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Abstract

Converting CQ into value-added fuel by utilizing abundant saaergy could in principle
minimize fossil fuel consumption and anthropoge@io, emissions. However, developing
catalytic systems with high selectivity and effiotg is necessary for photocatalytic £0
conversion. Here we report the fabrication of a dpetd C dot/CoAl-layered double
hydroxide/g-GN4 (NCD/LDH/CN) hybrid heterojunction photocatalysr fhigh efficiency
and selectivity reduction of GQvith water into CH under simulated-solar-light illumination.
The NCD/LDH/CN hybrid photocatalyst demonstratethaekable CH production with an
optimum rate of 25.6umol g h*, an apparent quantum yield of 0.62%, and 99%
selectivity for CH. This NCD/LDH/CN hybrid system also exhibited epttenal stability
and durability during consecutive test cycles withapparent change in activity. The high
activity and stability of the NCD/LDH/CN hybrid tawd CQ photoreduction is essentially
attributable to the strong synergy among the NCDHLand CN constituents, which hinder
charge recombination by accelerating charge tratefjpmn processes, together with the
favorable properties such as broad optical respandegood C@adsorption capability. We
explored the role of the NCDs in the NCD/LDH/CN hgsystem as a metal-free co-catalyst
for the efficient and selective production of Citbm CQ, photoreduction. Thus, the present
report provides new insights into the rational fedion of noble-metal-free photocatalysts
for efficient and selective sustainable hydrocarposduction from photocatalytic reduction

of CO..

Keywords. g-GNg4; layered double hydroxide; carbon dots; hybridehgtinction; solar

energy conversion



I ntroduction

Large-scale consumption of nonrenewable fdasik due to increasing industrial growth
has led to continually increasing emission of amplbgenic carbon dioxide (GPinto our
atmosphere. Since G(Os a greenhouse gas, this intemperate level obsheric CQ has
caused a series of adverse consequences for thatelsystem of our planet, including acid
rain, rising sea levels, and global warming [1£3spite these disadvantages, 3@rves as
a Cl-feedstock for many chemical industries; tteeefincreasing efforts are being devoted
to its conversion into energy-rich products [4,S]nce solar power is a major renewable
energy source, solar-powered photocatalytic comwersf CQ, has been regarded as a
potential means of transforming @@to high-energy embedded chemicals or solar fuels
(e.g., CO, CHOH, GHsOH, CH,, HCOOH, etc.) that would simultaneously mitigale t
global energy crisis and greenhouse effect [6,éjud¥theless, the photocatalytic reduction of
CQO, is quite strenuous, due to the high thermodynarabilgy of CO, molecules and the
competing water reduction reaction, which reduce yteld of the desired product [8]. To
overcome these limitations and improve the,CG&duction efficiency and selectivity, it is
essential to develop efficient catalysts capabléarhessing the light absorption across the

entire solar spectrum and boosting charge separatid transport.

Since the seminal work by Inoue et al. [9]photoconversion of COinto value-added
chemicals over various semiconductors was publishedi979, numerous heterogeneous
photocatalysts have been explored for,G€duction [10]. Recently, the features of two-
dimensional (2D) metal-free polymeric graphitic kmam nitride (g-GNj), including high
thermal and chemical stabilities, appropriate bgagd for visible light absorption, tunable
electronic structure, low cost, and nontoxicityyéanade it a strong contestant for use in
photocatalytic C@ reduction reactions [11-13]. Despite these outhtan features, the

efficiency of CQ reduction is unsatisfactory and hinders the prattapplication of this
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material owing to the limited use of solar enerfpyy CO, adsorption capacity, and low
separation efficiency of photoinduced electron—tpaEas. The construction of heterojunction
composites by integrating two different semicondust particularly into 2D layered
architectures with matching conduction band (CB) aalence band (VB) edge potentials, is
regarded as an efficient method of improving theasation efficiency of photoexcited charge
carriers [14]. Some g-4Bl;-based 2D/2D composite catalysts reported in tieealiure have
demonstrated considerably enhanced activity fortqaatalytic CQ reduction performance

[15-19].

In addition, the high proximity of GOnolecules on the photocatalyst surface is crucial
for subsequent CQactivation and reduction [20]. Considering thely ayered architecture
and high affinity towards COmolecules, layered double hydroxides (LDHs), agw class
of materials [21-25], are suitable choices forgnétion with g-GN4. For instance, Hong et al.
[26] reported an LDH/g-éN, composite photocatalyst displaying improved perfamoe for
CO; reduction to ChH which was mainly due to the enrichment of Q@olecules on the
surface of the composite catalyst. We recently nteploa g-GN4/NiAl-LDH hybrid composte
for enhanced photoreduction of €@ CO without using a sacrificial reagent [27].eTh
enhanced activity was mainly attributed to the ogdfit separation and transfer of
photoinduced electron—hole pairs at the heterojondnterfaces. Although these LDH/g-
CsNs-based composites achieved improved, @@sorption and high charge separation, their
relatively poor surface redox chemistry limited tlaetivity and selectivity towards

hydrocarbon production.

To overcome these issues, we rationally imatiegk N-doped C dots (NCDs), CoAl-LDH,
and g-GN,4 to construct an efficient noble-metal-free NCD/LIGN hybrid heterojunction
system, which was applied effectively for select®®, reduction to produce CHunder
simulated-solar-light illumination. The fabricatedlCD/LDH/CN hybrids were carefully
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characterized using several analytical techniglmportantly, the NCD/LDH/CN hybrid
photocatalyst with appropriate contents of NCDs &BdH showed significantly improved
CO, photoreduction performance compared to CN, LDHDNCN, and LDH/CN samples.
The effects of the LDH content and the multipleesobf the NCDs on the photocatalytic
activity of the NCD/LDH/CN hybrid photocatalyst veethoroughly examined. A possible
mechanism for the efficient and selective {ioduction achievable using the present hybrid
system was proposed based on the results of phutedgcence (steady-state and time-
resolved) and photocurrent experiments. The dutalaihd stability of the hybrid were also
probed by conducting consecutive test cycles. Eobist of our knowledge, this is the first
report of the integration of NCD, LDH, and CN fagh efficiency and selectivity reduction

of COyinto value-added fuels.

Experimental section

Synthesis of photocatalysts

The g-GN,4 nanosheets were synthesized by a simple thereahtent of urea in a muffle
furnace. Briefly, 10 g of finely ground urea powdeas placed into a covered alumina
crucible and then thermally treated to 520 °C fdr & a rate of 5 °C/min a muffle furnace.
After cooling to room temperature, the obtainedtishtyellow powder of g-eN4 nanosheets

was collected and is herein denoted as CN.

NCDs were prepared from citric acid and uréa a simple hydrothermal route [28].
Typically, 3 g of citric acid and 1 g of urea wedéessolved in 30 mL of water and
ultrasonicated for 2 h. Then, the solution wasdfamed into a 50 mL Teflon-lined stainless-

steel (TL-SS) autoclave and heated at 180 °C fdr. Bfter hydrothermal treatment, the



obtained brown solution was centrifuged at 12,qf@ for 20 min to remove large particles.

Finally, the resultant solution was dried at 80t6(rocure the NCD powder.

The target NCD/LDH/CN hybrid heterojunctionere fabricated via a facile one-pot
hydrothermal route, which can be described asvi@lcCalculated amounts of as-synthesized
CN and NCD powders were dispersed through ultrastion in 160 mL of agueous solution
containing 0.006 M Co(Ngk.6H,O and 0.002 M AI(NG@)s.9H,O. Subsequently, 0.04 M
urea and 0.016 M NMHF were added to the above suspension and maghettaied for 2 h.
The resultant reaction mixture was transferred @00 mL TL-SS autoclave and heated at
120 °C for 24 h. After treatment, the obtained jpi&te was collected and washed with
water several times, followed by washing with ethlaand drying at 60 °C. NCD/LDH/CN
hybrid photocatalysts with the same amount of NGDsvt. %) and different contents of
LDH to CN, i.e., 5, 10, 15, and 20 wt. % were fahted and are denoted herein as NLC-5,
NLC-10, NLC-15, and NLC-20, respectively. PristihBH was prepared using a similar
hydrothermal method, but without the addition of @\ NCDs. For comparison, LDH/CN
(10 wt. % of LDH on CN) and NCD/CN (2 wt. % of NC& CN) hybrid photocatalysts
were also prepared using the same procedure, baheinabsence of NCDs and LDH

precursors, respectively.

Photocatalytic CQreduction test

Photocatalytic COreduction experiments were conducted in a homerstadeless steel
reactor (80 mL) with a quartz window at the top assing light irradiation. A 300 W Xe arc
lamp was employed as the light source to trigger @@ reduction reaction. In a typical
process, 50 mg of the catalyst powder was everdiibluted on a circular glass dish and
placed at the bottom of the stainless steel readtoen, 300 pL of degassed and £0

saturated water (to remove any dissolvegl Was introduced into the reactor for humidity



and electron donation. Prior to light illuminatidhe reactor was vacuum-treated and purged
with high-purity CQ gas for 1 h to ensure that air was completely reddrom the reactor.
After finishing this process, the reactor was balekf with CO, gas to maintain an inside
pressure of about 1 bar. The temperature of themsys/as held constant at 80 °C to generate
water vapor. The pressure and temperature insasytstem were continuously monitored by
a dial pressure gauge. During the irradiation, fQ0of gas was periodically extracted from
the reactor for quantitative analysis of the praguwn a Shimadzu Tracera GC-2010 Plus gas
chromatograph equipped with barrier ionization diete and He as a carrier gas. The
guantification of the production yield was basedawalibration curve of a standard gas
mixture.

For the photostability experiment, the catilyas collected after each photocatalytic run
and heated at 120 °C to remove all possible phygiealsorbed products. Then, its €O
reduction performance was re-evaluated under donditsimilar to those mentioned above.
The selectivity toward the formation of GMas simply deduced according to the following
equation:

8NcH,

— 9 %100
8Ny, + 2Ng,

CH, selectivity (%) =

ZNCO

CO selectivity (%) = NN
co+2Ny,

x 100,

whereNcy,, Neo, andNy, are the yields of CiH CO, and H, respectively.
The apparent quantum yield (AQY) of the phatatyst was calculated using the

following equations:

AQY (%) = number of reacted electrons 100

number of incident photons

number of evolved CH, moleculesx8

AQY (%) = x 100.

number of incident photons



Results and discussion

Characterization of NCDs

The crystal and chemical structures of the NQizre determined based on the XRD,
FTIR, and XPS measurements. The XRD pattern ofN@®s in Fig. 1la displays a broad
diffraction peak at 23.8°, which is attributableth® (002) interlayer spacing of a graphitic
structure [29]. The FTIR pattern of the NCDs in.Fig reveals the presence of N—H (3000—
3400 cm?), C—H (2650-2900 cm), C=0 (1767 crt), C=N (1658 cr), C=C (1551 cn),
—COOH (1352 cnt), C-0—C (1237 cit), and C—O (1002 ci) groups [29-31]. Owing to
the existence of these abundant O-containing fonati groups, NCDs possess high
dispersibility and stability in aqueous solutiofifie survey XPS spectrum (Fig. 2a) clearly
shows that the NCDs contain C, N, and O. QuantgaXiPS analysis revealed 65.7% C, 12.5%
N, and 21.8% O, which implies that the synthesik&tDs are C-rich and N-doped. The
high-resolution C 1s spectrum (Fig. 2b) can beditinto four peaks with binding energies
(BEs) of 284.5, 286.0, 287.9, and 289.4 eV, coomadmg to graphitic-C (C—-C/C=C), C-OH,
sp-bonded C (C=N), and HO—C=0, respectively [28,32le N 1s spectrum (Fig. 2c) shows
three peaks at 397.4, 399.5, and 401.1 eV for pycidN (C—N-C), graphitic-N (N-(G),
and amine (N-H) groups [28,33], respectively, inmmythat the N atoms in the urea were
doped into the C dots successfully during the hyanonal process. The O 1s peaks at 531.0
eV and 533.1 eV shown in Fig. 2d are attributablexygen in the form of C=0 and C-

OH/C-0O-C, respectively [33].

The morphological and optical properties of tHRCDs were probed by TEM, UV-vis
absorption, and PL analyses. Figure 3a displayE® Tmage of the synthesized NCDs,
revealing that they are well separated from eadlerowithout apparent aggregation and

possess a quasi-spherical shape. The Gaussiaug fttirve (Fig. 3b) demonstrates that the



average size of the NCDs is approximately 2.182b Gim. Although these NCDs are partly
composed of amorphous structural groups (e.g., @€ C-C), the graphitic structure is
clearly discernible by high-resolution TEM (HRTEMlhe inset of Fig. 3a exhibits lattice
planes with a d-spacing of 0.21 nm, which agreei wih the (001) in-plane lattice
periodicity of graphitic C [34]. As shown in Figc3the absorption spectrum of the NCD
aqueous solution shows two typical peaks at 23Gnth334 nm, which can be assigned to
the n—x* transitions of aromatic $pC=C species and-ar* transitions that occur in the
C=0 bonds, respectively [35]. Moreover, the cleeowm aqueous NCD solution displays
bright blue florescence (inset in Fig. 3c) in thegence of UV light (365 nm). To investigate
the optical characteristics of the NCDs furthetaded PL analysis was performed by using
different excitation wavelengths (Fig. 3d). As tREDs were excited by wavelengths at the
longer limit (600-900 nm), the up-converted emissidalistinctly appear in the shorter
wavelength region (400-600 nm), indicating the ndable up-conversion fluorescent
properties of NCDs [28,32]. These PL results ingidhat the NCDs might improve the €0
reduction efficiency through the conversion of lengvavelength emissions into shorter
wavelength light, allowing NCD to be used as argjrenergy transfer constituent in the

fabrication of hybrid heterojunctions.
Characterization of NCD/LDH/CN hybrids

The crystal structures of the synthesized $esnwere examined by XRD, and the results
are presented in Fig. 4a. For CN, the strong XRBk@ 27.5° can be ascribed to the (002)
reflection of a graphite-like stacking of the caggited aromatic structure withdavalue of
0.32 nm, whereas the weak peak at 13.2° corresgoral$ypical in-plane structural packing
motif of tri-s-triazine ring [36]. The diffractiopeaks appearing in the pattern of LDH are
well consistent with the standard hydrotalcite-l&eAl-LDH (JCPDS No. 51-0045) with the
typical peaks located a2 11.6° (003), 23.4° (006), 34.5° (012), 39.2°5)16.7° (018),
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60.2° (110), and 61.5° (018), confirming the sust@dssynthesis of CoAl-LDH [37]. All
peaks appearing in the XRD patterns of the LDH/GN &CD/LDH/CN hybrids are in
accordance with those of LDH and CN, implying thBtH was generated on the surface of
CN during the hydrothermal process. Moreover, & dmount of LDH increases in the
NCD/LDH/CN hybrids, the characteristic peaks of Lttensify gradually at the expense of
the CN peaks (Fig. S1). It is also observable #ifigr adding the NCDs and LDH to CN, the
typical peak of CN at 27.5° in the NCD/LDH/CN hydisiis quite shifted from its original
position (Fig. S2). These results demonstrate dnstence of synergetic interactions among
the NCDs, LDH, and CN in the NCD/LDH/CN hybrids. Wever, no characteristic peaks
related to NCDs are detectable in the XRD pattainthe NCD/CN and NCD/LDH/CN

hybrids due to the small quantity and relatively lorystallinity of NCDs.

Fig. 4b shows the UV-vis DRS spectra of thetlsgsized catalysts. CN displays an
absorption edge at ~455 nm, reflecting its intaneisible-light properties. For LDH, the
absorption situated in the UV region (200—300 nmiyresponding to the ligand-to-metal
charge transfer within the LDH network, whereas tiivee bands (450, 490, and 530 nm)
located in the visible region can be attributeddted transitions of Co (ll) species in
octahedral coordination geometry [38-40]. Compdoe@N, LDH/CN exhibits a slight blue
shift along with the mentioned characteristic Misitange absorption bands of LDH,
implying the coordination of CN with LDH. In constato CN, the NCD/CN hybrid shows an
obvious red shift in the absorption edge as wetl@ably improved optical absorption across
the wavelength range investigated, providing sahd direct evidence for the existence of
NCDs in the sample. More importantly, analogousagicled optical responses corresponding
to NCDs and the typical visible-range absorptiondzarelated to LDH are observable in all
the NCD/LDH/CN hybrids, demonstrating the interand among NCDs, LDH, and CN in

these hybrids. The distinct improvement in theagtresponse of the NCD/LDH/CN hybrids
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can enable efficient utilization of the solar spewt and therefore promote the production of
more charge carriers to improve the efficiencyhaf photoreduction of CQo produce solar

fuels.

In the Tauc plot derived from the UV-vis spaat (i.e., (thv) "versushv, whereh, v, and
a are the Planck constant, light frequency, and rihiem coefficient, respectively, amd= 2
for a direct band gap materiahdn = 1/2 for an indirect band gap material), the logpl
energy of the sample can be estimated based dmotimontal intercept of the extrapolation
from the linear region (as depicted in Fig. S2)][4hus, the bandgap energies of CN, LDH,

and NLC-10 estimated from Tauc plots are 2.72,@ntl, 2.62 eV, respectively.

FTIR spectroscopy was utilized to charactettz® chemical bonds present in the CN,
LDH, and NCD/LDH/CN hybrid heterojunctions, as dasged in Fig. S3. The broad band at
3000-3400 cit for CN (Fig. S3a) can be assigned to the stregchibrations of residual
primary and secondary amine groups [19]. Sevenadidat 1200-1500 crhare due to C—N
stretching of aromatic rings, and the sharp ban80dt cm® is the typical peak for tri-s-
triazine units [42,43]. No significant changes hede typical bands are observable in the
NCD/CN sample compared to CN, implying that theerevno notable changes to the basic
framework of CN when it was hybridized with the N§DQvhich is consistent with previous
reports [31,44]. LDH exhibits a strong band at 1334 corresponding to the bending
vibrations of NQ species intercalated in the lamellar network [3dje absorption band
related to the stretching modes of hydroxyl (O-IH)ups attached to the brucite layers and
stretching vibrations of intercalated water molesuis observable at 3200-3600 &ij#5].
The bands below 1000 ¢hare characteristic vibrations of M-O, M-OH, and ®HV
(M=Co, Al) in the LDH Ilattice [27,45,46]. The FTIRpectra of the LDH/CN and
NCD/LDH/CN hybrids exhibit all the bands related@dl along with the characteristic band
(3200-3600 crl) of LDH (Fig. S3b). In addition, the typical bamd CN (804 cm) is
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clearly shifted to a higher frequency region in fREIR patterns of the NCD/LDH/CN
hybrids (Fig. S3c), which might be due to the enise of solid interactions among the NCDs,

CN, and LDH in the NCD/LDH/CN hybrids.

The morphological aspects of CN, LDH, and tN&D/LDH/CN hybrids were
characterized using SEM and TEM measurements. psaapd in Fig. 5a, CN shows a sheet-
like structure with irregular orientation. The TEkMage in Fig. 5b further reveals that CN
possesses a 2D thin layered structure composeahtd smesoporous channels on its surface.
LDH possesses a hierarchical flower-like microsph&tructure consisting of several self-
assembled 2D thin sheets (Figs. 5¢ and d). The S8BMTEM images (Figs. 5e and f) of
NLC-10 clearly indicate that the NCD/LDH/CN hybridas composed of CN and LDH.
Because of their very small size (2.18 nm, as cod by the particle size distribution in Fig.
2b), the NCDs are not visible in these SEM and TigMges of NLC-10; however, they can
easily be discerned by HRTEM. As expected, the HRTiBage of NLC-10 (Fig. 6a) clearly
demonstrates the presence of NCDs, LDH, and CN thed close integration in the
NCD/LDH/CN hybrid. Interestingly, the original flaav-like microsphere (self-aggregated)
morphology of LDH is nowhere to be seen in the SBRIMTEM images of NLC-10, but
numerous segregated thin LDH sheets are intimateiyacted on the CN nanosheet surface.
Thus, it can be deduced that during hydrotherneatitnent, several LDH sheets tend to grow
on the CN surface rather than undergoing self-aggien, which is due to the opposite
surface charges of CN (negative) and LDH (positikéjewise, owing to the presence of
abundant O-containing functional groups (as eviddrxy the FTIR and XPS results in Figs.
1b and 2), NCDs also have strong coordination @ithand LDH. Furthermore, clear lattice
fringes withd-spacings of 0.21, 0.26, and 0.32 nm are observallee HRTEM image of
NLC-10 (Fig. 6b), which correspond to NCDs (100RH. (012), and CN (002), respectively

[27,34,47]. Furthermore, the EDS elemental mappmgges of LCR-15 in Figs. 6¢c—h
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indicate the coexistence of C, N, Co, Al, and Qther confirming the close integration of
the NCDs, LDH, and CN rather than a mechanical unectof independent phases in the
NCD/LDH/CN hybrid. In addition, the bulk elementadmposition of NLC-10 obtained by
EDS elemental analysis (Fig. S4) reveals that thenig ratio of Co:Al in NLC-10 is 2.94,

which is very close to the theoretical value faspme CoAl-LDH, i.e., 3.

XPS analysis was conducted to determine tHaeicompositions and chemical states of
the elements in the CN, LDH, and NLC-10 catalysisuaately. As shown in the survey XPS
spectra (Fig. 7a), CN displays peaks related tadCNy whereas LDH reveals the presence of
Co, Al, and O. Moreover, the survey XPS profileNdfC-10 displays peaks related to C, N,
Co, Al, and O, indicating that the hybrid hetergtion consists of LDH, CN, and NCDs.
The high-resolution C 1s spectrum of CN (Fig. 7ém be fitted into two peaks appearing at
284.5 eV and 288.1 eV, which correspond to advenstor graphitic C (C—C/C=C) units
and N-C=N coordination within the tri-s-triazinengi respectively [19]. Along with these
two peaks, NLC-10 exhibits two additional peakshwBEs of 286.0 eV and 289.5 eV,
corresponding to C—OH and HO-C=0 of NCDs, respeltij28,32]. Moreover, compared
to CN, the intensity of the graphitic C componehtNa.C-10 is significantly higher, which
clearly indicates the presence of NCDs in the ylweterojunction. In addition, the N 1s
spectrum of CN (Fig. 7c) shows three main peak8%t.4, 399.8, and 401.0 eV after
deconvolution. The two typical peaks at 398.4 ed 889.8 eV can be assigned to aromatic
C—-N=C coordination in one tri-s-triazine heteroriamgd N—(C} bridging among three tri-s-
triazine moieties, respectively [48]. The weak p@akd01.0 eV corresponds to the amino
functional groups (N—H) [36]. Additionally, signdant shift in the BEs of the mentioned N
components are observable for the NLC-10 hybrid mamed to CN, which could be due to
the CN and NCD interactions [19]. The O 1s speatriaDH (Fig. 7d) exhibits three peaks at

530.3, 532.0, and 534.2 eV corresponding to la@icecies (©), hydroxide groups (-OH),
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and adsorbed water, respectively [49,50]. In additio these O species, NLC-10 displays
extra O components of NCDs at 531.1 eV (C=0) armglbeV (C—OH/C-0-C) [33]. Two
peaks at 780.9 eV and 797.2 eV in the high-resmiuBio 2p spectrum of LDH (Fig. 7e) can
be assigned to Co Zpand Co 2p,, respectively [51]. The concomitant two satelpgaks at
786.8 eV and 803.1 eV indicate the high-spin®‘Gixidation state of Co in the LDH.
Nevertheless, the BEs of Co sZpand Co 2p, increases for the NLC-10 hybrid
heterojunction relative to that of LDH. Meanwhitbe high-resolution Al 2p spectra (Fig. 7f)
of both LDH and NLC-10 reveal a typical peak ceeteat 73.8 eV, which confirms the
presence of AP species [52]. The significant shift in the BEs ofltsland Co 2p demonstrate
the intimate interfacial interactions among CN, L&id the NCDs for rapid charge transfer
to boost the C® reduction performance of the NCD/LDH/CN hybrid drejunction

[19,27,51,53].

TGA was performed to analyze the thermal beiravof CN and LDH, as well as to
determine the actual LDH contents in the target N@IB/CN hybrids. The obvious mass-
loss region of CN at 550-700 °C is attributableite combustion of CKFig. S5) [43]. The
pattern of LDH mainly shows two weight-loss regionhere the first region at 100-200 °C
corresponds to the evaporation of physisorbed dsarfidsorbed) and chemisorbed
(interlayer) water molecules, and the second regibr200-300 °C is attributable to the
elimination of interlayer nitrate ions and dehydpation of the brucite-like layers [27,54].
Moreover, no significant weight-loss after 300 ¥bbservable for LDH, possibly due to the
complete transformation of LDH into its respectimetal oxides [55]. Analogous mass-loss
regions corresponding to LDH and CN were observailall the NCD/LDH/CN hybrids. In
addition, the actual contents of LDH in the NCD/LIQMN hybrids according to the TGA
patterns are 3.2, 8.2, 11.9, and 16.5 wt.% for NI,ONLC-10, NLC-15, and NLC-20,

respectively.
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Photocatalytic CO, reduction performance

The photocatalytic C{eduction activities of the fabricated NCD/LDH/CNfdnids were
assessed in the presence of water (vapor) undanlaged solar-light illumination. For
comparison, the C{photoreduction performances of bare CN and LDHpdesnand binary
NCD/LDH and LDH/CN hybrids were also examined unsiemnilar experimental conditions.
Figure 8a displays the GQOphotoreduction yields of all the samples after ®fhlight
illumination. Because of the suitable band-edgesmimdls for water reduction reactions, all
the fabricated catalysts produceg &$ a competitive (water) reduction product (Fig). €N
displays minimal CO generation with a total yiell @68 umol, owing to its intrinsic
drawbacks, as discussed earlier. Meanwhile, LDHvsh@latively low CQ photoreduction
activity, where the total CO yield is only 0.p&hol. However, compared to CN, the LDH/CN
sample shows enhanced @f@duction yield, i.e., 2.amol, possibly due to charge transfer
between LDH and CN, which can lead to reduced phdtwed charge recombination.
Surprisingly, the NCD/CN hybrid produced a differ@arbonaceous product, GHvith a
total yield of 1.84umol, from CQ reduction reaction under the same experimentalitons.
Moreover, compared to CN, the NCD/CN hybrid demaatst significantly enhanced
selectivity towards C@reduction against the competitive water reductemaction, implying
that the incorporation of NCDs into the CN framekvatrongly affects the efficiency and

selectivity of CQ photoreduction.

Importantly, after incorporating LDH and NCgo the CN framework, the resulting
NCD/LDH/CN hybrids exhibited substantially improveahotocatalytic activities for CO
reduction to generate GHAmong all the NCD/LDH/CN hybrids, the NLC-10 hydbmwith 2
wt. % of NCDs and 10 wt. % of LDH displays the hegh CH, production with a total yield
of 6.42umol for 5 h, equating to a rate of 25.680l g* h™ (Fig. 8c), which is manifested
as substantial 12.5, 9, 2.2, and 3.5-fold enhano&sria productivity compared to those of
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LDH, CN, LDH/CN, and NCD/CN, respectively. More rarkably, the amount of H
generation was only 0.16mol, which means that the selectivity of £ptoduction reached
almost 99%. The photocatalytic performance of th€NO hybrid was also compared with
those of other catalysts reported in the literatiletably, the rate of CHproduction using
this optimum catalyst, NLC-10, is several ordersnagnitude higher than those of the CN-
based and other photocatalytic systems reportedignsy [26,56-61]. Furthermore, the
apparent quantum yield of NLC-10 at 400 nm is 0.6@#ich is also far superior to the other

state-of-the-art C@photoreduction catalyst systems for Gj¢neration [16,26,31,62,63].

To confirm that the CHgeneration was not due to organic residues, aaotsst was
performed under an Ar atmosphere. No,@QEneration was detected for the same NLC-10
hybrid after 5 h of light irradiation. Moreover, mwoducts were detected in the absence of
the catalyst, light irradiation, or water, meanthgt the CH generation truly originated from
the reduction of C® with water vapor in the presence of the NLC-10 ridibSimilar
controlled tests were conducted for all the catalysefore performing the GQeduction
experiments. From the photocatalytic activity result is also worth noting that, as the
amount of LDH in the NCD/LDH/CN hybrids increasedybnd its optimum level, i.e., 10
wt. %, a significant decrease in the Ceneration was observed. This is because excessive
incorporation of LDH into CN led to self-aggregatiof LDH (Fig. S6), thereby decreasing
the density of LDH/CN heterojunctions, which suhsatfly resulted in decreased £0
photoreduction performance. The £ghotoreduction experiments were also conducted for
NCD/LDH/CN hybrids synthesized from different amtainf NCDs (i.e., 1, 2, and 3 wt. %)
but with the same amount of LDH on CN (10 wt. %p(FS7a). Although the NCD/LDH/CN
hybrid with high NCD content (3 wt. %) exhibits ingved optical absorption (Fig. S7b), its
activity is inferior to that of the optimized catat with 2 wt. % of NCDs (NLC-10). This

feature might be due to the inner-filter effectlod NCDs via competition for the absorption
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of photons with CN and LDH, leading to reduced geacarrier generation and thereby
decreasing the CQOphotoreduction performance [28,64]. These restldarly suggest that
suitable contents of LDH and NCDs are importanestablish strong synergy among the

NCDs, CN, and LDH in the NCD/LDH/CN hybrid for impred CQ reduction performance.

To ensure that the synergy among the NCDs,a&@N,LDH in the NCD/LDH/CN hybrids
is crucial in CHgeneration, the C{photoreduction activity of NLC-10 was comparedhwit
that of a physical mixture of the same weight csisg of NCDs (2 wt. %), LDH (10 wt. %),
and CN, denoted here as NLC-10 PM. As shown in &ighe productivity of the physically
mixed NLC-10 PM is much lower than that of NLC-1¢bhd fabricated by the hydrothermal
method, and even weaker than binary those of théd/88 and LDH/CN hybrids,
confirming that strong synergy among the constitsiesf the NCD/LDH/CN hybrids is

necessary for excellent photocatalytic Z4€@duction activity.

To verify the durability and stability of tiMCD/LDH/CN hybrids, the time course of GH
generation using the NLC-10 hybrid was obtained eanthe same test conditions. As
displayed in Fig. 9a, the GHjeneration rate is constant under prolonged liglmination up
to 9 h and decreases after 10 h. This @duction activity was measured in a closed reacto
therefore, CQ@ exhaustion in the reaction medium may be the pynraason for the
decreased CHproduction [65]. To corroborate the stability bethybrid, four consecutive
test cycles with repeated G©harging in the reactor were conducted. After dash cycle,
the catalyst was refreshed and placed in a reagtbrfresh aqueous medium. As displayed
in Fig. 9b, the amount of CHgeneration linearly increases in every test cyalej no
significant decline in reaction activity after fowuccessive test cycles is observable.
Therefore, the fabricated hybrid maintained exogliability during the prolonged reaction.
The phase and chemical structures of the freshreqytled catalysts were further analyzed
by comparing their XRD and FTIR characteristicggé-iS8a and 8b). The XRD and FTIR
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analysis results reveal no obvious changes in hlasgpcomposition and chemical structure of
the NLC-10 hybrid after four reaction cycles, fuatltconfirming the high structural stability

of the hybrid.
Photocatalytic mechanism

The significantly enhanced photocatalytic perfance of the NCD/LDH/CN hybrids
toward CQ photoreduction to CiHis essentially attributable to the solid synergyag the
constituents along with various favorable propertids is well known, broad optical
response, large surface area, goo@ &d3orption capability, and high transfer and sajpar
efficiency of photogenerated charge carriers camsbthe photocatalytic performance of a
catalyst. The UV-vis DRS studies (discussed eartiemonstrated that incorporating LDH
and NCDs on CN distinctly enhances the optical aasps of the NCD/LDH/CN hybrids,
which can promote the generation of more chargeiecarupon light irradiation. This
characteristic could be one of the main reasonghferenhanced efficiency of the present

hybrid system toward photoreduction of £10 CH..

To explain the effect of the surface area lom €Q photoreduction activities of the
fabricated catalysts, JN adsorption—desorption isotherms and correspongoge-size
distribution measurements were performed. All tlalysts in Fig. S9 exhibit type-IV
isotherms with H3 hysteresis loops, indicating pinesence of a porous structure. The BET
surface area @pr) and Barrett—-Joyner—Halenda pore properties oftradl catalysts are
summarized in Table S1g&, the total pore volume, and the average pore demué CN
are 125.6 rflg, 0.324 cn¥g, and ~58 nm, respectively. Thexe$ values of all the
NCD/LDH/CN hybrids as well as the binary NCD/CN addH/CN hybrids are almost the
same as or slightly less than that noticed for BIN,their activities are apparently different.

Although the surface area of a catalyst is a ctuaietor for the improved photocatalytic
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activity, it is ruled out as a factor in the presease since it does not significantly influence
the CQ photoreduction activities of the present NCD/LDN/@ybrid systems. Instead, the
differences among the photocatalytic performanddbase catalysts are related to their,CO

adsorption capabilities, as discussed below.

Figure 10a displays the @@dsorption curves of CN, NCD/CN, LDH/CN, and dlét
NCD/LDH/CN hybrids. CN shows a decent g@dsorption capacity of 0.26 mmol/g at
atmosphere pressure and 298 K temperature. Afierdincing a small amount (2 wt. %) of
NCDs onto the CN surface, the resulting NCD/CN kd/bexhibits an improved CO
adsorption capacity of 0.33 mmol/g. This improveimeould be due to the existence of
amino (—NBR) functional groups on the NCD surface (as eviddnoethe XPS results, Fig.
2¢), which can increase the g@dsorption ability significantly [34,66]. Meanwdjl the
binary LDH/CN hybrid shows an enhanced £Hdsorption capacity (0.40 mmol/g) compared
to that of CN, probably due to the presence of daahbasic surface hydroxyl (—OH) groups
in LDH materials [24,39]. Importantly, the targeCR/LDH/CN hybrids display remarkably
enhanced Cg@adsorption capacities compared to those of CN hadinary NCD/CN and
LDH/CN catalysts. These findings clearly demonstrdtat the enhanced G@dsorption
capability of the NCD/LDH/CN hybrid is another inmant factor for the excellent

photocatalytic C@reduction activity.

To understand how the transfer and separatftiniencies of photogenerated charge
carriers effect the photocatalytic performance hid target NCD/LDH/CN hybrid, steady-
state and time-resolved PL spectral analysis werpned. Since PL emission results from
charge carrier recombination [67,68], the intensee®ission signal observable for CN (Fig.
10b) demonstrates the rapid recombination of chaayeers in it, through band-to-band
transitions. The LDH/CN hybrid exhibits notably tee&d PL emission intensity compared to
that of CN. This difference could be due to effintienterfacial charge separation in the
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LDH/CN hybrid arising from well-established 2D/2Detkrojunction interfaces, which
hampered the charge recombination [27]. Importarittg NCD/CN catalyst also displays
considerable PL quenching relative to that of CBtduse NCDs can act as strong electron
reservoirs to trap the electrons from CN and cammpte the charge transfer process to
hinder charge recombination [31]. More importanttgmpared to CN and the binary
NCD/CN and LDH/CN catalysts, all the NCD/LDH/CN s display drastically decreased
PL emission intensities, and the NLC-10 hybrid exbkithe highest PL emission quenching
among all the catalysts studied. More importantitgady-state PL quenching is well-
supported with charge carrier lifetimes determinsthg the biexponential fitting of the PL
intensity decay curve (Fig. 10c), according to previous report [19]. The average charge
carrier lifetime ¢) of NCD/LDH/CN is 11.20 ns, which is much highbah those of the bare
CN (3.22 ns), NCD/CN (5.15 ns), and LDH/CN (6.60 oatalysts (Table S2). This increase
probably originated from the joint promotion of cpa transfer by LDH and the NCDs at
their optimal contents, which efficiently retardéte direct recombination of photoexcited
charge carriers. Moreover, the degree of PL emmsgigenching is in accordance with the

CO, photoreduction activity results.

To support the excellent charge transfer asghation in the present NCD/LDH/CN
hybrid system further, transient photocurrent measents were conducted for CN,
NCD/CN, LDH/CN, and all the NCD/LDH/CN hybrids. kige 10d compares the transient
photocurrent responses of all the catalysts (coatedlectrodes) in several on—off cycles of
intermittent light illumination. A prompt photocemt response with good reproducibility is
observable for each light turn-on and turn-off @ven all the catalysts. Evidently, the
photocurrent responses of all the NCD/LDH/CN hybrate substantially higher than those
of CN as well as the binary hybrids. Consistenthwphotocatalytic activity results, the

highest photocurrent response was recorded forNb€-10 hybrid, indicating that the
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incorporation of appropriate amounts of NCDs andHLEan dramatically suppress electron—
hole recombination by promoting the interfacial rgjgatransportation processes, eventually
resulting in the outstanding Gphotoreduction activity of the NCD/LDH/CN hybrids
towards CH production. Therefore, the photocurrent respoeselts together with the PL
(steady-state and time-resolved) findings provid#igent evidence to conclude that the
exceptional C@photoreduction activities of the NCD/LDH/CN hylsichainly resulted from
the rapid charge transfer among the NCDs, LDH, @Ndg which caused a greater extent of

charge separation in the NCD/LDH/CN hybrid system.

In addition, the transfer direction of the fdexcited charge carriers in the present hybrid
system depends on the respective band edge pdteasftits constituents. In the present study,
VB-XPS studies (Fig. S10) were conducted to deteenthe VB edge potentials of CN and
LDH. The VB edge potentials of CN and LDH estimabexn the VB-XPS results are +1.30
and +1.38, respectively. Based on the band gagieseof CN (2.72 eV) and LDH (2.1 eV),
the CB edge potentials were estimated to be -1Marel -0.72 eV for CN and LDH,
respectively. Since the CB potentials of both CMI &fiDH are more negative than the
CO,/CH, reduction potential’), i.e., —0.24 eV versus the normal hydrogen ebelerNHE),
the CQ reduction reaction to produce ¢H theoretically feasible. It can also be seen from
VB-XPS results that the VB potential of CN is lgsssitive than that of LDH, while the CB

potential of LDH is less negative than that of CN.

Based on the above discussion, a possible anexh for the remarkable photocatalytic
reduction of CQ by the NCD/LDH/CN hybrid system was proposed angresented in Fig.
11. Upon visible light illumination, both LDH and\Ccan be excited to produce electrong (e
in the CB, with the simultaneous production of Iso{&") in the VB. Due to the intimate
2D/2D heterojunction interface formed between CHN BBH, the generated s from the CB
of CN are transferred to the CB of LDH, while théshare transferred in the opposite
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direction, preventing direct charge carrier recambon. This process also results in the
accumulation of hs in the VB of CN and & in the CB of LDH. The accumulatedshin the
VB of CN further react with bD to generate protons {H In the present hybrid system,
NCDs play multiple roles in enhancing the £@hotoreduction performance. First, owing to
their excellent up-converted PL properties (Fig), 2iCDs are capable of absorbing longer
wavelengths of visible light and then emitting showavelengths. This converted light with
shorter wavelength could excite CN and LDH to pe®lmore electrons and holes. Second,
due to their excellent electronic conductivities atectron storage capabilities, NCDs could
trap the gathered & from the CB of LDH and thereby promote chargeassjon, as
evidenced by the PL and photocurrent analyses sBeciabove. The & trapped by the
NCDs can react with surface-adsorbed,@@lecules to produce G@adical anions (C©"),
which are further converted into CO with the assise of H [19,62,65]. Liu et al. [69]
reported that highly graphitized NCDs with surfd¢eontaining groups exhibited stronger
chemical interactions with CO, preventing the dpson of CO molecules on the NCD
surface. These strongly adsorbed CO molecules cattépt more & followed by H to
form intermediates, such as formyl or carbene edsicand eventually to produce ¢€H
[65,69,70]. It was also reported that the competihggeneration reaction from water by
NCDs is sluggish and kinetically trivial under appriate test conditions [71,72]. Thus, the
self-reaction of H on the NCD surface is less probable than an enepletween Hand
CQO; 7, which could be why the NCD/CN hybrid possessegh hselectivity (98%) toward

CO, reduction reaction against water reduction congpareCN (68%) and LDH/CN (86%).

The reactions that can occur during photorednof CQ, with H,O to generate solar fuel

in terms ofE® versus NHE are as follows:

NCD/LDH/CN + hv — NCD/LDH/CN (h; + ecg)
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NCD/LDH/CN (hig + ecg) — NCD (e”) + CN (h{p)
CN (h{g) + 2H,0 — 0, + 4H" + 4e~; E® = +0.82V
CN or LDH (2e7) + 2H* + CO, — CN or LDH + CO + H,0; E® = —0.53V
NCD (8e™) + 8H* + CO, — NCD + CH, + 2H,0; E® = —0.24V

NCD (2e7) + 2H* — NCD + H,; E® = —0.41V.

Conclusions

We successfully fabricated NCD/LDH/CN hybridetérojunctions via a facile
hydrothermal route. The resulting hybrids displaykstinctly improved optical responses
and excellent C@adsorption capabilities and, more importantly naéically enhanced CO
reduction performance to generate [Cidder simulated-solar-light irradiation. In partey
the optimum NLC-10 hybrid with suitable NCD and LZdntents displayed the highest CH
production rate of 25.68mol g* h™* with an AQY of 0.62% and 99% selectivity for GH
The significant enhancement in the photocatalyti©, Creduction activity of the
NCD/LDH/CN hybrids is primarily attributable to theynergistic effect among CN, NCDs,
and LDH, which promotes the transfer of photoextitearge carriers through heterojunction
interfaces to suppress electron—hole recombinaBecause of their excellent up-converted
PL properties, electron storage capacities, anarptisn capabilities, the NCDs in the
NCD/LDH/CN hybrids played multiple roles for thefiefent and selective production of GH
from CQO, reduction. Due to their high stability and durabiin successive COreduction
test cycles, these noble-metal-free NCD/LDH/CN Igylphotocatalysts can be considered

potential candidates for practical applicationha production of sustainable solar fuels.
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Figure captions
Fig. 1. (a) XRD and (b) FTIR patterns of the fabricateddC

Fig. 2. XPS spectra of the NCDs. (a) Survey spectrumC(b}, (c) N 1s, and (d) O 1s.

Fig. 3. (a) TEM image of the NCDs (inset is the HRTEM irepg@nd (b) the corresponding
particle size distribution histogram. (c) UV-vissabption spectrum and (d) up-converted PL
spectra of the NCDs.

Fig. 4. (a) XRD and (b) DRS patterns of the prepared LOMN, NCD/CN, LDH/CN and
NCD/LDH/CN hybrid samples.

Fig. 5. (a, ¢, €) SEM and (b, d, f) TEM images of CN, LDdhd the NLC-10 catalysts,
respectively.

Fig. 6. High-resolution TEM images (a, b) of the NLC-1(hy photocatalyst. (c to h) EDS
elemental mappings of constituent elements in th€{40 hybrid.

Fig. 7. XPS spectra of CN, LDH, and NLC-10 samples. (ay8&uspectra, (b) C 1s, (c) N 1s,
(d) O 1s, (e) Co 2p, and (f) Al 2p.

Fig. 8. Time-dependent (a) CO & GHand (b) H yields produced in the presence of all the
fabricated photocatalysts. (c) Comparison of thetptatalytic CO, Cll and H generation
rates over the fabricated catalysts upon 5 h ofisited-solar-light illumination.

Fig. 9. (a) The amount of CHproduction over the NLC-10 hybrid catalyst for lpreged
CO, photoreduction reaction. (lReusability studies of CHproduction over NLC-10 hybrid
catalyst.

Fig. 10. (a) CQ adsorption isotherms and (b) steady-state PL noatteor CN, NCD/CN,
LDH/CN, and all the NCD/LDH/CN hybrid catalysts.) (Eime-resolved PL patterns of CN,
NCD/CN, LDH/CN, and NLC-10 samples. (d) Photocutreesponses of CN, NCD/CN,

LDH/CN, and all the NCD/LDH/CN hybrid catalysts.
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Fig. 11. Schematic illustration of the proposed mechanismGGO, photoreduction in the

NCD/LDH/CN hybrid photocatalyst.
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Fig. 1. (a) XRD and (b) FTIR patterns of the fabricated¢C
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Fig. 5. (a, ¢, e) SEM and (b, d, f) TEM images of CN, LD&hd the NLC-10 catalysts,

respectively.
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Fig. 6. High-resolution TEM images (a, b) of the NLC-1(hy photocatalyst. (c to h) EDS

elemental mappings of constituent elements in th€{40 hybrid.
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Highlights

* N-doped C dot/CoAl-LDH/g-C3N4 hybrid heterojunction was fabricated for the first time

» Hybrid heterojunction displayed exceptional CO, reduction performance to generate CH,4

» Rapid charge transfer owing to intimate interfacial contact contributed to high activity

» Hybrid catalyst displayed high stability and durability during consecutive test cycles

* NCDs played multiple roles for the efficient and selective production of CH4 from CO,

reduction



