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Graphitic carbon nitride (g-C3Ny4) exhibits moderate CO2 photoreduction due to fast recombination of photo-
excited charges and low-grade visible light absorption. Herein, we synthesized highly polymerized ultrathin g-
C3N4 nanosheets by structural reorganization. Both experimental and theoretical calculations indicate that amino
groups stabilized by hydrogen bonding networks are the easiest to remove to form a more stable bridged N-(C)3.
This procedure provides additional electron transfer channels with an extended conjugated = — =* system and

buckled plane structure with activated n — 7n* electronic transitions. This new configuration significantly im-
proves the separation efficiency of photoexcited charges and widens the light absorption range. As a result, the
prepared g-C3N4 shows efficient CO,-to-CO conversion with a CO production rate of 12.95 pmol g h™! under A
> 420 visible light and 2 pmol g h™! under A > 500 visible light, respectively. This work offers a new design
idea for highly active visible-light-driven g-C3Ny4 for CO, photoreduction.

1. Introduction

Excessive CO4 emissions from non-renewable energy sources raised
significant environmental challenges and threats, affecting humanity’s
future [1]. The conversion of CO, into fuels or other valuable chemicals
using photocatalysis is one of the most desired strategies to reduce the
negative impact [2-8]. Given the inherent thermodynamic stability and
kinetic inertness of CO, molecules, photocatalysts are needed to reduce
the reaction potential barrier and accelerate the reaction kinetics of COy
photoreduction [9-13]. Although inorganic semiconductor photo-
catalysts have been developed intensively in the past decade, they are
still insufficient for large-scale practical applications, partly because of
low selectivity and production rate. Polymeric graphitic carbon nitride
(g-C3Ny4) is an intriguing photocatalyst thanks to its earth-abundant
nature, easy and low-cost preparation, and excellent stability, satis-
fying the thermodynamic requirements for CO, photoreduction [14,15].
However, some intrinsic drawbacks, including poor electron mobility,
low specific surface area, and narrow light absorption range, restrict g-
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C3N4 photocatalytic performance [16,17]. Therefore, g-C3N4 engineer-
ing to achieve rapid and effective photoexcited charge transfer and
separation, highly exposed active sites, and broad visible light absorp-
tion is still a critical challenge for CO;, conversion and utilization.
Conventional g-C3N4 synthesis approaches remain within solid-
phase thermal polymerization using nitrogen-rich precursors [18].
Due to the limited liquidity of the reaction intermediates, the heptazine-
based molecular chain is not fully polymerized, resulting in amino (NH;
and NHjy) groups on the heptazine ring units, which are stabilized by
hydrogen-rich bonding networks [19,20]. However, the photoexcited
charges have a preferential transport in the in-plane direction along the
heptazine-based chain without hydrogen-bond networks, as confirmed
by the works of Liu et al. [21] and Zhang et al. [22]. Using covalent
bonds instead of intramolecular hydrogen bonds would effectively
improve the separation and transfer of photoexcited charges. For
instance, Wang et al. prepared a series of highly polymerized crystalline
g-C3Ny4 by removing the hydrogen bond networks with the aid of molten
salts [23-25]. Compared with the molten salt method, the simple and
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green post-annealing process can not only remove the hydrogen bond
networks and improve the polymerization of g-C3sNy4 but also distort the
planar structure of g-C3Ny resulting in the activation of n — ©* electron
transitions and broadening visible light absorption [26-30]. In contrast,
other studies have indicated that the enhanced photocatalytic perfor-
mance of g-C3Ny can be attributed to the introduction of nitrogen defects
through post-annealing [31,32]. Therefore, the “structural reorganiza-
tion” of g-C3N4 by post-annealing remains a topic of debate, with con-
flicting views. Furthermore, studies on post-annealed g-CsN4 have
primarily focused on photocatalytic hydrogen [26-31] and H3O pro-
duction [32], while research on its application in CO2 photoreduction
and the expansion of visible light absorption range is limited. Conse-
quently, understanding the structural reorganization of g-C3Ny4 through
post-annealing and its relationship with CO; photoreduction in a broad
range of light absorption remains elusive. This knowledge gap necessi-
tates urgent investigation, which is the primary objective of this study.
In this work, g-C3N4 nanosheets (UCN) rich with amino groups stabilized
via hydrogen-bonding networks are firstly prepared by polymerizing an
aqueous urea solution at high temperatures. Density functional theory
(DFT) calculations show that the amino groups stabilized by hydrogen
bonding networks are the least stable. Meanwhile, the bridged N-(C)3
formed after removing the amino group has the highest stability
compared with other nitrogen atoms in the heptazine structure. Based
on the insights from DFT calculations, we post-annealed g-C3N4 at
different temperatures under argon atmosphere protection to remove
amino groups and form the bridged N-(C)s. The newly-formed bridged
N-(C)3 interconnects the heptazine units opening new channels for
electron transfer with an extended conjugated 1 — n* system and
introducing distortions to the plane structure, activating n — 7* elec-
tronic transitions. This structural reorganization leads to rapid and
effective photoexcited charge transfer and separation as well as broad-
ening visible light absorption. The amino group removal is further
converted into NH3 gas. The release of NH3 gas results in the exfoliation
of UCN, generating highly exposed active sites and reducing the
perpendicular migration distance of charges to the surface. As expected,
the UCN-620 photocatalyst demonstrates an efficient conversion rate of
CO4 to CO (12.95 pmol g'1 h~Y under A > 420 nm visible light, which is
threefold that of UCN. Meanwhile, the conversion rates of CO5 to CO
exceed 2 pmol g h™! over UCN-620 under visible light excitation >
500 nm, which is practically impossible to reach with the original UCN.

2. Experimental section
2.1. The preparation of UCN

The covered corundum crucible containing 50 mL of 400 g/L
aqueous urea was calcined at 550 °C for 4 h at 5 °C/min in a muffle
furnace. The obtained light-yellow powders were denoted as UCN.

2.2. The preparation of UCN-X

The covered corundum crucible containing 0.2 g of UCN was
calcined at specified temperatures for 2 h at 5 °C/min in a tube furnace
under argon gas protection. The obtained powders were denoted as
UCN-X (X = 580-640 °C; where X represents the pyrolysis temperature).

2.3. Photocatalytic CO2 reduction

The CO; photoreduction was acquired on an on-line analytical sys-
tem (Labsolar-III, PerfectLight, Beijing), which was linked to gas chro-
matography (GC D7900P, TCD detector, Ar as a carrier gas, 5 A
molecular sieve column, Shanghai Tech comp). The 30 mg of photo-
catalyst were dispersed in 8 mL of 10 vol% triethanolamine (TEOA)
aqueous solution. A 300 W Xenon lamp with an optical filter (A > 420,
500, or 550 nm) was used as the light source. The reaction cell was
evacuated for 1 h to remove the air completely. After degassing, the

Applied Surface Science 638 (2023) 157989

reactor cell was filled with CO5 (99.999%, 1 atm). The CO5 photore-
duction was measured every hour under illumination. The amount of CO
and CHy4 gas was detected by gas chromatography. The quantum effi-
ciency (QE) of COy photoreduction was measured under 420 nm
monochromatic light, and the QE values were calculated according to
the following equation:

number of reacted electeds

QE(%) = x 100%

number of incident photons

: 2
_ number of C‘O -molecules X  100%
number of incident photons

2.4. Photocatalytic Hy production

The photocatalytic Hy production was acquired on an on-line
analytical system (Labsolar-III, PerfectLight, Beijing). The optimal
catalyst mass (30 mg) was dispersed in 100 mL of 10 vol% TEOA
aqueous solution, and 3 wt% Pt was in-situ photodeposited on the sur-
face of photocatalysts by adding HyPtClg. A 300 W Xenon lamp with/
without a UV-cutoff filter (A > 420 nm) was used as the light source.
Before photocatalytic HER began, the reaction cell was evacuated for 1 h
to remove the air completely. The amount of Hy gas produced was
detected by gas chromatography.

2.5. Photoelectrochemical measurement

The electrochemical measurements were recorded on a CHI 760D
electrochemical workstation with a standard three-electrode system
under visible light irradiation (PLS-SXE 300C (BF); PerfectLight, Bei-
jing). The saturated Ag/AgCl electrode, Pt foil, and ITO/glass sheet
coated with 0.5 mg of catalyst were conducted as a reference electrode, a
counter electrode, and a working electrode, respectively.

2.6. Sample characterization

Powder X-ray diffraction (XRD) measurements were collected on a
Rigaku D/MAX-RB diffractometer with monochromatic Cu Ko radiation
(. =0.15418 nm). X-ray photoelectron spectra (XPS) were recorded on a
VG EscaLab 220i spectrometer using a standard Al Ko X-ray source (300
W) and analyzer pass energy of 20 eV. Atomic force microscopy (AFM)
images were obtained using a Dimension 3100 from Veeco, USA.
Scanning electron microscopy (SEM) images were recorded on an FEI
Quanta 250 FEG instrument. High-resolution transmission electron mi-
croscopy (HRTEM) images were recorded on a JEM-2100 electron mi-
croscope (JEOL, Japan). The reflectance spectra of all samples over the
190-1000 nm range were obtained by A UV-visible spectrometer
equipped with a Labsphere diffuse reflectance accessory (UV-2550,
Shimadzu, Japan), using BaSO4 as the reference standard. Fourier
transform infrared (FTIR) spectra were collected on a Bruker spec-
trometer (spectrum 2000) over the frequency range 2000-450 cm ™! at a
resolution of 4 cm™!. Solid-state 13C magic angle spinning (MAS) NMR
measurements were acquired on a Bruker AVANCE III 400 MHz WB
solid-state NMR spectrometer. The specific surface area analysis of all
samples was obtained by using an N5 adsorption-desorption instrument
(BET, ASAP2020, USA). The photoluminescence (PL) spectra and time-
resolved PL (TRPL) spectra were recorded by using an Edinburgh
FLS980 spectrophotometer and the excitation wavelength is set to 380
nm. An organic element analyzer was acquired on elementar vario EL
cube, Germany. In situ diffuse reflectance infrared Fourier transform
(DRIFT) results were provided by a Nicolet iS50 FTIR spectrometer.
Temperature-programmed chemisorption analyzer (TPD) was acquired
on an AutoChem1 II 2920.

2.7. Computation

DFT calculations were acquired within the General Gradient
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Fig. 1. SEM and TEM of UCN (a, b) and UCN-620 (c, d); AFM images and corresponding height profiles of UCN (e) and UCN-620 (f), respectively.
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of UCN, UCN-580, UCN-620, and UCN-640; (c) N, adsorption-desorption isotherms, (d) the corresponding PSD curves
of UCN and UCN-620.
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Fig. 3. The C/N atomic ratio was obtained by (a) organic element analysis and (b) XPS surface element analysis of different samples: UCN, UCN-580, UCN-620, and
UCN-640; (c) '3C solid-state NMR of UCN and UCN-620; Model structure [21,24] of UCN (d) and model structure of UCN-620 (e) as well as (f) corresponding E¢opm of
nitrogen atoms in different positions; (g) Schematic illustration of g-C3N4 structural reorganization.

Approximate (GGA) functional using the plane-wave-based Vienna Ab-
initio Simulation Package (VASP) code. The vacuum space is set to 20
A, which has been proven large enough to avoid the layer-to-layer ef-
fects. The cutoff energies for plane waves are 500 eV. A 6 x 6 x 1
Monkhorst-Pack k-point mesh is used in the geometry optimization and
geometries of the composites are optimized separately until the force on
each atom is less than 10~% eV AL,

3. Results and discussion
3.1. Structural characterization at the molecular level

The morphology of prepared samples before and after post-annealing
was analyzed by SEM, HRTEM, and AFM. Water acts as a gas template to
peel off and overcome the strong interaction between g-C3Ny layers in
the polymerization of aqueous urea solution, generating UCN nano-
sheets (Fig. 1la, b). The thickness of UCN nanosheets contains about
12-13 layers based on the 0.35 nm thickness of the monolayer g-C3N4
(Fig. 1e) [32]. Due to the stripping function of NH3 released under high
temperatures, the morphology of UCN-620 prepared by post-annealing
is different (Fig. 1c, d). Fig. 1f shows that UCN-620 is an ultrathin

nanosheet comprising 6-7 layers of g-C3Ny4. Thus, we confirm that in-
situ NH3 production at a high temperature can effectively achieve
UCN exfoliation.

XRD patterns were used to characterize the crystal structure of the
samples. All samples have the (100) and (002) planes of g-C3N4 at 13.2°
and 27.39° (JCPDS 87-1526) [33], which represents in-plane repeated
units of heptazine and interlayer stacking of n-conjugated C-N hetero-
cycles, respectively (Fig. 2a). The peak intensity of UCN at the (002)
plane did not decrease but increased slightly and moved to a higher
angle with the increase of pyrolysis temperature under argon protection.
These results indicate that post-annealing can significantly promote the
polymerization of UCN and peel it off into thinner nanosheets [34].
Although the degree of polymerization and crystallinity of UCN-620
obtained by structural reorganization is improved, no noticeable lat-
tice fringes appear (Figure S2), which are attributed to the formation of
bridged N-(C)s, resulting in the distorted plane structure. XPS analysis
shows that high pyrolysis temperatures have no apparent effect on the
samples’ elemental composition (Figure S3). FTIR spectra were used to
characterize changes in functional groups on the samples’ surface [35].
As shown in Fig. 2b, the NH;/NH; peak intensity between 2900 and
3600 cm ! in g-C3N, gradually decreases with the increase of pyrolysis
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Fig. 4. (a) UV-Vis diffuse reflectance spectra, (b) bandgaps structure spectra, (c) VB-XPS spectra and (d) schematic energy band structures of different samples: UCN,

UCN-580, UCN-620, and UCN-640.

temperature. This indicates that NH;/NH, stabilized by hydrogen
bonding networks in g-CsN4 breaks up at high temperatures. The
generated NH3 gas can realize the in-situ stripping of g-C3N4. As shown
with BET results in Fig. 2c, the NH3 released under high temperatures
can further promote the exfoliation of UCN, resulting in a significantly
enlarged specific surface area (by 69.5%). The pore size distribution
results in Fig. 2d show that the surface of UCN-620 obtained by post-
annealing has a larger number of mesopores and macropores than UCN.

XPS spectra were used to elucidate the structural reorganization of g-
C3Ny resulting from post-annealing. As shown in Fig. S4a, all samples
show three characteristic XPS peaks located at 398.64, 399.59, and
401.19 eV in the fitted N 1s spectra, which are assigned to sp>-hybrid-
ized nitrogen atoms in heptazine rings (C-N—C), tertiary nitrogen N-(C)3
groups, and —-NHjy groups, respectively [35,36]. With the increase in
post-annealing temperature, the stable NH, groups with hydrogen bond
networks are removed, and the peak area ratio decreases drastically in
agreement with FTIR results (Fig. S4b). At the same time, the peak area
of bridged N-(C); increases significantly (Fig. S4b). These critical
analytical results imply that the carbon on the heptazine units that lost
its NHy group overcomes steric hindrance and undergoes a carbon-
-nitrogen coupling reaction with the -NH group connecting two hep-
tazine units to form a more stable bridged N-(C)3 as predicted by DFT
calculations. When the post-annealing temperature exceeds 620 °C, the
stable amino group with hydrogen bond network and the bridged N-(C)3
formed subsequently do not change much anymore, indicating that the
surface structural reorganization is almost done, ending up with the
destruction of the surface structure.

Organic elemental analysis is an intuitive quantitative method to
characterize the C/N elemental ratio in g-C3Ny. Fig. 3a shows that below
620 °C, the C/N elemental ratio increases significantly with the increase
of pyrolysis temperature. The C/N value closer to 3/4 states that the

structural reorganization substantially enhances the degree of UCN
polymerization [37,38]. We also used XPS as a highly sensitive surface
analysis method to characterize C/N ratio changes caused by structural
reorganization (Fig. 3b) [39]. The variation trend of the C/N elemental
ratio gained from XPS analysis as a function of pyrolytic temperature is
consistent with the results obtained from organic elemental analysis.
Due to the surface-sensitive nature of XPS, the C/N ratio change is more
evident from XPS than from organic elemental analysis, which indicates
that the structural reorganization occurs mainly on the g-C3Ny4's surface.
In addition, the ratio of C/N for UCN-620 is approximately 1, indicating
a C-rich g-C3Ny4 has been formed on the outer surface (see Fig. 3b).
However, the ratio of C/N for UCN-620 is approximately 0.75, which
means that the UCN-620's structure is C-rich outside and N-rich inside
(see Fig. 3a). When the post-annealing temperature exceeds 620 °C, the
C/N elemental ratio in g-C3N4 deduced from organic element analysis
and XPS does not increase continuously but decreases after reaching a
maximum. We attribute this non-monotonic behavior to the breakage of
the heptazine structure in g-C3N4 when the temperature exceeds 620 °C.
Meanwhile, ammonium ions due to the release of NH3 were detected in
water by ion chromatography. Combining this finding with FTIR, XRD,
XPS, and elemental analysis, we conclude that the amino groups stabi-
lized by the hydrogen bond networks get removed at high temperatures.
Then, the carbon on the heptazine units without the amino group can
overcome steric hindrance and undergo a carbon-nitrogen coupling
reaction with the NH connecting two heptazine units. As a result, a more
stable bridged N-(C)s is formed, resulting in an enhanced degree of
surface polymerization. 13C solid-state NMR of analyzed samples was
used to prove further the structural reorganization process of UCN
(Fig. 3c) [40-42]. There are two strong peaks located at the C1 atom
(165.27 ppm) and C2 atom (157.38 ppm), corresponding to the chem-
ical shifts of Con.nux and Csy in the corrugated g-CsN4 frameworks,
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Fig. 5. Calculated DOS (a, c) and corresponding band structure (b, d) of g-C3N4 with a planar structure and g-C3N4 with a distorted planar structure, respectively
(insets in (a) and (c): atomic structure model of g-C3N4 with a planar structure and a distorted planar structure, respectively).

respectively. Compared with UCN, the 13¢ solid-state NMR of UCN-620
shows a higher peak intensity, possibly due to the high polymerization
caused by structural reorganization.

To further complement the structural reorganization of UCN occur-
ring at high temperatures, we calculated each nitrogen atom formation
energy (Eform) by DFT. As shown in Fig. 3d-f, the formation energies
(Eform) of ‘1°, 2°, ‘3’, and ‘4’ positions are 1.417, 0.425, 1.192, and
1.385 eV, respectively. The results confirm that the NHy groups stabi-
lized by hydrogen bond networks at position ‘2’ are the most unstable
and easy to remove. When UCN is polymerized to UCN-620 by post-
annealing, the resulting bridged N-(C)3 formed at position ‘5’ has a
maximum Egyy of 1.767 eV, indicating that the bridged N-(C)s is the
most stable. In short, we can assume that the -NH; groups stabilized by
the hydrogen bonding networks in g-C3N4 can be removed and form a
more stable bridged N-(C)3 at high temperature without breaking the
heptazine structural units.

Based on the analysis above, the structural reorganization of UCN is
given in Fig. 4g. The DFT calculations and experimental results show
that the amino groups stabilized by hydrogen bond networks can be
removed by simple heating, forming a stable bridged N-(C)s, which
extends the n-conjugated system making more electron transfer channels
available. This is essential for an outstanding photogeneration of charge
carriers with enhanced transfer and separation.

3.2. The light absorption and well-tuned band structures of samples

UV-Vis diffuse reflectance spectra (UV-Vis DRS) were used to
analyze the samples’ light absorption and optical bandgap [43,44]. As
shown in Fig. 4b, the bandgaps derived from UV-Vis DRS (Fig. 4a)

slightly decrease in a controlled manner with increasing pyrolysis tem-
peratures, attributed to the structural reorganization of g-C3N4. The
samples’ electronic structure was investigated from the valence band
XPS spectra (Eyp.xps), revealing a decrease in UCN as the pyrolysis
temperature increased (Fig. 4c). The formula (Eyg = ® + Eyp.xps — 4.44)
was used to determine the valence band position (Eyg) versus normal
hydrogen electrode (NHE) at pH = 7, where ® = 3.88 €V is the analyzer
electron work function [44]. Combining bandgaps and Eyp values, the
adjustable band structure of UCN is achieved by controlling the pyrol-
ysis temperatures (see Fig. 4d). The continuously adjustable oxidation
potential provides a strong driving force for triethanolamine (TEOA)
oxidation. This is critical because a rapid TEOA oxidation provides more
electrons for CO, photoreduction. It is worth noting that UCN-620
presents a significant red shift of photoabsorption (Fig. 4a). This may
be attributed to the distortion of the g-C3N4 plane structure caused by
the bridged N-(C)s, originating from n — =* electronic transitions
[28,29]. At the same time, the pyrolysis temperature can control these n
— ¥ transitions well.

Density of states (DOS) calculations by DFT were used to obtain
further insights on the significant red shift of photoabsorption attributed
to the distortion of g-C3Ny4's plane structure caused by bridged N-(C)s.
Fig. 5 presents the band structure evolution obtained from DFT calcu-
lations for two g-C3N4 configurations: one with a planar structure and
the other with a distorted planar structure. The DOS calculation and
band structure show that the composition of the conduction band arises
due to contributions from C 2p and N 2p orbitals. Meanwhile, the
composition of the valence band is mainly ascribed to N 2p orbitals
(Fig. 5a and b). These observations are in agreement with a previous
report [38]. Fig. 5b and d show that the g-C3N4's bandgap with a
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distorted planar structure is significantly smaller than that of g-C3Ny4
with a planar structure. This gives strong evidence for the significant red
shift of photoabsorption through the distortion of the g-C3Ny4's planar
structure due to the formation of bridged N-(C)s, resulting in activated n
— 1* electronic transitions.

3.3. Efficient photocatalytic CO reduction

CO, photoreduction was performed to evaluate the photocatalytic
properties of the samples under the condition of TEOA as a sacrificial
agent. We investigated the impact of the extended conjugate 1 — n*
system and activated n — n* electron transitions to CO photoreduction
activity. We performed experiments under different excitation wave-
lengths in the visible range, A > 420 nm, A > 500 nm, and A > 550 nm. As
shown in Fig. 6a, the UCN photocatalyst exhibits a sustained and weak
CO; to CO photocatalytic reduction over four hours, giving only trace
amounts of CH4 (Fig. S5a), while the elevation of pyrolysis temperature
promotes the photocatalytic reduction. The CO5 to CO conversion rate
for UCN-620 reaches its highest value of 12.95 pmol g™ h™!, threefold
that of the pristine UCN (Fig. 6b). When the pyrolysis temperature
reaches 640 °C, the CO; photoreduction performance degrades because
of the broken heptazine rings and reduced reduction potential. The QE
of COy photoreduction of UCN-620 reached 0.0025% under 420 nm
monochromatic light. As shown in Fig. S6a, using TiO, Degussa P-25
(P25) as the benchmark catalyst, the CO obtained from CO; photore-
duction gradually accumulates with the increase of illumination time.
Compared to P25, UCN-620 exhibits more significant COy

photoreduction performance under visible light (Fig. S6b). These
exciting results show that UCN-620 is a better CO2 photoreduction than
P25 under visible light. We showed that in the absence of co-catalysts
and photosensitizers, when a hole sacrificial agent is present, UCN-
620 has a more significant activity of CO, photoreduction compared
with some photocatalysts reported so far, including the g-C3N4 ones (see
Table S1).

To further demonstrate the contribution of n — n* electronic tran-
sitions to CO, photoreduction, we change the visible light excitation
source from A > 420 nm to A > 500 nm in the visible light spectrum. The
CO3 to CO conversion rate for UCN-620 can still reach a rate of 2 pmol g
1ht (Fig. 6¢). Such extraordinary performance and selectivity are
practically impossible with the conventional UCN. The main reason for
these remarkable differences is that the wide bandgap of UCN hinders
the absorption of photons with A > 500 nm, resulting in weaker CO,
photoreduction. The UCN-620 can even achieve CO; photoreduction
under A > 550 nm visible light (Fig. S5¢), which does not happen for
UCN without activated n — n* electronic transitions. Those results show
that n — n* transitions have high efficiency for CO, photoreduction to
produce CO. Moreover, there was a slight attenuation in the CO,
photoreduction performance after 16 h of reaction (Fig. 6d), which is
attributed to TEOA consumption in the solution during the reaction
[45,46]. In the absence of TEOA as a hole sacrificial agent, UCN-620 still
induces CO, photoreduction to CO (Fig. S7a), but the activity of
photoreduction is still not sufficient compared to the results with TEOA
(Fig. S7b). A control experiment was conducted to confirm that the C
sources are derived from CO5 photoreduction (see Fig. S5d). When the
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visible light (A > 420 nm).

CO, atmosphere was replaced by argon, neither CO was detected under
visible light excitation (A > 420 nm), strongly confirming that CO was
generated from CO5 photoreduction rather than from the decomposition
of UCN-620 or the photocatalytic degradation of TEOA. Chen et al.
conducted 3C isotope labeling experiments under the same experi-
mental conditions, and the results also showed that the produced CO
come from the CO; photoreduction[21]. Those results indicate that
UCN-620 has outstanding CO photoreduction activity, excellent pho-
tocatalytic stability, and selectivity in a wide light absorption range.

3.4. Efficient separation and transfer of photoexcited charges

The PL and TRPL are investigated to elucidate the significant pro-
motion in separation, transfer, and lifetime of photoexcited charges due
to the structural reorganization of g-CsN4. The UCN-620 has signifi-
cantly reduced PL intensity compared to UCN, implying that the rapid
recombination of photoexcited charges can be suppressed continuously
(Fig. 7a) [47,48]. Notably, PL peaks of UCN-620 are wider than UCN due
to activated n — n* transitions after the formation of bridged N-(C)3 with
a buckled planar structure in agreement with UV-Vis DRS results
[27,49]. The average lifetimes of photoexcited charges for UCN and
UCN-620 reflected by TRPL are 3.24 and 3.56 ns, respectively (Fig. 7b),
which indicates that the lifetime of photoexcited charges can be
extended by structural reorganization of UCN, resulting in increasing the
probability of photocatalytic oxidation and reduction reactions, as well
as promoting photocatalytic activity [49]. The UCN-620 photocatalyst
shows the most remarkable photocurrent response, which reflects that
structural reorganization can inhibit the internal recombination of
electrons and holes (Figure S8a). The electrochemical impedance of

UCN-620 presents the smallest diameter of the semicircular Nyquist
curves, which means that the structural reorganization of UCN reduces
the transfer resistance of photoexcited charges (Figure S8b) [45]. The
EPR was used to confirm the presence of unpaired electrons on the
photocatalyst’s surface. Compared with the UCN, the UCN-620 shows
higher EPR signal intensity than UCN in the presence or absence of
illumination (Fig. 7c), which is ascribed to local stress and bond-angle
disorder in the connective bridged N-(C)3 structure, resulting in rich
surface unpaired electrons [50,51]. These unpaired electrons can
accelerate the generation of photoexcited charges [43].

To reflect further the utilization efficiency of photogenerated
charges, we evaluated the photocatalytic hydrogen production of all our
samples (Fig. 7d). For UCN, this value is relatively high (439 pymol g
'h~1) in consideration of the template and stripping function of water
[52]. However, by increasing pyrolysis temperature, the photocatalytic
hydrogen production is significantly enhanced by reaching rate values
for UCN-620 as high as 1400 umol gth™!, 2.8 times higher than for the
conventional UCN. This excellent photocatalytic hydrogen production
of UCN-620 originates from the high utilization efficiency of photo-
generated charge carriers, which also translates into a high efficiency for
CO, photoreduction showing the same tendency. Compared with re-
ported C-rich g-C3N4, UCN-620 has a better activity of photocatalytic Hy
production (see Table S2), also indicating that UCN-620 may have better
photocatalytic performance for CO5 photoreduction.

3.5. CO2 photoreduction mechanism

It is reported that the Lewis bases in the heptazine rings of g-C3N4 can
act as the adsorption sites of CO, molecules and form carbamate with
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Scheme 1. Proposed mechanism of CO, photoreduction over UCN-620.

CO to activate COy and participate in the subsequent COy photore-
duction [53]. To gain fundamental insights into the CO5 photoreduction
mechanism, we used in-situ Fourier-transform infrared spectra (FTIR) to
detect the intermediate products of UCN-620 [54]. Figure S9b shows the
involvement of monodentate intermediates, including carbonate (m-
€03 1316, 1337, 1458, 1518, and 1540 cm ™), bidentate carbonate (b-
CO3%: 1621 and 1640 cm ™), bicarbonate (HCO3: 1396, 1423 and 1494
em™b), and surface formic acid (HCOOH: 1559, 1575, 1682, 1698,1744,
1773 and 1793 cm™!). The corresponding intensity from these in-
termediates increases gradually with the illumination time.

To further illustrate the detailed CO, photoreduction process, there
is a summary of calculated free energy (AG) in Figure S11. The CO2*
formation was thermodynamically favorable with a AG of —1.23 eV. On
the other hand, the CO* formation was found to be the rate-limiting step
with a AG of 0.74 eV. These results suggest that enhancing the COOH* to
CO* conversion can further improve the photocatalytic performance.

Based on a combination of experimental observations, theoretical
calculations, and literature reports, we propose a mechanism for the
photoreduction of CO; to CO, as described by Egs. (1) to (4). The COy
molecules are first absorbed on the Lewis base in the heptazine rings of
g-C3N4. The absorbed COs* molecules are activated by subsequent
proton-coupled electron transfer [55]. The CO,* intermediates then
couple with the resident protons, resulting in the formation of COOH*
intermediates. The adsorbed CO* as the final product is generated by a
subsequent proton-coupled electron transfer, followed by desorption
from the surface.

CO; (g) » COx* (€))
COye* + H & — COOH* 2)
COOH* + H' ¢ = CO* + H,0 3
CO* - CO 4

A possible enhancement mechanism of CO, photoreduction for UCN-
620 is now proposed based on the analysis and discussion above (see
Scheme 1). Under visible light irradiation (A > 420 nm), the UCN-620
absorbs photons for electron excitation from the VB to the CB, where
these photoexcited electrons boost the CO5 to CO conversion. Mean-
while, the UCN-620, with a high oxidation potential, provides a strong
driving force for the photocatalytic oxidation of TEOA. Thus, an effec-
tive reduction-oxidation occurs in the HpO, CO,, and TEOA systems,
resulting in efficient CO2 photoreduction.

4. Conclusion

In summary, highly polymerized ultrathin g-C3N4 nanosheets for
visible-light-driven CO» photoreduction were successfully obtained via
structural reorganization. These nanosheets reduce the perpendicular
distance for electron migration toward the photocatalyst surface while
providing high exposure to active sites. The bridged N-(C)3 extends the
n-conjugated system and offers more electron transfer channels, guar-
anteeing an efficient rapid separation and transfer of photoexcited
charges. The activated n — =* electronic transitions from a buckled
plane structure broadens the optical absorption to the visible spectral
range. UCN-620 shows an efficient CO,-to-CO conversion with a CO
production rate of 12.95 pmol g h™! under A > 420 nm and 2 pmol g
h~! under 1 > 500 nm visible light, respectively. This work provides a
facile and clean strategy to construct a visible-light-driven ultrathin g-
C3N4 photocatalyst opening thought-provoking insights into the struc-
ture-activity relationship for high-performance CO, photoreduction in a
wide spectral range.
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