-C3N4
(Fig. 4a and S14f). FeTPP containing Fe-N, structure can be consid-
ered as the Fe-N4, model molecular. The yield of juglone catalyzed
by FeTPP with the same surface Fe content was only 18% (Fig. 4a).
Interestingly, the yield of juglone catalyzed by Fe-g-C3N4-10 (63%)
is higher than the sum of FeTPP (18%) and g-C3N4 (22%). It indicates
that Fe-N, rather than Fe® species is active site and there is a signif-
icant synergistic effect between Fe-N4 and g-C3N4 in Fe-g-C3Ny4-10.

0, can be transformed into highly active oxygen species (ROS),
such as superoxide radicals (O, ), hydroxyl radicals ( OH), singlet
oxygen('0,) or hydrogen peroxide(H,0,) [40]. OH and O, are
generated through electron transfer process that competes with
the energy transfer process related to '0, generation. In order to
determine the ROS in photooxidation of 1,5-DHN, cobalt (III) acety-
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lacetonate, benzoquinone (BQ) and isopropanol (IPA) were selected
as the quenchers to capture '0,, O, "~ and OH respectively. When
cobalt acetylacetonate added, the yield of juglone was significantly
reduced (Fig. 4b), indicating that 0, is the main ROS in this pho-
tocatalytic reaction. The '0, generation is verified by electron spin
resonance  (ESR) test and 10, emission. 2,2,6,6-
tetramethylpiperidine (TEMP) can act as selective capture agent
for 10, which can be selectively oxidized by '0, to generate
2,2,6,6-tetramethylpiperidine nitrogen oxide (TEMPO) and
detected by ESR [41]. The characteristic triplet signal (intensity
ratio of 1:1:1, g = 2.002). Without light, there are no signals for
Fe-g-C3N4-10 (Fig. S16). As increasing the irradiation time, charac-
teristic peak signals of TEMPO increases, and the signal of Fe-g-
C3N4-10 is higher than that of g-C3N4 (Fig. 4c). The characteristic
fluorescent emission of '0, can also be observed at 1265 nm
(Fig. 4d), further confirming the existence of '0,. Compared with
Figure S17, only '0, observed instead of O,~ for Fe-g-C3N4-10 fur-
ther indicates that the promotion of energy transfer.
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Table 1
Reaction Conditions catalyzed by different samples and the yield of cis-stilbene

Journal of Catalysis 404 (2021) 89-95

) O

~ O Photocatalyst

white LED,
DMF, rt
trans-stilbene cis-stilbene
entry photocatalyst Photocatalyst amount (mg) temperature yield (%)
1 g-C3Ny 15 mg rt 3%
2 Fe-g-C3N4-1 rt 9%
3 Fe-g-C3N4-5 rt 24%
4 Fe-g-C3N4-10 rt 44%
5 Fe-g-C5Ny4-15 rt 30%
6 Fe-g-C3N4-20 rt 20%
7 Fe-g-C3N4-15-H rt 51%
8 Fe-g-C5N4-20-H rt 60%
9* Fe-g-C3N4-10 rt trace
10° Fe-g-C5N4-10 60°C trace
11¢ - 0 rt trace

2 Excitation in the dark in the presence of Fe-g-CsN4-10; ® Further investigate the effect of reaction temperature; ¢ Excitation under white LED in the absence of

photocatalysts.

For Fe-g-C3N4-15 and Fe-g-C3N4-20, further increasing Fe ratio
to 15% and 20% results in the juglone yield decreasing to 49% and
41% respectively (Fig.S14d-e, Table S3). Associated with the struc-
ture difference between these photocatalysts, the higher transient
photocurrent response may be due to the formation of Fe® species
based on the excessive Fe loading (Fig.S6). Unlike conventional
results, the higher transient photocurrent response, the lower
photocatalysis performance (Fig. 4e). It indicates that '0, mainly
sprang from the energy transfer rather than the electron transfer
from the holes oxidation for the O, - [42]. The Fe® are removed
by acid pickling (Fig.S20), only leaving Fe-N, sites. It interesting
that the photocatalysis performance of Fe-g-C3N4-15 and Fe-g-
C3N4-20 increase to 69% and 73% after acid pickling respectively
(Fig. 4f and Table S3). It is higher than that of Fe-g-C5Ny4-10
(63%), resulting from the more Fe-N4 active sites in the photocat-
alyst. The results of ICP-OES further confirmed the content of Fe-
N4 active sites in Fe-g-C3N4-15 and Fe-g-C3Ny4-20 are significantly
higher than that of Fe-g-C3N4-10 (Table S4). Electron transfer
always complete with electron transfer [43,44|. Therefore, Fe-N,
can promote the triplet energy transfer, but Fe® promotes the
electron transfer meanwhile suppresses the energy transfer
process.

3.3. Photocatalytic E-Z Isomerization of Stilbene

The maximum phosphorescence emission of Fe-g-C3N4-10 is
located at 520 nm, indicating that its triplet energy level is close
to the energy level of E-Z Isomerization of stilbene. After visible
light irradiation, the photocatalyst can transfer the triplet energy
to trans-stilbene to generate cis-stilbene (Table 1), which is con-
firmed by 'H NMR (Fig.521). For the pure g-C3Ny, the yield of the
cis-stilbene is only 3%. After introducing Fe-N, active sites, the
yield increases to 44% for Fe-g-C3N4-10. Further increasing the
amount of Fe, the yield decreases to 20% for Fe-g-C3N4-20. But after
pickling, the maximum yield photocatalyzed by Fe-g-C5N4-20-H
comes to 60%. Compared their Fe species, Fe-g-C3N4-20-H with
more Fe-N active sites can promote the triplet energy transfer for
photocatalytic E-Z Isomerization of stilbene. But Fe-g-C3N4-20 pro-
cessing the excessive Fe® content promotes electron transfer and
inhibits the triplet energy transfer process, resulting in the yield
decrease, which is similar to that of '0, photosensitization. These
results indicate that the optimized catalyst can process higher tri-
plet energy level for photocatalysis.
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4. Conclusion

In summary, we have developed a robust method for the fabri-
cation of metal-nitrogen single atom sites in heterogeneous photo-
catalyst of g-C5Ny4, which prolongs its triplet lifetime to 4.93 ps and
can efficiently promote its triplet energy transfer process. Benefit-
ing from it, the yield of the photooxidation of 1,5-DHN to juglone
comes to 63%, which is 3 times higher than that of g-C3N4. The
yield of cis-stilbene is up to 60% catalyzed by Fe-g-C3N4-20-H with
the highest Fe-N4 content. Associated with the structure analysis of
photocatalyst, Fe-N4 in carbon nitride can promote its triplet
energy transfer while Fe® can inhibit it because of it promotes
the competitive electron transfer process. This work is conductive
to the development of heterogeneous triplet-state photocatalysts
in the light-to-energy conversion applications.
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