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ARTICLE INFO ABSTRACT

The conversion of carbon dioxide (CO,) into fuels and valuable chemicals using solar energy is a promising
method for reducing CO, emissions and solving energy supply issues. However, the development of inexpensive,
efficient and metal-free materials for photocatalytic CO, reduction is challenging. Herein, we report a facile
supramolecular self-assembly strategy for the preparation of porous nitrogen-rich graphitic carbon nitride (g-
C3N,4) nanotubes with Lewis basicity and a large surface area, which are beneficial for the adsorption of CO, and,
consequently, the enhancement of the photocatalytic CO, reduction activity. The metal-free porous nitrogen-rich
g-C3N4 nanotubes catalyst exhibits a superior visible-light-induced CO,-to-CO conversion rate of
103.6 umol g~ 'h ™!, which is 17 and 15 times higher than those of bulk g-CsN, (6.1 umolg~'h™') and P25-
TiO, (7.1 umol g ~* h™1), respectively, and exceeds the performance of most metal-free photocatalysts. This work
provides new insights into the synthesis of functional groups-modified g-C3N4 with a unique structure for ef-

Keywords:

g-C3N,4 nanotubes
Photocatalytic CO, reduction
Supramolecular self-assembly
Nitrogen-rich

fective photocatalytic CO, reduction.

1. Introduction

The increasing consumption of fossil fuel along with massive
emission of carbon dioxide (CO,) has caused an intractable energy and
environmental crisis [1-4]. The photocatalytic conversion of CO, into
hydrocarbon fuels represents a promising strategy to combat this crisis
[5-8]. To date, numerous semiconductors have been applied for the
light-driven photoreduction of CO,, such as metal sulfides [9], metal
oxides [10] and other metal-based composites [11]. However, the CO,
conversion efficiency of these semiconductors is still unsatisfactory,
mainly because of the weak adsorption of CO, and rapid rate of charge
carrier recombination [12,13]. To address these shortcomings, new
types of metal-free photocatalysts including black phosphorus (BP) [5],
graphitic carbon nitride (g-C3N,4) [14-16], boron carbon nitride (BCN)
[17,18] and boron carbide (BC) have been developed to increase the
specific surface area and the number of active sites to yield practical
catalysts [19]. Achieving high-efficiency CO, conversion relies on the
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presence of a suitable structure, including different spatial dimensions
[20]. In particular, nanotube structures are often used as one-dimen-
sional (1D) materials for photocatalytic CO, reduction, this is because
of their special structural advantages, such as the high concentration of
wall-exposed active sites, which speeds up the adsorption of CO, and
increases the efficiency of photogenerated electron and hole separation
by reducing the diffusion distance from the bulk to the interface
[21,22].

1D materials can be synthesized via the hard-templating and soft-
templating methods, however the above methods have obvious dis-
advantages such as poor structure stability, complicated steps and the
utilization of environment-hazardous solvent [23,24]. As a result, a
simple, environment friendly, effective and stable method is urgently
needed to prepare 1D materials. Coincidently, supramolecular assembly
methods have unique advantages for the synthesis of 1D materials be-
cause they are based on noncovalent interactions (hydrogen bonding,
van der Waals forces and s—rt stacking), which allow the self-assembly
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of m-conjugated molecules into well-defined 1D nanomaterials without
outside guidance or management [25]. In past years, numerous -
conjugated molecules have been used to the controlled synthesis of 1D
ordered polymer semiconductors through supramolecular self-assembly
[26]. Among them, 1D g-C3N,4 has been extensively applied for pho-
tocatalytic field due to its 1D tubular structure and superior photo-
catalytic performance [27,28]. The construction of 1D g-C3N4 by su-
pramolecular self-assembly is a good strategy because supramolecular
self-assembly results in organic molecules forming larger aggregates
and controlled crystal growth via hydrogen bonding interactions, ulti-
mately yielding well-ordered g-C3N4 via a self-templating method
[29-33]. Meanwhile, heteroatom functional groups can be introduced
into g-C3Ny4 by the selection of suitable organic molecules [34-37].
Herein, we report the preparation of porous nitrogen-rich g-C3Ny4
nanotubes (TCN(NH3)) via supramolecular self-assembly. This material
shows excellent visible light-driven CO, reduction performance com-
pared to those of bulk g-C3N, and other carbon-based photocatalysts.
The outstanding photocatalytic CO, reduction performance can be at-
tributed to the following factors: (i) the regular hollow, porous and 1D
tubular structure boosts the charge separation efficiency and provides
abundant active sites for the surface reaction, (ii) the modification with
amino groups not only prolongs the lifetime of the excited charges but
also results in strong Lewis basicity, which is beneficial for CO, ad-
sorption, thus promoting the CO, photoreduction reaction [15,38-45].

2. Results and discussion
2.1. Formation process of TCN(NH3)

The synthesis of TCN(NH3) is shown schematically in Fig. 1a. First,
to effectively regulate the intermediate, which has a significant effect
on the electronic structure and photocatalytic activity of the final
carbon nitride material [24,46], supramolecular self-assembly was
carried out with melamine and hydroxylammonium chloride as pre-
cursors by hydrothermal method at 120 °C. The hydroxylammonium
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chloride provides many amino and hydroxyl groups for the formation of
a supramolecular intermediate through hydrogen bonds with the amino
groups of melamine during hydrothermal reaction. As shown in Fig. 1,
the melamine, which has a relatively irregular morphology (Fig. S1a), is
transformed into 200 nm regular nanorods (the supramolecular inter-
mediate, Fig. 1b and S1b, c) after hydrothermal reaction. This is not just
a simple change in morphology but also a fundamental change in the
chemical structure that can be demonstrated by X-ray diffraction (XRD)
and Fourier transform infrared (FT-IR) analyses (Fig. S1d, e). As shown
in Fig. S1d, the peaks of the supramolecular intermediate are obviously
different from those of melamine, two main peaks at 10.6° and 27.5°
correspond to the periodic arrays of intraplanar stacking and interlayer
aromatic stacking [29], which indicates that the chemical structure of
melamine has been fundamentally changed and transformed into the
supramolecular intermediate. As shown in Fig. Sle, the peak positions
of supramolecular intermediate are different from that of bulk g-C3Ny,
which may be attributed to the hydrogen-bonded network in supra-
molecular intermediate. This conclusion can be further confirmed by
FT-IR analysis (Fig. S1f). Meanwhile, the result of X-ray photoelectron
spectroscopy (XPS) survey spectra in Fig. S2 reveals that the O content
of supramolecular intermediate is far higher than that of bulk g-C3Ny,
which can be ascribed to the hydrogen-bonded network in supramole-
cular intermediate. To prepare TCN(NHj3), the supramolecular inter-
mediate was subsequently heated under an NH; atmosphere. Interest-
ingly, the TCN(NH;3) sample exhibits a 1D tubular structure with a
length of 2-3 pm and a diameter of 30-60 nm (Fig. 1c, d). However, the
bulk g-C3N, derived from melamine comprises large and irregular
grains (Fig. S3a). The magnified transmission electron microscopy
(TEM) image shown in Fig. 1le further reveals that abundant pores are
distributed in the 1D tubular structure. The 1D tubular structure and
abundant pores contribute to increasing the number of photogenerated
electrons outside the nanotubes, as well as light harvesting and CO,
transmission/adsorption [29,37,47]. The chemical element mappings
of TCN(NH;3) demonstrate that C and N are homogeneously distributed
over the 1D tubular structure (Fig. 1f~h). Meanwhile, the edge of the 1D
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Fig. 1. Formation and characterization of TCN(NH3). (a) Schematic illustration of the synthetic process, (b, ¢) SEM images, (d, e) TEM images, (f) scanning tunneling
electron microscopy (STEM) image and (g, h) energy dispersive X-ray (EDX) maps of the TCN(NHs).
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structure has higher concentrations of C and N, which is a typical
characteristic of tubular structure. The Brunauer-Emmett-Teller (BET)
surface area of TCN(NH,) is 135.8 m? g_l, which is larger than that of
bulk g-CsN4 (8.6m?> g~ ') (Fig. S3d). The high surface area of TCN
(NH3) can be mainly attributed to the unique 1D tubular structure and
abundant pores. The scanning electron microscopy (SEM) analysis in-
dicates that TCN(NH3) prepared under an increasing NH;3 flow rate
results in the following changes (Fig. S4): as the flow rate increases, the
porous nanotube structure is gradually formed, but, when the NH; flow
rate exceeds 400 mL/min, the nanotube structure is destroyed. The
possible reason is that the multi-layer g-C3N4 nanotubes are gradually
etched by NHj, eventually leading to the collapse of the nanotube
structure. NH;3 etching plays an important role in the synthesis of ultra-
thin g-C3N,4 [48,49]. Fig. S5 shows SEM images of the TCN synthesized
in different atmosphere (Air, Ar, N, and NH3), which all exhibits 1D
tubular structure. As shown in Fig. S6 and 1 e, the clearer features of the
pores in 1D tubular structure are further analyze by TEM images of the
TCN synthesized in different atmosphere (Air, Ar, N, and NH3). No
obvious pores are observed in the TCN(air), TCN(Ar) and TCN(N,)
samples, but conversely abundant pores are distributed in the 1D tub-
ular structure of TCN(NHj3). Thus, the porous structure can only be
obtained by preparation under an NH; atmosphere.

As shown in Fig. S3b, the bulk g-C3N,4 exhibits two distinctive peaks
at 27.3° and 13.1°, which can be assigned to the interlayer stacking of
conjugated aromatic rings and the in-plane structured tri-s-triazine
units, respectively [50,51]. Compared to that of the bulk g-C3N,, the
peak located at 13.1° of TCN(NH3) becomes much weaker, indicating
that the in-plane tri-s-triazine units are damaged [48]. In addition, the
peak at 27.3° becomes weaker and broader, indicating the size-depen-
dent properties of the 1D tubular structure. As shown in the FT-IR
spectra (Fig. S3c), TCN(NH3) maintains a typical g-C3Ny4 structure. In
detail, the peak at 812cm ™! is due to the vibration mode of the s-
triazine units [52,53]. The multiple bands at 1242, 1327, 1413 and
1641 cm ™! are attributed to the typical vibration modes of C—N het-
erocycles [54]. The broad band between 3000 and 3600 cm ™! corre-
sponds to the stretching modes of —NH, moieties [55]. The broad band
of TCN(NH3) shifts left compared to that of the bulk g-C3N, and the
intensity of amino groups is also enhanced (the inset of Fig. S3c), which
indicates that more amino groups are grafted into the porous g-C3N,4
nanotubes during the polymerization of the supramolecular inter-
mediate under an NH; atmosphere [55-58]. The XRD patterns and FT-
IR spectra of the TCN catalysts synthesized under different conditions
and atmospheres are shown in Fig. S7. The results indicate that the
synthesized materials maintain the carbon nitride structure well.

To confirm the fine structure of TCN(NH3), elemental analysis (EA),
X-ray absorption near edge structure (XANES) and XPS measurements
were carried out [59-61]. As shown by the EA analysis (Table S1), the
C/N atomic ratio of TCN(NH3) is significantly lower than those of TCN
samples synthesized under other atmospheres, which indicates that
more N has been introduced into the TCN(NH3). XANES analysis is an
effective technique to analyze the local atomic and electronic structures
of the TCN(NHj3) samples. As shown in Fig. 2, the XANES C K-edge and
N K-edge spectra indicate that the TCN(NHj3) retains the tri-s-triazine-
based structure of bulk g-C3N,. In the C K-edge spectra (Fig. 2a), three
main features can be ascribed to the zt* excitations of out-of-plane C=C
bonds (ca. 285.5eV) and C—N—C bonds (ca. 288.4 eV) and the o* ex-
citations of C—N—C/C—N bonds (> 293 eV) [62]. More careful ex-
amination of the C K-edge spectra shows that the intensity of the w*c_c
feature decreases after treatment with NHs;. This may be attributed to
the etching effect of ammonia on the host framework, which weakens
the interlayer bonding of the TCN(NH3) [48]. The SEM and TEM images
(Fig. 1) also show the 1D tubular and surface porous structure of TCN
(NH3). Moreover, the increased intensity of the nw*c_n_ ¢ feature in the
spectrum of TCN(NH3) compared to that in the spectrum of the bulk
counterpart is observed, implying significant formation of the C—N—C
structure on NHj; etching. This phenomenon can be more clearly seen in
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the C 1s XPS spectra (Fig. 2c and Table S3). The N K-edge XANES and N
1s XPS spectra for both materials are also collected and presented in
Fig. 2b, d and Table S4. In the n* region, two sharp and intense peaks
are observed at ca. 399.7 and 402.5 eV; these correspond to the aro-
matic C—N—C coordination in heterocyclic rings and sp® N-3C bridging
between tri-s-triazine, respectively. A weak shoulder peak centered at
ca. 401.4 eV may be derived from graphitic three-fold nitrogen species
(N-3C) [63]. The broad feature at > 405 eV is attributed to the o* ex-
citation of C—N—C or C—N bonds. The n*c_n_c feature shows ob-
viously increased intensity, which is consistent with the results ob-
tained from the C K-edge spectra. Meanwhile, a slightly decreased
intensity of the 7*y_3c peak suggests that the N-3C bonds in the g-C3Ny4
framework could be partially broken. Based on the above-mentioned
results, we conclude that the TCN(NHj3) is mainly formed by the
opening of the C—N bonds in the reduced NH; atmosphere, resulting in
more amino defects with terminal isolated amino groups.

2.2. Photocatalytic CO reduction performance

To explore the effect of the porous 1D tubular structures and
abundant amino groups on the photocatalytic performance, photo-
catalytic CO, reduction experiments were conducted under irradiation
with a 300-W Xe lamp. The predominant reaction products are CO and
a trace amount of H,. As shown in Fig. 3a, the bulk g-CsN4 only shows
feeble CO, reduction performance, having a CO generation rate of
6.1umolg *h~!. Once TCN samples are formed after calcination
under different atmospheres, the CO, reduction performance is sub-
stantially improved. One of the important reasons for this improvement
is the larger surface area (Table S5) [64,65]. In particular, compared
with those of the TCN(air), TCN(Ar) and TCN(N,) samples, the TCN
(NH3) catalyst has higher photocatalytic performance. A CO generation
rate of 103.6 pmol g~ 1 h ™! is achieved for the TCN(NH5) sample, which
is 17.0, 1.8, 2.7 and 2.8 times higher than those of bulk g-C3N4, TCN
(air), TCN(Ar) and TCN(N,), respectively. To study the photocatalytic
CO,, reduction of TCN(NH3) further, a series of photocatalytic reduction
experiments for TCN(NHj3) calcined with different NH3 flow rates were
investigated. As shown in Fig. 3b, the photocatalytic activity of the TCN
(NHj3) materials first increased and then decreased as the flow rate in-
creased. The CO generation rates are 66.8, 73.5, 103.6 and
86.5umol g~ 'h~! for the samples prepared under NH; flow rates of
50, 100, 200 and 400 mL/min, respectively. The TCN(NH3) sample
calcined under NH;3 at 200 mL/min showed the highest CO production
rate. Experiments with 3C isotopic labeling were performed to provide
direct evidence of the carbon source of the generated CO [66], as shown
in Fig. 4a, b. The gas chromatography-mass spectrometry (GC-MS)
spectral analysis reveals that the reduction product is *CO, after
photoreduction using the TCN(NHj3) catalyst, where the strong signal in
the MS spectrum at m/z = 29 is designated as *>CO. This result provides
strong evidence that the formed CO originates from CO, molecules. In
the absence of TCN(NH3), almost no CO is generated (Fig. 3c, column
2). In addition, as shown in Fig. 3¢, column 3, no products are observed
under dark conditions, indicating the photocatalytic nature of the CO,
reduction reaction. When CO, is replaced with Ar, no CO is detected
and only a little H, is generated (Fig. 3¢, column 4), suggesting the CO5
feedstock is the key to the generation of CO (Fig. 3c, column 1). In
addition, the cycling stability of TCN(NH3) calcined under NH; at a
flow rate of 200 mL/min is tested, and the results are presented in
Fig. 3d. Photocatalytic CO, reduction activity is maintained at
100umol g~ h~! over five cycles. During cycling, once additional
triethanolamine (TEOA, 2mL) has been added to the reaction, the
product generation rate is stabilized. The SEM, XRD and FTIR analyses
in Fig. S8-S10 further demonstrate that the g-C3N4 nanotube structure
does not change during photoreduction cycling, demonstrating its
photostability [67,68]. The most reported photocatalysts (such as P25-
TiO,, BP, BN and carbon) are also selected for comparison with TCN
(NH3). The results in Fig. 4c indicate that the CO, reduction
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Fig. 2. Synchrotron radiation XANES and XPS measurements. (a) C K-edge and (b) N K-edge XANES spectra and (c) C 1s and (d) N 1s XPS spectra of TCN(NH3) and

bulk g-C3Ny.

performance of TCN(NH3) (103.6 ymolg~' h™1') is obviously higher
than that of P25-TiO, (7.1 pmolg~* h™1), BP (7.9umolg~! h™1), BN
(0 ymol g’l h~1) and carbon (0 pmol g’1 h™1), and the CO, reduction
performance of TCN(NHs) is also higher than most reported g-C3Ny-

based photocatalysts (Table

$6). The quantum efficiency (QE) of TCN

(NH3) is 0.43% at 400 nm (Fig. S11), which is also higher than that of

most carbon nitrogen-based
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(Table S6). The QE decreased quickly at longer wavelengths, achieving
0.26%, 0.00013% and 0% at 420, 435 and 450 nm, respectively.

2.3. Mechanism and structure-activity relationship analysis

The excellent activity of TCN(NH3) can be ascribed to the 1D porous
tubular structure and abundant amino groups. First, the one-
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Fig. 3. Photocatalytic CO, reduction activity under visible light irradiation. (a, b) CO, photoreduction activities of different samples, (c) CO, reduction performance
under various conditions and (d) formation of CO/H, in stability tests.
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dimensional porous tubular structure can greatly increase the surface
area and promote optical absorption because of the reflection of in-
cident light, leading to rapid and long-distance electron transport.
Furthermore, as shown in Table S1-S4 and Fig. 2, the N contents of TCN
(NH3) are clearly higher than that of TCN(air), TCN(Ar) and TCN(N5).
The amino groups are hole stabilizers, extending the lifetime of the
photogenerated charge [48]. Simultaneously, the strong Lewis basicity
of the amino groups is beneficial to the capture of CO, by forming
hydrogen bonds with CO,. Therefore, TCN(NH;3) has the stronger ad-
sorption of CO, than bulk g-C3N4 and TCN synthesized in different at-
mosphere (Air, Ar, N,), which facilitates the photocatalytic reduction
reaction [15,38-45]. To illustrate the effect of amino groups on the
adsorption of CO, and desorption of CO, density functional theory
(DFT) calculations were performed to determine the energy required for
the adsorption of CO5 and desorption of CO. Fig. 5a shows the CO,
adsorption energies and the CO desorption energies of TCN with or
without amino modification. Based on the literature, CO, adsorption
occurs via O-terminated adsorption. Therefore, TCN(NH3) may have
stronger CO, adsorption performance than that of TCN without amino
modification because the modified amino groups can form hydrogen
bonds with CO, [69]. The DFT calculations validated this hypothesis.
TCN(NH3) has a higher CO, adsorption energy (—0.358 eV) than TCN
without amino modification. The N—H---O separation in TCN(NHs) is
2.445 A, which is within the range of hydrogen bonding interactions.
This hydrogen bonding interaction may be key to enhancing the CO,
adsorption energy. In addition, the desorption of the generated CO
molecules is another important step for CO, photoreduction. As shown
in Fig. 5b, the CO adsorption model involves C-terminated adsorption,
and the CO desorption energy (0.032eV) in TCN(NH3) is smaller than
that of TCN (0.148 eV), which may be because the N—H---C interaction
is weaker than the N—H---O interaction. Thus, TCN(NH3) is beneficial
for the release of CO from the nanotubes. Based on the above DFT
calculations, TCN(NH3) not only enhances the CO, adsorption energy
but also decreases the CO desorption energy, which could ultimately
lead to better photocatalytic CO, reduction activity.

The main reasons for the increase and subsequent decrease in ac-
tivity for the catalysts synthesized using different NH; flow rates are
now given. (1) As the flow rate of NH; increased to a certain range
(200 mL/min), the BET surface area of the TCN(NH3) sample gradually
increased to 135.8 m2/g (Table S5), which is important for the ad-
sorption of CO,. To understand the interactions between CO, and the
photocatalyst surfaces, the temperature programmed desorption (TPD)-
CO,, profiles of the different photocatalysts are presented in Fig. 4d.
Compared to those of the TCN(NHj3) samples calcined at different NH;
flow rates, TCN(N,) calcined under N, at 200 mL/min exhibits CO,
desorption at the lowest temperature (84.0°C), suggesting fewer in-
teractions between CO, and TCN(N,). In contrast, TCN(NH3) calcined
under NH3 at 200 mL/min shows CO, desorption at the highest tem-
perature (89.4°C), indicating that there are a large number of inter-
actions with CO,. In other words, TCN(200) has the strongest adsorp-
tion of CO,. The above results correspond to the observed
photocatalytic performance shown in Fig. 3a, b. (2) For the sample
prepared with an NH; flow rate of 400 mL/min, the CO production rate
decreases to 86.5 umol g~ ' h™'. The increased NHj; flow rate increased
the exfoliation of the g-C3N4 nanotubes. As shown in Fig. S4 and S12,
the tube wall of TCN becomes thinner gradually with the increase of
NH; flow rate, and finally collapsing when the flow rate reaches
400 mL/min (Fig. S12¢, d). This eventually results in a decrease in
photocatalytic activity.

The light absorption and separation efficiency of photogenerated
charges are also the key factors for photocatalytic activity [70,71]. A
significantly reduced photoluminescence emission intensity of TCN
(NHj3) is observed in contrast with that of bulk g-C3N4, indicating a
lower recombination rate of charge carriers in TCN(NH;3) (Fig. S13)
[72]. The improved photocharge could be further quantified based on
the decreased electrochemical impedance and the increased photo-
current (Fig. S13c-e) of TCN(NH3) electrodes. As shown in Fig. S13c, d,
TCN(NH3) has the higher photocurrent density than that of bulk g-
C3Ny4, TCN(air), TCN(Ar) and TCN(N,), which may be due to the more
efficient charge separation efficiency of TCN(NH3) [73,74]. TCN(NH3)
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Fig. 5. (a) Adsorption energies of CO, and (b) desorption energies of CO on various TCN catalysts (all results obtained from first-principles calculations).

exhibits the smaller arc radius than that of bulk g-C3N, (Fig. S13e),
which corresponds to lower resistance and higher charge separation
efficiency [75].

Based on the above experimental results, as well as the catalyst
characterization, the excellent photocatalytic activity of TCN(NH3) is
attributed to the following: first, TCN(NH3) has a unique 1D tubular
structure, which can maximize TCN(NHj3) exposure to sunlight and
increase the light utilization because of the multiple reflections of in-
cident light in the tubular structure. Meanwhile, the larger specific
surface area of TCN(NH3) can provide more photocatalytic reaction
centers for photocatalytic reduction [76]. Secondly, the introduction of
amino groups effectively enhances the Lewis basicity and hydro-
philicity, which can enhance the photocatalytic performance. The 1D
tubular structure and the introduction of amino groups are conducive to
increasing the adsorption of CO, and the charge separation/transfer
during catalytic reaction, resulting in a smaller interfacial charge
transfer resistance and a higher charge separation/transfer efficiency.

3. Conclusions

In summary, porous nitrogen-rich g-C3N4 nanotubes (TCN(NHj3))

are synthesized through a molecular self-assembly strategy yielding
highly efficient and stable metal-free catalysts for visible-light-driven
photocatalytic CO, reduction. The CO production rates of TCN(NH3)
are 17, 15 and 13 times higher than those of individual carbon nitride,
P25 and BP, respectively. The unique porous nanotube structure and
nitrogen-rich features of the TCN(NHj;) catalysts facilitate light capture
via multiple reflections, as well as the adsorption of CO, and desorption
of CO, which increase the photocatalytic CO, reduction activity. Thus,
this work provides direction for the design and synthesis of low cost and
nature-inspired metal-free materials for photocatalytic CO, conversion.
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