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Solar-driven photocatalytic reduction of carbon dioxide (CO,) into fuels, particularly over a graphitic carbon
nitride (GCN)-based photocatalyst, presents a promising solution to address energy and CO, emission
issues. However, the limited charge-carrier dynamics significantly hampers the photocatalytic
performance of CO, reduction. Enhancing the built-in electric field at the interface has been revealed as
an effective strategy to improve the activity of photocatalytic reactions. In this work, a high-efficiency
photocatalyst TPNCNm was fabricated by anchoring sodium 2,5,8-tri(4’-pyridyl)-1,3,4,6,7,9-
hexaazaphenalenate (TPHAP), with a similar tri-s-triazine unit to GCN, on the surface of crystalline nitride
carbon (NCN) via w-m stacking interactions. The fabricated photocatalyst TPNCNm demonstrates
efficient solar-driven CO, reduction into CO and CH,4 through the gas—solid mode, with evolution rates
of CO and CH, reaching 10.43 and 4.88 umol g~! h™%, respectively. Furthermore, the investigation of the
band structure and charge carrier dynamics revealed the formation of a strong built-in electric field
between TPHAP and NCN. The directional built-in electric field from NCN to TPHAP effectively
accelerated the charge carrier separation and migration, thereby boosting CO, photoreduction
performance. In addition, theoretical calculations have verified that TPHAP molecules not only serve as
active sites, but also effectively lower the Gibbs free energy of crucial intermediate COOH*, which is the
rate-determining step for CO,-to-CO photoreduction. This work highlights the importance of utilizing
coplanar materials to construct efficient hybrid graphitic nitride carbon-based photocatalysts with
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photoreduction.>® However, the conversion efficiency of CO,
photoreduction is significantly hindered owing to the limita-

Introduction

Artificial photocatalytic carbon dioxide (CO,) reduction into
valuable fuels offers a promising and sustainable approach to
simultaneously alleviate increasing energy demands and
climate change.” Recently, there has been a rising interest in
exploring organic semiconductors with earth-abundant
elements and lightweight for photocatalytic CO, reduction.**
Among the various organic semiconductors, graphite carbon
nitride (GCN) with a two-dimensional (2D) layered structure has
emerged as a particularly noteworthy candidate for CO, pho-
tocatalytic reduction, due to its high chemical stability, ease of
preparation, and suitable band structure for CO,
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tions of dull charge carrier dynamics, including poor electron-
hole separation ability, slow charge transfer rate, and indecisive
catalytic reaction at the active sites of catalysts.” To overcome
these limitations, employing hybrid photocatalytic systems has
been found as a favorable approach for developing highly effi-
cient photocatalysts with enhanced CO, photoreduction
performance.®

Developing new hybrid photocatalysts via matching another
metal or semiconductor nanoparticle with GCN, such as poly-
mers,” metal-organic frameworks,'® metal oxides," or metals,™
has been widely employed to inhibit electron-hole pair recom-
bination and facilitate charge carrier migration. Notably, the
construction of a built-in electric field at the photocatalyst
interface provides a driving force for charge separation and
migration. Then, enhancing the built-in electric field has been
revealed as an effective strategy to improve the activity of pho-
tocatalytic reactions."'* However, weak interfacial contacts
between GCN and semiconductors would result in the
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formation of interfacial defects, acting as the photogenerated
electron-hole recombination sites, which hardly inhibit charge
carrier separation and migration with low effective photo-
catalytic activity. Fortunately, utilization of w-m stacking inter-
actions between planar molecules and 2D semiconductors has
been evidenced to improve the transfer efficiency of charge
carriers in the interface of photocatalysts, consequently
enhancing the photocatalytic performance. Ouyang et al
modified the photosensitizers and catalyst with pyrenyl groups
to construct -7 stacking interactions for high-performance
CO,, photoreduction.” It is noted that the 7w-m stacking inter-
action significantly promotes the charge carrier migration from
the excited-state photosensitizers to catalysts. Jing et al
synthesized a dimension-matched perylene diimide/g-C3N,
(PDI/GCN), in which the interfacial 7-7 interactions acceler-
ated the dispersion of PDI on the surface of GCN as well as
improving the interfacial charge migration, boosting the CO,
photoreduction performance.*® It is reported that the efficiency
of electron transport through -7 stacking interactions relies
on the degree of matching in the conjugated macrocycle
structure.”” However, pyrenyl groups or perylene diimide
possesses the conjugate macrocycle with a low matching degree
with the tri-s-triazine unit, which makes it difficult to maximize
the interfacial w-m interactions to drive the charge migration.
Hence, organic molecules with a similar conjugated macrocycle
structure to GCN are well suitable for constructing strong-
contact GCN-based hybrid photocatalysts via the - stacking
interaction, providing an interlayer charge-transfer channel
along the m-stacking direction.

Sodium  2,5,8-tri(4’-pyridyl)-1,3,4,6,7,9-hexaazaphenalenate
(TPHAP), featuring three pyridyl groups linked with a hex-
aazaphenalenate w-conjugated macrocycle (Scheme 1), has
been explored in self-assembled molecule networks through m—
7 stacking interactions, ascribed to its Dj, symmetrical
aromatic plane."?° Interestingly, the molecular structure of the
hexaazaphenalenate unit is very similar to the tri-s-triazine unit,
in that a carbon atom replacing the central tertiary nitrogen of
the tri-s-triazine unit forms the hexaazaphenalenate unit.
Satisfactorily, the highly matched conjugate macrocycle struc-
ture between the hexaazaphenalenate unit and tri-s-triazine
unit makes TPHAP an excellent candidate to construct a strong-
contact GCN-based hybrid photocatalyst via the - stacking
interaction. In addition, the coordinating groups, three pyridyl
groups, provide the linkage to promote the migration of the
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Scheme 1 Schemed fabrication process of the TPNCNm photocatalyst.
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photogenerated charge carriers from the hexaazaphenalenate
conjugated rings to pyridyl groups.*

However, the bent plane forming in amorphous GCN
through tri-s-triazine conjugate rings connected by sp® imide N
inhibits the effective interface matching between GCN and
TPHAP. At present, the molten-salt method has been widely
reported as an effective strategy to improve the crystallinity of
GCN, along with an extended planar plane and stabilized w
electron system,”* which may benefit interface matching
between the crystalline carbon nitride (NCN) and TPHAP to
form a strong-contact hybrid photocatalyst via strong -
stacking interactions, named as crystalline NCN/TPHAP
(TPNCN). Thus, it is expected that photogenerated charges,
driven by the strong built-in electric field of TPNCN, could be
induced and transferred from NCN into TPHAP in the -
stacking direction. Subsequently, these charges are expected to
be captured by the three pyridyl groups, serving as active sites
for the photocatalytic CO, reduction reaction.

As inspired by the consideration above, we successfully
designed and synthesized crystalline TPNCN via molten-salt
and solution-assembly process, which exhibited enhanced CO,
photoreduction performance with CO and CH, evolution rates
reaching up to 10.43 and 4.88 pmol g~ ' h™", respectively. The
improved crystallinity for NCN was proved to accelerate the
charge separation and transfer efficiency. Based on the
enhanced charge dynamics of NCN, the introduction of TPHAP
firmly anchored on the surface of NCN was demonstrated
further to enhance the charge separation from NCN to TPHAP,
and promote the charge carrier migration, as well as act as the
active site for photocatalytic reactions. Furthermore, in situ
spectral characterization and density functional theory (DFT)
calculations and other various characterization tests were
carried out to further investigate the band structure, charge
dynamics and reaction mechanisms for excellent CO, photo-
reduction performance.

Results and discussion
Constructing the TPNCN photocatalyst

The preparation procedure of TPNCN is illustrated in Scheme 1.
Starting from thermal-polymerization of GCN as the precursor,
highly crystalline nitride carbon (denoted as NCN) is obtained
through the molten-salt method with high-temperature calci-
nation treatment of the GCN and KSCN molten-salt mixture in
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the tube furnace under argon. With a similar w-conjugated
macrocycle structure to NCN, TPHAP, 2,5,8-tri(4’-pyridyl)-
1,3,4,6,7,9-hexaazaphenalene, could be easily synthesized via
a one-step condensation reaction between tricyanomethanide
and 4-pyridylamidine hydrochloride (Scheme S1}). Depending
on the strong m-m interaction between TPHAP and NCN, the
TPHAP solution was dropwise injected into the NCN suspension
and then TPNCNm was formed, in which m represents the mass
percentage (m =1 (1 w%), 5 (5 w%) and 10 (10 w%)) of TPHAP
used for deposition on the NCN surface.

The crystal structures of NCN and TPNCNm were investi-
gated by X-ray diffraction (XRD). For GCN, we observed two
consistent peaks at 26 = 13.0° (100) assigned to the in-plane
periodic tri-s-triazine units (dyoo = 6.595 A) and 26 = 27.4°
(002) ascribed to the periodic stacking of the nanosheets layers
(doo = 3.249 A) (Fig. 1a).>* Compared with GCN, the (002) peak
of NCN displayed a shift to 28.2° with a reduced interlayer
distance (doo, = 3.163 A), suggesting the strongly compressed

View Article Online
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interlayer stacking after the molten-salt treatment.”® After
molten-salt treatment, the in-plane periodicity (100) peak of
NCN is weakened and two additional peaks appear at 26 = 7.9°
and 26 = 10.1° (Fig. 1a), attributed to the in-plane periodicity
(110) (d110 = 10.740 A) and (020) planes (dgzo = 8.525 A),>%*7
respectively. Given sp® imide N resulting in the non-coplanar
tri-s-triazine conjugate rings and then bending the conjugated
area in amorphous GCN, the size of the periodic tri-s-triazine
unit is increased from 6.595 A for GCN to 8.525 or 10.740 A for
NCN, due to the improved crystallization extending the planar
plane of NCN,* which benefits the further interface matching
for TPHAP with NCN in TPNCNm. The improved crystallization
could be further confirmed by the reduced full width at half
maximum (FWHM) from 1.424° for GCN to 1.107° for NCN
(Table S1t). Similar to the NCN, the characteristic peaks of NCN
could be observed in all TPNCNm clearly (Fig. 1b), suggesting
that the crystalline structure of NCN remains unchanged after
TPHAN being introduced. Further comparison reveals that only
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Fig.1 X-ray diffraction (XRD) patterns of (a) GCN, NCN and (b) TPNCNm. (c) Fourier transform infrared spectroscopy (FTIR) spectra of GCN and
NCN. (d) C 1s and K 2p X-ray photoelectron spectroscopy (XPS) spectra of NCN and TPNCN. (e) FTIR spectra of TPNCNm. Schematic illustration
for TPNCNm in (f) horizontal and (g) vertical directions. (h) SEM image and SEM-mapping scan images of (j) C, (k) N, (i) O, (m) K, and (n) Na of

TPNCN. (o) The mass percentage of all elements.
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low-angel reflection peaks of TPHAP with slight displacement
are observed in TPNCNm, which could be owing to the different
stacking structure of TPHAP in TPNCNm to TPHAP powder as
well as the relatively low mass percentage for TPHAP in
TPNCNm.

For further investigation of the chemical structure of TPHAP,
NCN and TPNCNm, Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) were carried
out. Similar to GCN, two characteristic absorption bands, broad
bands at 1700-900 cm ™' originating from the tri-s-triazine
derivatives and the band at 805 cm " indexed to the out-of-
plane bending of the tri-s-triazine rings, could be detected for
NCN (Fig. 1c),*® indicating that the molecular structure of NCN
remains unchanged after the molten-salt treatment,* with tri-s-
triazine rings well maintained in NCN, which could be evi-
denced by the N 1s XPS (Fig. S11) of NCN similar to that of GCN.
Meanwhile, all the characteristic FTIR bands of NCN are
sharper than those of GCN, revealing an improved interlayer
stacking and in-plane periodicity order for NCN, originating
from the molten-salt treatment.*® On careful comparison, one
should note that an additional band at 2164 cm™" corre-
sponding to -C=N is detected over NCN, related to partial
replacement of amino groups by cyanamide groups (-C=N)
during the KSCN molten-salt treatment, which could be
confirmed by the existence of C 1s XPS at 286.2 eV (Fig. 1d).* In
addition, this replacement of groups results in weakening of the
peaks ranging from 3000 to 3500 cm ™' ascribed to amino
groups and reduction of the XPS ratio of amino groups over
NCN in contrast to GCN (Table S2}).*> It is observable that the
FTIR patterns of TPNCNm featuring all the characteristic bands
of NCN indicate the molecular structure of NCN remaining in
TPNCNm (Fig. 1e) via - stacking interactions. However, the
characteristic bands of TPHAP in the range of 2500-800 cm ™"
are undistinguishable in TPNCNm, due to the relatively low
amount of TPHAP in TPNCNm. However, the FTIR peaks of
TPNCNm centered at 3450 cm ™' assigned to hydrogen bonds
gradually increased with the increasing ratio of TPHAP,
revealing that, in addition to the m—m interaction, hydrogen
bonds are another interaction mode for TPHAP connecting with
NCN (Fig. 1f). The - stacking interaction between NCN and
TPHAP could be investigated by C 1s XPS (Fig. 1d). In addition
to the C 1s peak of the -C=N group, another two C 1s peaks at
284.6 and 288.4 eV, ascribed to the graphitic carbon and sp*
bonded carbon in the aromatic ring (N=C-N), are observed in
NCN and TPNCN.** Significantly, a new C 1 s peak at 290.2 eV,
corresponding to -7 satellite bonds, appears in TPNCN, which
confirms the m-m stacking interaction between TPHAP and
NCN.**** In addition, the Na 1s peak at 1071.3 eV reveals the
existence of Na' ions originating from TPHAP,*** which proves
the successful anchoring of TPHAP on the surface of NCN (Fig.
S2+t).

The morphological structures of the as-prepared photo-
catalysts were monitored by scanning electron microscopy
(SEM). The SEM images with no apparent change in Fig. S3t
reveal that the introduced TPHAP could not affect the
morphological structure of NCN in the TPNCNm, due to TPHAP
just anchored on the surface of NCN via m-1 stacking
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interactions. For further studying the distribution of TPHAP on
the surface of CCN, the SEM-mapping scan was performed
(Fig. 1h-o0). The elements of C, N, O, and K are uniformly
dispersed throughout the surface of NCN. Specifically, the
uniform dispersion of the Na element originating from TPHAP
confirms the successful anchoring of TPHAP on the surface of
NCN in TPNCNm without any accumulation, which is favorable
for the fast catalytic reaction of CO, photoreduction. In addi-
tion, TPNCNm reveals a high thermal stability below 500 °C
according to thermogravimetry analysis (TG) (Fig. S47)

Efficient charge separation and migration driven by the strong
built-in electric field

After successfully anchoring TPHAP on the surface of NCN, the
band structure of TPHAP and NCN was evaluated by UV-visible
diffuse reflectance (DRS) spectroscopy and Mott-Schottky
measurements. As illustrated in Fig. 2a, all the samples feature
distinct optical absorption in the range of 240-420 nm, corre-
sponding to the 7 — 7* transition from the valence band to the
conduction band in the conjugated aroma system of NCN.*®
Distinct from the optical absorption of GCN, NCN exhibited
a slightly wider optical absorption, related to the n — w*
electronic transition in the cyanamide group translated from
the amino groups after the molten-salt (KSCN) method. This
phenomenon is consistent with the smaller band gap values (E)
calculated from the Kubelka-Munk equation over NCN (2.75 eV)
than that of GCN (2.77 eV) (Fig. S5 and Table S31). Furthermore,
the spectrum of TPHAP displays an enhanced absorption
intensity in the range of 450-600 nm, which is not very obvious
in TPNCNm, due to the small mass percentage of TPHAP in
TPNCNm. As further determined from the Mott-Schottky plots
(Fig. S6t), flat band potentials (Eg,) of GCN, NCN and TPHAP are
—0.71V, —0.65 Vand —0.35 V vs. NHE (PH = 7), respectively. In
generation, the conduction band potential (Ecg) minimum was
about 0.2 V more negative than the Eg,.>* Thus, the Ecg values of
GCN, NCN and TPHAP are calculated to be —0.91 V, —0.85 V,
and —0.55 V vs. NHE (PH = 7), respectively. Given the calcula-
tions of E; and Ecg, the corresponding band positions of GCN,
NCN and TPHAP are outlined in Fig. S7a.t Notably, all the
samples possessed more negative Ecg values than the redox
potential of CO,-CO (—0.53 V) and CO,-CH, (—0.24 V),
demonstrating enough thermodynamics reduction ability for
photocatalytic CO, reduction. It is worth pointing out that NCN
exhibited a more negative CB position than that of TPHAP,
suggesting that a built-in electric field would be formed between
them, driving photogenerated charge carrier migration from
NCN to TPHAP and inhibiting charge recombination.

To directly confirm the built-in electric field between NCN
and TPHAP and investigate its direction, Kelvin probe force
microscopy (KPFM), ultraviolet photoelectron spectroscopy
(UPS) and density functional theory calculation (DFT) were
further carried out. After anchoring TPHAP on the surface of
NCN, the contact potential difference (AEcpp) detected from
KPFM of TPNCNS5 (AE¢cpp = 70 mV, Fig. 2b) increases in contrast
to NCN (AEcpp = 30 mV, Fig. 2¢), which provides direct evidence
for the formation of the built-in electric field between TPHAP

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) UV-visible diffuse reflectance spectra of GCN, NCN and TPNCNm. Kelvin probe force microscopy images (top) and surface potential

difference (bottom) according to the cross-section in (b), (c) in the dark and (d), (e) under irradiation. (f) Ultraviolet photoelectron spectroscopy
(UPS) of NCN and TPHAP. (g) Schematic diagram of forming a built-in electric field between TPHAP and NCN. (h) The surface voltage intensity of

GCN, NCN and TPNCNm.

and NCN.* Driven by this built-in electric field, TPNCN5
possesses a larger difference between before and after illumi-
nation of AEcpp = 150 mV than that of NCN (AEcpp = 50 mV)
due to the accumulation of electrons and holes on TPHAP and
NCN (Fig. 2d and e), respectively, which further demonstrates
the accelerated photoexcited charge carrier separation by the
built-in electric field.***>*

Based on the secondary electron cutoff energy (Fig. 2f), the
work function (®) of NCN and TPHAP could be calculated to be
—5.12 and 5.47 eV (Fig. 2g, S7b and Table S4f). Generally
speaking, the @ could be used to judge the direction of the built-
in electric field, as the electrons tend to migrate from one
sample with a low @ to another sample with high ¢.*>** Hence,
it is pertinent to determine that, when TPHAP is anchored on
the surface of NCN, electrons of NCN with low @ would migrate
to TPHAP with high @ until equilibrium of the Fermi energy
levels of NCN and TPHAP, forming a stable built-in electric field
with the direction from NCN to TPHAP. Additionally, DFT
calculation further confirms this phenomenon as NCN (@ =
5.055 eV) possesses a more lower @ than TPHAP (@ = 5.319 eV)

This journal is © The Royal Society of Chemistry 2024

(Fig. S8t) and this difference in @ could drive the electron
migration from NCN to TPHAP.

To further evaluate the magnitude of the built-in electric
field between TPHAP and NCN, surface voltage and photocur-
rent studies were performed. After anchoring TPHAP on the
surface of NCN, the built-in electric field magnitude could be
evaluated based on surface charge density (p) and surface
voltage (Vs),** which could be estimated by the photocurrent
density and surface photovoltage (SPV) measurement (Fig. 3a
and S97), respectively. As illustrated in Fig. 2h, TPNCNm
exhibits an enhanced built-in electric field in contrast to NCN
and GCN, which could provide a strong driving force for effec-
tive charge separation and migration at the interface. Signifi-
cantly, TPNCN5 presents the maximum built-in electric field
magnitude, which is 3.35 times higher than that of NCN.

It is well recognized that a built-in electric field formed in
TPNCNm could accelerate the efficiency of charge transfer
between NCN and TPHAP, as it is believed to enhance the
photoactivity of CO, photoreduction. For further understanding
the charge-transfer dynamics of TPNCNm: driven by the built-in

J. Mater. Chem. A, 2024, 12, 7807-7816 | 7811
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Fig. 3 (a) Surface photovoltage spectra, (b) steady-state photoluminescence (PL) emission spectra, and (c) time-resolved PL decay spectra of
GCN, NCN and TPNCNm. (d) Time dependent CO (left) and CH,4 (right) yield and (e) production rates of CO and CH,4 over GCN, NCN and
TPNCNm under visible-light irradiation. Inset of (e) the purple curve reveals the CH, selectivity over catalysts. (f) UV-visible DRS spectrum and
wavelength-dependent AQYs of TPNCNS for photocatalytic CO generation.

electric field, the photophysical behaviors of the photoexcited
charge carriers were investigated by photocurrent, surface
photovoltage (SPV), steady-state and time-resolved photo-
luminescence (PL) emission spectroscopy, and electrochemical
impedance spectroscopy (EIS) measurements. Given the posi-
tive SPV signals illustrated in Fig. 3a, GCN, NCN and TPNCNm
feature n-type semiconductor characteristics.”” The stronger
SPV signal intensity of NCN than GCN identifies that the
improved crystallinity would favor effective photogenerated
charge separation and then transfer to the surface. After intro-
ducing TPHAP, the SPV signals of TPNCNm increased with the
maximum for TPNCNS5, attributed to the built-in electric field
driving photogenerated charge separation. However, the SPV
signal of TPHAP10 is weakened, revealing that an excess
amount of TPHAP would act as the recombination centers of
e -h" pairs. This phenomenon could be further verified by
steady-state and time-resolved PL emission spectra. It is noted
that the PL emission originates from the radiative recombina-
tion of electron-hole pairs (e"-h"*), meaning a lower intensity of
steady-state PL emission indicates a lower density of charge
carrier recombination and shortened PL average lifetimes (7,yg)
indicating the enhanced process of charge transfer.*>*” Given
the improved crystallinity for NCN, the PL intensity of NCN is
significantly reduced compared to GCN with a shortened 7,
(1.20 ns) (Fig. 3b and c), due to effective charge carrier migration
over NCN with a reduced interlayer distance and extended
conjugate system, inhibiting charge recombination. Thanks to
the built-in electric field, the steady-state PL spectra of TPNCNm
are effectively quenched relative to NCN, with shortened 7,
(1.08 ns for TPNCN1, 0.99 ns for TPNCN5 and 1.15 ns for
TPNCN10), attributed to the efficient charge carrier separation
between NCN and TPHAP, inhibiting the recombination of
photoexcited e ~h" pairs. With increasing the mass percentage
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of TPHAP, the PL quenching ability of TPNCNm changes among
which TPNCN5 exhibits the lowest steady-state PL intensity and
shortest PL lifetime, which confirms that 5% mass percentage
of TPHAP is conducive to the maximum efficiency of charge-
carrier separation. These observations are further solidified by
the increased photocurrent response (Fig. S107) and decreased
charge transfer resistance in electrochemical impedance spec-
troscopy (EIS) (Fig. S117). In detail, a high intensity of photo-
current indicates the effective separation of photoexcited e -h"
pairs.** Meanwhile, the small value of charge transfer resis-
tances (R.) detected from the Nyquist plots fitted by an equiv-
alent circuit reveals reduced charge transfer resistance for fast
charge carrier migration rate,* synergistically improving the
charge dynamics for efficient photocatalytic performance. With
improved crystallinity, NCN possesses an enhanced photocur-
rent intensity and decreased R, value relative to GCN. Specifi-
cally, TPNCN5 displays the largest photocurrent intensity and
smallest R, value, attributed to the driving force from the built-
in electric field with a suitable mass percentage of TPHAP to
facilitate charge carrier separation and migration.

CO,, photoreduction performance and reaction mechanism

The CO, photoreduction performance of all the samples was
assessed through the gas—solid model under simulated light
irradiation. Given the improved crystallinity for NCN, the CO
yield reaches 22.33 pmol g~ with a CO product rate of 2.12
pumol g¢~* h™', 1.3 times higher in contrast to GCN. With the
introduction of TPHAP, the CO product yields of TPNCNm
increase first and then decrease depending on the increasing
mass percentage of TPHAP (Fig. 3d). Based on the improving
photocatalytic activity for NCN, TPNCN5 presents the highest
CO generation rate of 10.43 umol g~ * h™', 3.5 times compared

This journal is © The Royal Society of Chemistry 2024
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to NCN (Fig. 3e), which stands at a higher level than those of
reported GCN-based all-organic photocatalysts and at an
equivalent level to GCN coupled with compounds containing
metal elements (Table S5t).No liquid products and H, were
detected (Fig. S121). Unfortunately, instead of continuous
increase, the CO generation rate of TPNCN10 begins to rapidly
decrease, ascribed to the excessive TPHAP molecules acting as
the centres of charge carrier recombination. Significantly,
TPNCNm exhibits a fast CH, generation rate (2.90 umol g * h™*
for TPNCN1, 4.88 umol g~ h™" for TPNCN5, 0.285 umol g " h™*
for TPNCN10) compared to NCN with a seriously slow CH,

View Article Online
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generation rate of 0.022 pmol g~ ' h™", indicating that intro-
ducing TPHAP could drive the multiple electron and proton
reaction resulting from the built-in electric field in TPNCNm.
Notably, the CH, selectivity increased after constructing
TPNCNm, reaching a maximum CH, selectivity of 33% for
TPCNCNS5 and electron selectivity of 64% for CH, (Fig. S13+).
Recycling photocatalytic reactions under the same conditions
reveals the stability of TPNCNm for the CO, photoreduction
reaction according to no significant reduction for the photore-
duction activity of CO,~CO/CH, (Fig. S14at). In addition, all the
samples exhibit excellent chemical stability according to the
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unchanged FTIR spectra after the photocatalytic CO, reduction
reaction (Fig. S14bt). The apparent quantum yield (AQY) for CO
production at different wavelengths is detected under the same
photocatalytic reaction conditions (Fig. 3f). It is noted for
TPNCN5 that the AQY values at different wavelengths are
consistent with the optical absorption edge, suggesting that the
CO, photoreduction reaction was indeed driven by the incident
photons. In addition, the control experiments and '*CO,
isotopes firmly confirm that the photocatalytic products of CO
and CH, originate from the CO, molecule reacting with H,O
over the photocatalyst driven by irradiation (Fig. S15%).

Based on introducing the TPHAP molecule and constructing
a strong built-in electric field in TPNCNm, a further funda-
mental understanding of the CO, photoreduction reaction
mechanism over GCN, NCN and TPNCN (taking TPNCN5 as an
example) was obtained by in situ attenuated total reflectance
(ATR)-FTIR spectroscopy measurements. With prolonged
absorption and illumination time, gradually strong bands at
1704 and 1262 cm ™' corresponding to the CO,* asymmetric
stretching could be detected over TPNCN®° (Fig. 4a-c), which are
much stronger than those of NCN and PCN, suggesting that the
CO, absorption at the surface of TPNCN is dramatically
enhanced with the introduction of TPHAP molecules. Mean-
while, a band at 1652 cm™' corresponding to the surface-
adsorption of H,O on TPNCN is detected, which is more
distinct than those of GCN and NCN,** demonstrating effective
H,O molecular adsorption on the surface of TPNCN, the initial
step of CO, photoreduction reaction. The intermediate species
of CO, photoreduction reduction are mainly distributed in the
range of 1200-2200 cm " (Fig. 4a). Subsequently, some surface
protons and carbon species, such as carbonate (m-CO;>"),
bicarbonate (HCO®") and bidentate carbonate (b-CO;>"), are
generated from the reaction of surface-adsorbed H,O and CO,
molecules (CO, + H,0 — CO;>~ + H', CO, + H,0 — HCO®>™ +
H').>% TPNCN presents more abundant carbon species than
GCN and NCN, revealing that more surface protons would be
generated and accumulated on the surface of TPNCN, which
favours the subsequent protonation reaction. Depending on the
increase of illumination time, new bands located at 1436 and
1352 cm™ " appear and get strengthened, which could be asso-
ciated with the key intermediate of COOH* for photoreduction
CO,-t0-CO conversion (CO, (g) + H + e~ — COOH*).>* Addi-
tionally, careful observation shows the emergence of two addi-
tional bands at 2168 and 2130 cm ', gradually increasing with
prolonged illumination time, which could be attributed to the
CO* intermediate accumulated on the surface of TPNCN via the
reaction of COOH* + H + e~ — CO* + H,0.% However, this CO*
intermediate band could not be detected over GCN and NCN.
This comparison of the CO* intermediate band confirms that
TPNCN would favour effective transfer of photogenerated elec-
trons and surface protons, attributed to the effective reaction of
CO, and H,0 molecules driven by the enhanced charge
dynamics. Therefore, the above results confirm the crucial
importance of two intermediates COOH* and CO* for the CO,
photoreduction reaction.

For deeper insight into the role of the TPHAP molecule in the
TPNCNm for effective CO, photoreduction reaction, density
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functional theory (DFT) calculation for elementary steps was
then performed depending on the above result of in situ ATR-
FTIR measurement. Given charge carrier migration from NCN
to TPHAP driven by the built-in electric field in TPNCNm, the
conversion reaction of CO, should be carried out on the TPHAP
molecule. To verify this assumption, the contrast of Gibbs free
energy of elementary steps for NCN and TPHAP was recorded by
the DFT. Prior to elementary step calculation, more accurate
active sites of TPHAP for CO, photoreduction reaction are
detected by the charge density difference. As shown in Fig. 4d
and S9a,f pyridine N is the electron-accumulation region for
TPHAP, making it the preferred active site for the conversion of
CO,. As for NCN, the electrons are accumulated in the trian-
gular edge N of the tri-s-triazine ring, acting as the active site for
the reduction reaction (Fig. S16ct). For TPHAP, the free energy
of formation of COOH* (Fig. 4e), the rate-determining step for
the photoreduction reaction of CO, to CO, is observably reduced
from 1.50 eV for NCN to 1.31 eV, attributed to the abundant
surface-protons and accumulated electrons over the TPHAP
surface driven by the built-in electric field in TPNCNm. Simi-
larly, the decomposition energy barrier for COOH* into CO* on
TPHAP (0.72 eV) is also lower than that of NCN (0.52 eV),
leading to fast formation of CO* and then desorption into CO
gas. The above result confirmed that TPHAP acting as the active
site is more conducive for the CO, conversion reaction than
GCN, which was consistent with the highly effective CO evolu-
tion rate for CO, photoreduction on TPNCNm.

Conclusions

We successfully designed and synthesized crystalline TPNCN
via moleton-salt and solution-assembly process, achieving
a notable enhancement in CO, photoreduction performance.
Experimental results revealed that TPNCN5 achieved a CO and
CH, evolution rate of 10.43 and 4.88 pmol g~ ' h™", respectively,
higher than the rates for both GCN and NCN. Depending on the
enhanced charge dynamics of NCN with improved crystallinity,
a built-in electric field was established between NCN and
TPHAP via -7 stacking interactions. This built-in electric field
efficiently directed the photoexcited charge carriers from NCN
to TPHAP, inhibiting the recombination of electron-hole pairs.
DFT calculations demonstrated that pyridine N of TPHAP could
act as the active site, as well as reducing the Gibs free energy for
the COOH* intermediate in the photoreduction of CO,-to-CO.
This effect was attributed to the abundant surface-proton and
accumulated electrons facilitated by the built-in electric field.
Accordingly, this work provides a strategy in which coplanar
materials are utilized to construct high-efficiency hybrid
graphitic nitride carbon-based photocatalysts with a strong
built-in electric field through m-m interactions to boost the
photocatalytic performance.
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